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Abstract

The emergence of antibacterial resistance is a major public health threat that warrants urgent
attention. The discovery of new antibacterial natural products and unravelling of their
biosynthesis, coupled with the study of resistance mechanisms employed by bacteria to evade
antibiotics will be vital in ensuring that we maintain a viable antibiotic development pipeline.
This thesis covers two aspects of antibiotic research: deciphering bottromycin biosynthesis and
AlbA mediated antibiotic resistance.

Bottromycins are potent antibacterial peptides that bind a novel bacterial target: The A-site of
the ribosome. Bottromycin biosynthesis is still not fully understood, especially the role of two
hydrolases, BotAH and BotH. The in-depth functional and structural characterization studies
presented here demonstrate that BotAH is responsible for a key proteolytic step, whereas BotH
is an atypical hydrolase-like enzyme responsible for the post-translational epimerization of L-
Asp to D-Asp in bottromycin biosynthesis.

AIlbA is a resistance protein that had previously been reported to neutralize a potent antibacterial
compound, albicidin. The structural and functional studies of AIbA presented here not only
reveal the mode of albicidin binding, but also the underlying mechanism of its modification by
AIbA, resulting in loss of potency. The data also demonstrate that AIbA constitutes an

autoregulated antibiotic resistance system, present in a wide variety of pathogenic bacteria.



Zusammenfassung

Die Entstehung von Antibiotikaresistenzen ist eine ernste Gefahr fir die Gesundheit der
Weltbevolkerung und bedarf dringender Aufmerksamkeit. Die Entdeckung neuer Naturstoffe
mit antibiotischer Wirkung und ein Entschlusseln ihrer Biosynthese zusammen mit einem
besseren Verstandnis der Resistenzmechanismen, die Bakterien entwickeln um sich zur Wehr
zu setzen, ist essentiell um sicherzustellen, dass wir eine Tragfahige Strategie zur Entwicklung
neuer Antibiotika haben. Diese Doktorarbeit beschéaftigt sich mit zwei Aspekten der
Antibiotikaforschung: Einem besseren Verstdndnis der Bottromycin Biosynthese und dem
Resistenzprotein AlbA.

Bottromycine sind potente antibakterielle Peptide und ihre Biosynthese ist noch nicht
vollstdndig erforscht, besonders die Rolle der beiden Hydrolasen BotAH und BotH. Die
detaillierte funktionelle und strukturelle Charakterisierung der beiden Proteine ist Teil dieser
Arbeit. BotAH ist fiir einen wichtigen proteolytischen Schritt in der Biosynthese
verantwortlich, wohingegen BotH eine sehr atypische Hydrolase ist und die post-translationale
Umwandlung von I-Asp in d-Asp katalysiert.

AlbA neutralisiert den potenten antibiotischen Naturstoff Albicidin. Die strukturelle und
funktionelle Untersuchung von AIbA zeigte nicht nur auf wie AIbA Albicidin bindet und es
dabei modifiziert, sondern auch das AIbA ein autoinduzierbares antibiotisches Resistenzprotein
ist, das in vielen pathogenen Bakterien zu finden ist.
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Chapter 1: Introduction

1 Drug Discovery and Natural Products

1.1 Introduction to Natural Products

Natural products (NPs) are secondary metabolites produced by organisms that are not directly
involved in the growth and development of the producing organism®. These secondary
metabolites, however, are often produced to gain evolutionary advantages e.g. by acting as
chemical weapons against other organims in the environemnt?3 They are by design bioactive,
thus they have been an outstanding source of therapeutics in the mostly non-natural target
organism homo sapiens. NPs have diverse biological activities, and apart from antibacterial,
antifungal and antiviral activities, these compounds are also being used as
immunosuppressants, anticancer, cholesterol-lowering-and antiparasitic agents - just to
mention a few*®. Moreover, such compounds are also used in the agriculture sector as
herbicides, insecticides and fungicides’. Suffice to say, NPs have played a dominant role in

human progress.

1.2 Microbial Natural Product and Antibacterial Development

Historically, plant-derived NPs were a major source of medicinal preparations; by the early
1900°’s 80 % of all the drugs in use were obtained from plant sources®°. However, the discovery
of penicillin from Penicillium notatum by Alexander Fleming in 1928 resulted in a paradigm
shift from plants to microorganism as a source of NPs, especially antibiotics!!. For the next 20
years, termed ‘golden age’ of antibiotic discovery, extensive mining of microbes as sources of
antibiotics resulted in the identification, followed by development for clinical use, of a number
of novel antibiotics (Figure 1)!>4. As the identification of new antibiotics slowed down, this
simple and cost-effective screening platform appeared to have exhausted its sources by late
1960s*3. The repeated isolation of the same NPs from different microorganisms, coupled with
the rise in antibacterial resistance to NPs, resulted in the divestment in NP research, and a
general shift in focus towards numerous high-throughput screening (HTS) programmes aimed
to discover new synthetic antibiotics®®. It was generally assumed that only a few antibacterial
secondary metabolites were left to be identifed, and this would require massive screening
programmes'®18, Therefore, the HTS programmes were considered a better alternative to the



mining of microbes for new antibacterial agents. This strategy proved largely unsuccessful as

only two new synthethic antibiotics entered the clinic in the last 40 years (Figure 1),

By the late 1990s it became clear that drug discovery platforms were unable to keep up with
antibiotic resistance. The pharmaceutical industry responded by developing new high-tech drug
discovery platforms combing genomics, combinatorial chemistry, HTS and rational drug
design>*®. One such platform relied on identification of conserved essential proteins in bacteria
through genomics that would then serve as targets of HTS and rational drug design. This
strategy was successful in the identification of inhibitors of targets, but these compounds failed
to make it beyond early-stage leads. The inhibitors suffered from two major drawbacks: they
lacked reasonable spectra of activity against clinically important pathogens, and the ability to
sufficiently penetrate the bacterial cell wall, especially in Gram-negative bacteria, to reach their
targets. Between 1995-2001 GSK alone ran 70 HTS campaigns, costing approx. US$1 million
per campaign, which resulted in the identification of only five leads - none of which progressed
to clinical trials®. Lack of success in finding new antibacterial compounds and the low returns
on investment resulted in a decline in research and development of antibiotics, with many large

pharmaceutical companies leaving the field altogether.
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Figure 1. Timeline showing the decade a new class of antibiotic was introduced in the clinic. The source of antibiotic is
depicted: green dotted boxes represent antibiotics from microbes, whereas the orange dotted boxes represent synthetic
antibiotics. Azoles and Phenazines synthesis was inspired by a NP3,



In retrospect, one of the major reasons why non-NP drug discovery platforms have had limited
success is due to a lack of structural diversity and complexity covered by synthetic screens>*°,
It comes as no surprise that this is one area where nature excels at?®2*, NPs produced by
microorganisms also represent pre-validated set of compounds that have been optimized by
nature as a result of billions of years of natural selection for optimal interaction with a wide
variety of biological macromolecules - so-called privileged structures?*%. Therefore, NPs
possess physicochemical properties that are crucial for biological activity e.g. NPs are more
likely to act as substrates for one or more of many transport systems presents in bacteria to
reach the intracellular targets - a quality synthetic compounds usually lack. It is due to these
physicochemical properties that NP-based libraries, in comparison to synthetic libraries, have
been shown to yield higher-quality leads with a significantly higher hit rate>2°. Above all, and
in contrast to earlier assumptions, microorganisms as a reservoir of NPs are far from
exhausted???%27, During the ‘golden era’ screening was rather limited in terms of biological
diversity as it mostly focused on soil-dwelling bacteria, primarily bacteria of the order
Actinomycetales™?728, Marine ecosystems represent a vast, untapped resource of novel NPs; a
recent foray into marine environments has led to the discovery of a plethora of NPs from
sponges and corals?®. Interestingly, it appears that symbiotic microbes associated with marine
invertebrates are responsible for the production of these compounds?®. Other underexploited
resources include proteobacteria - such as myxobacteria, pseudomonads, burkholderias -
firmicutes and fungi etc. In addition, genome sequencing has revealed that the capacity of
organisms for NP biosynthesis has been largely underestimated — on avereage each strain can
produce 20 - 40 secondary metabolites, many of which have not yet been characterized?’. The
biosynthetic machinery (or biosyntheic gene cluster (BCG); explained later) responsible for
synthesis of these metabolites is poorly expressed under standard laboratory growth conditions.
The importance of these so-called ‘silent or cryptic clusters’ has been recognized by the
research community and a number of methods have been develop to activate them, resulting in
the identification of new NPs with potent antibacterial properties®®3l, Given the advantages
described above, along with the realization that only a small fraction of the microbial world has
been explored, and the recent advances in genome miming and activation of silent clusters, NPs

still represent one of the most important sources of antibacterial compounds.

To summarize, NPs are an integral part of antibacterial research and development, and the value
of these compounds can be gauged from the fact that currently the vast majority of antibacterial
drugs in use today are either NPs or their derivatives - of the nine representative classes of

3



antibiotics of the modern era shown in Figure 2, six belong to NPs, with only three a result of

synthetic chemistry®2,
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Figure 2. Representative classes of antibiotics of the modern era. The dotted boxes are colored per antibiotic class: green =
NP and orange = synthetic.

1.3 Biosynthesis of Microbial Natural Products

NPs are produced by a series of proteins encoded by genes, usually clustered in the microbial
genome, forming a BGC®3. This paradigm facilitates their identification and characterization,
which has been further streamlined by the advances in next-generation DNA sequencing and
bioinformatics tools*’. BGCs are commonly classified based on their product(s), which
despite their enormous structural diversity is in principal based on a variation of a few
predominant pathways, namely the non-ribosomal peptide synthetase (NRPS), the polyketide
synthase (PKS), and the ribosomally synthesized and post-translationally modified peptide
(RiPP) pathways.

A detailed discussion of microbial NP biosynthetic pathways is outside the scope of this thesis,
and therefore, the readers are directed to a number of reviews on this topic®®+7,



1.3.1 Polyketide Synthase

Polyketide NPs are produced by enzymes called polyketide synthases (PKSs), which are
structurally and functionally similar to the fatty acid synthase (FAS) machinery*®4®. PKS use
some of the simplest biosynthetic building blocks: coenzyme-A (CoA)-activated starter units
(e.g. acetyl-coenzyme A) and extender unit (e.g. malonyl-coenzyme A), and based on their
architecture can be divided into three types (I-111): Type | PKSs are organized into modules,
composed of multifunctional enzymes acting non-iteratively; type Il PKSs consists of
mutifunctional enzymes that act iteratively, and type Ill, the simplest of the PKSs, are formed
by iteratively acting homodimeric enzymes*:*°. A few notable PKS derived NPs are shown in

Figure 3, depicting the structural diversity exhibited by this class of NP3,

In bacteria, type | polyketide NPs are the most common. As mentioned earlier they are
organized into modules, wherein each module is responsible for the addition, and thereby
extension of polyketide chain, by an extender unit*®4°. Generally speaking each elongation step
requires the action of minimally three core domains: keto synthase (KS), acyltransferase (AT),
and acyl carrier protein (ACP) (Figure 3). The AT recuits the extender unit, which is transferred
to the 4-phosophopantetheinne (Ppant) attached to the ACP domain via phosphopantetheinyl
transferases (PPTases). The ACP then delievers the building block to KS domain that catalyzes
the decarboxylative Claisen-like condensation between the extender unit and the growing
polyketide chain. The ACP domain can then either transfer the processed intermediate to the
downstream KS of the downstream module for further elongation or to a chain-releasing
thioesterase (TE) domain, usually present at the end of the assembly line, for relase of the
product. The Ppant of ACP functions as a flexible arm, able to channel the attached nascent
polyketide to additional processing domains that may be present between the AT and ACP
domains to generate vastly diverse and complex polyketides e.g. ketoreductase (KR),
dehydratase (DH), and enolreductase (ER) domains, which are responsible for keto group
modification. In addition, various starter and extender units can be utilized based on the AT
domain substrate specificity®>®. Further post-PKS modifications such as oxidation,
glycosylation, hydroxylation, amination etc. contribute to the impressive structural diversity
observed for PKS derived NPs>"8,
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Figure 3. PKS NP biosynthesis and structural diversity. (Top) The scematic reaction steps for one elongation step in PKS
pathway is shown in blue box. (1) Loading of an activated precusor (starter or extender) units onto acyltransferase (AT)
domain; (2) Transfer of precusor unit to phosphopantetheine arm (Ppant), depicted as a wavy line, attached to a serine of the
acyl carrier protein (ACP); (3) Transfer of starter unit to ketosynthase (KS) domain; (4) Condensation of starter unit with
extender unit catalysed by KS domain; (5) Extension of chain by one starter unit. (Bottom) A few NPs synthesized by PKS
pathways are displayed.

1.3.2 Nonribosomal Peptide Synthetase

Nonribosomal peptides are synthesized on large multidomain enzyme complexes,
nonribosomal peptide synthetases (NRPSs), that are usually composed of modules working in

an assembly line synthetic logic; wherein each module within an NRPS is responsible for the
6



incorporation of a single amino acid into the growing chain*4*%°, These modules are
themselves are comprised of domains that catalyse the individual steps of peptide synthesis,
which proceeds in a N- to C-terminal direction. Dissociated NRPSs consisting of stand-alone
modules and domains have also been reported, which are frequently involved in the generation
and delivery of building blocks to the modular NRPS assembly line. Molecules made by NRPS
can be linear, cyclic or branched-cyclic in nature, usually ranging from 3 - 15 amino acids in
length®. Structures of a few antibacterial NPs synthesized by NRPSs, including the last resort

antibiotic vancomycin, are shown in Figure 4%,

Despite the structural complexity observed in nonribosomal peptides, NRPS modules are
formed by three core domains: adenylation (A), condensation (C) and peptidyl carrier protein
(PCP) (Figure 4)*#4 The A domain acts a gatekeeper by selecting and activating the amino
acid to be loaded, as the aminoacyl-AMP, and transfers it to the paired PCP domain by forming
a thioester linkage with the terminal thiol of a phosphopantetheine (Ppant; shown as a wavy
bond attached to SH in Figure 4). The Ppant acts as a flexible arm carrying the bound amino
acid towards the condensation domain (C). At the same time another PCP-bound amino acid,
carried by a downstream module, is directed towards the C domain, which can now carry out
the peptide bond formation between the PCP-bound amino acids. During this process the amino
acid is also transferred from one module to another in the assembly line (Figure 4). Just like in
PKSs, a terminal thioesterase (TE) domain is usually responsible for the release of the peptide
either by hydrolysis or internal cyclization in bacteria. By decoupling peptide synthesis from
the ribosome, NRPSs - more specifically the A domains- are able to access proteinogenic and
non-proteinogenic amino acids; this coupled with the coordinated action of a set of dedicated
additional domains and tailoring enzymes catalysing e.g. epimerization (E), oxidation (Ox),
methylation (MT), halogenation (Hal) and cyclization (Cy) etc., is the source of structural
diversity observed in NRPS derived NPs*244,
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1.3.3 Ribosomally Synthesized and Post-Translationally Modified Peptide

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are synthesized as
precursor peptides that undergo post-translational modification(s) (PTM) by one or more
enzymes to give rise to a mature peptide with structural elements crucial for bioactivity,
increased metabolic stability and improved cellular uptake etc*®%. Due to their very simple, yet
elegant biosynthesis logic (explained below), the investigation of RiPPs has overturned the
long-standing view in NP research of the requirement of large genomes to produce
architecturally complex natural products®’. Based on their biosynthetic machinery and
structural features, RiPPs are grouped into different families (> 20 RiPP families); a few of

these peptides are mentioned in Figure 5872,

Irrespective of the family, they all share several common biosynthetic features®®%73, As
mentioned earlier, all RiPPs start as precursor peptides synthesized on a ribosome. These
precursor peptides, ranging from 20 - 110 amino acids in length, consist of two obligatory parts:
leader and the core peptide. The leader peptide facilitates recognition by the tailoring enzyme(s)
installing a particular modification in the core peptide. In some cases, e.g. bottromycins
(discussed later), a follower peptide instead of a leader peptide in present; the follower peptide
serves the same role as the leader peptide in terms of recognition. In most cases, modification(s)
(known as early-stage or primary modification) is followed by the proteolytic removal of the
leader or the follower peptide, and the mature NP is exported. However, tailoring enzymes do
exist in some RiPP pathways that further modify the core peptide after the removal of the
leader/follower — referred to as ‘late-stage or secondary’ modification. In leader-peptide
dependent tailoring enzymes the leader peptide binding region and the active site is present on
different parts of the enzyme, allowing RiPP enzymes to be specific for a substrate yet
promiscuous in terms of the core peptide. As a results of this many RiPP pathways have highly
variable core peptides, but retain nearly identical leader peptides. This makes RiPP a very
attractive family of NPs for bioengineering to generate large chemical libraries for bioactivity

screening e.g. by simple mutagenesis of the core peptide residues’ ",

The remainder of this section of the thesis will be dedicated to one particular family of RiPP,
bottromycins. For additional information regarding other RiPP families and the recent advances

in the field of RiPP biosynthesis, | direct the reader towards recent reviews*>-46.68. 73,
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1.3.3.1 Bottromycins

Bottromycin was first isolated from fermentation broth of Streptomyces bottropensis by
Waisvisz et al. in 1957, and subsequently found to be an antibacterial peptide with activity
against Gram-positive bacteria and mycoplasma’®"®. This was followed by the isolation of
bottromycin Az, Bz, and C», several years later by Umezawa’s group from Streptomyces No.
3668-L2, with Az being the main and the most active component®. Mode of action studies
revealed these NPs inhibit bacterial protein synthesis by binding a novel target: amino acyl-
tRNA binding site (A site) on the 50S ribosome®®, As this site is not addressed by any
antibiotic in use, unsurprisingly, no cross resistance was observed®. Later on, it was also shown
that their antibacterial activity extends to methicillin resistance Staphylococcus aureus (MRSA)
and vancomycin-resistant Enterococci (VRE), with minimum inhibitors concentrations (MIC)
less than 2 pug mi, making them a very promising lead compound with a novel target for the
development of antibiotics®®. However, the progress was hampered due to the problems
associated with structure elucidation, chemical synthesis and derivatization of bottromycins.
The structure elucidation process involved numerous revisions, and ultimately led to the
assignment shown in Figure 68%892_ The absolute configuration was confirmed by total
synthesis in 2009, followed by the determination of the three-dimensional solution structure of
bottromycin A; in 2011862, The structure of bottromycin consist of eight amino acids that are
extensively modified, giving rise to structural features including a macrocyclic amidine, which
is unique and so far, has only been reported for bottromycins; rare - methylated amino acids
residues, and a terminal thiazole (Figure 6).

Despite the established total synthesis, the structure activity relationship (SAR) studies and
chemical synthesis of potent derivatives of bottromycin have proven to be an uphill task due to
difficulties associated with chemical synthesis and derivatization of naturally occurring
bottromycins®®°4%¢, Synthetic approaches can be complemented with rational biosynthetic
engineering for the generation of novel derivatives; however, one of the bottlenecks for the
implementation of this combinatorial approach is the lack of understanding of their
biosynthesis®’. The first major breakthrough was the identification of the BGCs responsible for
the synthesis of bottromycins, A,-C,, and a new analog of A, bottromycin D, in 2012%-101 The
BGC’s identification, coupled with gene mutation/deletion experiments and heterologous
expression, demonstrated that bottromycins are synthesized as a RiPP, with the sequence of

both, precursor peptide and tailoring enzymes, being conserved in several Streptomyces species.
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Bottromycins are synthesized from the same core peptide and differ only in the methylation
pattern, expect for Bottromycin D, which harbours a substitution at position 3 (valine to alanine)
in the core peptide.

The gene cluster from Streptomyces sp. BC16019 is shown in Figure 4a%. It contains 13 open
reading frames (ORF); the currently proposed function of each gene and the order of
biosynthesis based on the untargeted metabolomics approach using mass spectral networking,
gene inactivation and in vitro functional characterization is shown in Figure 7°10%:102 The first
step involves the removal of N-terminal methionine by a peptidase, BotP, which shares
sequence homology with a number of M17 leucine aminopeptidase (LAP). As expected, the
crystal structure of BotP revealed it to be highly similar to other M17 LAPSs, and the subsequent
in vitro characterization using recombinantly produced precursor peptide, BotA, confirmed its
role in bottromycin biosynthesis i.e. the removal of the N-terminal methionine residue’®®. Gene
inactivation studies have shown that the three radical-S-adenosylmethionine (SAM),
BotRMT1-3, are responsible for the methylation on B-carbons of proline, valines and
phenyalanine. These deletion experiments resulted in significantly reduced bottromycin
production which can be explained by the inability of later stage tailoring enzymes to process
demethylated substrates®®191:192 This implicates RMT1-3 as early-stage modification enzymes,
which is in an agreement with metabolomic studies. Moreover, differing quantities of
demethylated bottromycins produced also indicated that the order of B-methylation is likely to
be: RMT1 (phenylalanine), RMT2 (valines) and RMT3 (proline)*°t. However, in metabolomic
studies the observation of methylated valines when analysing RMT1 knockout strain, indicates
that the order based on production yields may not be correct!®2, Besides this the observation of
shunt products in BotC knockout corresponding to peptides with methylated valines also imply
that heterocyclization (explained below) precedes methylation of proline and phenylalanine

residues in bottromycin biosynthesis.
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The bottromycin BGC encodes two YcaO proteins, BotC and BotCD, hypothesized to be
involved in macrocyclization and heterocyclization®1%1, This was based on the functional
characterization of YcaO proteins present in other RiPP families; these proteins have been
shown to catalyse the formation of oxazolines or thiazolines via the activation of backbone
amide carbonyl by pyrophosphorylation or phosphorylation. All previously characterized
YcaOs were shown to require the presence of an additional protein, belonging to E1 ubiquitin
activating like superfamily, either as an N-terminal fusion to the YcaO or as a discrete
protein'®. This additional protein aids catalysis, through the presence of a motif on it, known
as the RIiPP precursor peptide recognition element (RRE), that supports the binding of the
precursor peptide to the YcaO active site. Pairwise sequence alignments of YcaO proteins
revealed the presence of key ATP/Mg*? binding residues in BotC and CD. However, RRE
elements were not found in BotC and CD, making them unusual standalone YacOs. Subsequent
in vitro work confirmed that BotP processed precursor peptide is preferred substrate for BotC,
which catalyses the formation of the heterocycle (thiazoline), followed by macrocyclization by
BotCD!%1%, Upon extended incubation BotCD was also shown to be able to reopen the
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macrocycle!®®, Both enzymatic transformations require the presence of the follower peptide,
but unlike other YcaOs, BotC and CD do not require an additional enzyme for activity- this is
in contrast to metabolomic studies, which hinted towards the concerted role of BotCD and a
putative amidohydrolase, BotAH, in macrocyclization!?, Based on these findings, it is likely
that one of the two remaining putative hydrolases present in the BGC, namely BotAH or BotH,
is responsible for the removal of the follower peptide after cyclization. This leaves the other
hydrolase as the mystery enzyme of the BGC.

Generally, thiazole-containing RiPPs encode a flavin-dependent dehydrogenase that is
responsible for the oxidative decarboxylation of thiazolines to thiazoles'®’. However, such an
enzyme is not present in the bottromycin BGC, and instead a cytochrome P450 enzyme,
BotCYP, was assumed to perform this role. Although unusual, cytochrome P450 enzymes have
been reported to catalyse thiazole formation in other non-RiPP NP biosynthesis e.g. the plant
alkaloid camalexin®1% Subsequently, metabolic studies confirmed that BotCYP is indeed
responsible for the conversion of thiazoline to thiazole in bottromycin biosynthesis, and this
conversion follows the removal of the follower peptide®?. This functional assignment is based
on the observation of carboxylated O-desmethyl bottromycin Az and B, as two major
compounds in BotCYP knockout strain. Interestingly, two peaks were observed for each O-
desmethyl-compound by liquid chromatography- mass spectrometry (LC-MS) with identical
fragmentation pattern on tandem MS. As bottromycins contain a non-proteogenic D-Asp at
position 7, these peaks were assumed to reflect the epimers at the aspartate residue. Deuterium
labelling experiment was carried out to assess whether Asp a-proton is exchangeable or not'%2,
The exchangeable protons on decarboxylated O-desmethyl bottromycins were replaced with
deuterium, and the thiazoline was hydrolyzed back to a Cys residue using dilute aq. DCI. The
reopening of the heterocycle was postulated to trap a deuterium in the Asp a-position, as the
exchange of proton at this position is not possible in the absence of thiazoline. Subsequent
exchange of protons with H>O followed by LC-MS analysis revealed specific incorporation of
a deuterium at Asp7, confirming that Asp a-proton is exchangeable. The relative ratio of the
two epimers was also observed to change over time. Taken together these findings led the
authors to propose that epimerization in bottromycin pathways is non-enzymatic and
spontaneous'®. Since imine-enamine tautomerization that is responsible for the exchange of
Asp a-proton is disfavoured once the thiazole has been formed, the non-enzymatic conversion
of L- to D-Asp probably takes place before the formation of the thiazole!®>!°, In addition, the

presence of carboxylated O-desmethyl bottromycins also revealed that O-methylation follows
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BotCYP mediated thiazole formation. The bottromycin BGC encodes an O-methyltransferase,

which has been shown in vitro to carry out aspartate O-methylation to yield bottromycin Az in

the presence of S-adenosylmethionine (SAM)%,

The remaining two genes of the BGC encode a putative transcriptional regulator (BotR) and a

putative multidrug transporter (BotT) that are not directly involved in the biosynthesis of

bottromycins. Both of these proteins await functional characterization; however, BotT is likely

to be involved in export of, and self-resistance to, bottromycins as its overexpression in a

heterologous host resulted in 20-fold increase in production of bottromycin®. BotR shares weak

sequence similarity to the ArsR/SmtB family of transcriptional repressors, and unexpectedly,

the deletion of BotR did not have any effect on the yield of bottromycins!®t. Therefore, further

work in required to determine the precise role of BotT and BotR in bottromycin biosynthesis.
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To sum up, the identification of bottromycins BGCs laid down the foundation for understanding
the biosynthesis of bottromycin. Subsequent in vivo and in vitro studies have helped to elucidate
or shed light on the function of most of the proteins involved in biosynthesis. However, further
work is needed, especially related to the in vitro functional characterization of putative
hydrolases present in the BGC. RiPP biosynthetic logic dictates that one of the hydrolases is
responsible for removal of the follower peptide - a role previously assigned to BotH as BotAH
was implicated in macrocyclization!®2, However, in vitro studies revealed that heterocyclization
and macrocyclization are carried out by BotC and BotCD independently®®1%, This
predicament of having one additional hydrolase than to what is seemingly required for
biosynthesis needs to be resolved to fully understand bottromycins biosynthesis. It is unlikely
that the bottromycin BGCs contain highly conserved genes, botH and botAH, without any role
in the pathway; although it could be argued that one of these hydrolases is not essential for
biosynthesis of mature bottromycins, but plays a yet unknown post-maturation role. An
additional area which needs more attention is the structural characterization of biosynthetic
enzymes in the presence and absence of substrate or product to help shed light on the substrate
specificity of each enzyme. So far only one enzyme of bottromycin BGC, namely BotP, has
been structurally characterized!®®. The hallmark of RiPP tailoring enzymes is the spatial
separation of substrate recognition and catalysis that allows the enzymes to process a wide
variety of substrates. The structural data can help to better understand the substrate malleability
of each enzyme in bottromycin biosynthesis, which will undoubtedly help the rational

derivatization of bottromycins with enhanced antibacterial activity.
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2 Mechanisms of Antibiotic Resistance

2.1 Introduction

The emergence of antibacterial resistance is a major public health issue of the 21% century with
some infections now effectively untreatable!'!. According to conservative estimates by the
Centers for Disease Control and Prevention infections caused by drug resistant bacteria are
responsible for more than 35,000 deaths per year in the United States alone, with some reports
estimating it to reach 10 million deaths per year globally by 205012113 The situation is
worsened by a paucity of robust antibiotic pipeline, with the withdrawal of the large
pharmaceutical companies from this field being one of the major reasons. The dangers of a
post-antibiotic era have been acknowledged by policymakers, and a number of new initiatives
haven been launched e.g. Global Antibiotic Research and Development Partnership (GARDP)
and Combating Antibiotic-Resistant Bacteria Biopharmaceutical Accelerator (CARB-X), to
turn the tide against antibiotic resistance; however, it is too early to comment on the success of
these initiatives to counter the faltering antibiotic discovery pipeline!*1'° Given that bacteria
are rapidly developing resistance to antibiotics, an in-depth study of resistance mechanism(s)
employed by bacteria can help to extend the lifetime of an antibiotics by guiding the
development of modifications that can help evade resistance mechanism. This strategy has been
successful in the development of ‘generations’ of antibiotics over the past decades!!®. The
resurgence of interest in antibiotic discovery and developments, coupled with a better
understanding of bacterial resistance mechanisms, will be vital in ensuring we stay ahead of

drug resistance bacteria.

2.2 Overview of Antibiotic Resistance Mechanisms

The concept of antibacterial resistance is not new, and given the adaptability of bacteria it is an
expected result of the interaction of organisms with their environment!!, As most of the
antibiotics are NPs, and thus, bacteria sharing the same ecological niche with other organisms
producing antimicrobials have developed mechanism(s) to counter these molecules; this is
referred to as natural resistance. Of greater concern are cases of acquired resistance via
horizontal gene transfer or mutation of pre-existing genes that confers resistance to bacterial
population that was initially susceptible to the antibiotic''’!8, Irrespective of the nature of
resistance, antimicrobial resistance mechanisms in bacteria can be broadly divided into four
main categories: (1) limiting entry of the antibiotic; (2) mutation of the target protein; (3)

inactivation of the antibiotic, and (4) expulsion of the antibiotic*"*?, Presence of one or more
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of these mechanisms in bacteria can lead to multidrug resistance (MDR)!?°. MDR systems
respond to and inactivate antibacterial compounds with diverse structures and targets; however,
a minimal structural motif is usually required for recognition by such systems!?. Generally,
antibiotic resistance affords a gain of function, which may impart a fitness cost*?>!2, Moreover,
considering that the antibiotic resistance is most often only transiently advantageous, bacteria
tend to modulate resistance mechanism at the transcriptional or translational level, thereby
allowing it to adapt to its external environment!?*. One elegant and efficient system that

incorporates autoregulation and MDR is thiostrepton-inducded protein A (TipA).

2.2.1 Thiostrepton-induced protein A

Thiostrepton induced protein A (TipA), first identified in Streptomyces lividans, belongs to the
family of mercuric ion resistance (MerR)- like transcriptional regulators which include MDR
transcriptional regulators B1tR, BmrR and Mta?>!?, The characteristic feature of this family
is the similar N-terminal helix-turn-helix (HTH) motif responsible for DNA binding, which is
connected by a long coiled-coil linker to a diverse C-terminal effector binding domain that
recognizes a wide variety of ligands ranging from metal ions to large antibiotics!?. However,
unlike other MerR regulators, the tipA gene, which is expressed in response to thiostrepton-like
antibiotics, encodes two alternate in-frame translation products: the long minor form TipAL and
the predominant short form TipAs which constitutes the C-terminal part TipA (Figure 8)126127
While TipAL follows the basic architecture of MerR-like regulators, TipAs on the other hand
consist only of the effector binding domain (Figure 8). The effector domain present in both
TipAcLand TipAs interacts with a variety of a thiopeptide-like antibiotics such as thiostrepton,
nosiheptide and promothiocin A?812°. Recently, TipAs apo and complex solution structures
and dynamic studies have allowed the proposal of a mechanism for the TipA MDR system
(Figure 8)%131 TipAs consists of an unfolded N-terminal region and a C-terminal, globin-like
a-helical structure with a deep hydrophobic antibiotic binding cleft. The ligand-binding residue
Cys214, which forms a covalent bond with the dehydralanine residue present in the tail region
of thiopeptides, is located at the bottom of this cleft (Figure 8a)'%. In the case of thiostrepton
which contains two dehydroalanie residues, Dhal5 and Dhal6, the data suggests that Dhal5 is
most likely involved in covalent bond formation with Cys214. However, the presence of Dha
is not a necessary condition for the recognition by TipA, and conserved structural features of
thiostrepton-like antibiotics have been implicated in recognition'?®!3!, The first step of
antibiotic interaction involves the recognition of these features by hydrophobic residues present
at the entrance of antibiotic binding cleft and at the N-terminus of TipAs. The interaction of the
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antibiotic with the N-terminus induces significant conformational change resulting in the
transformation of the N-terminus from partially flexible to all-helical structure (Figure 8a), that
now encloses the bound antibiotic, thereby forming a very stable protein-ligand complex
(Figure 8a)!311%2, In addition, antibiotic binding also stabilizes a helix connected to the N-
terminus; extending it by two turns in the direction of the N-terminus (Figure 8a slate colored
helix). These interactions also position the Dha residue present in the tail of thiostrepton-like
antibiotics such that it can form a covalent bonding with Cys214. As TipAs is connected to the
DNA binding domain in the transcriptional regulator, TipAy, it is likely the that the
transformation of TipAs’s N-terminus upon antibiotic binding constitutes a mechanical signal
that leads to the observed higher affinity to the tipA promoter, which then binds to it as a dimer
and causes its untwisting or unwinding®*. This binding event has also been reported to increase
the affinity of RNA polymerase (RNAP) for the promoter by more than 10-fold, possibly an
outcome of more stable TipAL - antibiotic - RNAP complex, initiating transcription of
tipA3%132 However, further studies are needed to fully understand the underlying mechanism
of tipA activation by TipAL. In short, because of its two distinct function: (1) sequestration and
thereby inactivation of thiostrepton-like antibiotics by TipAs, and (2) autoregulation of tipA
gene by TipAvL in the presence thiostrepton-like antibiotics, TipA can be considered as an
autoregulated MDR system. TipA-like proteins are also reported to be present in the genomes
of many bacteria, including pathogens like Bacillus anthracis, Streptococcus mitis,
Enterobacter faecalis and Listeria monocytogenes™*°. At present none of these proteins have
been functionally or structurally characterized, and it would be interesting to see what

assortment of metabolites are bound and inactivated by them.
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the flexible N-terminal to a helical structure enclosing the antibiotic. At the same time the antibiotic induced conformational
change promotes TipAL dimerization and induction of tipA gene.
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3 Outline of the thesis

The main focus on this work was to structurally and functionally characterize three proteins:
BotH and BotAH, putative hydrolases present in bottromycin BCG; and AlbA, an albicidin
antibiotic resistance protein found in Klebsiella oxytoca. Chapter 2 and 3 are dedicated to
understanding the role BotAH and BotH in bottromycin biosynthesis; whereas, chapter 4 deals
with AlbA.

Bottromycins are a RiPP whose biosynthesis is not yet fully understood, especially the role of
BotAH and BotH. Recently, work done by Franz, L. et al. and Schwalen, C.J. et al. on the in
vitro reconstitution of macrocyclization in bottromycin biosynthesis revealed that BotCD is
able to install this modification without the need of an additional enzyme, and that this
modification is reversible. This was in contrast to in vivo data which hinted towards a concerted
role of BotAH and BotCD in macrocyclization. Therefore, in order to resolve the disparity
between the in vivo and in vitro data we set out to understand the role of BotAH and BotH. The
data presented confirms the role of BotAH in bottromycin biosynthesis i.e. the removal of the
follower peptide after macrocyclization. Moreover, once the follower peptide has been removed
by BotAH, macrocycle cannot be reopened by BotCD. This observation helps to remove the
disparity between the in vitro and in vivo data and places BotAH as the gatekeep between the
early stage and late stage modifications installed on the precursor peptide. The crystal structure
of BotAH is also reported, which helped shed light on its substrate specificity and mechanism

of action.

In chapter 3 the role of BotH in bottromycin biosynthesis is discussed. The data presented
demonstrates that this enzyme is responsible for the conversion of L-aspartate to D-aspartate
with relaxed substrate specificity. The high-resolution crystal structures of BotH and BotH in
complex with its substrate sheds light on the mechanism of epimerization. In addition, BotH
can also bind the natural products bottromycins with high affinity, and the mode of binding is
explained by the complex structures of three bottromycins bound to BotH. Subsequent, in vivo
and in vitro data hints towards an additional role of BotH in bottromycin biosynthesis: negative-
feedback regulation of bottromycin biosynthesis. An in-silico analysis also reveals the presence
of BotH-like proteins in putative BGCs encoding diverse NPs including RiPP, NRPS and PKS,
which may also be able to epimerize non-Asp stereocenters via the unprecedented mechanism

we proposed for BotH.
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Albicidin is a NP produced by phytopathogen Xanthomonas albilineans, which was reported
as potent antibiotic against Gram-positive and in particular Gram-negative bacteria. Owing to
its unique structural properties and potent antibacterial activity, it is considered a lead structure.
Therefore, it is important to understand the resistance mechanisms that already exist in nature
against this interesting antibiotic. Previously three resistance proteins have been identified
against albicidin: AIbA, AlbB and AlbD. Chapter 4 is dedicated to understanding the
mechanism(s) employed by AIbA to neutralize albicidin. We report high-resolution crystal
structures of AIbA and the AlbA-albicidin complex, which explain the mode of binding of
albicidin. Structural analysis also revealed AlbA be a homolog of TipAs; it appears that an
internal gene duplication gave rise to two pseudo-symmetric TipAs dimers which constitute
AIbA. Since the TipA system consists of two protein isoforms: short version (TipAs) and long
version (TipAL), we had a closer look at the AlbA sequence. The original annotation of AlbA
in Klebsiella oxytoca was incomplete, and an alternate inframe start codon located upstream
was found to give rise to two in-frame translation products: short version (AlbAs) and the long
verion (AlbAL). Unexpectedly, unlike TipAs, AlbAs was found to modify the antibiotic. This
AlbAs-mediated modification of albicidin leads to a loss of biological activity, extending our
understanding of AlbAs, which was previously thought to neutralize albicidin by sequestering
the compound by forming a very stable complex. Subsequent, extensive mutational studies and
crystal structures allowed us to propose a mechanism for this chemical modification. Finally,
we also tested if the AIbA system, akin to TipA system, can neutralize compounds structurally
similar to albicidin. To this end we tested cystobactimid - a potent antibiotic produced by
myxobacteria. Interestingly, cystabactimid, despite being able to interreact with AIbA did not
upregulate the transcription of the albA gene. This hints towards a different mode of binding

for cystobactamid, compared to albicidin, which is currently being investigated.
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1 Introduction

Bottromycins'+?

are natural product antibiotics with activity against problematic human
pathogens such as Methicillin-resistant Staphylococcus aureus (MRSA)*#. They bind to the A-
site of the prokaryotic 50S ribosome, which is a novel antibiotic target>”’. Bottromycins belong
to the growing family of ribosomally synthesized and post-translationally modified peptides
(RiPPs), and their biosynthesis and total synthesis have received increasing attention®!2. They
are derived from the precursor peptide BotA, which undergoes a series of post-translational
enzymatic tailoring steps, the order of which has been proposed based on an untargeted
metabolomics approach using mass spectral networking (Scheme 1, we will use Streptomyces
sp. BC16019 nomenclature)'?: First, the N-terminal methionine is removed by a leucyl-amino
peptidase (BotP), followed by heterocyclization of the BotA cysteine residue to thiazoline by
the YcaO enzyme BotC and CB-methylation by radical methyl transferases 1-3. Next, a second
YcaO enzyme, BotCD, was reported to act together with the metallo-dependent amidohydrolase
BotAH in macroamidine formation'*. Removal of the follower peptide by the a/B-hydrolase
BotH, successive oxidative decarboxylation of the thiazoline to a thiazole (BotCYP) and O-

methylation of an aspartate (BotOMT) complete bottromycin biosynthesis.
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Scheme 1. (a) A gene cluster highly homologous in sequence and organization to those of confirmed bottromycin producers
Streptomyces sp. BC16019 and S. bottropensis was found in S. purpureus (top). Intergenic regions not drawn to scale. (b)

Bottromycin biosynthesis as proposed by untargeted metabolomics!®. Methylation by radical methyl transferases (RMT1-3) is
shown as black lines, heterocyclized cysteine as a red pentagon and the macroamidine in cyan.

2 Results and Discussion

In vitro work has confirmed the assigned functions for BotP!'*!* BotC®® and BotCD%’. It was
demonstrated that the BotCD homologs BmbE and PurCD alone are sufficient for
macroamidine formation in vitro®®. For PurCD, macroamidine formation was reversible: It

catalyzes both, macroamidine formation and its reopening?®.

To probe the role of the amidohydrolase in bottromycin biosynthesis in vitro, we attempted to
express BotAH (insoluble). The close homolog PurAH (72 % sequence identity to BotAH) from
Streptomyces purpureus (Scheme 1) could be expressed and purified. We first tested possible

substrates and incubated PurAH with precursor peptide BotA, BotA? (N-terminal methionine
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removed), BotAPC (BotA® with heterocyclized cysteine) and BotAP“P (macrocyclized BotAP©)

(Figure 1a).
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Figure 1. LC-ESI-MS characterization of PurAH reactions. (a) Incubation of PurAH with BotA, BotAP, BotAPC, and BotAPCCP
(5 UM enzyme, 50 pM substrate, 37 °C, 16 h). Only BotAPC and BotAPCCP were substrates of PurAH. Colors correspond to
scheme 1. (b) Time-course of BotAP® and BotAPCCP (50 puM) cleavage by PurAH (0.2 uM) in the presence of Co?* (100 uM).
(c) When PurAH is added to a macrocyclization reaction, the reaction goes to completion and 2 is formed.

All samples were analyzed by liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI-MS). We observed no activity on BotA or BotAP. For the BotAF¢
reaction, we observed two new masses, which corresponded to the heterocyclized BotA core
peptide (1, Figure S1A) (m/z calcmono.: 816.3840 Da, observed: 816.3814 Da, error -3.2 ppm)
and the follower peptide (m/z calcmono.: 3857.62 Da, observed: 3857.63 Da, error 2.6 ppm), but
the reaction was incomplete. For the BotAP““P reaction, the substrate was consumed completely

and two new masses appeared: One corresponded to the heterocyclized, macroamidine-
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containing BotA core peptide (2, Figure S1b), while the other corresponded to the follower
peptide (m/z calcmono.: 798.3734 Da, observed: 798.3706 Da, error -3.5 ppm and m/z calcmono.:
3857.62 Da, observed: 3858.63 Da, error 2.6 ppm), respectively. The identity of 1 and 2 was
confirmed by MS? (Figure S2, Tables S1 and S2). These data demonstrate that PurAH is
responsible for removing the follower peptide during bottromycin biosynthesis. Since the
protein is annotated as a metal-dependent amidohydrolase, we dialyzed purified PurAH
extensively with EDTA to remove endogenous metal ions and set up reactions of PurAH with
BotAPCCP ysing different divalent metal ions (Figure S3). No activity was observed for CdCl,
and NiCl,, while addition of FeCl> or MgCl» accelerated the background rate slightly. MnCl»
<< ZnCl, < CoCl, each led to appreciable turnover, with Co?" giving best activity. A time course
experiment with 0.2 uM PurAH and 50 uM BotAPC or BotAPC“P revealed that the reaction

APCCD

using Bot was complete after 80 min, while no product formation was detectable in the

same time frame using BotAPC (Figure 1b). PurAH is thus highly selective for the

APCCD

heterocyclized, macrocyclized intermediate Bot and removes the follower peptide.

With the function of the amidohydrolase established we investigated its involvement in
macroamidine formation. The macroamidine forming YcaO enzyme PurCD converts BotAPC
into BotA““P in an ATP/Mg?-dependent reaction for which the BotA follower peptide is
essential®®. We have shown that this reaction is reversible — purified BotAP““P incubated with
PurCD and ATP/MgCl, will be converted back to BotAPC, now lacking the macrocycle (Figure
S4)3. Given the very strong preference of PurAH for BotAP““P and the dependence of PurCD
activity on the presence of the follower peptide that is removed by PurAH, we hypothesized
that PurAH may prevent re-opening of the macrocycle. First, we purified 2 and incubated it
with PurCD and ATP/MgClL. Even after extensive incubation times at 37 °C, we did not observe
reopening of the macroamidine to yield 1 (Figure S4). BotAP““P on the other hand converted
readily back to BotAPC (Figure S4). When BotAP* is incubated with PurCD under optimized
conditions, the turnover to BotAP““P does not exceed 70 %.8 However, when PurAH is added
to the reaction, we observe complete conversion of BotAP¢ to 2, indicating complete conversion
of BotAC (macroamidine formation) and subsequent removal of the follower peptide (Figure
Ic). These data rationalize why the amidohydrolase was reported as essential for macroamidine
formation in vivo'® — knocking out PurAH likely leads to reopening of the macroamidine and
prevented downstream processing. This places PurAH as the gatekeeper of bottromycin
biosynthesis, that removes the follower peptide once all enzymes requiring the follower have

acted on the precursor peptide.
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To understand how PurAH selects for the macrocycle in BotAP®“P, we determined the PurAH
crystal structure to 1.73 A resolution. All data collection and refinement statistics can be found
in Table S3. The refined model contained one protomer in the asymmetric unit and includes
residues 9 — 74 and 78 — 460 (Figure S5). Two Zn*" ions are coordinated at the active site: Znl
by His210 and His229, Zn2 by His94, His96 and Asp348. Lys183 has been carboxylated as
commonly observed in amidohydrolases'>, with each oxygen coordinating one Zn*" (Figure
S5). The distorted trigonal bipyramidal coordination of the two Zn** is completed by ordered
water molecules, one of which bridges the two Zn*' ions. This bridging water may be an
activated hydroxyl known to facilitate catalysis in amidohydrolases'®!®. We generated a
sequence similarity network (SSN) for PurAH (Figure S6a) and found it to be part of a small
node that exclusively contained PurAH homologs from all known bottromycin biosynthetic
gene clusters. Mapping the sequences of this node onto the PurAH structure using ConSurf>"-

23 we found residues surrounding the active site to be highly conserved (Figure 2a). In contrast,

I>* search show virtually no sequence

the closest structural homologs identified by a DAL
conservation at the active site (Figure 2b). PurAH contains an extended, wide binding site that

may have evolved specifically to accept branched cyclic peptide substrates (Figure S6b).

B g

M2:3 4 5 675N

Variable Conserved
(C) PurAH
Sequence (wt) G-L\D/'.""'.'M‘T‘A'D-

BotA point mutations ‘ L ‘ A ‘ A ‘

@ full conversion

fair substrate ‘ ‘ . . F

@ poor substrate

QOno conversion / trace @

Figure 2. (a) and (b) Consurf maps showing the conservation of residues around the PurAH active site (arrow) for (a) PurAH
homologs from other bottromycin biosynthetic gene clusters (PurAH containing node, Figure S6a) and (b) the closest structural
homologs identified by a DALI search (Figure S6b). (c) Schematic view of the conversion of 13 BotA mutants designed to test
PurAH promiscuity.

To rationalize PurAH’s selectivity, we sought to determine the complex crystal structure of

PurAH with its substrate, but extensive screening failed in delivering suitable conditions. In
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most RiPP systems the core peptide sequence is at least to some degree variable, but in all
bottromycin biosynthetic gene clusters identified to date the core peptide sequence is fully
conserved??7 (with the exception of a single-amino acid change found in one cluster?®). This
is at odds with the substrate promiscuity observed for bottromycin biosynthetic enzymes in
vitro thus far®>!4. To probe the promiscuity of PurAH and the fidelity for macrocyclized
intermediate, we generated a series of mutant precursor peptides (Figure 2¢). The degree of
conversion was estimated by monitoring the consumption of substrate (see SOI for details).
Data for the mutations are provided in Figures S7 — S20. BotA mutants Pro2Ala, Val4Leu,
Phe6Trp, and Asp7Asn were found to be good substrates of PurAH (Figure 2¢). The mutants
Val3Leu, ValSAla, and Asp7Ala were fair and Val4Ala, Val5Glu, and Phe6Ala were poor
substrates of PurAH. Asp7Val could not be processed, which may implicate Asp7 in metal
coordination. While presence of a heterocycle within the S1 site (Using standard protease
nomenclature) of PurAH was essential for activity, the S1’ site is more flexible, as demonstrated
by partial conversion of BotA mutants Met9Ala and Met9Phe. In all cases where turnover was
observed, only the mass for heterocyclized, macrocyclized product could be detected. These
data demonstrate that PurAH is promiscuous in the context of single amino-acid changes, while

retaining a high fidelity for macrocyclized substrate.
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Scheme 2. (a) Proposed mechanism of follower peptide removal by PurAH. It is unclear which residue stabilizes the oxyanion.
Zn2?*-coordinating residues His94 and His229 have been omitted for clarity (b) Proposed role of PurAH in bottromycin
biosynthesis. Removal of the follower peptide (green) by PurAH prevents reopening of the macroamidine (cyan) and thus drives
biosynthesis.

It has been demonstrated for amidohydrolases distantly related to PurAH that the aspartate
residue involved in metal coordination at the active site (Asp348 in PurAH) and a tyrosine
residue in proximity of the active site were involved in catalysis (e.g.>’). In PurAH, the mutation
Asp348Asn resulted in a loss of catalytic activity (Figure S21). These data may implicate

Asp348 as the base in catalysis, but we cannot exclude disruption of metal binding. The only
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tyrosine residue in the immediate vicinity of the active-site Zn>*-ions was Tyr185, and in PurAH

the mutant Tyr185Phe showed impaired substrate processing (Figure S21).

We have demonstrated that removal of the follower peptide in bottromycin biosynthesis is
catalyzed by PurAH. Since the preceding macroamidine formation is reversible, this enzyme
has a profound effect on bottromycin biosynthesis by cooperating with the YcaO enzyme
PurCD to ensure efficient macrocyclization. This resolves the apparent disparity between in
vitro®® and in vivo'® data and places PurAH as the gatekeeper between primary and secondary
modification steps (Scheme 2). It also adds to our understanding of the YcaO superfamily:
Thioamide-forming YcaO enzymes appear to require a TfuA protein for activity®’, while YcaO

3132 and their

enzymes installing heterocycles in linear azolic peptides require an E1-like protein
activity appears in some cases coupled to an FMN-dependent oxidase®***. Despite the
cooperation between PurCD and PurAH, we were unable to detect complex formation in vitro
using various methods (data not shown). This raises questions regarding the potential
colocalization of RiPP enzymes within the producing organism, which have only been
addressed in a very limited number of RiPP systems and require intensive further study. The
selectivity of PurAH for macrocyclized precursor peptides coupled with its substrate

promiscuity will be important in future efforts to derivatize bottromycins.
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3 Supplementary Information
3.1 Cloning, protein expression and purification

3.1.1 Cloning, Expression and Purification of PurCD and IpoC

PurCD and IpoC were purified as described previously.®

3.1.2 Cloning of PurAH wt and mutants

Full-length, codon-optimized purAH (Accession No. WP_019887083.1, Eurofins Genomics)
was cloned into pET-28b (Novagen). Presence of the insert was confirmed by restriction
digestion and DNA sequencing before being transformed into Rosetta™ (DE3). Mutations that
lead to the exchange of one amino acid in the PurAH sequence were introduced with the site-
directed mutagenesis (SDM) primers shown in Table S5 using the reagents and protocol of the
Quick Change II kit (Agilent Technologies). The introduction of the mutations was verified by
DNA sequencing.

3.1.3 Cloning, Expression and Purification BotA and BotA point mutants

BotA, BotAP and BotAP variants were cloned, expressed and purified as described previously.®
BotAP variants with one altered amino acid were generated by using mutation carrying primers.
Peptide concentrations were determined at a Spectrophotometer (NanoDrop2000, Thermo
Fisher Scientific) using the extinction coefficient calculated from the amino acid sequence by

the EXPASY ProtParam Server®® (http://web.expasy.org/protparam/).

3.1.4 Protein expression and purification of PurAH wt and mutants

A single colony was picked into LB liquid medium containing the appropriate antibiotics (50
ug / mL Kanamycin and / or 34 ug / mL Chloramphenicol) to make an overnight culture. The
overnight culture was inoculated 1 to 100 into fresh LB medium supplemented with antibiotics
and was grown at 37 °C until the optical density (ODsoo) reached 0.6; protein expression was
then induced by the addition of 1 mM IPTG and the cells grown at 16 °C overnight. Cells were
harvested by centrifuging the culture at 6,000 x g at 4 °C for 15 min and the cell pellets frozen
at -80 °C.
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The cell pellets were resuspended in lysis buffer (20 mM Tris pH 8.0, 200 mM NaCl, 20 mM
imidazole, 10 % glycerol (w/v) and 3 mM DTT) supplemented with 0.4 mg DNAse per gram
of wet cell pellet and cOmplete EDTA-free protease-inhibitor tablets (Roche). The cells were
lysed by sonication and cell debris removed by centrifugation (40,000 x g, 4 °C, 20 min). The
supernatant was loaded onto a pre-equilibrated (lysis buffer) 5 mL Histrap HP column (GE
Healthcare) and was washed with 20 column volumes of lysis buffer. The protein was eluted
from the column with 250 mM imidazole and loaded onto a gel filtration column (HiLoad
16/600 Superdex 200 pg, GE Healthcare) pre-equilibrated in 50 mM Tris-Cl, pH 8.5, 200 mM
NaCl, 10 % (w/v) glycerol and 1mM TCEP. The fractions of the highest purity were pooled

together and concentrated to 5-8 mg mL™.

3.2 Biochemistry

3.2.1 Heterocyclization reaction by IpoC

For heterocyclisation reactions by IpoC, 50 UM substrate (BotAP or BotAP variants) was
incubated with 5 pM IpoC and 5 mM ATP/MgCI: in reaction buffer (50 mM Tris pH 8.5, 200
mM NacCl, 10 % glycerol) for 12 h at 37 °C.

For further use, heterocyclized BotAP (BotAP®) was immediately purified by size-exclusion
chromatography on a pre-equilibrated Superdex S30 column (GE Healthcare) using reaction
buffer and concentrated using 5 kDa cutoff filters (Merk MilliPore).

Reactions of BotA” variants with IpoC were set up and analyzed in triplicates. Turnover was
analyzed by LC-MS. For LC-MS analyses, reactions were stopped and enzymes were
precipitated by the addition of ACN.

3.2.2 Macrocyclization reaction by PurCD

For macrocyclisation reactions by PurCD, 50 uM substrate (BotAP¢) was incubated with 5 uM
PurCD and 10 mM ATP/MgCI; in reaction buffer (50 mM Tris pH 8.5, 200 mM NacCl, 10 %
glycerol) for 2 h at room temperature. Macroamidine formation was determined by LC-MS
analysis.

Product (BotAP°“P) was immediately purified for further experiments by size-exclusion
chromatography on a pre-equilibrated Superdex S30 column (GE Healthcare) using reaction
buffer. BotAP““P was concentrated using 5 kDa cutoff filters (Merck Millipore). As we observe
macroamidine re-opening by PurCD, the purification product is a mixture of BotAP¢ and
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BotAPCCP. Thus, this mixture was further purified by HPLC to obtain pure BotAPCCP,
Purification was performed on a Dionex Ultimate 3000 RSLC system using a Xbridge C18, 4.6
x 100 mm, 5 um dp column equipped with a C18 precolumn (Waters). Aliquots of 15 pL were
separated by a gradient from (A) 10 mM NH4HCO3 in H20 to (B) ACN at a flow rate of 1
mL/min and 45 °C. The gradient was initiated by a 1 min isocratic step at 5 % B, followed by
an increase to 19.7 % B in 2 min, to 21.0 % B in 24 min and to 95 % B in 0.5 min. After a 2
min step at 95 % B the system was re-equilibrated to the initial conditions (5 % B). BotAP<CP
containing fractions (confirmed by LC-MS) were pooled and ACN evaporated on a rotary
evaporator. Finally, the residue was injected on a Superdex S30 column (GE Healthcare) using
reaction buffer.

The ability of PurCD to use different IpoC-cyclysed BotAP variants as substrate was tested. 50
UM BotA” variant or wt (as control) was first incubated with 5uM IpoC and 10 mM
ATP/MQCI> in reaction buffer for 12 h at 37 °C. 5 uM PurCD was added and samples were
incubated for further 2 h at 37 °C. The addition of ACN was used to stop the reaction and
precipitate the enzymes. The conversion was analyzed by LC-MS. Reactions were set up and
analyzed in triplicates.

To test if macroamidine re-opening by PurCD occurs after the follower is cleaved, 50 uM
purified BotAPSCP or BotAPCCPAH was incubated with 10 pM PurCD, 10 mM ATP/MgClI: in
macrocyclisation buffer (50 mM Tris pH 8.5, 200 mM NaCl, 10 % glycerol) at room
temperature for 16 h. Controls without the addition of enzymes were also set up. Reactions

were stopped by the addition of ACN and analyzed my LC-MS.

3.2.3 Follower cleavage by PurAH

To test possible substrates for PurAH, 50 M BotA peptide (BotA, BotAP, BotA"® or BotAPCP)
was incubated with 5 uM PurAH and 100 puM CoCl: in reaction buffer at 37 °C for 16 h. The
reactions were set up in triplicates. After the 16 h incubation time, reactions were stopped and
enzymes were precipitated by the addition of ACN and analyzed by LC-MS.

The activity of EDTA-treated PurAH was tested in the presence of no metal ions and using
different metal ions. 50 uM BotAPCP was incubated with 0.2 uM PurAH and 100 pM ZnCly,
CoCly, CdCly, FeCl,, MgCl2, MnCl2, NiCl> or no metal ions, respectively, at 37 °C. Reactions
were set up in triplicates and stopped after an incubation time of 45 min by the addition of
ACN. Turnover was analyzed by LC-MS.

The ability of PurAH to cleave off the follower of BotAP variants was tested. 50 uM BotAP

variant or wt (as control) were first incubated with 5 uM IpoC and 10 mM ATP/MgCl: in
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reaction buffer for 12 h at 37 °C. 5 uM PurCD and 2.5 uM PurAH were added and samples
were incubated for further 2 h at 37 °C. The reactions were stopped and enzymes were
precipitated by the addition of ACN and the conversion was analyzed by LC-MS. Reactions
were set up and analyzed in triplicates.

To determine the initial conversion rate of BotA”® and BotAPC“P by PurCD, 50 uM substrate
was incubated with 0.2 uM PurAH and 100 uM CoClz. Samples were prepared without addition
of enzyme and pre-incubated at 37 °C. After addition of enzyme, samples were incubated in
the LC sample holder at 37 °C and 1 pl aliquots were automatically taken and analyzed every
13 min by the LC-MS system in the time range from 1 to 105 min. Reactions were set up and
analyzed in triplicates.

The turnover of PurAH wt, PurAH Y 185F and PurAH D348N was compared. 50 uM BotAP wt
was first incubated with 5 uM IpoC and 10 mM ATP/MgCI: in reaction buffer for 12 h at 37 °C.
5 UM PurCD was added and samples were incubated for further 1.5 h at 37 °C. The reaction
solution was split up and 2.5 uM PurAH (wt or mutant) was added. After 0, 30, 60, 120, 240
and 480 min, the reactions were stopped and enzymes were precipitated by the addition of two
volumes of ACN.

To produce and purify BotAP°CPAR 50 uM BotAPC was incubated with 5 uM PurCD, 0.2 pM
PurAH, 10 mM ATP/MgCl2, 100 uM CoCl: in reaction buffer at 37 °C overnight. The reaction
solution was applied on a Chromabond C18 Hydra column (6 mL, 2000 mg, Macherey-Nagel),
pre-equilibrated with dest. H2O. After washing with 2 CV dest. H20O, bound peptides (2 and
Follower peptide) were eluted separately by increasing the ACN concentration in 5 % steps.
Fractions containing pure BotAP°CPAf (analyzed by LC-MS) were combined and all solvent
evaporated on a rotary evaporator. Finally, 2 was dissolved in reaction buffer.

3.3 Mass spectrometry

3.3.1 LC-ESI-MS analysis

All measurements to analyze the mass of processed or unprocessed BotA peptides were
performed on a Dionex Ultimate 3000 RSLC system using a Xbridge C18, 100 x 2.1 mm, 3.5
pm dp column equipped with a C18 precolumn (Waters). Samples of 1 pL were separated by a
gradient from (A) 10 mM NHsHCOs to (B) ACN at a flow rate of 600 puL/min and 45 °C. The
gradient was initiated by a 0.5 min isocratic step at 5 % B, followed by an increase to 15 % B
in 1 min, to 27 % B in 8.5 min and to 95 % B in 0.5 min. After a 2 min step at 95 % B the
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system was re-equilibrated to the initial conditions (5 % B). UV spectra were recorded by a
DAD in the range from 200 to 600 nm.
For MS measurements on maXis-2 UHR-TOF mass spectrometer (Bruker Daltonics), the LC
flow was split 1:8 before entering the mass spectrometer using the Apollo ESI source. In the
source region, the temperature was set to 250 °C, the capillary voltage was 4000 V, the dry-gas
flow was 10.0 L/min and the nebulizer was set to 30 psi. After the generated ions passed the
quadrupole with a low cut-off at 150 m/z they were trapped in the collision cell for 100 us and
then transferred within 10 ps through the hexapole into the ICR cell. Data were recorded in the
mass range from 250 to 2500 m/z. Peaks in the MS-spectra are labelled with the observed
monoisotopic masses.
For quantification of the time course experiments, the consumption of the substrates (BotAP©
and BotAPCCP| respectively) was quantified. The peak areas of the [M+H]*",[M+H]*" and
[M+H]®* ions (which were the predominant ions) from BotAP¢ or BotAPCP (see Table S4, EIC
width = 5 ppm) were integrated and concentrations were calculated using a calibration curve
obtained from serial dilutions of the respective purified BotA (BotAP¢ or BotAPC“P) using the
TASQ 1.1 software (Bruker Daltonics). The relationship between the peak areas and the peptide
concentrations are mostly linear in the tested concentration range (2-75 uM) and no saturation
of the detector was not observed (as an example the calibration curve for BotAPCCP is shown in
Figure S26).
For the comparison of the activity of EDTA-treated PurAH in presence of different metal ions,
the area of the reaction product 2 ([M+H]*=799.3807 + 0.05 Da) was integrated and compared.
For 2, a linear relationship of peak areas and concentrations were tested (concentration range
2.6-100 puM) and verified (Figure S27), which allows a comparison of the formation of 2 by
comparison of the peak areas.
To compare the turnover of the BotAP““P wt by PurAH wt and mutants, the peak areas of the
reaction product 2 ([M+H]"=799.3807 + 0.05 Da) were integrated and compared.
For estimation (relative differences) of the turnover of the BotA substrate mutants by PurAH
wt (categorized as “good” (turnover comparable to wild-type (wt) substrate), “fair” (> 50 %
turnover compared to wt substrate), (> 50% turnover compared to wt substrate) “poor” , and
“no turnover/trace”), the sum of substrate peak areas of the [M+H]*" [M+H]*" and
[M+H]®* ions from the respective BotAP® and BotAP°CP mutants (see Table S4) before and
after addition of PurAH wt were compared. A linear relationship between the peak areas and
the peptide substrate concentrations (in the assay concentrations range) was confirmed:
Dilutions of the enzyme assay solutions (wt and mutant peptides) and dilutions of purified
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BotAPC wt and BotAPCP wt show a linear relationship between the dilution factor and the peak

area. We thus conclude that the inference of relative differences is feasible.

3.3.2 MS? Fragmentation

MS? fragmentation experiments were executed by direct infusion MS using a solariX XR (7T)
FT-ICR mass spectrometer (Bruker Daltonics) equipped with an Apollo ESI source. The source
region temperature was set to 220 °C, the capillary voltage was 4500 V, the dry gas flow was
4.0 L mint and the nebulizer was set to 1.0 bar. The collision energy was ramped from 10 to
22 V until sufficient dissociation of the target molecule was observed. MS? spectra were

obtained by collision-induced dissociation (CID) in the collision cell.

3.4 Crystallization and structure determination

Crystals of PurAH were obtained at 18 °C in 3.0 - 4.2 M sodium formate. The crystals were
cryoprotected in mother liquor supplemented with 35 % glycerol and flash cooled in liquid
nitrogen. Data was collected at ESRF (Beamlines: 1D23-1 and ID30A-3). To solve the PurAH
structure, a single-wavelength anomalous dispersion (SAD) data set and a high-resolution
dataset were collected. Data were processed using XDS* and POINTLESS®", AIMLESS®® and
ctruncate®® implemented in ccp4?. The structure was solved using the SAD dataset with the
Auto-Rickshaw* pipeline’s MR-SAD phasing method*>°. The model was manually rebuilt in
COOT®® and refined using PHENIX*. The structure was validated using MolProbity®!, and all
images presented were created using PyMOL (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC.). Interaction diagrams were created using PoseView %253 and

plotting was performed with Matplotlib v2.1.0.%*
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Figure S1: A Chemical structure of 1 (MW: 816.38 Da)- the modified BotA core peptide after methionine removal (BotP),
heterocyclization (IpoC) and follower removal (PurAH). B Chemical structure of 2 (MW: 798.37 Da)- the modified BotA core
peptide after methionine removal (BotP), heterocyclization (IpoC), macroamidine formation (PurCD) and follower removal
(PurAH). C Single-letter amino acid sequence of the BotA follower peptide (MW: 3857.62 Da).
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Figure S2: MS? fragmentation spectra for 1 (top) and 2 (bottom). A list of the associated fragments can be found in tables S1

and S2, respectively.
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Figure S3: Metal-dependency of PurAH-catalyzed follower removal analysed by LC-MS. As can be seen, addition of Co?* or

Zn?* gives greatest activity.
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Figure S4: The PurCD, Mg?* and ATP-dependent reopening of the macroamidine in BotA is follower-dependent. Analysis by

LC-MS.
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Figure S5: (a) Overall structure of PurAH. Protein is shown as a cartoon representation using the standard rainbow color
scheme, Zn?* ions are shown as grey spheres. (b) Coordination of Zn2* ions at the active site. Water molecules are shown as
red spheres, selected hydrogen bonds are shown as dashed lines. The bridging water molecule between the two Zn?* ions is
marked by an asterix. The difference electron density (Fo — Fc contoured at 3o with phases calculated from a model which was
refined after deletion of the shown residues, ions and waters) is shown as a grey isomesh.
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Figure S6: (a) Sequence similarity network (SSN) generated using the PurAH amino acids sequence. After one iteration of
PSI-BLAST® the closest 1000 sequences were downloaded (e-value cut-off of 2e-10). The SSN was generated using these
sequences on the server of the enzyme function initiative using the enzyme similarity tool®. The cut-offs used were sequence
maximum/minimum lengths of 650/250 and an alignment score of 80. The SSN was visualized using Cytoscape®. PurAH and
other sequences from bottromycin gene clusters form a node. No experimentally validated function has been assigned to any
of the proteins that are members of other nodes (or singlets). (b) Binding pocket volumes determined by POVME 2.0%8 for 15
proteins identified as closest structural homologs of PurAH from a DALI?* search. PurAH is colored red. The pocket volumes
were determined using a gridspacing of 14 and applying the ‘ConvexHullExclusion’ function to remove points outside the

binding pocket.
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Figure S7: Processing of BotAP by IpoC, PurCD and PurAH. To heterocyclize the bottromycin core peptide cysteine to
thiazoline we previously reported using the close BotC homolog IpoC from S. ipomoeae. The PurCD reaction is not
unidirectional but an equilibrium, in which PurCD catalyzes both, macroamidine formation and its reopening. Addition of
PurAH cleaves the follower and drives macroamidine formation to completion. Analysis by LC-MS.
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Figure S8: Processing of BotAPP?A by IpoC, PurCD and PurAH. Turnover goes complete when PurAH is added (as seen for
the wild-type BotAP). Analysis by LC-MS.
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Figure S9: Processing of BotAPV3- by IpoC, PurCD and PurAH. Turnover of heterocyclized BotAPV3- by PurCD is smaller
comparted to the wild-type BotAPC, Addition of PurAH leads to the follower cleavage from BotAPCCP:V3L hut turnover by

PurAH is not complete. Although turnover of V3L and VAL (see S11) by PurCD are comparable, PurAH is able to drive the
BotAV4 reaction to completion. Analysis by LC-MS.
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Figure S10: Processing of BotAPV#A by IpoC, PurCD and PurAH. Although turnover by PurCD is reasonable, after addition
of PurAH only small amounts of processed peptide without the follower are detected. Altering Val4 to Ala seems to slow down
PurAH turnover. Analysis by LC-MS.
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Figure S11: Processing of BotAPV4L by IpoC, PurCD and PurAH. BotAPV4- is a substrate for IpoC, but the turnover of this
heterocyclized BotA variant by PurCD is very small compared to the wild type BotA. Addition of PurAH cleaves the follower
and drives macroamidine formation to completion. Analysis by LC-MS.
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Figure S12: Processing of BotAPY>A by 1poC, PurCD and PurAH. The turnover of BotAPV5A by IpoC is not complete. As seen
for the wild type, the PurCD reaction is not unidirectional and an equilibrium between the processed peptide with and without
the macroamidine is observed. Addition of PurAH cleaves the follower, but reaction is not complete. Analysis by LC-MS.
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Figure S13: Processing of BotAPV5E by IpoC, PurCD and PurAH. Turnover of BotAPV5E by IpoC is not complete. After
addition of PurAH, only very small amounts of follower-cleaved and processed BotA are detected. Analysis by LC-MS.
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Figure S14: Processing of BotAPF6A by IpoC, PurCD and PurAH. Turnover of BotAPF54 by 1poC is not complete. After addition
of PurAH, only small amounts of follower-cleaved and processed BotA are detected. Analysis by LC-MS.
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Figure S15: Processing of BotA”F8Y by 1poC, PurCD and PurAH. The PurCD reaction is not unidirectional but an equilibrium,
in which PurCD catalyzes both, macroamidine formation and its reopening. Addition of PurAH cleaves the follower and drives
macroamidine formation to completion. Analysis by LC-MS.
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Figure S16: Processing of BotAPP7 by lpoC, PurCD and PurAH. BotAPP7 s good substrate for IpoC and PurCD
(comparable with the wild type BotAP). Addition of PurAH cleaves the follower, but does not drive the macroamidine formation
to completion (as seen for the wild type BotAP). The turnover rate of PurAH for the variant D7A seems be slower than for the

wild type. Analysis by LC-MS.
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Figure S17: Processing of BotAPP™ by IpoC, PurCD and PurAH. Turnover of BotAP:P?V by IpoC is not complete and the
turnover of PurCD is lower than for the wild type peptide. After addition of PurAH, no follower-cleaved product was detected.

PurAH seems not to be able to use the D7V variant as substrate. Analysis by LC-MS.
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Figure S18: Processing of BotAPP™N by IpoC, PurCD and PurAH. Turnover goes complete when PurAH is added (as seen for

the wild-type BotA). Analysis by LC-MS.
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Figure S19: Processing of BotAPM9A by IpoC, PurCD and PurAH. BotAPM9A is a substrate for IpoC and PurCD (comparable
to the wild type BotAP). When PurAH is added, only small amounts of follower-cleaved peptide are detected. The turnover rate
of PurAH for the processed variant is much lower than those for the wild type peptide. Analysis by LC-MS.
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Figure S20: Processing of BotAPM9F by IpoC, PurCD and PurAH. BotAPMF is a substrate for IpoC and PurCD (comparable
to the wild type BotAP). Addition of PurAH cleaves the follower and drives macroamidine formation to nerly to completion.

The turnover rate of PurAH for the processed BotAPMF is slower than thos wor the wild type BotAP. Analysis by LC-MS.
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Figure S21: Time dependent formation of 2 (integrated peak areas of [M+H]*=799.3807 #0.05 Da) by PurAH wt and mutants
(Y185F, D348N) measured by LC-ESI-MS.
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Figure S22: Calibration curve for BotAPCCD for the concentration range between 2 and 75 pUM. Peak areas for the
[M+H]**,[M+H]%* and [M+H]®* ions (EIC width +5 ppm ) of BotAPCCP (see Table S4), measured by LC-ESI-MS, were plotted

against the concentration of purified BotAPCCP peptide.

9000000

y = 81503x - 159744 o
7500000 R?=0,9997 RO
6000000 -

4500000 o

peak area

3000000

1500000 ' 3

0 10 20 30 40 50 60 70 80 90 100 110
concentration BotAPCCDAH (1M)

Figure S23: Calibration curve for 2 for the concentration range between 2.6 and 100 pM. The peak area for the [M+H]*
of 2 ([M+H]*=799.3815 +0.05 Da), measured by LC-ESI-MS, was plotted against the concentration of purified 2.

ion

62



Table S1: MS? fragmentation data for 1, corresponding to Figure S2.

Seq. bn Obs. b Calc. b Yn Obs. y Calc.y

G 1 - - 8 817.3898 817.3918
P 2 155.0816  155.0821 7 - -
\Y, 3 254.1496  254.1605 6 663.3158 663.3176
Vv 4 353.2178  353.2189 5 564.2475  564.2492
Vv 5 452.2859  452.2873 4 465.1789  465.1808
F 6 599.3533  599.3557 3 366.1114  366.1124
DP 7 - - 2 219.0432  219.0439
cP 8 799.3776  799.3813 1 - -

b. Cys8 heterocyclization with Asp7 carbonyl

Table S2: MS? fragmentation data for 2, corresponding to Figure S2.

Seq. bn Obs. b Calc. b Yn Obs.y Calc. y

G? 1 - - 8 799.3790  799.3807
P 2 155.0816  155.0821 7 - -
\Y, 3 254.1497  254.1605 6 645.3056  645.3070
va 4 335.2074  335.2083 5 546.2374  546.2386
\Y, 5 434.2757  434.2767 4 465.1798  465.1808
F 6 581.3438 581.3451 3 366.1147  366.1124
DP 7 - - 2 219.0433  219.0439
cP 8 781.3688  781.3707 1 - -

a. Glyl macrocyclisation with Val4 carbonyl
b. Cys8 heterocyclisation with Asp7 carbonyl

Additionally, fragment as (obs. 406.2809; calc. 406.2818) and bs* (obs. 363.2023; calc.
363.2032), which is characteristically associated with the bottromycin macrocycle and has
been previously observed for bottromycins and macrocyclic peptides, was detected.
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Table S3: Data collection and refinement statistics

PurAH high red

PurAH high res

Data collection

Space group

Cell dimensions
a, b, c(A)

o B,y ()
Resolution (A)

Rmerge
/ol

Completeness (%)
Redundancy

Refinement
Resolution (A)

No. reflections
Rwork / Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations

Bond lengths (A)

Bond angles (°)
Molprobity clash
score

c2221

100.98 110.93 84.50
90.00 90.00 90.00
43.34 - 2.50
(2.60 — 2.50)

0.129 (0.517)

55.7 (20.2)

99.8 (99.9)

92.7 (89.8)

c2221

100.97 110.73 84.90

90.00 90.00 90.00
74.61-1.73

(1.76 - 1.73)
0.034 (0.693)
18.4 (1.9)

98.1 (99.6)

45 (4.5)

56.04 -1.73

48843 (4935)
0.1675/0.1956
3619

3403

9

207

41.04

40.82

51.25

44.25

0.014
1.10
0.89

*Values in parentheses are for highest-resolution shell.

64



Table S4: Calculated masses for the BotAPC and BotAPCCP (mutant) peptides and [M+H]**, [M+H]>* and [M+H]%*ions,

which were used for the peak area calculation.

peptide Formula Mmono. [M+H]* | [M+H]®>" | [M+H]®
BotAPC wt CaosHaaNsgOrsSs | 4655.990 | 1165.006 | 932.206 | 777.006
BotAPCC wt C202H292N4g072S3 4637.983 1160.503 | 928.604 | 774.004
BotAPC P2A Ca200H292N4g073S3 4629.977 1158.502 | 927.003 | 772.670
BotAPCCP P2A C200H200N48072S3 4611.967 1156.999 | 925.801 | 771.668
BotAPC V3L C203H206N48073S3 4670.009 1168.509 | 935.009 | 779.342
BotAPCCP V3L C203H204N4g072S3 4651.998 1164.007 | 931.407 | 776.340
BotAPC V4L C203H206N4g073S3 4670.009 1168.509 | 935.009 | 779.342
BotAPCCP V4L C203H204N4g072S3 4651.998 1164.007 | 931.407 | 776.340
BotA"C V4A C200H200N48073S3 4627.962 1157.998 | 926.600 | 772.334
BOtAPCCP VAA C200H288N4s072S3 4609.951 1153.495 | 922.998 | 769.332
BotA"C V5A C200H200N48073S3 4627.962 1157.998 | 926.600 | 772.334
BotAPCCP VA C200H283N4s072S3 4609.951 1153.495 | 922.998 | 769.332
BotAP¢ V5E C202H292N4g075S3 4685.967 1172.499 | 938.201 | 782.002
BotAPCCP \V/5E C202H290N48074S3 4667.957 1167.996 | 934.599 | 779.000
BotAPC F6W C204H205N49073S3 4695.004 1174.758 | 940.008 | 783.508
BotAPCCP FeW C204H203N49072S3 4676.993 1170.256 | 936.406 | 780.506
BotAPC FGA C196H200N4g073S3 4579.962 1145.998 | 917.000 | 764.334
BotAPCCP FGA C106H283N4g072S3 4561.951 1141.495 | 913.398 | 761.332
BotAPC D7A C201H294N1g071S3 4612.003 1154.01 923.408 | 769.674
BotAPCCP D7A C201H292N48070S3 4593.993 1149.505 | 919.806 | 766.673
BotAP¢ D7N C202H295N49072S3 4655.009 1164.760 | 932.009 | 776.842
BotAPCCC D7N C202H203N49071S3 4636.999 1160.257 | 928.407 | 773.840
BotAP¢ D7V C203H298N4g071S3 4640.035 1161.016 | 929.014 | 774.346
BotAPCCP D7V C203H296N4gO070S3 4622.024 1156.513 | 925.412 | 771.345
BotAPC M9A C200H200N48073S2 4595.990 1150.005 | 920.205 | 767.006
BotAPCCP M9A Ca00H288N4g072S2 4577.979 1145502 | 916.603 | 764.004
BotAPC MOF Ca06H294N4g073S2 4672.021 1169.013 | 935411 | 779.677
BotAPCCP MOF Ca06H292N4g072S2 4654.010 1164.510 | 931.809 | 776.676
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Table S5: Nucleotide sequences used for the site-directed mutagenesis (SDM) of PurAH (TS: top strand; BS: bottom strand).

Primer name Primer sequence (5’ to 3°)

PurAH Y185F TS GGCATCAAGGTTTTCGACGACGTTGAG
PurAH Y185F BS CTCAACGTCGTCGAAAACCTTGATGCC
PurAH D348N TS CTGGTCGGTACCAACTGTGGCAACCCG
PurAH D348N BS CGGGTTGCCACAGTTGGTACCGACCAG
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Chapter 3: The Post-translational Amino Acid Epimerase
BotH Defines a New Group of Atypical alpha/beta-
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1 Introduction

Enzymes belonging to the superfamily of alpha/beta-hydrolase-fold proteins (ABHSs) are found
in all domains of lifel3. Their catalytic roles are highly diverse and they participate in primary
and secondary metabolism, where they are usually responsible for the hydrolysis of (thio)ester
and peptide bonds*. In addition, ABHSs have also been reported to function as dehalogenases,
epoxide hydrolases, dioxygenases, decarboxylases and haloperoxidases®*. Despite low overall
sequence conservation, ABH enzymes share a remarkably conserved core fold?? that has a V-
shaped lid domain above the active-site as a frequent addition®®. A majority of ABH family
members possesses a canonical Ser, His, Asp catalytic triad at the active-site, but other catalytic
residues have also been observed®#. In addition to catalytic roles, a ABH family members have
also been reported to fulfil several other important functions, including small-molecule
receptors that are involved in signal transduction, cell-cell interaction and channel regulation®
8, The ABH fold is thus a prime example for the reappropriation of a conserved core fold during
evolution to fulfill a myriad of functions.

An aberrant ABH protein, BotH, is encoded in the biosynthetic gene cluster (BGC) for
bottromycins®*2. This natural product family was first isolated from the terrestrial bacterium
Streptomyces bottropensis and originally described as peptidic antibiotics with potent activity
against Gram-positive bacteria'®!#. Bottromycins are active against problematic human
pathogens, such as Methicillin-resistant Staphylococcus aureus>*®, address a novel target (the
A-site of the prokaryotic ribosome)!’*® and belong to the fast growing superfamily of
ribosomally synthesized and post-translationally modified peptides (RiPPs)®2. As is typical
for RiPPs, their biosynthesis begins with the expression of a small structural gene to yield the
precursor peptide (PP)?°. Uniquely amongst bacterial RiPPs, the bottromycin PP contains an N-
terminal core peptide (the eventual natural product) and a C-terminal follower peptide®'?,
which is important for substrate recognition by several of the biosynthetic enzymes?-:??, The
order of biosynthetic steps (and responsible enzymes) has since been proposed based on an
untargeted metabolomics approach using mass spectral networking?3. Subsequent in vitro work
has largely corroborated the metabolomics data®:?%%4%, In the first phase of bottromycin
biosynthesis the N-terminal methionine is removed, proline, valine and phenylalanine residues
of the core peptide are C-methylated and a cysteine-derived thiazoline is installed in no
particular order?®. The hallmark macroamidine linkage is then formed in this intermediate?!:?,

which is followed by proteolytic removal of the follower peptide to yield 1 (Figure 1A)%.
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Figure 1: A Bottromycin BGC found in S. sp. BC16019. After expression of the precursor peptide BotA, its N-terminal
methionine is removed by BotP, three radical methyl transferases (RMT) perform four C-methylations and BotC installs a
cysteine-derive thiazoline. This process appears to follow no particular order. Next, BotCD catalyzes formation of the
macroamidine, after which BotAH removes the follower peptide to yield 1. Oxidative decarboxylation (BotCYP) and O-
methylation complete the biosynthesis of bottromycin A2 (2). Epimerization was proposed to occur spontaneously. Genes,
enzymes and modifications have matching colors. White arrows represent genes for which no or a regulatory function have
been proposed. The unusual ABH protein encoded in the pathway, BotH, is highlighted in pink. B Epimerization in RiPP
biosynthesis reported to date. In proteusins, including polytheonamides, a radical SAM enzyme epimerizes a range of amino
acids. In lanthipeptide biosynthesis, L-Ser can be converted to b-Ala in a two-step process.

To complete the biosynthesis of bottromycin A2 (2, Figure 1A), 1 undergoes epimerization,
oxidative decarboxylation and O-methylation. While the latter two modifications have been
attributed to specific enzymes, epimerization of the L-Asp of 1 was observed to progress
spontaneously, albeit very slowly?

Amino acid epimerization in non-ribosomal peptide synthesis is usually catalyzed by
epimerization domains embedded within the assembly line that function on carrier protein-
bound aminoacyl substrates®®. Due to their ribosomal origin, RiPPs must undergo post-
translational epimerization after the PP has been expressed as an all L-amino acid peptide. To
date, only two enzymatic mechanisms for this process have been described in RiPPs, involving
either a radical-SAM enzyme?’-?° or a two-step dehydration-hydrogenation process to generate
p-alanine from L-sering3%3L,

Here, we report the identification of BotH, an unusual ABH enzyme from the bottromycin
BGC, as the epimerase of the biosynthetic pathway. This is the first reported instance of an

ABH enzyme catalyzing peptide epimerization and thus expands the catalytic scope of this vast
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enzyme family. Biochemical data together with the structure of the BotH—substrate complex
allowed us to propose a mechanism for this reaction. Interestingly, BotH is also able to bind
bottromycins with high affinity, which hints at additional function(s) in the biosynthetic
process. We show that all canonical ABH active-site residues required for hydrolase activity
are absent in BotH, and bioinformatic analyses indicate that BotH homologs with comparable
non-hydrolytic residues are widespread amongst BGCs and may catalyze similar biosynthetic

steps.

2 Results and Discussion

2.1 BotH is an unusual member of the ABH superfamily

In a search for an enzyme that may catalyze the epimerization in the bottromycin pathway, we
noticed that the gene encoding for BotH had been annotated as an ABH, but that the predicted
active-site residues (Ser/His/Asp) were not present and there were no prior experimental data
on the role of this protein. We therefore expressed, purified and crystallized BotH (see Materials
and Methods for details). A high-resolution (1.18 A) native BotH dataset was collected from a
crystal belonging to space group 1222, which was phased using seleno-methionine BotH data
(data collection and refinement statistics for all structures can be found in Table S1). The
crystals contained one protomer in the asymmetric unit and the electron density for residues 10
— 262 was continuous in the refined model. BotH is comprised of the prototypical ABH core
structure (Figure S1) and the putative active site was covered by a V-shaped loop consisting of
four a-helices (Figure S1). A search for similar structures using the DALI server®” revealed 3-
oxoadipate-enol-lactonase (PDB 2xua)*® as the closest structural homolog (Figure S1). A
comparison of the two proteins revealed that in BotH, the active-site Ser has been mutated to a
Phe, which is part of a Phe-Phe motif that spans a large, hydrophobic plane at the active site
(Figure S1). The remaining residues of the catalytic triad are either mutated (His to Ile) or
missing (Asp) (Figure S1). In spite of these mutations, the sizeable cavity found in this region

of the structure appeared to be large enough for binding 1.

2.2 BotH catalyzes the epimerization of 3b and 3a

To confirm this hypothesis, a de-methyl analog of 1, 3, was enzymatically produced as reported

previously (Figures 2A and S2)%. Careful analysis revealed 3 to exist as an epimeric mixture
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of 3a (D-Asp) and 3b (L-Asp) (Figures 2A and S3 — S5). When 20 uM 3a/b was incubated with
5 uM BotH and the reactions were analyzed by high-resolution liquid chromatography—mass
spectrometry (HR-ESI-LCMS), we observed a change in 3a : 3b ratios (Figure 2B), which was
BotH-concentration dependent within the time-scale of the experiment (Figure 2C): Increasing
the BotH concentration resulted in a shift to 3a (D-Asp), which is the required epimer to proceed
with biosynthesis®*. To probe if only 3b or both epimers were substrates, we incubated 3a/b
with BotH in D,0. This resulted in rapid (< 60 s) deuteron incorporation at the Asp6 position
in both peaks, while very little deuteron incorporation was observed in the absence of BotH
even after 24 hours (Figures 2D, S4 and S6). In fact, BotH concentrations low enough to leave
epimer ratios unchanged still resulted in accelerated deuteron incorporation (Figure S6).
Repeating this experiment using the deuterated sample in H>O showed an equally rapid
exchange with solvent protons back to 3a/b (Figure S6). These data implied that BotH accepts

both, 3a and 3b, as substrates in a reversible reaction, while favoring D-Asp (3a) as the product.
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Figure 2: A Spontaneous epimerization of the Asp in position 7 after proteolytlc removal of the follower peptide. Marfey’s
reagent was used to assign the stereochemistry of the Asp for both peaks (Figure S5). Extracted ion chromatograms (EIC) of
3 (/M+H /" calc.=799.3807; #5 ppm) and mass spectra at 3.00 and 3.15 min are shown. B Incubation of 3a/b with BotH results
in a change of 3a : 3b ratios with 3a (D-Asp) now the more abundant species. EICs of 3 (/M+H /*cac.=799.3807; #5 ppm) are
shown. C Incubating 20 uM 3a/b with increasing concentrations of BotH led to a shift of the equilibrium towards 3a. Increasing
BotH concentrations beyond 10 uM did not lead to a further shift of epimer ratios. EICs of 3 (/M+H /*caic =799.3807; #5 ppm)
are shown. D Deuteron incorporation into 3a/b by BotH in D20 buffer. EICs for 3 (/M+H /*calc =799.3807; #5 ppm) (black)
and deuterium incorporated 3 (/M+H /*caic =800.3870; #5 ppm) (red), as well as mass spectra at the EIC maxima are shown.
Representative experiments were repeated independently three times with similar results.
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2.3 Structure of the BotH-3a complex

To better understand the mechanism of this intriguing enzyme, the high-resolution crystal
structure of BotH in complex with its substrate 3a/b was determined to 1.25 A resolution. The
overall structure of the complex was virtually unchanged when compared to the apo structure
(Cormsd of 0.12 A) (Figure S7). The substrate is curled into the active site in a way that places
the thiazoline underneath the four amino acid macrocycle and the substrate engages in extensive
hydrophobic interactions as well as inter- and intramolecular hydrogen bonds (Figures 3A and
S7). Of particular note are hydrogen bonds of the thiazoline carboxy group with the backbone
NH of Val41l and Phel10. These two BotH residues are in the position of the oxyanion hole
found in many hydrolases. The carboxy group of the substrate’s Asp7 is involved in a hydrogen
bonding network with ordered water molecules that ultimately link this side-chain to BotH
residues (Figure S7). An intramolecular hydrogen bond links the substrate’s carbonyl of Val3
with the backbone NH of Asp7. The best fit to the electron density is achieved by choosing the
amidine resonance structure that places the double-bond inside the macrocycle and a D-Asp in
position 7, which indicates that the ligand observed in the complex structure is 3a (Figure S7).
Since the mechanism would, at least formally, involve proton abstraction and addition, we
scanned the complex structure for potential catalytic residues within 4 A of the Co hydrogen of
Asp7, the site of catalysis, but could not identify any. This left two possibilities: bulk solvent
or the side chain of substrate Asp7; its carboxy group is within 2.2 A of the Co hydrogen of
interest. To probe the importance of the side chain identity in position seven for epimerization,
we first tested mutant substrate Asp7Ala and observed no epimerization (Figure S8). Even the
most conservative mutation, Asp7Asn, also abolished epimerization (Figure S8). These data
imply that the carboxy group of Asp7 is essential for catalysis and that the BotH reaction may

be an example of substrate-assisted catalysis.

2.4 BotH has relaxed substrate specificity

We had previously reported that the enzymes used to generate 3a/b possess relaxed substrate
specificities for core-peptide residues 2 — 7 (Figure S9)%°. Since an Asp7 was essential for BotH
activity, we wondered if BotH tolerates mutations in the remaining positions. To this end, a
series of 13 BotA core-peptide mutants were used to produce the variant BotH substrates
enzymatically. These substrates were then incubated with or without BotH and analyzed by LC-

MS (Figures 3B and S10 - 11). All but two mutations in positions two to six were processed by
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BotH. The positions of Val5 and Phe6 are intimately connected and it appeared that the
orientation of the Phe6 side-chain is critical for epimerization. In agreement with this
hypothesis, Phe6Ala could not be epimerized by BotH while Phe6Tyr and Phe6Trp were
substrates. The side-chain of position 5 (Val) is engaged in hydrophobic interactions with the
side-chains of Val4 and Phe6. Accordingly, Val5Thr is not a BotH substrate, while Val5Ala,
Val5Leu and Val5Glu can be epimerized by the enzyme. The ability of BotH to process Val5Glu
may appear surprising, but modeling of this substrate shows that the Cp methylene of Glu5 can
engage in hydrophobic interactions with Val4 and Phe6, while the Cy methylene and terminal
carboxy group point towards bulk solvent. Our data demonstrate that BotH is able to process a

variety of substrates, which will be invaluable for the production of bottromycin derivatives.
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Figure 3: A Close-up of 3a (gray sticks, labeled. Tzn = Thiazoline) bound in the BotH active site (cartoon, yellow/magenta
with semi-transparent surface representation). An ordered water molecule trapped between substrate and protein is shown as
a red sphere. The Asp7 C. hydrogen is shown as a white stick for clarity. B Summary of BotA point mutants tested as BotH
substrates. Purple positions cannot be varied (pentagon represents thiazoline). Accepted mutations are highlighted in green,
red mutations cannot be processed by BotH. The accompanying HR-LCMS data can be found in Figures S10 — S11. C Same
as A, but bottromycin A2 (dark gray sticks, labeled) bound to the active site of BotH. m = methylated residue, Om = O-
methylated residue, Thz = Thiazole. D Sequence similarity network of ABHs homologous to BotH. Of the 213 genes 145 could
be assigned to BGCs representing the three large bacterial natural product superfamilies (darker edges represent higher
sequence similarity, NRPS = non-ribosomal peptide synthetase; PKS = polyketide synthase).
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2.5 BotH binds bottromycins, which act as inhibitors of epimerization

Since 3a/b are close structural homologs of bottromycin A2 (2), it seemed feasible that BotH
may be able to bind to bottromycins. We thus performed microscale thermophoresis (MST)
experiments using heterologously produced 2 and three closely related variants (4 — 6, Figure
S12). BotH was able to bind all four bottromycins with Kp values in the high nM to low uM
range (Figure S12). To understand the mode of binding, we determined the crystal structures of
three bottromycin—BotH complexes to 1.40 (2), 1.70 (5), and 1.48 (6) A resolution, respectively
(Figures 3C and S13 — 14). These also represent the first crystal structures of any bottromycin.
As observed for the complex with 3a, the overall structural change in BotH due to ligand
binding was minimal (Co RMSD < 0.2 A) and the bottromycins bound in a similar manner as
3a (Figures 3A and 3C). Despite the high resolution, it is not obvious which way the thiazole is
flipped, since the loss of the carboxy group due to thiazoline oxidation allows a fit of both
rotamers without inducing a clash with BotH (Figure S15). The bottromycins themselves are
oriented in a twisted fashion that results in several tight, intramolecular hydrogen bonds (Figure
S14). Compared to the published NMR structure®®, bottromycin A2 experiences significant
strain as a result of binding to BotH as it is forced to adopt a horseshoe shape with Val5 and
Phe6 at its apex and the C-terminal thiazole stacked parallel under the macrocycle (Figure S16).
As expected, bottromycin A2 acts as an orthosteric inhibitor of epimerization (Figure S17),
which suggests that BotH may be involved in a biosynthetic feedback mechanism to prevent

self-poisoning of the producing strain (Figure 4A).

In this model, an increase in the intracellular bottromycin concentrations offers a direct and
faster means to reduce bottromycin production than altered gene expression since epimerization
of Asp7 is highly important for the activity of the succeeding enzyme BotCYP>*. In addition,
sequestration of mature bottromycin may also aid self-immunity. The S. scabies orthologues of
BotH and the putative bottromycin exporter BotT were therefore expressed (independently and
in combination) in a strain sensitive to bottromycin and then exposed to increasing
concentrations of bottromycin. Expression of BotT resulted in slightly increased resistance and
resistance was significantly amplified when both proteins were co-expressed (Figure S18).
These data imply that BotH has a secondary role in conferring self-immunity to bottromycin
by intracellular sequestration of mature bottromycin. In addition, BotH may directly associate
with BotT and aid antibiotic export, although no association was observed in two-hybrid assays

(Data not shown).
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The ability of BotH to bind both the substrate and the mature natural product with high affinity
may serve as a cautionary tale for attempting to identify the binding partners of “non-catalytic”
ABHs. When using BotH to capture its ligand/substrate from either supernatant or lysate of a
bottromycin producing strain, we were only able to detect bottromycin A2, but not the actual
substrate 1 (Figure S19). Since biosynthetic pathway products tend to be present at higher
concentrations than pathway intermediates, careful analysis of the biosynthetic pathway
supplying the ligand is required to exclude additional, non-canonical catalytic function(s) of the

ABH under investigation.

2.6 Evolution of BotH and its distribution amongst bacterial BGCs

ABHs comprise one of the largest protein families (~500,000 protein matches in InterPro’®,
~400,000 of them in Bacteria) and the Ser-His-Asp catalytic triad is surprisingly poorly
conserved: in 213,273 bacterial proteins from the InterPro*® family IPRO00073 at least one of
the catalytic residues is mutated or missing. In most cases (166,921 sequences), His is missing;
and in the majority of these proteins (156,115 sequences) Asp is missing as well. Ser is mutated
in only 60,205 sequences, most frequently to an alanine, and completely missing in 4,625
sequences. Using these data, we identified 3,743 proteins that are unlikely to have hydrolase
activity (see Materials and Methods section for details), including BotH. Taxonomic and
phylogenetic analyses revealed that these non-functional hydrolases are widespread among

both Gram-positive and Gram-negative bacteria (Figure S20).

From these sequences, we then selected those that were in or near (less than 1 kb away) BGCs,
which resulted in 213 proteins that were used to build a sequence—similarity network (Figures
3D and S21). In this network, all BotH homologs from bottromycin BGCs cluster together.
Among the identified BGCs, two other major natural product superfamilies can be identified in
addition to RiPPs: NRPS (non-ribosomal peptide synthetase) and PKS (polyketide synthase)

clusters.

3 Conclusion

We have identified the enzyme BotH as the epimerase of the bottromycin BGC, which is
selective for Asp, but promiscuous with regards to mutations at other positions of the substrate.
Based on the biochemical and structural data, we propose the following mechanism for
epimerization in bottromycin biosynthesis (Figure 4B): Cleavage of the follower peptide
converts the 2-thiazoline residue into a 2-thiazoline-4-carboxy moiety at the carboxy terminus

of 3b, which is bound by BotH. Interestingly, the two BotH residues that form hydrogen bonds
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with the thiazoline carboxy group are in the position of the canonical oxyanion hole found in
most ABHSs. By binding, 3b traps an ordered water molecule within hydrogen-bonding distance
of the thiazoline’s nitrogen and carboxy group. The side-chain of Asp7 is positioned such that
it may serve as a base to abstract the C.. proton from itself, which triggers enamine formation
and leads to proton transfer from the ordered water molecule to the thiazoline nitrogen. The
resulting hydroxide is still hydrogen bonded to the thiazoline’s carboxy group and the thiazoline
nitrogen proton. Abstraction of this proton by the hydroxide triggers reprotonation of the
enamine by the side chain of Asp7 and results in epimerization. The inability of BotH to
epimerize substrate with an Asp7Asn mutation suggests an essential role of the carboxylic acid
side chain and thus substrate-assisted catalysis. As demonstrated by our hydrogen-deuterium-
hydrogen exchange experiments, this reaction is fully reversible. It appears that lowering of the
energetic barrier for epimerization by BotH is sufficient to supply the succeeding enzyme with

sufficient substrate for complete turnover, even without changing the 3a : 3b ratios®.

L4 —a @ /~» BotCYP BotOMT

Figure 4: A Proposed role of BotH in bottromycin biosynthesis. A rise of intracellular bottromycin concentrations leads to an
inhibition of BotH epimerase activity, which may in turn prevent self-poisoning of the producing strain and act as an
intracellular buffer to store bottromycins. B Proposed mechanism for the epimerization of 3b to yield 3a. BotH residues are
labeled in black, substrate residues in blue. Hydrogen bonds are shown as dashed lines.

It is still unclear why bottromycin A2 contains a D-Asp, as studies with synthetic derivatives
have shown that both epimers display the same bioactivity®’. Selectivity of the bottromycin
exporter BotT appears possible, despite a very small fraction of bottromycin A2 in culture
supernatant appearing to be the L-Asp epimer (Figure S22). The main benefit of epimerization
may be providing increased resistance to proteolytic degradation of bottromycin, since b-amino
acid containing peptides have longer half-lives®®2°, It is of course also possible that the
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bottromycin target of organisms in a native setting requires a D-Asp for optimal target binding.
Interestingly, the structure elucidation of novel bottromycin analogs via crystallization of their
complex with BotH appears to require less compound and be more straightforward than NMR,
due to the robust crystallization condition, high affinity and very well-diffracting crystals.

The presence of BotH-like ABH protein encoding genes in over 200 BGCs encoding for the
biosynthesis of diverse secondary metabolites places BotH as the founding member of a new
subfamily of non-classical ABH enzymes. It will be fascinating to explore the functions of
selected homologs, which may be able to epimerize non-Asp stereocenters across families of

secondary metabolites via the unprecedented mechanism we have identified for bottromycin.
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4 Supplementary Information

4.1 Methods

4.1.1 Protein expression and purification

The BotH coding sequence was amplified from genomic DNA isolated from Streptomyces sp.
BC16019 and cloned into the pET-28b plasmid (Novagen). The resulting construct was verified
by enzymatic restriction digestion and DNA sequencing before being transformed into E. coli
BL21(DE3) competent cells.

A single colony was selected and grown in LB liquid medium supplemented with kanamycin
(50 pg / mL) to make an overnight culture. This culture was used at a dilution of 1 to 100 to
inoculate fresh LB medium containing the appropriate antibiotic, and the culture was grown at
37 °C, 180 rpm. Upon reaching an optical density (ODsoo) of 0.6, the cultures were transferred
to a precooled shaker at 16 °C, and protein expression was induced by addition of 1 mM IPTG.
The cells were grown at 16 °C and 180 rpm over night before being harvested by centrifugation.
Cell pellets were stored at -80 °C until further use.

The cell pellets were resuspended in lysis buffer (20 mM Tris pH 8.0, 500 mM NacCl, 20 mM
Imidazole, and 3 mM DTT) supplemented with 0.4 mg DNAse per gram of wet cell pellet and
cOmplete EDTA-free protease inhibitor tablets (Roche). The cell suspension was lysed via
passage through a cell disrupter (Constant Systems) at 30,000 psi, and cell debris was removed
by centrifugation (40,000 x g, 4 °C, 15 min). The supernatant was collected and directly loaded
onto to a 5 mL Histrap HP column (GE healthcare) preequilibrated with lysis buffer. The
column was washed extensively with lysis buffer (30 CV) before the protein was eluted with
lysis buffer supplemented with 250 mM imidazole. Fractions containing BotH were directly
loaded onto a gel filtration column (HiLoad 16/600 Superdex 200 pg, GE healthcare)
preequilibrated in gel filtration buffer A (20 mM HEPES pH 7.4, 200 mM NacCl, 1 mM TCEP).
The fractions of the highest purity as judged by SDS-PAGE were pooled and concentrated to
5 mg/ mL.

4.1.2 Production of seleno-methionine (SeMet) BotH

L-Selenomethionine-labeled (SeMet) protein was expressed in E. coli BL21 cells grown in
minimal medium supplemented with glucose-free nutrient mix (Molecular Dimensions),
kanamycin (50 pg / mL) and glycerol (5% w / v). After 15 min growth at 37 °C and 180 rpm,

60 mg / mL selonomethionine was added. Upon reaching an ODeoo of 0.6, amino acids (lysine,
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phenylalanine, threonine (100 mg / L each) and isoleucine and valine (50 mg / L each)) were
added and the culture was grown for an additional 30 min at 37 °C, 180 rpm. Afterwards the
cultures were transferred to 16 °C, 180 rpm, and protein expression was induced by addition of

1 mM IPTG. The cells were harvested the next day and protein purified as described above.

4.1.3 Crystallization and structure determination

For crystallization, BotH was treated with thermolysin (1 : 100) on ice for 2 h, after which the
protein was passed over a HiLoad 16/600 Superdex 200 pg gel filtration column as described
above and concentrated to 5 mg / mL. Crystals of apo BotH and BotH in complex with ligands
were obtained at 18 °C in 1.2 - 1.8 M ammonium sulfate and 0.1 M Tris-Cl using the hanging
drop vapor diffusion method. For the complex crystallization, the thermolysin-treated protein
was incubated with excess ligand (1 - 2 mM) on ice overnight before setting up crystallization
drops. Crystals appeared after a few days and were allowed to grow for an additional week. The
crystals were cryoprotected in mother liquor supplemented with 30% glycerol and 0.5 mM
ligand. Data was collected at ESRF (Beamlines 1D23-1 and 1D23-2), DESY (Beamline P11)
and SLS (Beamline X06DA). To solve the apo structure, a single wavelength anomalous
dispersion (SAD) data set was collected at the Se K absorption edge. Data were processed using
Xia2*, the structure was solved using PHENIX AutoSol*! and the initial model used to obtain
a molecular replacement solution for the high-resolution native data set using Phaser*?. The
solution was manually rebuilt in COOT*® and refined using PHENIX Refine**. This apo
structure was then used as a search model for structure determination of the complex crystal
structures by molecular replacement (Phaser). Data for all complex crystal structures were
processed using XDS* and POINTLESS*, AIMLESS* and Ctruncate*” implemented in
ccp4*®. All structures were validated using MolProbity. The images presented were created
using PyMOL (Schrodinger, LLC) and LigPlot**°.

4.1.4 Microscale Thermophoresis (MST)

Microscale thermophoresis experiments were carried out on a Monolith NT.115 (NanoTemper)
in MST buffer (PBS with 0.05% Tween 20) using BotH labelled with the RED-tris-NTA
fluorescent dye NT-647 following manufacture’s protocol. The concentration of His-labelled
BotH was 200 nM. Ligands were diluted in MST buffer to a starting concentration of 62.5 uM
and then used in serial dilutions. Instrument settings were 40% excitation power and 40% MST
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power. Data fitting and evaluation was performed using MO.Affinity analysis software

(Nanotemper).

415 Marfey derivatization

For stereochemical assignment of the aspartate a-carbon in 3, Marfey derivatization was
performed. For the assay, 300 ug 3 (ratio of 3a : 3b of about 1 : 9) was used. Solvent was
evaporated at 110 °C and the compound was hydrolyzed by addition of 100 pl 6 N HCI and
incubation at 110 °C for 35 min in a closed vial with nitrogen. The vial was opened and
incubated for further 15 min at 110 °C to dry the contents. Residues were dissolved in 110 pl
H-0.

For derivatization of the amino acids in the hydrolyzed compound 3 or the amino acid standards
(2 mg / mL D- or L- aspartic acid), 50 pL solution were mixed with 20 pl 1 N NaHCOs and
20yl of 1% D-FDLA (Na-(2,4-dinitro-5-fluorophenyl)-p-leucinylamide) in acetone. The
mixture was incubated for 1.5 h at 40 °C, 700 rpm. To stop the reaction, 10 pl of 2 N HCI and
300 ul ACN were added. The derivatized amino acids were separated by RP-HPLC-MS and
the stereochemistry of the aspartate in the compounds 3a and 3b were assigned by comparing

retentions times of the amino acid standards.

4.2 Enzymatic reaction of BotH with 3

To investigate the effect of BotH on 3a/b, 20 uM 3a/b were incubated with and without the
addition of 5 uM BotH in GF buffer for 30 min. Reactions were stopped by the addition of 2
volumes ACN and were frozen at -80 °C until analysis. Reactions were set up and analyzed in
at least triplicates.

To test the effect of different BotH concentrations on the 3a : 3b ratio, 20 pM 3a/b were
incubated with 0, 0.37, 1.11, 3.33 or 10 uM BotH at 30 °C for 2 h in GF buffer. Reactions were
stopped by the addition of 2 volumes ACN and were frozen at -80 °C until analysis. Higher
concentrations than 10 uM or longer incubation times were also tested, but did not lead to a
further shift of epimer ratios. Reactions were set up and analyzed in triplicates.

To produce a roughly racemic mixture of 3a : 3b, 20 uM 3a/b were incubated with 4 UM BotH
for 30 min at 30 °C in GF buffer. BotH was denatured at 98 °C, 10 min, pelleted by
centrifugation (15 min, 15,000 rpm) and the supernatant was lyophilized to remove all solvent.
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4.3 Bottromycin extraction and purification

For bottromycin production, the S. sp. DG2-kmP41hyg strain® was cultivated in TSB seed
medium at 28 °C. After 2 - 3 days the seed culture was used to inoculated SG production
medium (Glucose: 20 g; Peptone: 10 g and CaCOs: 2 g per liter) and left to grow for 7 days at
28 °C. To the pooled cultures an equal volume of ethyl acetate was added and mixed for 1 hour.
The organic layer was dried and resuspended in methanol before being loaded onto a sephadex

LH-20 1-meter long column. The fractions containing bottromycin were pooled together and

purified further by RP-HPLC (XBridge® Peptide BEH"M csH C1s OBD Prep Column, 130 A,
5 um, 10 mm x 250 mm, 1 / pkg) using a linear gradient from 95% A (H,0, 0.1% formic acid)
to 95% B (acetonitrile, 0.1 % formic acid) over 40 min. The fractions containing bottromycin
of the highest purity as judged by LC-MS were pooled and dried on a rotary evaporator. The
resulting white amorphous solid was resuspend in methanol and dried under nitrogen to yield

pure bottromycin A2.

4.4 Invitro production and purification of 3

To produce 3, bottromycin precursor peptide without the N-terminal methionine (BotA”) was
enzymatically processed by IpoC, PurCD and PurAH, to introduce the thiazoline, the
macroamidine and cleave off the follower peptide, respectively (see Figure S2).

BotAP, IpoC, PurCD and PurAH were expressed and purified as described previously 242,
Large scale IpoC reactions were carried out on a 9 mL scale in GF buffer (150 mM NacCl, 10
mM HEPES, 0.5 mM TCEP, pH 7.4) using the reaction setup 50 UM BotA", 5 uM IpoC, 5 mM
ATP as well as 5 mM MgClI» and incubating the reaction mixture for 16 h at 37 °C. The reaction
mixture was filtered through a 0.22 um filter and loaded onto a Superdex 30 16/60 size
exclusion chromatography column pre-equilibrated in GF buffer. Heterocyclized-peptide-
containing fractions were pooled, analyzed by MS and concentrated using a 5 kDa cutoff filter.
Next, large scale reactions with PurCD and PurAH were carried out on a 9 mL scale by
incubating 50 UM BotAFC, 5 uM PurCD, 1 uM PurAH, 10 mM ATP, 10 mM MgCl, and
100 puM CoCl; for 12 h at 37 °C in reaction buffer (200 mM NaCl, 50 mM Tris, 10% glycerol,
pH 8.5). The reaction process was monitored by LC-MS. The analysis under acidic LC
conditions, which leads to partial (about 50%) opening of the thiazoline ring, revealed the
presence of two peaks (3a/b) with identical mass and fragmentation patterns, with a ratio of
3a:3bof~1:09.
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After completion of the reaction, the mixture was filtered through a 0.22 um filter and applied
to a Superdex 30 16/60 size exclusion chromatography column pre-equilibrated in ultrapure
water. Every fraction was analyzed by mass spectrometry and the pure 3a/b-containing
fractions were pooled.

For further purification, 3a/b was purified in H.O and ACN containing 0.1% ammonium acetate
pH 8.5. Separation was carried out on a Kinetex XB-C18 2.6 um, 4.6 x 100 mm column
(Phenomenex) at 60 °C using a 8 min gradient from 0 to 80% ACN. Pure fractions were
lyophilized and the remaining 3a/b powder was weighed using a precision scale. A large-scale

purification was carried out by Peptide Protein Research Ltd.

4.5 Spontaneous epimerization of 3

To determine the propensity for spontaneous (non-enzymatic) epimerization of the Asp Ca in
3a/b, a lyophilized, racemic mixture of 3a : 3b was dissolved in D20. Samples were taken after
2 h, 1 day, 4 days and 6 days and analyzed by LC-MS. Three independent experiment were
performed.

4.6 Pull-down of bottromycin A2 and 3a/b using BotH

S. sp. DG2-KMp41lhyg strain was cultivated as described above.50 mL cultures were
centrifuged for 10 min at room temperature to separate cells from the medium. The cell pellet
was subsequently washed twice with PBS buffer before being resuspend in fresh 50 mL PBS
buffer. The cell suspension was then lysed by sonication, centrifuged and the supernatant was
decanted. Hiss-BotH (75 pg) was subsequently incubated with medium (1 mL), supernatant
(ImL) and 3a/b (50 ug dissolved PBS) for 30 min before being purified using a
KingFisher™mL Purification System. The protein was precipitated using ice cold ACN to

liberate bound compounds and the supernatant was analyzed by HRLC-MS.

4.7 Incorporation of a deuteron at Asp Ca of 3

Deuteron incorporation at the Asp Ca was achieved by performing a BotH reaction in DO GF
buffer. Lyophilized 3a/b was dissolved in D>O GF buffer and incubated for 30 min at 30 °C
with (or without as control) 5 uM BotH. The reactions were stopped by addition of 2 volumes
ACN and stored at -80 °C until analysis. Reactions were set up in triplicates and analyzed by
LC-MS and MS-fragmentation.
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Back exchange of deuterated 3a/b with solvent protons was shown by performing a BotH
reaction using deuterated 3a/b in H,O GF buffer: A reaction of 3a/b with 5 uM BotH in DO
GF was stopped after 30 min at 30 °C by denaturation of BotH at 98 °C for 10 min. Denatured
BotH was pelleted by centrifugation (15 min, 15,000 rpm). The supernatant was lyophilized to
remove the DO and re-dissolved in the same volume H>0O. Samples were split up and incubated
30 min at 30 °C with or without the addition of 5 M BotH. Reactions were stopped by the
addition of 2 volumes ACN and analyzed by LC-MS.

4.8 Reaction of BotH with derivatives of 3

To generate derivatives of 3, bottromycin precursor peptides (BotAF) with singe amino acid
changes in the core peptide were cloned, expressed and purified as described previously?2°.
Shortly, botA was mutated by using mutation carrying primers and cloned into a
pHisSSUMOTEYV vector, which was a gift from Dr. Huanting Liu, St. Andrews University®!. To
produce the native N-terminus of the bottromycin precursor peptide BotAP (after cleavage of
the N-terminal methionine by BotP) (GPVVV....) without cloning artefacts, primers which
introduce a lysine residue were used (...GAMAGKGPVVV...). Peptides were expressed in
E. coli Lemo21(DE3) cells carrying the respective expression vector and purified by NiZ*-NTA-
chromatography and, after cleavage with Trypsin, by gel filtration?>%°,

To produce the 3 derivatives, 50 UM BotAP derivative was incubated with 5 uM IpoC, 10 mM
ATP as well as 5 mM MgCI> for 12 h at 37 °C in reaction buffer (200 mM NaCl, 50 mM Tris,
10 % glycerol, pH 8.5). Then, 5 uM PurCD, 1 uM PurAH and 100 uM CoCl; were added and
incubated for a further 4 h at 37 °C. Each reaction was then divided and incubated with or
without the addition of 5 uM BotH for 2 h at 30 °C. Reactions were stopped by the addition of
2 volumes ACN and frozen at -80 °C until analysis. Reactions were set up and analyzed in

triplicates.

4.9 Orthosteric inhibition of BotH epimerization by bottromycin A2

0.2 uM BotH in D,O GF buffer was pre-incubated with and without 50 uM bottromycin A2 for
30 min at 30 °C. 3a/b in D20 GF buffer was added (final concentration 10 uM) and the solution
was incubated for 7 min at 30 °C. The reactions were stopped by the addition of 2 volumes
ACN and the samples were frozen at -80 °C until analysis by LC-MS. As a control for non-
enzymatic deuteron incorporation, samples without enzyme were set up. Reactions were

performed in triplicates and analyzed by LC-MS. For analysis of the LC-MS data, the EICs
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(+ 5 ppm) for the 1% and the 2" isotope peak of the doubly charged ion of 3 (1% isotope peak
[M+2H]?* = 400.1940; 2" isotope peak [M+2H]?* = 400.6955) were generated. The respective
areas for 3a (2.96 - 3.10 min) were calculated using the Bruker Compass DataAnalysis 4.2.
software. The ratio of the area of the 1% isotope peak to the 2" isotope peak was used to quantify
the deuteron incorporation. The significance (p-value) of the ratio differences was calculated

using an unpaired two-tailed t-test.

4.10 LC-MS and MS?analysis

Measurements were performed on a Dionex Ultimate 3000 RSLC system (Thermo Fisher
Scientific) using a flow rate of 600 pL min"' and column oven temperature of 45 °C. Standard
measurements were performed using a BEH C18, 50 x 2.1 mm, 1.7 um dp column equipped
with a C18 precolumn (Waters). Samples were separated by a gradient from (A) H20 + 0.1%
formic acid to (B) ACN + 0.1% formic acid. The linear gradient was initiated by a 1 min
isocratic step at 5% B, followed by an increase to 95% B in 9 min to end up with a 1.5 min
plateau step at 95% B before re-equilibration under the initial conditions. UV spectra were
recorded by a DAD in the range from 200 to 600 nm.

For Marfey’s analysis, samples were separated on a BEH C18, 100 x 2.1 mm, 1.7 um dp column
equipped with a C18 precolumn (Waters). A multistep gradient using (A) H20 + 0.1% formic
acid and (B) ACN + 0.1% formic acid was applied for sample preparation. The gradient was
initiated by a 1 min isocratic step at 5% B, an increase to 10% B in 1 min, an increase to 35%
B in 14 min, followed by an increase to 55% B in 7 min and an increase to 80% B in 3 min to
end up with a 1 min plateau step at 80% B before re-equilibration to the initial conditions.

For MS measurements on maxXis-4 hr-qToF mass spectrometer (Bruker Daltonics), the LC flow
was split 1:8 before entering the mass spectrometer using the Apollo Il ESI source. In the source
region, the temperature was set to 200 °C, the capillary voltage was 4000 V, the dry-gas flow
was 5.0 L / min and the nebulizer was set to 1 bar. lon transfer settings were set to Funnel 1 RF
350 Vpp and Multipole RF 400 Vpp, quadrupole settings were set to an ion energy of 5.0 eV
and a low mass cut of 120 m/ z. The collision cell was set to an energy of 5.0 eV and the pulse
storage time was 5 ps. Data were recorded in centroid mode ranging from 150 to 2500 m/z at a
2 Hz scan rate. Calibration of the maXis4G gqTOF spectrometer was achieved with sodium
formate clusters before every injection to avoid mass drifts. All MS analyses were acquired in
the presence of the lock masses Ci2H19F12N3O6P3, C18H1906N3PsF2 and Ca4Hi9F36N306P3
which generate the [M+H]" lons of 622.028960, 922.009798 and 1221.990638.
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LC-MS? fragmentation spectra were recorded using a scheduled precursor list (SPL).
Separation was achieved using a BEH C18, 100 x 2.1 mm, 1.7 um dp column equipped with a
C18 precolumn (Waters) and a linear gradient from (A) H20 + 0.1% formic acid to (B) ACN +
0.1% formic acid. The gradient was initiated by a 1 min isocratic step at 5% B, followed by an
increase to 95% B in 18 min to end up with a 2 min plateau step at 95% ACN before re-
equilibration to the initial conditions. SPL entries and parameters were set to fragment only the
ions of interest. SPL tolerance parameters for precursor ion selection were 0.17 min and
0.05 m/ z. The CID energy was ramped from 35 eV for 500 m / z to 45 eV for 1000 m / z.
Data were displayed and analyzed using the Bruker Compass DataAnalysis software
(Version 4.2). Shown MS spectra are in general single spectra (taken at the EIC maximum),
except for Figure S4 where spectra are averaged, as the peaks of 3 and the respective peak for
the compound with opened thiazoline do not have the same retention time. Signals in the MS-
spectra are labelled with the observed monoisotopic mass. Extracted-ion chromatograms were
generated using the calculated monoisotopic mass with a range of 5 ppm. All EICs (except
Figures S19 and S22A) and MS-spectra are scaled to a relative intensity of 1.

4.11 Heterologous expression of btmH and btmA in Streptomyces coelicolor
M145

btmH was PCR amplified from S. scabies genomic DNA using primers btmH-start (GAA CCG
TTC CAT ATG GTC TCC CGC GA, Ndel restriction site underlined) and btmH-end (GTC
CTC GGT GGA ATT CAT ACG GCC C, EcoRl restriction site underlined). The resulting PCR
product was digested and ligated into the Ndel and EcoRlI sites of pIB139-RBS 2 to generate
pIB139-RBS-btmH. This construct, as well as plJ10257-btmA were introduced by intergeneric
conjugation from E. coli ET12567/pUZ8002 into S. coelicolor M145.52 Selection was carried
out with nalidixic acid (25 pg / mL) and apramycin (50 pg / mL) in SFM for the exconjugants
carrying pIB139-RBS-btmH, nalidixic acid (25 pug / mL) and hygromycin (50 pg / mL) for the
exconjugants carrying plJ10257-btmA and nalidixic acid (25 pg / mL), apramycin (50 pg / mL)

and hygromycin (50 pg / mL) for the exconjugants carrying both constructs.

4.12 Bioassays

To evaluate the effect of btmA and btmH expression on the sensitivity of S. coelicolor M145 to
bottromycin A2, 250 pL of spores from a concentrated stock of each strain were added to 4 mL

of MQ water and the resulting mixture was agitated manually until an homogeneous mixture
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was obtained. Each resulting spore suspension was then overlaid on top of a 100 mm square
petri dish containing 35 mL of Difco™ Nutrient Agar, and the liquid layer was dried under a
laminar flow hood for 2 hours. Sample diffusion wells were bored into the agar using an
inverted 200 puL micropipette tip, and 40 pL of serial dilutions of bottromycin A2 in DMSO
were loaded into each well. After this, plates were kept at 4 °C for 2 hours for sample diffusion.

Finally, the bioassay plates were incubated at 30 °C for 48 hours.

4.13 Bioinformatics analysis

We downloaded bacterial sequences of the InterPro®® family IPR000073 and aligned them with
HMMer (http://hmmer.org/)*® using the HMM for the Pfam® family PF00561
(Abhydrolase_1), retaining only those from this Pfam family. Then sequences containing the

following mutations at the catalytic site positions were selected with a custom Perl script: Ser
mutated to either Val, lle, Leu, Met, Ala, Phe, Tyr, or Trp; Asp mutated to anything except Asn
or Glu or missing; His mutated to any amino acid or missing.

The corresponding genomes were identified by parsing UniProt® data files and retrieved from
NCBI using the batch download option. Biosynthetic gene clusters (BGCs) were predicted
using antiSMASH®8. All BotH homologs whose genomic coordinates fall within the predicted
boundaries of BGCs or lie outside them separated by no more than 1000 nt were considered to
be associated with these BGCs.

The distance matrix between all proteins that are associated with BGCs was calculated using
the R package seqinr®’. The sequence similarity networks were visualized in Cytoscape®®, all

edges connecting pairs of proteins that shared less than 15% sequence identity were omitted.
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Figure S1: (A) Cartoon representation of apo-BotH. The two Phe residues at the active site are shown as sticks. (B) Cartoon
representation of apo-BotH highlighting the V-shaped loop (magenta) positioned above the active site. (C) Electrostatic surface
potential of BotH. The Phe-Phe motif at the active-site is shown as black sticks. (D) Superposition of apo-BotH
(yellow/magenta) with its closest structural homolog (PDB ID 2xua, cyan) gives a C.-rmsd of 2.8 A over 288 residues.
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Figure S2: Production of 3 can be accomplished in a two-stage, one-pot reaction with quantitative yields.
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Figure S3: MS? fragmentation spectra of 3a (D-Asp) (A) and 3b (L-Asp) (B). The associated peak lists can be found in table S2.
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Figure S4: Spontaneous (non-enzymatic) epimerization of the 3a/b Asp C« in D20. A roughly racemic mixture of 3a/b was
dissolved in D20 to analyze spontaneous epimerization. Samples were taken after 2 h, 1 day, 4 days and 6 days. In the acidic
(0.1% FA) LC conditions the thaizoline partly (about 50%) re-opens, which leads to the addition of H20 (+ 18.015 Da). Shown
mass spectra are averaged from 2.96 - 3.10 min and 3.10 - 3.24 min respectively, as the retention times of 3a/b and the
respective compound with re-opened thiazoline slightly differ. Shown is the base peak chromatogram (BPC) in H20. No
changes in the shape of the BPCs were observed at the different time points. Representative experiments were repeated
independently three times with similar results. BPC = Base Peak Chromatrogram.
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Figure S5: Marfey’s analysis of 3a/b confirmed the presence of b-Asp (3a) and L-Asp (3b) and allowed us to assign 3a to the
less abundant peak. Shown are the extracted ion chromatograms (EICs +5 ppm) for the FDLA-Asp derivate (428.1412 m/ z).
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Figure S6: (A) MSZ-fragmentation of deuterated 3a. The associated peak lists can be found in Table S3A. (B) MS?-
fragmentation of deuterated 3b. The associated peak lists can be found in Table S3B. (C) Performing a BotH reaction in D20
buffer leads to deuteron incorporation at the Asp Ce. In reverse, performing a BotH reaction with deuterated 3a/b in H20
buffer leads to the exchange of the deuteron with solvent protons. Shown are the base peak chromatograms (BPC). (D) At low
BotH concentrations no change of the 3a : 3b ratio is observed within the time-frame of the experiment (7 min), but when the
reactions are performed in D20 buffer, deuteron is incorporated. Shown are the BPCs. Representative experiments were
repeated independently three times with similar results.
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Figure S7: (A) Superposition of the BotH apo structure (green) with the BotH-3a complex structure (cyan). 3a is shown as
cyan sticks. (B) LigPlus diagram of the interactions between 3a and BotH. 3a shown with bonds in grey, BotH with bonds in
cyan. Water molecules are depicted as cyan spheres, intermolecular hydrogen bonds shown as dashed lines with distances in
A and hydrophobic contacts are shown as red spoked arcs. (C) 3a as observed in the complex structure shown as sticks. The
intramolecular hydrogen bond is shown as a dashed line with the distance given in A. (D) 3a as observed in the complex crystal

structure (left) and Polder map of 3a contoured at 3 o (right).
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Figure S8: The derivatives of 3, where Asp was mutated to Ala (D7A) or Asn (D7N) are no substrates of BotH. Graphs show
extracted ion chromatograms (EICs, calculated mass see Table S6 +5 ppm) of possible BotH substrates with (red) and without
(black) addition of BotH. No change of the retention time nor an additional peak could be observed in the respective EICs after
addition of BotH. Representative experiments were repeated independently three times with similar results.
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Figure S9: BotA point mutations that are compatible with the enzymes used to generate the BotH substrate

(IpoC/PurCD/PurAH).
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Figure S10: Analysis of the effects of point mutations in the core peptide on BotH activity. Each mutant was analyzed by HRLC-
MS in the absence (left column, black) and presence (right column, red) of BotH. Shown are EICs for the monoisotopic [M+H]*
mass + 5 ppm. A complete list of masses is given in Table S6. As can be seen, all mutations in positions 2 — 4 are accepted by
the enzyme.
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Figure S11: Analysis of the effects of point mutations in the core peptide on BotH activity. Each mutant was analyzed by HRLC-
MS in the absence (left column, black) and presence (right column, red) of BotH. Shown are EICs for the monoisotopic [M+H]*
mass + 5 ppm. A complete list of masses is given in Table S6. Mutations V5T and F6A are not accepted by the enzyme.
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Figure S12: (A) Chemical structures of the three bottromycin derivatives used in this study. (B) MST measurements to
determine the affinities of bottromycin A2 (2) and the three derivatives shown in A for BotH. The affinity of BotH for 2 is 232
#81 nM. The additional methyl group at the Cz position of Val3 of (4)>° reduced the affinity to a Kp of 472 +62 nM, while the
Val3Met mutation of 5°° reduced the affinity by an order of magnitude to a Kp of 3.2 #1.9 uM. Oxidation of the methionine
sulfur of 5 (6) resulted in a Ko of 459 +178 nM. A MS? spectrum for 6 can be found in Figure S22. Each curve represents three
independent samples and the error bars represent standard deviations.
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Figure S13: (A) Bottromycin A2 (2) as observed in the active-site of BotH. Intramolecular hydrogen bonds are shown as dashed
lines and distances given in A. (B) Polder maps (grey isomesh) for bottromycin A2 (2) and bottromycin derivatives 5 and 6
bound at the BotH active-site. BotH is shown as a cyan surface representation, the ligands as sticks. The polder maps were
contoured at 3 (2), 2.5 (5) and 3 (6) o: (C) Close-up polder map of bottromycin A2 from B shown as a grey isomesh contoured
at3 o

The structures also provide insights into the varying affinities of the bottromycin derivatives:
Based on the BotH-2 complex structure, the additional methyl group of 4 clashes with BotH
Glu148, which is involved in hydrogen bonding to the compound and BotH residue Tyr160,
which results in a 2-fold weaker affinity. The BotH-5 complex shows that the hydrophobic side-
chain of the methionine is forced into a very narrow, highly polar opening lined by Glu148 and
His164, which may explain the marked loss in affinity. In the BotH-6 complex structure, the
oxidation of the methionine sulfur triggers a rotation of His164, which allows the protein to
easily accommodate the bulky side-chain and enables the formation of a new hydrogen bond
between the substrate (methionine sulfoxide oxygen) and the side-chain of BotH Arg168. This
rationalizes the increase in affinity when compared to unoxidized 5.
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BotH-6

Figure S14: LigPlus diagrams of the three BotH complex structures with bottromycin A2 (2) and two analogs (5 and 6). Ligands
are shown with bonds in grey, BotH with bonds in cyan. Water molecules are depicted as cyan spheres, intermolecular
hydrogen bonds are shown as dashed lines with distances in A and hydrophobic contacts are shown as red spoked arcs.
Residues and water molecules engaged in the same interactions in all three structures are circled in red.
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Figure S15: Close-up of the thiazole found in the BotH-bottromycin A2 complex structure. Bottromycin A2 is shown as sticks,
BotH as a cyan surface representation. As can be seen, flipping the thiazole 180° such that sulfur and nitrogen swap positions
does not lead to a clash and is thus also an allowed orientation.
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Asp7

Phe6

Figure S16: (A) Solution NMR structure of bottromycin A2 shown as yellow sticks. (B) Structure of bottromycin A2 when bound
to BotH shown as grey sticks. The same orientation and magnification is used for A and B. Residues are labeled, Thz8 =
Thiazole in position 8. (C) Superposition of the solution NMR structure of bottromycin A2 and the bottromycin A2 bound to
BotH. Same color scheme as A and B, Pro2 was used as the reference residue. As can be seen, binding to BotH causes a
significant conformational change and introduces strain. The more relaxed solution state (yellow) clashes with the protein in
positions Val3, Phe6 and Thz8. Boxed labels belong to the complex crystal structure, orange arrows indicate movement
required to reach unbound state.
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Figure S17: Orthosteric inhibition of BotH epimerization by bottromycin A2. The substrate 3a/b (10 uM in D20 buffer) was
incubated with BotH (0.2 uM) with and without the presence of bottromycin A2 (50 uM) for 7 min at 30 °C. BotH activity was
measured by the incorporation of a deuteron, which leads to an increase of the 2" isotope peak. In the presence of bottromycin
A2, the incorporation of a deuteron in 3a by BotH is significantly lower. (A) Ratios of the area of the 1%t to the 2" isotope peak
of [3a+2H]?*. Shown are means #SD (n=3). Differences were calculated to be extremely significant (p-value < 0.0001) (B)
Mass spectra (3a, 3.02 min) of the substrate (3a/b in D20 buffer), the substrate after 7 min incubation with BotH and the
substrate after 7 min incubation with BotH in presence of bottromycin A2.
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S. coelicolor M145 S. coelicolor M145 + Epimerase

S. coelicolor M145 + Transporter S. coelicolor M145 + Both

Figure S18: Zone of inhibition assays to demonstrate the effect of increasing concentrations of bottromycin A2 on the
susceptible strain S. coelicolor M145. Experiments were carried out by expressing the very close BotH (BtmH) and BotT (BtmA,
transporter) homologs from S. scabies. Expression of BtmH (Epimerase) had no observable effect on resistance, while
expression of BtmA (Transporter) expectedly increased resistance to bottromycin A2. Interestingly, expression of both proteins
rendered S. coelicolor M145 almost completely resistant within the concentration range tested. Pictures show representative
experiments of triplicates.
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Figure S19: Pull-down data for 2 and 3a/b. Hiss-tagged BotH was incubated with equal volumes of either lysed cell pellet supernatant (top) or spent culture medium (middle) of the heterologous
bottromycin producer S. sp. DG2-kmP41hyg®. Purified 3a/b was used as a control (bottom). The BotH was then removed from the mixture using magnetic Ni%*-NTA beads, washed thoroughly and
eluted from the beads. Denaturing the enzyme with ACN liberated bound ligands. Only bottromycin A2 (2) and traces of 4 (data not shown), but not the BotH substrate 3a/b could be found in the
experimental samples. Shown are the EICs (right) and mass spectra for labeled peaks (right) for either 3a/b or 2 = 5 ppm using the [M + 2H]?* masses.
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Figure S20: Sequence similarity network for BotH-like proteins lying in or near (closer than 1000 nt) biosynthetic gene clusters
(BGCs). Nodes represent individual proteins (Accession number given) and colored according to the cluster type (red: RiPP,
blue: NRPS, green: PKS, sky: NRPS/PKS, cantaloupe: other), edges represent similarity relationships and are colored
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Figure S21: (A) EIC of bottromycin A2 (2) crude extract (823.4540 #1 ppm. (B) MS? fragmentation of bottromycin A2 (2) main
peak (0-Met-D-Asp-containing compound; retention time 7.3 min). The associated peak lists can be found in Table S4A. (C)
MS? fragmentation of minor bottromycin peak (most probably o-Met-L-Asp-containing compound; retention time 7.55 min).
The associated peak lists can be found in Table S4B.
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Figure S22: MS? fragmentation spectrum of the bottromycin analog 6. The associated peak lists can be found in Table S5.
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Table S1: Data collection and refinement statistics

BotH_SeMet BotH_apo BotH-3a BotH-2 BotH-5 BotH-6
PDB ID 6T6H 6T6H 6T6X 6T6Y 6T6Z 6T70
Data collection
Space group 1222 1222 1222 1222 1222 1222
Cell dimensions
a, b, c(A) 66.7, 80.1, 88.7 66.7, 80.1, 88.7 66.7,80.1, 89.5 67.0,80.1, 89.4 66.7,79.5, 89.0 66.5, 79.4, 88.4
ood [ 90.0,90.0,90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
)
Wavelength (A) 0.97941
Resolution (A) 1.70 (1.73-1.70) * 1.18 (1.20-1.18) 1.25(1.27-1.25) 1.40 (1.42-1.40) 1.70 (1.73-1.70) 1.58 (1.61-1.58)
Rsym OF Rmerge 7.2 (50.0) 3.5 (63.4) 7.8 (72.5) 6.9 (80.0) 10.4 (77.8) 6.0 (71.2)
1/ ol 47.6 (8.7) 21.4(2.5) 114 (4.2) 14.5 (2.6) 10.5 (2.4) 13.5(2.0)
Completeness (%) 100 (100) 98.7 (93.5) 99.0 (100) 99.4 (99.5) 99.2 (99.0) 99.8 (99.9)
Redundancy 26.7 (27.8) 6.4 (5.7) 4.3 (4.1) 6.6 (6.7) 5.3(5.4) 4.3 (4.4)
Refinement
Resolution (A) 44.35-1.18 44.77-1.25 44.71-1.40 44.52-1.70 39.72-1.58
No. reflections 77,123 65,761 47,302 26,141 32,386
Rwork / Riree 0.157/0.168 0.166/0.175 0.159/0.182 0.169/0.207 0.166 / 0.200
No. atoms 2,267 2,296 2,222 2,244 2,216
Protein 1,929 1,934 1,939 1,939 1,936
Ligand/ion 21 56 58 59 79
Water 317 306 225 246 201
B-factors 20.15 14.84 25.07 22.22 27.14
Protein 17.89 12.60 23.43 20.66 25.68
Ligand/ion 69.91 21.87 39.49 35.40 44.70
Water 30.62 27.69 35.52 31.38 34.24
R.m.s. deviations
Bond lengths (A) 0.011 0.008 0.016 0.005 0.012
Bond angles (9 1.14 1.23 1.43 0.90 1.25

*1 crystal per structure. *Values in parentheses are for highest-resolution shell.
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Table S2: MS? fragmentation of 3a (A) and 3b (B). Calculated and observed b- and y- ions.

A
Seq. bn Obs. b Calc. b Yn Obs. y Calc. y

G2 1 - - 8 799.3793 799.3807
P 2 155.0812 155.0821 7 - -

V 3 254.1494 254.1605 6 - 645.3070
va 4 335.2078 335.2083 5 - 546.2386
V 5 434.2755 434.2767 4 465.1758 465.1808
F 6 581.3397 581.3451 3 366.1180 366.1124
Db 7 - - 2 219.0453 219.0439
ch 8 - 781.3707 1 - -

¢.  Glyl macrocyclisation with Val4 carbonyl
d.  Cys8 heterocyclisation with Asp7 carbonyl

Additionally, fragment as (obs. 406.2822; calc. 406.2818) and bs* (obs. 363.2023; calc. 363.2032), which are
characteristically associated with the bottromycin macrocycle and have been observed previously for bottromycins and

macrocyclic peptides, were detected.

B
Seq. bn Obs. b Calc. b Yn Obs. y Calc. y

G2 1 - - 8 799.3788 799.3807
p 2 155.0817 155.0821 7 - -

\Y 3 254.1497 254.1605 6 645.3031 645.3070
va 4 335.2076 335.2083 5 546.2343 546.2386
\Y 5 434.2752 434.2767 4 465.1770 465.1808
F 6 581.3440 581.3451 3 366.1098 366.1124
Db 7 - 2 219.0422 219.0439
cb 8 781.3646 781.3707 1 - -

a. Glyl macrocyclisation with Val4 carbonyl
b.  Cys8 heterocyclisation with Asp7 carbonyl

Additionally, fragment as (obs. 406.2825; calc. 406.2818) and bs* (obs. 363.2020; calc.
363.2032), which are characteristically associated with the bottromycin macrocycle and have
been observed previously for bottromycins and macrocyclic peptides, were detected.
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Table S3: MS? fragmentation of Asp C« deuterated 3a (A) and 3b (B). Calculated and observed b- and y- ions.

A
Seq. bn  Obs.b Calc.b  yn  Obs.y Calc.y xn  Obs.x Calc. x
G 1 - - 8 800.3838 800.3870 8 - -
P 2 155.0827 155.0821 7 - - 7 - -
\ 3 2541501 254.1605 6 - 646.3133 6 - 674.3082
va 4 3352064 335.2083 5 - 5472449 5 575.2318 575.2398
\ 5 4342767 4342767 4 466.1891 466.1871 4 476.1676 476.1714
F 6 581.3461 581.3451 3 367.1142 367.1186 3 - 393.0979
Dbe 7 - - 2 220.0491 220.0502 2 - 246.0995
ct 8 - 7823770 1 - - 1 - -
a. Glyl macrocyclisation with Val4 carbonyl
b.  Cys8 heterocyclisation with Asp7 carbonyl

C.

Asp7 Ce-positon labeled with deuteron

Fragments as (obs. 406.2800; calc. 406.2818) and b4* (obs. 363.2006; calc. 363.2032), which are characteristically associated
with the bottromycin macrocycle and have been previously observed for bottromycins and macrocyclic peptides, were detected.

Additionally, fragment zs (obs. 530.2191; calc. 530.2184) was detected.

B
Seg. bn  Obs.b Calc.b  yn Obs.y Calc.y X Obs.Xx Calc. x
G 1 - - 8 800.3831 800.3870 8 - -
P 2 155.0809 155.0821 7 - - 7 - -
V 3 2541489 254.1605 6 - 646.3133 6 - 674.3082
va 4 3352064 3352083 5 547.2449 5472449 5 575.2329 575.2398
\Y, 5 4342741 4342767 4 466.1796 466.1871 4 476.1685 476.1714
F 6 581.3440 581.3451 3 367.1160 367.1186 3 - 393.0979
Db 7 - - 2 220.0486 220.0502 2 - 246.0995
ch 8 - 7823770 1 - - 1 - -
a.  Glyl macrocyclisation with Val4 carbonyl
b.  Cys8 heterocyclisation with Asp7 carbonyl

C.

Asp7 Ce-positon labeled with deuteron

Fragments as (obs. 406.2801; calc. 406.2818) and bs* (obs. 363.2013; calc. 363.2032), which
are characteristically associated with the bottromycin macrocycle and have been previously
observed for bottromycins and macrocyclic peptides, were detected. Additionally, fragment zs
(obs. 530.2181; calc. 530.2184) was detected.
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Table S4: MS? fragmentation of the bottromycin A2 main (A) and minor (B). Calculated and observed b-, x- and y- ions.

A
Seq. bn Obs. b Calc. b Yn Obs. y Calc.y Xn Obs. x Calc. x
G2 1 - - 8 823.4512 823.4540 8 - -
P 2 169.0965 169.0977 7 - 766.4326 7 - 794.4275
\ 3 268.1645 268.1661 6 - 655.3642 6 683.3556 683.3591
Ve 4 363.2378 363.2396 5 556.2920 556.2957 5 584.2870 584.2907
\ 5 4763215 476.3237 4 461.2199 461.2223 4 471.2042 471.2066
F 6 637.4049 637.4077 3 348.1365 348.1382 3 374.1153 374.1175
D 7 - - 2 187.0531 187.0541 2 213.0532 213.0334
cP 8 - - 1 - - 1 - -
a. Glyl macrocyclisation with Val4 carbonyl
b.  Cys8 heterocyclisation with Asp7 carbonyl

Additionally, fragments as (obs. 448.3268; calc. 448.3288) and bs* (obs. 391.2325; calc. 391.2345), which are
characteristically associated with the bottromycin macrocycle and have been previously observed for bottromycins and
macrocyclic peptides, were detected.

B
Seq.  bn Obs. b Calc. b Yn Obs. y Calc.y Xn Obs. x Calc. x
G 1 - - 8 823.4506 823.4540 8 - -
P 2 169.0970 169.0977 7 - 766.4326 7 - 794.4275
\ 3 268.1652 268.1661 6 - 655.3642 6 683.3552 683.3591
va 4 363.2381 363.2396 5 556.2846 556.2957 5 584.2880 584.2907
\Y 5 476.3217 476.3237 4 461.2212 461.2223 4 471.2044 471.2066
F 6 637.4060 637.4077 3 348.1373 348.1382 3 374.1159 374.1175
Db 7 - - 2 187.0534 187.0541 2 - 213.0334
cP 8 - - 1 - - 1 - -
a. Glyl macrocyclisation with Val4 carbonyl
b.  Cys8 heterocyclisation with Asp7 carbonyl

Additionally, fragments as (obs. 448.3286; calc. 448.3288) and bs* (obs. 391.2337; calc.
391.2345), which are characteristically associated with the bottromycin macrocycle and have

been previously observed for bottromycins and macrocyclic peptides, were detected.
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Table S5: MS? fragmentation of the bottromycin analog 6. Calculated and observed b-, x- and y- ions.

Seq. bn Obs. b Calc. b Yn Obs. y Calc. y
G2 1 - - 8 871.4175 871.4210
P 2 169.0966 169.0977 7 - 814.3996

M-O 3 316.1313 316.1331 6 - 703.3312
Ve 4 411.2038 411.2066 5 556.2926 556.2957
\Y 5 524.2877 524.2907 4 461.2202 461.2223
F 6 685.3702 685.3747 3 348.1369 348.1382
Db 7 - - 2 187.0530 187.0541
(o] 8 - - 1 - -

a. Glyl macrocyclisation with Val4 carbonyl
b.  Cys8 heterocyclisation with Asp7 carbonyl

Additionally, fragments as (obs. 496.2933; calc. 496.2958) and bs* (obs. 439.1991; calc.
439.2015), which are characteristically associated with the bottromycin macrocycle and have
been previously observed for bottromycins and macrocyclic peptides, were detected.

Table S6: Sum formulas and calculated masses for the IpoC, PurCD and PurAH treated BotAP variants.

BotAP variant sum formula monoiso. neutral mass [M+H]*
P2A Cs6Hs2Ns0eS 772.3578 773.3651
P2G CssHs0Ng0eS 758.3421 759.3494
V3D C37Hs0NgO11S 814.3320 815.3393
V3T Ca7H52NgO10S 800.3527 801.3600
V3L C39Hs6N500S 812.3891 813.3964
VAL CagHs6Ns09S 812.3891 813.3964
V5T Ca7H52NgO10S 800.3527 801.3600
V5L C39Hs6Ng00S 812.3891 813.3964
V5A Cs6Hs0NgOeS 770.3421 771.3494
V5E CagHs52Ng011S 828.3476 829.3549
FeW Cu0Hs5N90eS 837.3843 838.3916
F6Y CagH54N5010S 814.3684 815.3756
F6A C32Hs0Ng0eS 722.3421 723.3494
D7A Cs7Hs4Ns07S 754.3836 755.3909
D7N CasHssNgOsS 797.389%4 798.3967

wt CssHs4Ng00S 798.3734 799.3807
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1 Introduction

Natural products continue to be an abundant source of novel and biologically active molecules
(e.g."). The majority of drugs currently on the market to treat bacterial infections are natural
products and their derivatives — they have become a major pillar of modern medicine and are
regarded as essential for human health?. With the extensive use of antibiotics, however, the
problem of (multi-)resistance development in human pathogens has risen®. To keep pace with
resistance development and always have effective antibiotics available, constant antibiotic
discovery and optimization efforts are required; a challenge that was not met in the past
decades®. Most problematic with regard to drug development are Gram-negative pathogens,
which are becoming a severe threat to public health®. Multidrug resistance (MDR) mechanisms
pose a particular challenge, since such systems are able to recognize and neutralize structurally

and chemically diverse compounds, while still being selective for a certain compound class®.

Antibiotic resistance usually results from one of four mechanisms: Modification of the bacterial
cell wall to prevent antibiotic entry, expulsion of the antibiotic by general or specific efflux
pumps, mutation of the cellular target, or chemical modification of the antibiotic’®. These
mechanisms (with the exception of target mutations) are often employed after bacterial
antibiotic-specific biosensors bind to an antibiotic and subsequently trigger transcriptional
programs”!’. One protein class involved in such processes are thiostrepton-induced protein A
(TipA) systems'!!2, TipA belongs to the superfamily of mercuric ion resistance (MerR) -like

transcriptional regulators!'?!4

, which contain an N-terminal helix-turn-helix (HTH) motif,
followed by a coiled-coil region and a C-terminal effector binding domain'>"'". The tipA gene
contains two alternative start codons, giving rise to TipA-L and TipA-S protein isoforms (Figure

1A)17’18.
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transcription tipA = I 4 N

Ibicidin (1
k HTH . TipA-L Albicidin (1) o
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Covalent complex Cystobactamid 919-2 (7)

Figure 1. (A) Basic logic of the TipA system. The tipA gene contains two alternative start codons giving rise to TipA-L and
TipA-S, which are identical in their C-terminal domains. While TipA-S scrubs free antibiotic from the cytoplasm, TipA-L
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dimerizes after ligand binding and induces increased expression from the tipA gene. (B) Chemical structures of albicidin (1)
and cystobactamid 919-2 (7).

While TipA-L follows the basic MerR architecture, TipA-S is the predominant form and consist
only of the effector binding domain'"'%>!"!° This domain is able to covalently bind a wide

variety of thiopeptide antibiotics via an active site cysteine!>!>:16

and thus permanently
sequester the antibiotics'®. Upon substrate binding, TipA-L forms a dimer, which then binds to
promotors via its HTH domain and induces the transcription of multiple genes, including tipA4,
which can thus be viewed as a minimal autoregulated MDR system!!. Recently reported NMR-
based structural studies of TipA-S allowed the proposition of a model for how this protein is
able to neutralize a wide variety of thiopeptide antibiotics'>!®: Upon thiopeptide binding TipA-
S transitions from a partially unstructured to a fully ordered state!S. In the process, a large

substrate binding cleft is formed that contains the active-site cysteine, which reacts with the

bound substrate to form a covalent bond!®.

The natural products albicidin (1) and cystobactamid (7) (Figure 1B) were reported as potent
anti-Gram-negative antibiotics with minimal inhibitory concentrations (MICs) in the sub-
ng/mL range against Escherichia coli and other relevant pathogens?’2!. Albicidin is produced

by the plant pathogen Xanthomonas albilineans**>*

, and was found to be a strong inhibitor of
DNA gyrase in Gram-negative bacteria (E. coli)*. The unusual structure of albicidin was
reported in 2015: It consists of p-aminobenzoic acid (PABA) building blocks and cyanoalanine
as a central unnatural amino acid (Figure 1B)?®. Concurrently, cystobactamids, produced by
myxobacteria, were discovered as a novel class of antibiotics that address the same bacterial
target and possess a similar structure (Figure 1B)?!. Several differences between the two
compound classes exist: While the N-terminus of cystobactamids consists of a p-nitro-benzoic
acid, the equivalent position in albicidin is occupied by 2-methyl-p-coumaric acid. Additionally,
the two C-terminal building blocks in cystobactamid 919-2 are isopropoxylated in the 3-
position, whereas albicidins are methoxylated, and the C-terminal building block of
cystobactamid 919-2 lacks hydroxylation in the 2-position. Finally, the most potent

cystobactamids have a central B-methoxy-asparagine amino acid instead of the cyanoalanine

found in the original albicidin.

Since antibiotics such as albicidin and cystobactamids occur naturally, resistance mechanisms
have already been developed. Three proteins have been reported as resistance proteins against
albicidin: AIbA, AlbB and AIbD'827-28_ AIbA is a distant member of the TipA family and can be
found in a variety of Klebsiellae strains including the problematic human pathogen K.

pneumoniae. Earlier studies of AIbA reported the protein to bind albicidin at a single high-
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affinity binding site with low nM affinity and that ligand-binding induced major conformational
changes?®3°. Additionally, an alanine scan of AIbA identified several key residues involved in
albicidin binding® and it has been suggested that AIbA confers albicidin resistance by removing
free albicidin from the cell'®*!. During the evaluation of our manuscript, parallel work by
Rostock et al. was published?®. The very thorough biophysical characterization of the AIbA-
albicidin interaction using NMR and fluorescence spectroscopy, as well as the crystal structure
of the AlbA-albicidin complex were reported. In addition, AIbA was found to protect the
albicidin target DNA gyrase from the antibiotic and several derivatives in vitro and bacterial

cells in an agar diffusion assay?®.

Here, we report the crystal structures of both, AIbA and its complex with albicidin.
Unexpectedly, we found AlbA to promote a chemical reaction in albicidin slowly, leading to a
loss of biological activity that redefines our understanding of AlbA-mediated albicidin
resistance. We provide detailed mutational studies, which allowed us to propose a mechanism
for this reaction. We used the structural data to conduct a comprehensive analysis of the
prevalence of AlbA-like genes in important human pathogens and their evolutionary
development. Finally, we demonstrate that AlIbA expression is upregulated in K. pneumoniae

upon treatment with albicidin.

2 Results

2.1 AlbA is a structural homolog of TipA-S

To understand how AIbA may exert its function, we determined its high-resolution crystal
structure. The full-length wild-type AIbA (AlbAw:) protein from K. oxytoca (see materials and
methods for details) formed crystals belonging to space-group P432:2 and the structure was
determined at 1.9 A resolution by single-wavelength anomalous dispersion using
selenomethionine (PDB ID 6h95). All data collection and refinement statistics can be found in
table S1. The refined model contained one AlbAy: molecule in the asymmetric unit and includes
residues 1 —221 (Figure 2A). It is an a-helical protein with a flattened, oblong shape measuring
approximately 60 A x 40 A x 25 A. AIbA has no sequence homologs in the protein data bank
(PDB), and we therefore searched for structural homologs using the DALI server®2. No protein
was found to cover more than 50 % of the AlbA structure, but upon closer inspection it became
apparent that the fully ordered (ligand bound) structure of TipA-S (PDB 2mc0) aligns to the N-
terminal 114 residues of AlbAw (Co rmsd of 3.7 A, sequence identity 15 %) and that an

119



additional copy of the same TipA-S structure also aligns to AIbA: residues 115 —216 (Co rmsd
of 3.9 A, sequence identity 16 %) (Figure 2B and S1). Following TipA-S nomenclature!>!6
(TipA-S consists of helices a6 - a13), AlbAw: does not contain o6, but all other helices are
largely conserved. Helices a7 and a8, which are critical for substrate binding in TipA-S!>16,
are much shorter in AlbAw: and do not form the deep substrate binding cleft observed in TipA-
S!516 Best conservation (helix length and relative position) is observed for a9 and o10.
Intriguingly, unlike TipA-S, all and a13 of AlbAw: are neither parallel nor in direct contact
with each other, but spread apart (Figure 2C). In AlbAw, helix a13 is significantly longer than
in TipA-S and its C-terminal portion aligns with a7 of the second TipA-S copy (TipA-S’)
(Figure 2B and S1). The alignment of TipA-S’ a8 - a13 with AlbAw: a8’ to al13’ corresponds
to the alignment of TipA-S with the N-terminal half of AlbA:. It thus appears that AIbA
originated from an internal gene duplication event in a TipA-S-like gene, giving rise to a
pseudosymmetric TipA-S dimer. In addition to the change in binding-site architecture, the
residues identified as important for substrate binding, including the active-site cysteine, show
no conservation. In TipA, the cysteine reacts with dehydroalanine residues when TipA-S/L bind

thiopeptide antibiotics to form covalent complexes'**?

, chemistry which would not be possible
with albicidin. Binding of albicidin must therefore follow a different logic, and we identified a
putative substrate binding tunnel, which runs across the entire length of the protein (Figure S2).
Its formation is a direct result of the movements of helices all / a13 and al1’/ a13’ (Figure
S3).

In order to understand how albicidin may fit into the putative substrate binding tunnel of AIbA
we determined the high-resolution structure of the AlbAyt-albicidin complex. The natural
product albicidin was synthesized according to a previously published procedure (see
supplementary online material)?®. AlbAy: was incubated with an excess of albicidin and
subsequently crystallized in space group C222;. The structure was determined to 1.55 A
resolution by molecular replacement using the structure of AlbAw as a search model (PDB ID

6h96).

The new crystal form contained two AlbAw: monomers in the asymmetric unit and the overall
structure of AlbAy. is virtually unchanged after binding albicidin (Rmsd of 0.8 A over all non-
hydrogen atoms, Figure S4). It has been reported that the NMR spectra of AIbA show extensive
line-broadening in the absence of albicidin, which may be caused by slow internal dynamics of
the protein®®. This observation led to the hypothesis that AIbA may exist in an open and closed

conformation, with an ensemble of intermediate states’®. Since the AIbA structure we
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determined corresponds to the AlbA-albicidin complex structure, we suggest that we have
crystallized the closed conformation of the protein. We observed clear and unambiguous
electron density for albicidin, spanning the entire length of AIbA (Figure 2A and S5), with
binding of the extended albicidin molecule shared pseudosymmetrically between the two TipA-
S domains. Upon closer inspection of the electron density for the ligand, it became obvious that
the central cyanoalanine moiety had cyclized to yield a five-membered ring, in which the nitrile
group had been converted to a primary ketimine or succinimide (2 and 3, respectively, Figures
2D and S5). Equivalent electron density was also reported by Rostock et al. (PDB ID 6et8)2°,
but an unmodified albicidin molecule was built into the density, which resulted in a poor fit,
high B-factor of the nitrile carbon compared to adjacent atoms and very close interatomic
distance between the amide proton of NH25 (numbering in Figure 2D) and the triple bond of
the nitrile moiety (1.4 A) (Figure S5). Albicidin is almost completely buried in the AIbA tunnel
and engages in extensive hydrophobic interactions. A complete LigPlot interaction diagram can
be found in Figure S6. Several residues identified previously as important for albicidin binding
through an alanine scan® are in fact in contact with albicidin. In addition to the hydrophobic
interactions, AlIbA and albicidin form a salt-bridge and several hydrogen bonds, all mediated
by side-chains. The carbonyl oxygen O13 (numbering in Figure 2D) forms a hydrogen bond
with H78, while N75 is a bidentate ligand, forming hydrogen bonds with NH21 (immediately
adjacent to the five-membered ring) and 026 (part of the newly formed ring). The ketimine /
ketone moiety (NH / 062) is hydrogen bonded to T99, and the final interactions concern the
terminal para-aminobenzoic acid unit. The side-chain of Y169 is hydrogen-bonded to 056
(methylated m-oxygen), while Q205 and R181 form a hydrogen bond and salt bridge,
respectively, with the terminal carboxyl group. These extensive interactions explain the high

affinity of AlbAy: for albicidin.
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Figure 2. (A) Overall structure of AlbAwt. The structure of AlbAw is shown in cartoon representation using the rainbow color
scheme (N-terminus blue, C-terminus red). (B) AlbA is a tandem repeat of TipA-S. The AlbAw structure is shown as a cartoon
representation with the N-terminal TipA-S repeat in green, and the C-terminal TipA-S repeat in blue. Helices that underwent
a drastic change in orientation and relative position in AlbAwt (Wwhen compared to TipA-S) are labeled. A secondary structure
diagram shows the conservation of helix length and position between the two proteins. (C) AlbAw-albicidin complex structure.
Protein representation and color scheme as in B. Albicidin is represented as sticks. Carbon atoms black, oxygen atoms red,
nitrogen atoms blue, unassigned atom cyan. The difference electron density (Fo — Fc¢ contoured at 3o with phases calculated
from a model which was refined with no albicidin present) is shown as a grey isomesh. (D) Chemical structures of the two
possible albicidin conversion products, the primary ketimine 2 and the succinimide 3.

2.2 AlbAwt promotes the cyclization of albicidin

We wondered whether the observed five-membered ring was an artefact or an AIbA-mediated
modification of albicidin. When equimolar amounts of AlIbAy: and albicidin (100 uM each)
were incubated at 37 °C for 24 h prior to analysis by high-resolution liquid chromatography-
mass spectrometry (HR-LCMS), we discovered that the AlbAw-albicidin sample contained four
additional peaks (Figure 3A). In contrast, control samples set up in the reaction buffer with BSA
(Figure S7) or without protein (Figure 3A) showed no conversion of albicidin. In fact, only
traces of converted albicidin could be detected in reaction buffer without protein after 14 days

at 37 °C (Figure S7). This reaction was temperature-dependent — after 24 h, no conversion was
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observed at 4 °C, while little conversion was detected at 20 °C. At 37 °C, more than half of the

albicidin was converted (Figures 3A and S8).

In the AlbAwt-containing sample, the peak representing albicidin (m/z calc: 843.2620, observed:
843.2621, Appm 0.1) had decreased significantly, while two new main peaks appeared. The
most abundant species was an isotopomer of albicidin with a different retention time, indicating
2 (m/z calc: 843.2620, observed: 843.2632, Appm 1.4), which was supported by tandem mass
spectrometry (MS?, Figure S9). Since primary ketimines are unstable in aqueous solution, we
expected the third main peak to be the hydrolysis product of 2, the succinimide 3 (m/z calc:
844.2461, observed: 844.2466, Appm 0.6), and the identity of 3 was in agreement with MS?
data (Figure S10). The two minor peaks had near identical masses, and we assigned them as
two diastereomers of the intermediate between 2 and 3, corresponding to a hemiaminal 4 (m/z
calc: 861.2726, observed: 4a 861.2740, Appm 1.6 and 4b 861.2738, Appm 1.4). While it is not
possible to determine which peak corresponds to which diastereomer, MS? data corroborated
the assigned identity of the compounds (Figures S11 and S12). To ascertain whether 2 or 3 was
found in the AlbA-albicidin complex structure, we harvested multiple AlbA-albicidin crystals,
washed them thoroughly and dissolved them in acetonitrile prior to MS analysis. The
predominant species was 2, with a small fraction of 3 that is likely the result of hydrolysis
during analysis of the sample and traces of 1 (Figure S8). Therefore, rather than just neutralizing
albicidin by binding to it, AIbAw: fosters the conversion of albicidin to 3, with 2 representing

the protein-bound (and solvent-protected) intermediate.

To better understand the albicidin conversion, we set up a time course experiment and observed
a nearly completed process after 64 h when using a 1 : 1 molar ratio of protein and compound
(Figure S13). This very slow progression would imply that despite the non-covalent nature of
their interaction, cells would still have to produce stoichiometric quantities of AlbAy: for
protection, mirroring the situation for TipA. When sub-stoichiometric quantities of AlbAw were
used, the conversion progressed very slowly, but one AlbAw: molecule was able to promote

cyclization of multiple albicidin molecules (Figure S13).
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Figure 3. (A) Incubation of albicidin with AlbAw leads to the cyclization of albicidin at the cyanoalanine moiety. The four
product peaks were assigned to their chemical structures by MS? (see SOI). (B) Three residues are in direct contact with the
newly formed ketimine: 195 (orange), T99 (yellow) and M131 (brown). Their surface is represented as an isomesh with
corresponding colors. The solid surface of albicidin is colored as carbon atoms black, nitrogen atoms blue, oxygen atoms red.
The ketimine moiety is shown as a ball and stick model using the same color scheme. (C) The effects of four point- and one
double-mutant (DM, 195G/T99G) on albicidin. The 3 : 2 ratio is inverted for AlbAM3A when compared to the other mutants
or wt protein. (D) Proposed mechanism for albicidin conversion. While the 2 has to be released from the protein before it can
hydrolyze to 3, mutation of M131 to Ala or a hydrophilic residue allows hydrolyzation while 2 is still bound to the protein

Interestingly, we also detected varying amounts of the hydrolysis product of 3 in samples
containing substoichiometric AIbA concentrations, in which the central linker is either an
aspartate or iso-aspartate (m/z calc: 862.2566, observed: 6 862.2569, Appm 0.3, Figure S13).

Formation of 6 is possibly the result of the extensive incubation time required and this variant
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of albicidin has been reported to be inactive®*. We speculated that the relative affinities of 1 and
2 may be a reason for slow cyclization. When we analyzed the interaction of AlbA: with
albicidin by surface plasmon resonance (SPR), the Kp for this interaction was calculated as 2.1
nM (Figure S14), which is on par with the Kp reported by Rostock et al.?®. The main contributor
to this high affinity was the very slow off-rate of just 1.1 x 10 s, which may explain the slow

progression of cyclization observed at sub-stoichiometric protein concentrations.

The affinity of 3 was slightly weaker (11.6 nM) and, crucially, 3 retained a very slow albeit
slightly faster off-rate of 2.8 x 10™* s! (Figure S14). This implies very slow release of 2/3 may
be the main contributor the slow progression of cyclization. Overall these data therefore argue
that AIbA, in addition to being a very strong albicidin binder, aids in the cyclization of albicidin.

We are unaware of comparable processes in natural products.

2.3 Rationalizing AlbA activity

We expected cyclization of albicidin to 2 to follow standard chemistry — deprotonation of the
amide nitrogen (NH25), followed by nucleophilic attack on the nitrile carbon and subsequent
protonation of the intermediate to yield the primary ketimine function. Since the amide nitrogen
would be a weak nucleophile, we suspected that the reaction may be aided by protonation of
the nitrile nitrogen prior to nucleophilic attack, but no aspartate or glutamate residues were
found in close proximity. To shed light on the reaction mechanism, we first investigated the
effects of general acid and / or base. We incubated AlbAw: with an equimolar amount of
albicidin at different pH values from 5.5 to 9.0 in increments of 0.5 (Figure S15). At low pH,
we observed little cyclization, but as the pH increased, so did cyclization. No cyclization was
observed in control reactions without AIbAw: unless Tris buffer was used, in which case we
observed slow, AlbAw-independent cyclization of albicidin at pH 8.5 and 9.0 (Figure S15).
While a normal peptide amide would not be deprotonated under such mild conditions, the amide
in question can be viewed as an aniline-derivative with a carbonyl group in the p-position,
which presumably significantly lowers the pK. of this amide. These observations are suggestive
of the involvement of a general base.

A detailed analysis of the residues in direct contact with the newly formed ketimine — 195, T99
and M131 — was performed (Figure 3B). The side-chain of T99 packs against the side-chain of
195 and is hydrogen-bonded to the ketimine. We thus wondered whether T99 played a role in
cyclization and produced AIbA™"Y and AIbA™S. All mutants reported expressed like wild-

type protein and showed highly similar elution profiles in size-exclusion chromatography
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(Figure S16). The overall structure of apo-AlIbA™°Y (PDB ID 6h97), determined at 2.7 A
resolution (Table S1), was unchanged and the mutant side-chain had the same orientation and
position as T99 in the AlbA structure (Figure S17). When we tested the effect of AIbAT?Y on
1, we found cyclization to be accelerated ~2.5 x when compared to the wt protein (Figures 3C
and S18). In contrast, AIbA™C promoted little cyclization, even after 24 h (Figure 3C). We
thus propose that the side-chain of T99 creates a bottleneck in the albicidin binding tunnel, that
forces the nitrile group of albicidin into a position that favors nucleophilic attack of amide N25
on nitrile C28, leading to the formation of 2 (Figure 3D). By exchanging the threonine to a
slightly bulkier valine, we strengthened the hydrophobic interactions between 195 and the
amino acid in position 99 (now V). This could lead to a more stable barrier and thus promote

faster cyclization of albicidin. Accordingly, with the barrier largely removed in AIbATC,

AI95G

albicidin cyclization was almost abolished. In agreement with this hypothesis, Alb showed

reduced but still appreciable effects on albicidin (Figure 3C), since now merely the back-stop
of the actual barrier was removed. When incubated with the double mutant, AIbA®39 TG

albicidin was virtually unaffected (Figure 3C).

The position of the side-chain of M 131 appeared to protect the ketimine function of 2 from bulk
solvent and to prevent the formation of the hemiaminal 4a/b during hydrolysis of 2. In
consequence, one would expect a mutation of the methionine to a residue with a less bulky side-
chain to promote the formation of 3. Accordingly, AIbAM!3!A incubated with albicidin, led to a
much larger percentage of 3 than the wt protein or any previously analyzed mutant (Figure 3C).
We determined the complex structure of AIbAM3!A with albicidin at 2.2 A (PDB ID 6hai)
(Figure S19 and Table S1). In the structure, the small alanine side-chain affords ample room to
form the hemiaminal intermediate (Figure S20). It should be noted that in the complex structure
of AlbAw: with 2, two ordered water molecules (HOH6 and 102) are in a position to attack the

ketimine carbon (Figure S20) and may promote hydrolysis.

2.4 Cyclization decreases albicidin activity, but AIbA is insufficient to
protect cells from albicidin

An important question with respect to the resistance mechanism exerted by AIbA was whether
the protein-mediated modification altered albicidin activity. We attempted to purify 2 and 3 in
sufficient quantities for biological testing by setting up large-scale conversion reactions. As
expected, it was not possible to purify 2, as the peak converted to 3 during purification.
Compound 3, on the other hand, was stable and we tested its activity against E. coli,

Staphylococcus aureus, Bacillus subtilis and Micrococcus luteus (Table 1). The most
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pronounced effects were observed for E. coli and S. aureus, where 3 showed a decrease of
activity by 300 x and 222 x, respectively. For the other two strains, activity was reduced by
approximately two orders of magnitude. We have therefore been able to demonstrate that the

modification of albicidin to 3 results in a significant decrease of albicidin activity.

Table 1: Activity of 3 and 1 on selected bacterial strains. Cyclization of cyanoalanine to succinimide leads to a significant

decrease in activity.

E.coli S. aureus B. subtilis M. luteus
DSM1116 Newman DSM10 DSM1790
MIC 3 1.8 28.8 5.4 435
(ug/mL) 1 0.006 0.13 0.03 0.5
MIC shift  3/1 300 222 108 87
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Figure 4. (A) MICs demonstrating that AlbAw is insufficient to protect E.coli BL21 (DE3) from 1 or 7. Naturally occurring
point-mutation M131K on the other hand renders these cells albicidin resistant and protects the cells largely from 7. MICs are
given as compound concentrations (ug/mL) (B) Time-course for the cyclization of albicidin when incubated with AlbAw (top)
and AIbAM133Q (hottom) using 1 : 1 protein : compound ratios. The M131Q point mutation leads to significantly accelerated
cyclization. (C) Reevaluation of the albA sequence reveals an alternative start codon upstream of the reported start. Translation
from the alternative start codon would yield an AIbA-L protein that also contains an N-terminal HTH motif followed by a
random coil, analogous to TipA. (D) RT-qPCR results demonstrating that exposure of K. pneumoniae to 1, but not 7 induces
albA transcription.
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It has been demonstrated in agar diffusion assays that when AIbA is pre-incubated with an
equimolar amount of albicidin, the remaining concentration of free albicidin is too small to
inhibit bacterial growth?. The same observation was made for the activity of DNA gyrase, the
albicidin target, in vitro®. Since the read-out of these experiments is compound-protein affinity,
we wondered if E.coli overexpressing AIbA would be resistant to albicidin. When we tested
E.coli BL21 over-expressing AIbA, we found the cells to be susceptible to 1 (Figure 4A). Since

20,21

Klebsiellae containing the al/bA4 gene are fully resistant to albicidin™", it thus appears highly

probable that additional factors are required for albicidin resistance.

2.5 Evolution of AIbA and evidence for a more efficient homolog in K.
pneumoniae

We aimed to understand how AlbA-mediated albicidin resistance had evolved and how widely
proteins that could potentially bind albicidin and related compounds are distributed amongst
sequenced proteobacteria. A search of the non-redundant database for AIbA homologs returned
1,906 sequences from beta-, gamma-, and delta-proteobacteria, all of which were annotated as
mercuric ion resistance (MerR) family transcription regulators. Next, we used the AlbA-
albicidin complex structure to define the residues in direct contact with albicidin and how each
of these residues could be varied to still allow albicidin binding. This contact pattern (Figure
S21) was then used to filter the obtained homologs. Phylogenetic analysis reveals that this
pattern can occasionally be found in Klebsiella and Enterobacter species, as well as in several
closely related sequences from Raoultella, Kosakonia, Kluyvera, Escherichia,
Pseudoescherichia, and Leclercia spp.. The distribution of the relevant sequences in the
phylogenetic tree (Figure S22) suggests that in K/ebsiella and Enterobacter the pattern evolved
on several independent occasions, whereas in Rauoltella, Kosakonia, Kluyvera, Escherichia,
Pseudoescherichia, and Leclercia, close homology coupled with the virtual omnipresence of
sequences containing the contact pattern suggests introduction of the protein into these species
via horizontal gene transfer as a means of resistance against albicidin. Additionally, the
Raoultella branch is embedded into the Klebsiella branch, which suggests Klebsiella as the
source of the horizontal gene transfer into Raoultella. For other species, the phylogeny is not

well resolved at the branching point, so the source of the transfer is more difficult to pinpoint.

Since AlbA was originally discovered in K. oxytoca, we had a closer look at the evolution of
AIbA in Klebsiellae as a whole. When searching for AIbA homologs in publicly available whole

genome sequencing data and filtering identical sequences, two clades of AIbA were found: One
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group, consisting mostly of K. oxytoca and K. michiganensis strains, is currently comprised of
36 sequences with no less than 90 % homology to AlIbA. These sequences contain no variations
in the residues making contact with albicidin. The second group contains 129 sequences that
are all 77 £ 2 % identical to AlbA and is found mainly in K. pneumoniae, K. variicola, and K.
quasipneumoniae. These sequences contain a single point mutation in the residues contacting
albicidin. Here, the M131 residue, which has been identified by us as critical to shield the
intermediate 2 from water, is mutated to either Q (most cases) or K (some instances). The
exchange of M131 to a hydrophilic residue opened the possibility that these AIbA homologs
would behave in a manner similar to AIbAM!3!A. We therefore introduced the point mutations
MI131Q and MI131K into AlbAw: and analyzed the effects of these mutations on albicidin
cyclization. Both mutants promoted much faster cyclization of albicidin than the wild-type
protein (Figure 4B), with the lysin mutant being faster than the glutamine mutant. When the
more prevalent mutant M131Q was used at sub-stoichiometric concentrations it showed faster
cyclization than AlbAy: (Figure S23). Interestingly, we did not observe the same effect of pH
on AIbAMBIQ a5 AlbA, which may suggest that the glutamine now acts as a specific base to
promote the reaction (Figure S23). We were curious whether these mutations altered the
behavior of AIbA enough to now allow AIbA to protect cells from albicidin. When we tested
E.coli over-expressing AIbAM31Q or AIbAMBIK we found the M131Q mutation to have no
effect on the minimum inhibitory concentration (MIC) of albicidin. In stark contrast, cells
overexpressing the M131K mutant were fully resistant to albicidin (Figure 4A). Whether this
is a direct function of cyclization or involves additional factors will require further study. It thus
appears as if a version of AlbA that is more efficient at protecting cells from albicidin already
preexists in the microbial community and may be passed on to critical human pathogens via
horizontal gene transfer. In fact, several instances of this point mutation can be found in AIbA

homologs present in E. coli.

2.6 AlbA defines a new TipA-like family

One characteristic of the AIbA homologs from both clades described above was prominent:
Virtually all possess an N-terminal extension when compared to AIbA. This extension has
homology to known HTH DNA-binding domains of transcription factors and is followed by a
coiled-coil region, after which homology to AIbA begins. The basic architecture of these AIbA
homologs therefore resembles that of the autoregulatory TipA system, with a substrate binding

domain that has been extended through internal gene duplication. A closer look at AIbA reveals
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the existence of an alternative in-frame start codon that would lead to an N-terminal extension
by a HTH-domain, followed by a coiled-coil region (Figure 4C). This observation was also
noted by Rostock and colleagues?® and implies that the original annotation of the AIbA gene is
incomplete. Analogously to TipA, two versions of AIbA may exist in cells: AIbA-L, capable of
driving transcriptional events after binding to albicidin and AIbA-S/AlbAw:, which removes
free albicidin from cells (Figure 4C). In the TipA system, the S version is expressed at a > 20-
fold excess when compared to the L version, presumably because far fewer DNA-binding
protein copies (TipA-L) are required than those simply neutralizing the thiopeptide antibiotics
(TipA-S)!". Interestingly, in the work describing the discovery of AlbA, it was noted that the
minimal DNA fragment providing albicidin resistance contained two gene products, which
appeared to be under the control of one promotor'®. They were believed to be two different
proteins, but their relative abundance roughly reflected the 1 : 20 ratio observed for TipA-L and
TipA-S and their molecular weights are in agreement with the predicted molecular weight of
AIbA-L and the observed molecular weight of AIbA-S!8. If this hypothesis were correct,
exposure of albA-positive bacteria to albicidin would be expected to induce transcription of
AlbA. We thus treated albA-positive K. pneumoniae, which are fully resistant to albicidin and
harbor the M131Q mutation, with albicidin and analyzed the transcription levels of AIbA-L and
AlbA-S by RT-qPCR at different time-points (Figure 4D). 10 min after exposure, virtually no
change in AlbA transcription levels was detected, while transcription was upregulated ~ 60-fold
90 min after the addition of albicidin. After 4 h, transcription levels were upregulated ~3000-
fold, indicating a very strong response to albicidin. These data suggest that AIbA acts in a
manner similar to TipA, where binding of the effector molecule triggers protein expression of

the effector-binding protein.

Since TipA is able to bind structurally diverse thiopeptides, we wondered if AlbA: is also able
to bind other compounds, in particular cystobactamid. The Kp of AlbAy: for an albicidin
derivative with cystobactamid-like features (5, Figure S24) was reported as 14 nM based on a
fluorescene quenching assay®. Yet despite this tight interaction, the antibacterial effects of 5
were not neutralized by AlbA in agar diffusion assays and 5 did not stabilize AIbA in NMR
experiments®®. SPR experiments using 7 and AlbA suggest a Kp in the low pM range (Figure
S25), which may reconcile affinity with NMR data and agar diffusion assay results. To probe
the effect of AlbAw: on 7, we incubated it with protein to investigate if AlbAw:, AIbAT"Y,
AIbAMBIA or AIbAMBIQ were able to also promote the cyclization of cystobactamid (convert
the central B-methoxy-asparagine into an aspartimide). Even after extensive incubation times
at 37 °C, we did not observe any modification of cystobactamid (Figure S25). When comparing
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the MICs of 1 and 7 for E.coli BL21 and E.coli BL21 overexpressing AlbAw:, we found no
difference, perhaps because the cells were extremely sensitive to both compounds (Figure 4A).
The M131K mutant also provided protection against 7, but not to the same extent as against 1
(Figure 4A). Since albA-containing K. pneumoniae have an MIC against both compounds of >
64 ng mL!, we investigated bacterial growth after addition of either 1 or 7 . While cultures
continued to grow, only 7, but not 1, had a statistically significant negative effect on bacterial
growth (Figure S25). Finally, we tested whether 7 was also able to induce an increase in AIbA
copy numbers in K. pneumoniae by RT-qPCR. In striking contrast to 1, cystobactamid 919-2
was unable to increase albA RNA copy numbers, even 4 h after the addition of compound
(Figure 4D). These data hint that binding of 7 is insufficient to cause the dimerization of AIbA-
L and thus drive transcription of the a/b4 gene. We modelled the interaction of 7 and AlbAw: to
rationalize the differences in binding between the two compounds (Figure S24). Which AIbA-
independent resistance mechanism is employed by K. preumoniae to protect against

cystobactamid will require further study.

The internal gene duplication of the TipA-S-like antibiotic binding domain changes the
architecture of the protein to allow binding of extended, hydrophobic antibiotics in a binding
tunnel. This raises the question how wide-spread this new architecture actually is. When we
analyzed all > 3000 UniProt sequences listed in Pfam as containing TipA, we found that the
duplication of the TipA-S region has occurred exactly twice in the evolution of this family
(Figure S26). One branch contains AlbA and related sequences, which are a colorful mixture of
beta- and gamma-proteobacteria and enterobacteria. Overall, this branch contains an assortment
of TipA sequences with and without the internal gene duplication. Curiously, the second branch
is very compact and contains exclusively TipA-like proteins with a duplication of TipA-S. All
of these sequences are from Clostridiae, including C. botulinum, and part of a larger
Clostridium branch (Figure S26). They belong to the larger family of MerR-type transcriptional
regulators and also encode an N-terminal HTH domain, followed by a coiled-coil region,
reflecting the TipA and AIbA architecture. It is completely unclear which extended,
hydrophobic natural product is bound by the proteins belonging to the second branch, or which

transcriptional events are triggered in Clostridiae upon exposure.

3 Discussion

The vast majority of currently used antibiotics have been isolated from microorganisms and

modified for clinical application. From an evolutionary standpoint it is intuitive to search in this
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space — microbes have evolved to secure and defend their ecological niche from other microbes,
often using antibiotics as chemical weapons. But this also poses an inherent problem: if an
antibiotic has been used for eons, it is only logical that defense strategies — antibiotic resistance
—have also evolved. These resistance mechanisms then preexist in the microbial population and
can be disseminated if a particular antibiotic finds broad use, for example in human antibiotic
therapy. To circumvent this problem, rational compound design is required, which relies on a
detailed understanding of these mechanisms of resistance. In determining the structure of AIbA,
we sought to enable the design of compounds circumventing AlbA-mediated resistance.
Unexpectedly, the structure revealed AIbA to be a member of the TipA family of multi-drug
resistance autoregulatory systems. Consequently, the AIbA gene was reevaluated and an
alternative upstream start codon found, which may give rise to AIbA-L and AIbA-S analogously
to TipA. What transcriptional events may be controlled by AIbA-L will require further study. It
is unclear if AlbA itself is a multi-drug resistance protein or merely evolved from such a system,
since the AIbA system is not induced by the related cystobactamid. However, the observation
that the internal gene duplication of the effector binding site leads to a complete change in
binding-site architecture and provides a new antibiotic binding scaffold highlights the

adaptability of antibiotic resistance mechanisms.

TipA is able to form a covalent complex with diverse thiopeptide antibiotics, which sequesters
them from the cytoplasm and thus inactivates them. AIbA is unable to form a covalent bond
with albicidin, but forms an exceptionally stable complex®! from which albicidin dissociates
very slowly. In addition, we discovered that AIbA promotes the cyclization of albicidin, which
leads to a loss of activity and decreased affinity. The mechanism of very tight binding combined
with slow chemical modification may also be beneficial for transcriptional control, since it
allows elevated transcription to cede once exposure to albicidin is stopped. In AlbA, the
combination of high-affinity binding with chemical modification may be a way to approximate
the beneficial effect of the covalent TipA-thiopeptide bond. It also opens the possibility of
acquired AIbA mutations, which lead to faster cyclization of albicidin and in turn a lower
energetic burden on cells, since only sub-stoichiometric quantities of AlbA-S would then be
required. A first step in that direction may be the M131K mutation observed in K. pneumoniae.
This underscores the importance of investigating resistance mechanisms in detail to accelerate

the developments of new antibiotics circumventing pre-existing resistance mechanisms.
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4 Supplementary Information

4.1 Methods

4.1.1 Cloning and mutagenesis

AlbAwt was cloned from genomic DNA (K. oxytoca) into pHiSSUMOTEV, which was a gift
from Dr. Huanting Liu (University of St. Andrews). Point mutations were designed using the
overlap extension method after which the PCR products were cloned into the same vector as
AlbAwt. The resulting protein expression plasmids were verified by enzyme restriction
digestion and DNA sequencing before being transformed into E. coli BL21 (DE3) or Rosetta™
(DE3).

4.1.2 Protein expression and purification

A single colony was picked into LB liquid medium containing the appropriate antibiotics (50
ug / mL Kanamycin and / or 34 ug / mL Chloramphenicol) to make an overnight culture. The
overnight culture was inoculated 1 to 100 into fresh LB medium supplemented with antibiotics
and was grown at 37 °C until the optical density (ODs0o) reached 0.6; protein expression was
then induced by the addition of 1 mM IPTG and the cells grown at 16 °C overnight. -
Selenomethionine-labelled (SeMet) protein was expressed E. coli BL2l (DE3) cells grown in
minimal medium supplemented with glucose-free nutrient mix (Molecular Dimensions), 50 ug
/ mL Kanamycin and 5 % glycerol. This medium was inoculated with overnight culture grown
in LB medium, which was washed three times in minimal medium. After 15 min growth at 37
°C, 60 mg / mL of _-Selenomethionine was added and the culture was grown until the ODeoo
reached 0.6, when 100 mg / mL each of lysine, phenylalanine, threonine and 50 mg / mL each
of isoleucine and valine were added. After addition of amino acids, the culture was grown for
an additional 20 min 37 °C, after which expression was induced by addition of ImM IPTG and
the cells were grown at 16 °C for 24 h. Cells were harvested by centrifuging the culture at 6,000
x g at 4 °C for 15 min and the cell pellets frozen at -80 °C.

The cell pellets were resuspended in lysis buffer (20 mM Tris pH 8.0, 200 mM NaCl, 20 mM
imidazole, 10 % glycerol (w/v) and 3 mM DTT) supplemented with 0.4 mg DNAse per gram
of wet cell pellet and cOmplete EDTA-free protease-inhibitor tablets (Roche). The cells were
lysed by sonication and cell debris removed by centrifugation (40,000 x g, 4 °C, 20 min). The
supernatant was loaded onto a pre-equilibrated (lysis buffer) 5 mL Histrap HP column (GE

healthcare) and was washed with 20 column volumes of lysis buffer. The protein was eluted
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from the column with 250 mM imidazole and then passed over a desalting column (Desalt
16/10, GE healthcare) to change the buffer back to lysis buffer. Tobacco etch virus (TEV)
protease was added to the protein at a mass-to-mass ratio of 1:10 and incubated at 4 °C for 12
h to cleave the His-Sumo tag. Digested protein was then passed over second Histrap HP column,
and the flow through was collected and loaded onto a gel filtration column (HiLoad 16/600
Superdex 200 pg, GE healthcare) preequilibrated in 10 mM HEPES pH 7.5. The fractions of
the highest purity were pooled together and concentrated to 10 mg mL™,

4.1.3 Crystallization and structure determination

Crystals of SeMet-AlbAw:, AIbA™V, AlbA-albicidin and AlbAM3A-albicidin complex were
obtained at 18 °C in 0.2 - 0.4 M ammonium sulfate 0.8 - 1.2 M lithium sulfate and 0.1 M sodium
citrate tribasic. The protein concentration used for crystallization was 10 mg mL* and the final
pH of the crystallization condition was 7.0. For complex crystallization, AIbA was incubated
with excess albicidin (ImM) on ice overnight. Crystals appeared after four days and were
allowed to grow for six additional days. The crystals were cryoprotected in mother liquor
supplemented with 35 % sucrose and flash cooled in liquid nitrogen. Data was collected at
ESRF (Beamline: 1D29 and ID23-1). To solve the AlbAw structure, a single-wavelength
anomalous dispersion (SAD) data set was collected at the Se K absorption edge. Data were
processed using Xia2 and the structures were solved using AutoSol from the PHENIX®®
crystallography suite. The models were manually rebuilt in COOT?3® and refined using
PHENIX®® and Refmac5%’. The structures were validated using MolProbity®, and all images
presented were created using PyMOL (The PyMOL Molecular Graphics System, Version 2.0

Schrodinger, LLC.). Interaction diagrams were created using Ligplot®.

4.1.4 Affinity measurements

All surface plasmon resonance (SPR) experiments were performed on a Biacore X100 system
(GE Healthcare). AlbAw: with a His-SUMO-tag was coupled on CM5 sensor chips (GE
Healthcare) by the amine coupling method using the amine coupling kit from GE Healthcare.
The optimal coupling conditions were determined using the pH scouting procedure. AlbAw: in
10 mM NaAc, pH 4.0, at a concentration of 25 ug / mL was used for coupling and the contact
time was adjusted to achieve roughly ~ 8000 relative response units (RU) coupled protein. The
SPR running conditions were: 1 x HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NacCl, 3
mM EDTA and 0.005 % v / v Tween 20) with an association and dissociation time of 180 s and
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600 s, respectively. The stock solutions of albicidin and compound 3 were prepared in the HBS-
EP buffer and diluted to different concentrations by two-fold serial dilutions. Data analysis and
curve fitting was performed using the Biacore evaluation software (Version 2.0.1, GE) using

the kinetic model and 1:1 binding.

4.1.5 MS and MS? analyses

LC-MS was performed on a Dionex Ultimate 3000 RSLC system using BEH C18 column (100
mm x 2.1 mm, 1.7 um) equipped with a C18 precolumn (Waters). Solvent A was H>O
containing 0.1% formic acid, and solvent B was acetonitrile containing 0.1 % formic acid.
Gradient: 0-2.5 min, 5-35 % B; 2.5-5.5 min, 35-42.5 % B; 42.5-95 % B, 5.5-6.0 min or O-
0.5 min, 5% B; 0.5 - 18.5 min, 5—95% B; 18.5 — 20.5 min, 95% B; 20.5 — 21 min, 95 — 5% B;
21-22.5 min, 5% B. After a 2 min step at 95 % B the system was re-quilibrated to the initial
conditions (5 % B). UV spectrum was recorded by a DAD in the range from 200 to 600 nm.
MS was performed using either an amaZon speed or maXis-2 UHR-TOF mass spectrometer
(both Bruker Daltonics). For amaZon, the LC flow was split 1:8 before entering the mass
spectrometer using the Apollo ESI source. The following conditions were used: capillary
voltage 4500 V, temperature 300 °C, dry-gas flow rate 10 L/min and nebulizer 30 psi. Data was
recorded in the mass range from 250 to 2500 m/z.

For maXis, the LC flow was split 1:8 before entering the mass spectrometer using the Apollo
ESI source. The following conditions were used: capillary voltage 4000 V, temperature
200 °C, dry-gas flow rate 5 L/min and nebulizer 14.5 psi. The generated ions were trapped in
the collision cell for 100 ms and then transferred to within 10 ms through the hexapole into the

ICR cell. Data was recorded in the mass range from 150 to 2500 m/z.

4.2 Biochemical assays

For all biochemical assays AlbAw: and mutants were used at 100 UM and an equimolar amount
of albicidin or cystobactamid 919-2 was used unless otherwise indicated. Incubations were
carried out in PBS at 37 °C with a final DMSO concentration of 0.4 %. For large scale
conversion of albicidin for biological testing of 3, albicidin (400 ug) was incubated with an
equimolar amount of AIbATY or AIbAMIR at 37 °C for 3 days. The protein was precipitated
by acetonitrile and the succinimide 3 was purified by RP-HPLC (XBridge® Peptide BEH™
CSH Ci1s OBD Prep Column, 130 A, 5 um, 10 mm x 250 mm, 1/pkg) using a linear gradient
from 95 % A (H20, 0.1 % formic acid) to 95 % B (acetonitrile, 0.1 % formic acid) over 40 min.
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4.3 Testing of biological activity

MIC values of albicidin and 3 against E. coli (DSM1116), S. aureus (Newman), B. subtilis
(DSM10) and M.leuteus (DSM1790) were determined following the European Society of
Clinical Microbiology and Infectious Diseases (EUCAST) guidelines.

4.4 Determining MIC values for AlbA-overexpressing E.coli

Overnight cultures of E. coli BL2I (DE3) transformed with expression plasmids for AlbAuwt,
AlbAMBIK AIpABLQ (see protein expression and purification) and an empty pHisTEV-SUMO
plasmid were inoculated 1 to 100 into fresh LB medium supplemented with antibiotic and
grown at 37° C until the optical density at a wavelength of 600 nm (ODsoo) reached 0.6. Protein
expression was then induced by the addition of 1 mM IPTG and the cells were grown at 28 °C
for 3 hours. MIC values were then determined in medium supplemented with Kanamycin (50
pg/mL) and IPTG (1 mM) following the European Society of Clinical Microbiology and
Infectious Diseases (EUCAST) guidelines.

4.5 Growth curves

K. pneumoniae DSM30104 culture was prepared in Mueller Hinton Broth medium and
incubated at 37 °C with shaking (180 rpm) for 16 h. Growth was determined in presence of
cystobactamid 919-2 (64 ug/mL), albicidin (64 pg/mL) and ciprofloxacin (6.4 pg/mL). Start

ODs0o Was adjusted to 0.05 and measurements were done at designated timepoints.

46 RT-gPCR
46.1 RNA extraction

An overnight culture of K. pneumoniae DSM30104 was incubated at 37 °C on a rotary shaker.
The following day the culture was split in three parts: (i) non-treated culture, (ii) exposure to
10 pg/mL albicidin and (iii) exposure to 10 pug/mL cystobactamid 919-2. Sampling for RNA
extraction was done at 0, 90 and 240 min after exposure for all three. Total RNA was isolated
from 5 mL cultures. Liquid cultures were centrifuged at 8000 rpm for 10 min. Supernatant was
discarded and 4 mL of hot NAE-phenol was added to the pellet followed by a 5 min incubation
at 60 °C. Next 4 mL of hot NAES buffer was added followed by a 5 min incubation at 60 °C
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and 5 min incubation on ice. The mixture was centrifuged at 4 °C and 8000 rpm for 10 min,
water phase was transferred to Phase Lock Gel Light 15-mL tubes (5Prime), 4 mL of
phenol:chloroform (6:1) was added and the tubes were inverted for 2 min followed by
centrifugation at 4 °C and 8000 rpm for 10 min. This step was repeated twice. RNA
precipitation was done with 4 mL ice cold isopropanol and 400 pL 3 M Na-Acetate (pH 5.1)
overnight at -20°. Next morning the mixture was centrifuged at 4 °C and 8000 rpm for 40 min,
supernatant was discarded and the pellet was washed with 70 % EtOH followed by a drying
step in the exsiccator. Finally, the pellet was resuspended in 500 pL of DEPC water.
Resuspended RNA was subjected to DNase I digestion according to manufacturer’s protocol
(NEB). To obtain higher purity of the RNA samples, we used the miRNAeasy Mini Kit
(Qiagen) according to manufacturer’s protocol. Concentration and purity of RNA samples was

determined with a NanoDrop spectrophotometer ND-1000 (Thermo Scientific).

4.6.2 cDNA synthesis

1 pg of RNA was used for synthesis of cDNA with Revert Aid Premium (Thermo Scientific) according

to manufacturer’s protocol.

4.6.3 Quantitative real-time PCR

Amplification of 23s RNA, AIbA-L and AIbA-S was carried out using GoTaq gPCR MasterMix
(Promega) according to maufacturer’s protocol in triplicate runs with primers 523s, 323s, 5L, 3L, 5S
and 3S:

5L GATAGATACGCTCAACGCC
3L TCCAGATCGGGTTCATTGC
58 GCAATCATCGCCTATATCACC
3S CTGTAGCCGGTCAAAATAGTG
523s TTACGCTTTGGGAGGAGAC
323s AGCCAACCTTGAAATACCAC

PeqStar 96Q was used for quantification of cDNA and 23s RNA (housekeeping) gene was used to
normalize the data. Cycling conditions were as follows: (i) hold stage 2 min at 95 °C; (ii) PCR stage 40
cycles of 15 s at 95 °C followed by 1 min at 50 °C; (iii) melting stage 15 s at 95 °C, 1 min at 60 °C and
15 s at 95 °C. Control reactions without cDNA were included to serve as no-template control.
Comparative threshold cycle (AAC:) method was used to determine relative mRNA quantity with 23S

rRNA normalization.
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4.7 Phylogenetic analysis

Homologs of AIbA were collected using BLAST#® with default parameters searching in the non-
redundant protein database, and additionally in the translated databases of whole genome sequencing
experiments for eight bacterial genera that contain human pathogens: Acitnetobacter, Bacillus,
Burkholderia, Cronobacter, Enterobacter, Escherichia, Pseudomonas, and Streptococcus. Sequences
were aligned with MAFFT#, and phylogenetic trees were reconstructed using RAXML* under the
GTR+Gamma substitution model.

4.8 Synthesis of albicidin

Commercially available reagents and solvents were used as supplied. All reactions were
performed in oven-dried glassware under an atmosphere of nitrogen gas unless otherwise stated.
NMR spectra were recorded using a Bruker Advance-111 HD 500 MHz or Bruker Advance-III
HD 700 MHz spectrometer. Multiplicities are described using the following abbreviations: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad signal. Chemical shift
values of *H and *3C NMR spectra are commonly reported as values in ppm relative to residual
solvent signal as internal standard.

High resolution mass spectra were recorded on a Bruker maXis HD spectrometer using negative
electrospray ionization (ESI).

LCMS measurements were performed using a Agilent technologies 1200 series (LC) coupled
to Bruker amaZon SL (ion trap MS) using a Gemini-NX 3u C18 110A 50x2.0 mm column (for
Marfey’s method), or on Agilent technologies 1260 Infinity 11 (LC) coupled to Agilent
technologies 6130 a (quadrupol MS) using an Agilent poroshell 120 SB-C18 2.7 pum 2.1x30
mm column (for reaction monitoring).

Analytical thin-layer chromatography was performed using pre-coated silica gel 60 F2s4 plates
(Merck, Darmstadt) and the spots were visualized with UV light at 254 nm or alternatively by
staining with potassium permanganate or cerium sulfate.

Chromatographic separations were performed by automated flash chromatography using Grace
Reveleris® X2 flash chromatography system or via flash chromatography using silica gel 60M
MACHEREY-NAGEL (0.040-0.063 mm; 230-400 mesh).

Preparative reversed phase high performance liquid chromatography (HPLC) was carried out
with a Thermo Scientific Dionex (UltiMate 3000 HPLC system) with a Phenomenex Gemini,

5u, C18, 110A, 250x21.20 mm, 5 um. The collected fractions were lyophilized after their
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identity and purity was verified by LCMS. Freezedrying was done using LYO Christ alpha 1-
4 coupled to high vacuum oil pump.

Albicidin was synthesized using the reported experimental procedures?®. The analytical
characterization of the last intermediates of the synthesis is given:

\\_\ 1

A OH

H 2 N
" H
° N
OAIIyI BTC collidine
OAIIyI
OAllyl
\(j'r Allyl ~0

OAllyl

OAIIyI

OAllyl
Pd(PPh3)4 PhSiH

Scheme 3: last synthetic steps for albicidin.

Allyl protected albicidin (12)

Chemical Formula: C5gHg4NgO 142
Exact Mass: 1002,38

Carboxylic acid 11 (205 mg, 0.94 mmol) and BTC (91 mg, 0.31 mmol) were dissolved in THF
(16 mL) under a N2 atmosphere and cooled to 0°C, followed by drop wise addition of 2,4,6-

ZT Z

Allyl OAIIyI

o)
OAllyl

collidine (0.285 mL, 2.16 mmol). The reaction was stirred for 20 min and then added to a
solution of amine 10 (215 mg, 0.27 mmol) and DiPEA (0.47 mL, 2.70 mmol) in THF (16 mL)
cooled to 0°C. The reaction was stirred for 3 hours and quenched with water. The solvent was
partially reduced under vacuum and then diluted with EtOAc (100 mL) and HCI 1 N (100 mL),
the organic phase was washed with NaHCO3 saturated solution (100 mL) and brine (100 mL),
was dried over sodium sulphate and reduced under vacuum. The reaction crude was purified on
silica gel with a gradient 0-2% MeOH in DCM, to give 250 mg of a pale yellow solid (0.25
mmol, y= 93%).

'H NMR (500 MHz, DMSO) & 10.66 (s, 1H), 10.58 (s, 1H), 10.15 (s, 1H), 9.69 (s, 1H), 9.03
(d,J=7.7 Hz, 1H), 8.33 (d, J = 8.8 Hz, 1H), 8.00 (d, J = 8.6 Hz, 2H), 7.93 (dd, J = 8.7, 3.4 Hz,
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3H), 7.86 (d, J = 8.7 Hz, 2H), 7.81 (dd, J = 8.7, 3.4 Hz, 3H), 7.57 (d, J = 8.8 Hz, 1H), 7.46 (d,
J =8.7 Hz, 2H), 7.31 (s, 1H), 7.04 (d, J = 8.7 Hz, 2H), 6.19 — 5.97 (m, 4H), 5.47 — 5.34 (m,
4H), 5.34 — 5.20 (m, 4H), 4.99 (dd, J = 13.7, 8.0 Hz, 1H), 4.79 (dd, J = 15.3, 5.7 Hz, 4H), 4.58
(dd, J = 37.4, 5.4 Hz, 4H), 3.93 (s, 3H), 3.92 (s, 3H), 3.12 (ddd, J = 25.7, 16.9, 7.1 Hz, 2H),
2.13 (s, 3H).

13C NMR (126 MHz, DMSO) & 169.23, 168.69, 166.63, 165.32, 164.94, 162.89, 158.48,
151.58, 150.06, 144.85, 143.12, 142.97, 142.42, 137.03, 136.99, 134.45, 134.04, 133.89,
133.17, 133.12, 131.58, 131.09, 129.29, 128.85, 128.74, 128.21, 126.77, 125.96, 123.30,
120.75, 120.65, 119.63, 119.42, 119.22, 118.62, 118.33, 118.11, 115.31, 115.16, 75.61, 75.03,
68.69, 65.58, 61.50, 61.38, 51.08, 20.46, 14.98.

HRMS (ESI-): m/z for CssHs3NeO12 [M-H] : calculated: 1001.3727, found: 1001.3736.

Albicidin (1)

//N
N H
H H
N
HO
(@) OH

Chemical Formula: C44H33NgO 15
Exact Mass: 842,25

Allyl protected albicidin (12) (110 mg, 0.11 mmol) was dissolved in THF (11 mL) under a N>
atmosphere, to this solution phenyl silane (122 pL, 0.99 mmol) and palladium tetrakis (63 mg,
0.055 mmol) were added and the reaction was stirred at room temperature for 23 hours.

The solvent was reduced under vacuum, the crude was dissolved in DMSO (12 mL) and acetic
acetic acid (3 mL). The product was purified in several runs by preparative reversed-phase
HPLC using a gradient 40-95% of CH3CN +0.1% TFA in water +0.1% TFA to afford 43 mg
of desired compound (0.25 mmol, y= 46%).

H NMR (700 MHz, DMSO0) & 13.92 (br, 1H), 11.59 (br, 1H), 11.52 (s, 1H), 11.17 (s, 1H),
10.57 (s, 1H), 10.10 (s, 1H), 9.76 (s, 1H), 9.69 (s, 1H), 9.01 (d, J = 7.7 Hz, 1H), 8.05 (d, J = 8.9
Hz, 1H), 7.99 (d, J = 8.8 Hz, 2H), 7.92 (d, J = 8.8 Hz, 2H), 7.87 — 7.83 (m, 2H), 7.80 (dd, J =
12.2, 8.8 Hz, 3H), 7.58 (dd, J = 13.1, 8.8 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 7.27 (s, 1H), 6.86
—6.82 (m, 2H), 4.99 (td, J = 8.2, 5.5 Hz, 1H), 3.92 (s, 3H), 3.78 (s, 3H), 3.15 (dd, J = 16.9, 5.4
Hz, 1H), 3.07 (dd, J = 16.9, 8.9 Hz, 1H), 2.12 (d, J = 1.3 Hz, 3H).
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13C NMR (176 MHz, DMSO) & 172.01, 168.86, 168.19, 166.14, 164.84, 163.30, 157.52,
154.36, 149.69, 142.70, 141.85, 140.24, 137.88, 136.10, 135.92, 133.89, 131.28, 129.50,
128.98, 128.78, 128.34, 127.65, 126.53, 125.69, 125.47, 119.10, 118.92, 118.19, 116.22,
115.37, 114.92, 110.27, 108.95, 60.52, 60.20, 50.58, 19.97, 14.51.

HRMS (ESI-): m/z for C44H37NsO12 [M-H]": calculated: 841.2475, found: 841.2475.

4.9 NMR spectra

4.9.1 Allyl protected albicidin

gte14_6726'1°1
GT2_227 DM$0

@ i
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b/2& 4 z 3 3 T8 2R53l9¢WY 195S335388 ILLI]RNRRITBFE 2npLesss

B &
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Chemical Formula: CsgHs4NgO12
Exact Mass: 1002,38
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Figure S1: Cartoon representation of AlbAw (blue) aligned with two copies of ligand-bound TipA-S (PDB ID 2mcO, yellow
and orange). The C RMSD between AlbA and the yellow copy of TipA-S was 3.7 A, while the C. RMSD between AlbA and the
orange copy of TipA-S was 3.9 A.

Figure S2: Cartoon representation of AlbAwt using the rainbow color scheme (N-terminus blue, C-terminus red). The putative
substrate binding tunnel (grey) was identified using the Caver 3.0.1 plug-in for PyMol. The tunnel volume was calculated as

approximately 700 A3,
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Figure S3: Cartoon representation of a-helices 11 and 13 as well as 11’ and 13’ from AlbAw (green and blue) with the
corresponding helices from TipA-S (PDB ID 2mc0, cyan and light blue). In AlbAw, the helices are no longer in close proximity
and parallel, but spread apart to create the substrate binding tunnel.

Figure S4: Superposition of the AlbAwt structure with (blue) and without (grey) albicidin bound. Changes in the overall
structure of the protein are minimal (Rmsd of 0.8 A over all non-hydrogen atoms).
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Figure S5: (A) Stick representation of 2 (Atom colors: carbon black, nitrogen blue, oxygen red) and the corresponding
difference electron density map (grey isomesh). The difference electron density (Fo — Fc) was contoured at 3o with phases
calculated from a model which was refined with no 2 present. (B) Same as A4, but polder map of the ligand contoured at So.

(C) Same as A, but the data published by Rostock et al. was used (PDB 6et8). As can be seen, 1 does not fit the electron density.
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Figure S6: LigPlot diagram of the interactions between AlbAw and albicidin. Albicidin is almost completely buried in the AlbA
tunnel and engages in extensive hydrophobic interactions. Several residues identified previously as important for albicidin
binding through an alanine scan are in fact in contact with albicidin, but they are also part of the hydrophobic core of AlbA.
It is thus unclear how specific the observed effects were. In addition to the hydrophobic interactions, AlbA and albicidin form
a salt-bridge and several hydrogen bonds, all mediated by side-chains. The carbonyl oxygen O13 (numbering in Figure 2B)
forms a hydrogen bond with H78, while N75 is a bidentate ligand, forming hydrogen bonds with NH21 (immediately adjacent
to the five-membered ring) and 026 (part of the newly formed ring). The ketimine / ketone moiety (NH / 062) is hydrogen
bonded to T99, and the final interactions concern the terminal para-aminobenzoic acid unit. The side-chain of Y169 is
hydrogen-bonded to O56 (methylated m-oxygen), while Q205 and R181 form a hydrogen bond and salt bridge, respectively,
with the terminal carboxyl group. Albicidin bonds are grey, protein residue bonds blue. Atoms are represented as circles
(carbon black, oxygen red, nitrogen blue). Salt-bridges and hydrogen-bonds are shown as dashed green lines with distances
given. Hydrophobic interactions are depicted as red spoked arcs.
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Figure S13: (A) Time course of AlbAw incubated with albicidin at 37 °C ata 1 : 1 ratio. Time points are indicated and peaks
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the off-rate three times faster. These comparably small differences may be the main reason conversion of albicidin is slow.

158



A pH

Intens ] 1
ol A 5.5
Intens.:
10 3 ’/L 60
0]
Inlens._
100 § “ 65
0
Intens 3
100 3 ‘/\ 7.0
Inler?s.
o] A 7.5
0
Intens
100§ fk 80
50
Inler?sf
20 K 8.5
0
Intens.]
20 ] K 9.0
Inter?s.,
40 .0 (Tri
20 ab k 8.0 (Tris)
%0 65 7.0 75 8.0 8.5 9.0 95 10.0 10.5 Time [min]
pH
Intens 1
057 2 55
0.07 3
-0573
Intens:
PO G 0
-0.57
Intens.
23 4a 6.5
1 4b
04
Intens.
] j\ 7.0
01 M
Intens.
2] /\ 8.0
o] NN
Intens
507 j\ 8.5
257
0.0 L
Intens. ]
21 9.0
01 J J\\/L
6.0 6.'5 7.'0 7.'5 B.rO 8.r5 9.|0 9.‘5 1(;40 1(;.5 Time [min]
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elution volumes.

Figure S17: Comparison of the position and orientation of the side-chains AIbA™® (green, left) with AlbAw. The difference
electron density (Fo — Fc) for the V99 residue (grey isomesh) was contoured at 3o with phases calculated from a model which

was refined with a glycine in position 99.
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Figure S18: Time-course of the AIbA™®V-dependent cyclization of albicidin. LC-MS sampling points are indicated on the right.
After 16 h, almost all albicidin is consumed.
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Figure S19: (A) Cartoon representation of the overall structure of the AIbAM31A 3 complex (left, green). 3 is shown as sticks
(Atom colors: Carbon black, nitrogen blue, oxygen red). The difference electron density (Fo — Fc¢) was contoured at 3o with
phases calculated from a model which was refined with no 3 present and is shown as a grey isomesh. (B) Polder map of the
ligand contoured at 3o.
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Figure S20: (A) Surface representation of the AlbAw — albicidin complex structure (blue) with residues in contact with the
newly formed ketimine moiety highlighted (195 orange, T99 yellow, M131 brown. The transition state (4a/b) is modeled in
place of the ketimine moiety (grey sticks). In the wt protein 4a/b cannot form since it would clash with M131. (B) Same as left,
but based on the complex structure of AIbAM31A, Here the transition state between 2 and 3 does not clash with the protein and
could thus be formed while 2 is still bound to the protein. (C) Two ordered water molecules (red spheres) are placed in ideal

positions for nucleophilic attack on the ketimine carbon.

Figure S21: Analysis of the AlbA complex structure allowed the definition of a contact pattern. This includes the conservation
requirements for all residues in direct contact with albicidin.
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Figure S22: Phylogenetic analysis of AlbA-like sequences in publicly available genomes. A search of the non-redundant
database for AIbA homologs using default BLAST parameters returned 1,906 sequences from beta-, gamma-, and delta-
proteobacteria, all of which were annotated as mercuric ion resistance (MerR) family transcription regulators. Next, we the
contact pattern (Figure S23) to filter the obtained homologs. Phylogenetic analysis reveals that this pattern can occasionally
be found in Klebsiella and Enterobacter species, as well as in several closely related sequences from Raoultella, Kosakonia,
Kluyvera, Escherichia, Pseudoescherichia, and Leclercia spp.. The distribution of the relevant sequences in the phylogenetic
tree suggests that in Klebsiella and Enterobacter the pattern evolved on several independent occasions, whereas in Rauoltella,
Kosakonia, Kluyvera, Escherichia, Pseudoescherichia, and Leclercia, close homology coupled with the virtual omnipresence
of sequences containing the contact pattern suggests introduction of the protein into these species via horizontal gene transfer
as a means of resistance against albicidin. Additionally, the Raoultella branch is embedded into the Klebsiella branch, which
suggests Klebsiella as the source of the horizontal gene transfer into Raoultella. For other species, the phylogeny is not well
resolved at the branching point, so the source of the transfer is more difficult to pinpoint. Red stars indicate proteins with a
conserved contact pattern as defined in Figure S21. A vector graphic of this tree is also available separately online.
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Figure S23: (A) Comparison of the effects of AIbAMI31Q (top) and AlbAMI3IK (hottom) on albicidin. Protein and albicidin were
incubated for 16 h at 37 °C prior to LC-MS analysis. (B) pH-dependency of albicidin cyclization when incubated with

AlIbAMISIQ (C) AIbAMI3IR was incubated with albicidin at a 1:10 ratio and samples were taken every 24 h.
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Figure S24: (A) Model of AlbAw in complex with cystobactamid 919-2. Cystobactamid is shown as sticks (carbon atoms grey,
oxygen atoms red, nitrogen atoms blue, hydrogen atoms white) and clashes with the protein as red discs. Protein residues
responsible for the clashes are shown as cyan sticks and labeled, the protein is shown as a pale yellow cartoon. We used the
AlbAw-albicidin complex structure as a template to model an AlbA-cystobactamid 919-2 complex (Figure 4A). Overall,
cystobactamid fits quite well into the substrate binding tunnel. However, three cystobactamid-specific modifications lead to
severe clashes with the protein: The isopropoxy group of terminal PABA unit clashes severely with the side-chains of F166
and Y169 and lightly with the side-chain of W110. The second isopropoxy group does not clash as severely, but the side-chains
of L130 and W133 would have to move approximately 1 A for a reasonable fit. The central S-methoxy-asparagine linker clashes
severely with 195 and lightly with T99 owing to its S-methoxy group. Without g-methoxylation an orientation of the side-chain
with minimal clashes can be found. This implies that for compound optimization via medicinal chemistry bulky modifications
in these three positions could be used to evade AlbA-mediated resistance. Since the substrate binding tunnel runs through the
hydrophobic core of the protein, mutations in AlbA to counteract these modifications are possible but likely rare - spontaneous
complementary mutations would be required to maintain a functional protein. (B) Structure of the cystobactamid derivative
used by Rostock et al, lacking a hydroxy group in the position indicated by a red circle when compared to cystobactamid 919-
2.
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Figure S26: Distribution of the TipA-S duplication amongst all TipA sequences currently publicly available. In addition to the
AlbA clade one can find a closely related “TipA-TipA” protein family in Clostridiae.

Table S1: Data collection and refinement statistics (molecular replacement).

AlbAwt AlbAw albicidn AlbA T99V AlbA M131A
complex albicidin complex

Data collection
Space group P43212 c2221 P43212 c2221
Cell dimensions

a, b, c(A) 70.58 70.58 95.10 54.14 123.18 69.92 69.92 95.22  53.26 123.50 161.17

161.06

o, B,y (°) 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00  90.00 90.00 90.00

Resolution (A) 47.55-1.90 48.92 - 1.55 49.44 - 2.60 49.01-2.20
(1.94 - 1.90) (1.58 - 1.55) (2.71 - 2.60) (2.27 - 2.20)

Rmerge 0.050 (0.901) 0.041 (0.589) 0.113 (0.896) 0.117 (0.811)
1/l 18.3(2.0) 16.3(2.2) 12.7 (2.0) 7.5(2.7)
Completeness (%)  99.8 (100.00) 99.6 (99.9) 99.7 (98.2) 99.7 (99.8)
Redundancy 7.0 (7.1) 4.6 (4.7) 7.0 (6.8) 5.1(4.8)
Refinement
Resolution (A) 44.20-1.9 47.37 - 1.55 39.35 - 2.598 49.01-2.2
No. reflections 19504 (1906) 77989 (7724) 7698 (740) 27360 (2670)
Rwork / Rfree 0.1943/0.2065 0.1886 / 0.2073 0.2181/0.2576 0.2105/0.2399
No. atoms 1931 4146 1853 3766

Protein 1848 3571 1848 3540

Ligand/ion - 133 - 134

Water 83 442 5 92
B-factors 42.22 34.60 58.99 50.77

Protein 42.20 34.14 59.00 50.86

Ligand/ion - 32.08 - 51.41

Water 42.65 39.02 54.21 46.64

R.m.s. deviations
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Bond lengths 0.008 0.009
A
Bond angles (°) 1.16 1.03

0.005

0.93

0.013

1.25

Values in parentheses are for highest-resolution shell
Phasing of AlbA.: using Phenix Autosol:

Substructure search

No. of sites 15

Figure of merit 0.392

Overall score 52.52 +/- 8.22
Density modification

R-factor 0.3006

Map skew 0.21

Corr. Of local RMS density 0.84
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Chapter 5: Discussion

This thesis deals with two aspects of NP research, namely the biosynthesis of NPs and bacterial
defence strategies against them. The first half of the discussion is dedicated to the role of two
hydrolases, BotH and BotAH, found in the bottromycins BGCs; whereas the second half deals
with the autoregulatory resistance strategy used by Klebsiella oxytoca against a potent NP

antibacterial compound, albicidin.

1 Functional and Structural Characterization of BotAH and
BotH

Bottromycins have been identified as highly modified RiPPs with potent antibacterial activity'
8. Fortuitously, the identified mode of action of botrromycins differs from other known
antibiotics - bottromycins inhibit bacterial protein synthesis by binding to a novel target, the A
site of the prokaryotic 50S ribosome®*2. This novel target-site in conjunction with potent
antibacterial activity, which extends to MRSA and VRE, makes them an extremely attractive
target for antibiotic research®®. Nevertheless, progress has been hampered due to difficulties
associated with the chemical synthesis and derivatization of naturally occurring
bottromycins®4314, These problems can be overcome by large-scale, bottom-up engineering
approaches, which require an understanding of the underlying principles of bottromycin
biosynthesis'®. The identification of the gene cluster responsible for the biosynthesis of
bottromycins, followed by in vivo and/or in vitro functional characterization of these genes has
been a significant step forward in that direction®816-1%, However, the function of two genes,
botH and botAH, remained unclear. Therefore, in-depth structural and functional
characterization of these two proteins was carried out to facilitate a better understanding of their

role in the bottromycin pathway.

BotAH is a putative metallo-dependent amidohydrolase that based on gene deletion studies was
suggested to cooperate with BotCD to form the macrocycle®. However, in vitro studies
demonstrated that the absence of BotAH did not impede macrocyclization - BotCD alone was
sufficient to carry out this modification with no observable enhancement of enzymatic activity
upon addition of BotAH%° To resolve the apparent disparity between in vivo and in vitro
studies, BotAH was functionally and structurally characterized. The reported in vitro
characterization of BotAH clearly demonstrated that it is responsible for the removal of the

170



follower peptide and this activity required the presence of divalent metal ions. BotAH was also
shown to be highly selective for heterocyclized, macrocyclized intermediate, and therefore is
likely to act after BotC and BotCD in the bottromycin pathway. Moreover, once the follower
peptide has been removed by BotAH the macrocycle cannot be reopened by BotCD, placing
BotAH as the gatekeeper between the early and late-stage modification steps. This observation
helps to explain the previously suggested cooperative role of BotAH/CD in in vivo studies. The
knockout of BotAH most likely leads to an accumulation of heterocyclized, macrocyclized
intermediate that is acted upon by BotCD to reopen the macrocycle, thereby resulting in highly
similar mass spectral network reported for both BotAH and BotCD knockouts®. Taken together
the data presented here not only establishes the precise role of BotAH in bottromycin
biosynthesis, but also help rationalize the disparity between the in vitro and in vivo studies.

The reported crystal structure of BotAH sheds light on its substrate specificity and mechanism
of action. The structure revealed that BotAH belongs to the subtype | amidohydrolase family -
the binuclear metal centre embedded in the active site is ligated to the protein through
electrostatic interactions with the side chains of six amino acids (4 His, 1 Asp and 1 Lys).
Analogous to an amidohydrolase from the Escherichia coli, dihydroorotase (DHO), binding of
the peptide substrate to BotAH may be facilitated by the interaction of the carbonyl group of
the scissile peptide bond with the divalent ions. This interaction has been noted to polarize the
amide bond, thereby making the carbonyl carbon more electrophilic. Asp348, located in the
active site of BotAH, may then activate the nucleophilic water for the hydrolysis step. This role
of Asp348 as a general base is supported by the loss of activity observed for Asp348Asn
mutation. The nucleophilic attack results in the formation of an oxyanion that is stabilized by
as of yet unknown residues in the BotAH ligand binding site. It is worth mentioning that
somewhat different mechanisms have also been reported for other amidohydrolases, and
therefore in-depth mechanistic studies are warranted to fully understand the mechanism
employed by BotAH for the cleavage of follower peptide. In the BotAH structure an extended,
wide substrate-binding site is observed that is predicted to be suitable for binding both, the
heterocycle and macrocycle, explaining the observed in vitro preference for the heterocyclized
and macrocyclized substrate over only heterocyclized substrate. Moreover, this preference also
hints towards a mode of binding that may proceed via the interaction with the macrocycle acting
as an anchor to help position the peptide bond present between the heterocycle and the follower
peptide for hydrolysis. Future studies focusing on the relative stabilization effect of the
hydrolysis products on BotAH may better explain the mode of substrate binding. Interestingly,

171



the substrate binding site comprises of highly conserved residues, indicating that BotAH may
have evolved to specifically accept large cyclic peptides. In general, RiPP enzymes exhibit
relaxed substrate specificity, but in all the bottromycin BGCs identified to date (except for
bottromycin D) the core peptide sequence is fully conserved. To understand if this is a
consequence of stringent BotAH gatekeeping, the effect of single point mutations in the core
peptide of BotA on BotAH activity were tested. Data suggests that BotAH is promiscuous in
the context of single amino acid changes, but has high fidelity for macrocyclized and
heterocyclized substrates. This is not surprising given the highly conserved nature of the BotAH
substrate binding site. In the absence of a complex structure of BotAH with substrate it is
difficult to rationalize the role of each residue in substrate binding and recognition - this work
will certainly provide much needed insight into BotAH ligand promiscuity, and possibly extend

it further by protein reengineering.

With the function of BotAH established, focus was shifted towards the last remaining
uncharacterized hydrolase present in the bottromycins BCGs. The high-resolution structure of
BotH revealed it to be a member of the a/B-hydrolase (ABH) family. However, comparison of
BotH with its closest structural homolog (PDB: 2XUA) led to an interesting observation: the
active site residues are either mutated or missing in BotH, and this non-functional active site is
found in a large hydrophobic cavity that appeared to be suitable for binding to the BotAH
product. Concurrently, work on the enzymatic production of the substrate for BotCYP also
revealed that heterocyclized and macrocyclized-BotAH product undergoes slow spontaneous
epimerization (3a and 3b; 3a << 3b; page no. 72 & 94). The incubation of this substrate with
BotH resulted in a significant change in the relative abundance of the epimers (3a > 3b).
Marfey’s reagent and analysis using high-resolution LC-MS confirmed that 3a is D-Asp; this
epimer was subsequently shown in vivo to be the preferred substrate of BotCYP to carry out
oxidative decarboxylation of the heterocycle (Adam, S. and Franz, L.; unpublished work).
Therefore, these observations confirm the role of BotH in bottromycins biosynthesis as the

enzyme responsible for the epimerization of L- to D-Asp.

Among RiPPs, epimerization is best studied for lanthipeptides and proteusins®®?l, In
lanthipeptides it proceeds via a two-step process. The first step involves the formation of
dehydroalanine (Dha) or dehydrobutyrine (Dhb) - from either serine or threonine - as an
intermediate by a dehydratase???6, Usually the dehydrated intermediate undergoes

intramolecular Michael-type addition of Cys thiol by a cyclase that results in the inversion of
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the stereocenter?®212>27 However, a subclass of lantipeptides contains b-amino acids that are
formed by hydrogenation of Dha and/or Dhb?8-3°, In contrast to lanthipeptides, proteusins make
use of a radical-SAM enzymes for the conversion of L-Val, L-lle and L-Ala into their D-
configured counterparts®>*2. Since BotH shares no homology to any of these proteins, we also
solved the structure of BotH in complex with 3a, which sheds light on the mechanism behind
3 epimerization. In the absence of catalytic residues around Cq proton of Asp7 that may be
involved in proton abstraction or addition, a ligand-assisted deprotonation-protonation
mechanism has been proposed. The binding of 3b traps a water molecule within hydrogen bond
distance of the thiazoline nitrogen. In the complex structure of BotH and 3a, the carboxyl of
Asp7 is positioned such that it may serve as a base to abstract the C.. proton from itself, which
triggers imine-enamine tautomerization with proton transfer from the trapped water molecule
to the thiazoline nitrogen. The resulting hydroxide ion, which is held in position via hydrogen
bond interaction with the thiazoline’s carboxy group and protonated nitrogen, can then extract
hydrogen back from the thiazoline nitrogen. This leads to reprotonation of the enamine by the
side chain of Asp7 and a-carbon stereoinversion. The possible involvement of the Asp7-
carboxyl group in epimerization is based on the observed inability of BotH to epimerize
substrates containing Ala or Asn at the Asp position. This may also explain why O-methylation
of this Asp is the last step in bottromycin pathway. The proposed mechanism of epimerization
highlights the importance of the correct orientation of the thiazoline carboxy group as a proton
shuttle during epimerization. This may also explain the slow rate of epimerization observed for
3b in the absence of BotH. In light of this, four BotH residues (Met43, Phe109, Met174, 1le224)
seem to be critical as they are involved in the formation of a small hydrophobic groove in which
the thiazoline resides. The mutation of these with less bulky residues may lead to a more flexible
thiazoline, potentially unable to trap the water molecule. This should in turn lead to a loss of

BotH epimerization activity, further supporting the proposed epimerization mechanism.

The BotH structure in complex with 3a represents the first reported structure of bottromycin
biosynthetic enzymes with ligands, and has proved invaluable in providing a better
understanding of enzyme-substrate flexibility (page no. 97 & 105). BotH can handle mutations
at most of the positions in and around the macrocycle. The Phe residue at position 6 of the core
peptide is bound in a rather hydrophobic pocket, held in place by hydrophobic interactions with
the surrounding residues. The pocket is big enough to accommodate lager hydrophobic residues
at this position, which explains the successful conversion of Phe6Tyr and Phe6Trp substrates.
The inability of BotH to process Phe6Ala hints towards the importance of bulky hydrophobic
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residues at this position of the core peptide in substrate binding. In light of this, it would be
interesting to see if this mutation has any impact on the overall binding affinity of the substrate
to BotH. The valines at position 3, 4 and 5 of the core peptide are pointing away from the
binding pocket towards the bulk solvent, and therefore, BotH exhibits considerable flexibility
at these positions. However, care must be taken when introducing multiple mutations
simultaneously, so not to disturb the intramolecular hydrophobic interactions formed by Val
residues. The flexibility at core peptide position 2 is limited due to the positioning of the Pro
residue in a small pocket. Hence, Pro can only be substituted with small amino acids e.g. Ala
and Gly. Two remaining positions (1 and 8) were not tested, as mutations at these positions are

determinantal to the activity of the enzymes preceding BotH in the pathway.

Given 3a/b are close homologs of bottromycin A2, the binding affinity of four different
bottromycins to BotH was also tested. BotH was able to bind bottromycins with Kp in the high
nM to low pM range. The reported high-resolution crystal structures of bottromycin-BotH
complexes help explain the mode of binding. Bottromycins bind in a manner similar to 3, with
minimal change in the overall structure of the protein. The bound ligand is stabilized by an
extensive network of hydrogen and hydrophobic interactions, explaining the observed high-
affinity of bottromycins for BotH. Unsurprisingly, bottromycin A2 was also observed to act as
an orthosteric inhibitor of epimerization, suggesting that BotH has secondary non-enzymatic
roles in bottromycin pathway i.e. self-immunity of the producer strain and feedback inhibition.
The overexpression of BotT (putative transporter) in a bottromycin sensitive strain resulted in
a slight increase in resistance. This resistance was further amplified when BotT was
overexpressed along with BotH, implying that BotH exert its secondary role in conferring self-
resistance via interaction with the transporter protein (Santos-Aberturas, J. and Truman, AW.;
unpublished). However, at the moment the nature of this interaction is still not clear, but in vivo
studies are currently ongoing to shed light on it. Although our understanding of the mechanisms
involved in the biosynthesis of RiPPs is continuously increasing, the way they are exported out
of the producing cells using export machineries is poorly documented. Currently, McjD from
microcin J25 (MccJ25) is the only functionally and structurally characterized RiPP transporter.
This transporter exclusively recognizes and transports MccJ25, and this stringency is
presumably dictated by the specific interactions between key residues present on MccJ25 with
McjD. Based on these findings, one could speculate that bottromycins, upon binding to BotH,
adapt a conformation that presents MccJ25-like key residues for optimal interaction with BotT
- compared to the published NMR structure, bottromycin A2 undergoes significant
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conformational change as a result of binding to BotH (page no. 105). The epimerization of Asp7
has been shown to be important for the downstream enzyme, BotCYP, as it preferentially
consumes D-Asp substrate (Adam, S. and Franz, L.; unpublished work). Thus, feedback
inhibition of BotH by mature bottromycins may offer a direct and faster means to regulate NP
production than altered gene expression. These findings hint towards a possible subcellular
colocalization of these two enzymes, and therefore, it would be interesting to study if BotH and
BotCYP interact with each other or not. Taken together, the secondary functions of BotH may
have a profound impact on the production yield of bottromycins in heterologous hosts, which
is one of the bottlenecks in the development of these compound for pharmaceutical use.
Overexpression of BotT has already been shown to improve production titer 20 times in a S.
coelicolor host, and this increase was linked to the role of BotT in host self-resistance®. Thus,
it is likely that the observed enhancement in resistance upon co-overexpression of BotT and

BotH could potentially lead to a further increase of bottromycins production yields.

In conclusion, work presented here has helped to establish the primary function of two proteins,
BotAH and BotH, in the bottromycin pathway, and shed light on their mechanism of action. In
addition, the work detailing the substrate flexibility of these enzymes will be important in future
efforts to derivatize bottromycins. However, several questions pertaining to the secondary
role(s) of BotH need to addressed, namely the nature of the BotH and BotT interaction, the role
of bottromycins residues in export, and the effect of co-overexpression of BotH and BotT on

heterologous yields.

2 Functional and Structural Characterization of AlbA

Albicidin is a phytotoxic molecule produced by the Gram-negative plant pathogen
Xanthomonas albilineans that is responsible for leaf scald disease in sugarcane plants®334,
Additionally, albicidin is bactericidal in the nanomolar range against Gram-positive and Gram-
negative bacteria®*-". The mechanism of action of albicidin has been identified: it inhibits DNA
replication by targeting bacterial DNA gyrase (topoisomerase 1), an enzyme which is essential
for supercoiling of DNA during replication®33°, Despite potent antibacterial activity and no
cytotoxicity to mammalian cells, the development of albicidin as a new family of antibacterial
drugs suffers from one major drawback - the presence of resistance mechanisms against it,
including MerR-like protein, AlbA, in Klebsiella oxytoca®®**, Previously, this protein had been
suggested to confer resistance by rapidly removing free albicidin from cells by binding the
antibiotic with strong affinity (Kp 64 nM)*. Additionally, an alanine scan identified several
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key residues involved in albicidin binding, and it was found that ligand-binding induced major
conformational changes*. However, the understanding of how AlbA mediated neutralization
of albicidin suffered from the lack of high-resolution structures to fully understand how AlbA

exert its function.

The crystal structure of AIbA revealed that it adapts an all-a-helical fold. This does not agree
with previously reported circular dichroism (CD) spectrometry studies, as Zhang and co-
workers estimated AIbA to be composed of at least 21% B-sheets that are not observed in the
reported crystal structure®®. This is most likely due to the presence of misfolded AlbA and/or
instability of AIbA in the buffer used for CD spectrometry leading to the formation of B-sheet-
rich fibrillar aggregates that can interfere with protein secondary structure estimation®”°. The
structure also revealed that AIbA is composed of a tandem architecture, AIbA1-114 and AlbAu1s-
221, With each domain of the protein being structurally similar to TipAs. This fusion of two
TipAs-like proteins results in the formation of a long putative ligand binding tunnel, running
across the entire length of AlbA. The structure of AIbA in complex with albicidin confirmed
that albicidin does indeed occupy the ligand binding tunnel formed by the two TipAs domains,
stabilized via several residues previously identified to be important for albicidin binding. Unlike
previously reported significant conformational changes upon ligand binding by CD
spectroscopy, the overall structure of AIbA is virtually unchanged after binding albicidin“®.
Despite the limitations of the CD spectroscopy studies in elucidating protein structure it can be
argued that the AIbA structures reported here do not shed light on the protein dynamics, as
crystal structures only report the ensemble average®. It is well known that proteins typically
populate a number of structural states, displaying a range of conformations that are important
for its biological function®. Therefore, it is likely that AIbA, just like TipAs, displays inherent
and ligand induced protein dynamics®? Work by Siissmuth and co-workers, have extend the
knowledge of AlbA-albicidin binding; it was reported that the NMR spectra of AIbA shows
extensive line-broadening in the absence of albicidin, presumably reflecting the internal
dynamics of the protein®. In addition, they also evaluated the binding contributions of each
TipAs domain of AIbA by using albicidin and its truncated derivatives. AlbA11s.221 was found
to be the major contributor in the stabilization of albicidin in the binding tunnel. Taken together,
these studies led the authors to propose a possible binding mechanism that involved the fixation
of albicidin to the AlbA115-221 domain via a salt-bridge interaction which then helps to orient
the ligand and allows subsequent association to the other domain, AlbAz-114>. Such cooperative

binding has also been observed for another MerR-like protein, BmrB®*. The characterization of

176



protein dynamics continues to be a major challenge in the field of structural biology, but two
non-traditional methods which can help understand the ligand-induced protein dynamics at high
resolution, and are gaining popularity, include time-resolved crystallography at X-ray free-
electron lasers (XFEL) and cryo-electron microscopy (Cryo-EM)®>°¢, The combination of these
two techniques, along with molecular dynamics (MD) simulations, may provide a more

complete picture of events associated with AlbA interaction with albicidin®’.

Unexpectedly, a close inspection of the AlbA-albicidin complex structure also revealed that the
bound albicidin had been modified. Subsequent, extensive in vitro characterization confirmed
that the modification is not a crystallization artifact or a result of radiation damage incurred
during X-ray data collection, but a result of AIbA interaction with albicidin. This was
overlooked by Sussmuth and co-workers, who went on to report an unmodified albicidin in
their AlbA-albicidin complex structure®. To help better understand the underlying mechanism
of the AlbA-induced modification of albicidin, in-depth mutational and structural studies are
also reported. These studies resulted in the identification of three key residues: residues Thr99
and 11e95 form a stable bottleneck that is responsible for forcing the nitrile group of albicidin
into a position that promotes the formation of a five-membered ring, whereas Met131 protects
the newly formed ring from bulk solvent. This modification contributes to drug resistance, as
modified albicidin was found be less active against a panel of bacteria, especially Escherichia
coli for which a decrease of activity by 300 x was observed. Currently, it is not clear if the
decrease in activity is a result of poor interaction with the bacterial target, DNA gyrase and/or
a consequence of reduced uptake by the outer-membrane channel, Tsx3:3744 These findings
helped redefine our understanding of the neutralization of albicidin by AIbA - the protein does
not only sequester the antibiotic but also modifies it into a lot less potent compound. Given
proteins have a half-life in cells, this mechanism of albicidin neutralization may also help
reduce the gene expression burden in the host cells, as a single protein can act on numerous
albicidin molecules. This mechanism is unlike the TipA system, where thiopeptide-like

antibiotics bind irreversibly to the protein via a covalent interaction®®.

The structural homology of AlbA with TipAs also led to the re-evaluation of the albA gene.
Akin to the TipA system, AIbA was also found to exist in two forms: a truncated version,
AlbAs, that contains the ligand binding domain formed by two TipAs-like domains; and a full-
length protein, AIbAL, composed of AlbAs connected to a putative DNA binding domain via a
coiled-coiled region - an observation also noted by Suissmuth and co-workers®3. Subsequently,
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in vivo studies confirmed that the exposure of an albA-positive bacterium to albicidin leads to
an upregulation of both AIbAL and AlbAs; thus, AlbA can be considered an autoregulated
antibiotic resistance system. However, at the moment it is still not clear how binding of albicidin
to AlbA_ leads to upregulation of the albA gene. Given AlbA’s similarity to the TipA system,
it can be assumed to act via a similar mechanism®>*°, The binding of ligand to AlbA_ may
promote its dimerization, which stabilizes the AIbAL - RNA polymerase - promoter complex,
thereby inducing transcription. In the TipA system, ligand binding has been reported to induce
the expression of additional genes, possibly other MDR genes®®6t, Whether this is the case for
the AlbA system as well is currently not known, although the susceptibility of Escherichia coli
BL21 cells overexpressing AlbAs hint towards the involvement of additional factors in
albicidin resistant strains containing AIbA system.

Given the ligand promiscuity of the TipA system, AlbA binding to an albicidin related antibiotic
was also tested. Cystobactamid, unlike albicidin, was not modified by AlbA, probably due to
the presence of a central iso-asparagine moiety that prevents cyclization®2%>, Moreover, in in
vivo studies using cystobactamid resistant Klebsiella pneumoniae, which harbors albA gene,
the exposure of cystobactamid did not elicit an upregulation of the AlbA system. This may be
a consequence of its significantly reduced affinity to AlbA, compared to albicidin, or a mode
of interaction that prevents AlbAL mediated upregulation of the albA gene. Since Klebsiella
pneumoniae is fully resistant to cystobactamid it is also likely that other mechanism(s) of
resistance are employed by the bacteria, which require further investigation. The comparison
of cystobactamid resistant strains before and after exposure to cystobactamid by RNA-seq may
help identify these resistance mechanism(s)®. In addition, it would also be interesting to check
if cystobactamid resistant strains that contain albA gene, harbor mutations in the putative
dimerization domain of TipAL As explained earlier, dimerization of TipAc-like transcriptional
regulators is a prerequisite for gene upregulation, and mutations in the dimerization region of
AlbA-like proteins have been reported to have either an enhanced activation or an enhanced
repression phenotype®”. Therefore, mutations in the AIbAL dimerization domain may
compensate for the reduced affinity of cystobactamid for AIbA. The different effect of
compounds on transcription of the albA gene point to one thing: unique structural features of
cystobactamid represent natural chemical modifications of a NP against AlbA-mediated
neutralization of antibiotics. Since AlbA-like drug resistance systems have also been identified
in a number of pathogenic bacteria, the derivatization of albicidin must take these structural

features into account to overcome such resistance systems.
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In summary, work presented here contributed to a general understanding of resistance strategies
of bacteria against antibiotics. The in-depth structural and biochemical characterization of the
AIDbA resistance system will be useful for future antibiotic-development efforts. A step in that
direction may be the optimization of albicidin to incorporate cystobactamid-like structural
features. Besides antibiotic development, a better understanding AlbA system may also have
significant potential in biotechnology: (1) as biosensors to help identify new potent albicidin-
like compounds, and (2) as biocontrol against economically important leaf scald disease in

sugarcane via production of transgenic plants®-°,

3 Concluding Remarks

Antibiotic resistance has become a global health threat, especially due to the emergence, spread,
and persistence of multidrug-resistance bacteria. To tackle this threat, continued and improved
discovery of new NP antibiotics, along with the detailed understanding of their biosynthesis
and mechanism of action are of great urgency. Microbes have evolved to defend their ecological
niche from other microorganisms, often using NPs with antibacterial properties as chemical
weapons. This poses an inherent problem in the use of NP as antibiotics i.e. the prevalence of
pre-existing resistance strategies in microbes, which can be disseminated if the compound finds
a broad use. Therefore, the discovery of a new NP with antibacterial property must be followed
by the identification and understanding of pre-existing resistance strategies against it, if any, to

allow for the rational development of the compound to circumvent drug resistance.
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Lectins play important roles in infections by pathogenic bac-
teria, for example, in host colonization, persistence, and biofilm
formation. The Gram-negative entomopathogenic bacterium
Photorhabdus luminescens symbiotically lives in insect-infect-
ing Heterorhabditis nematodes and kills the insect host upon
invasion by the nematode. The P. luminescens genome harbors
the gene plu2096, coding for a novel lectin that we named PlIA.
We analyzed the binding properties of purified PIIA with a gly-
can array and a binding assay in solution. Both assays revealed a
strict specificity of PIIA for a-galactoside—terminating glyco-
conjugates. The crystal structures of apo PlIA and complexes
with three different ligands revealed the molecular basis for the
strict specificity of this lectin. Furthermore, we found that a 90°
twist in subunit orientation leads to a peculiar quaternary struc-
ture compared with that of its ortholog LecA from Pseudomonas
aeruginosa. We also investigated the utility of P11A as a probe for
detecting «-galactosides. The «-Gal epitope is present on wild-
type pig cells and is the main reason for hyperacute organ rejec-
tion in pig to primate xenotransplantation. We noted that PIIA
specifically recognizes this epitope on the glycan array and dem-
onstrated that PlIA can be used as a fluorescent probe to detect
this epitope on primary porcine cells iz vitro. In summary, our
biochemical and structural analyses of the P. luminescens lectin
PIIA have disclosed the structural basis for Pl1A’s high specific-
ity for a-galactoside—containing ligands, and we show that PIIA
can be used to visualize the a-Gal epitope on porcine tissues.

Photorhabdus luminescens is a Gram-negative y-proteobac-
terium belonging to the Enterobacteriaceae family. In its com-
plex life cycle it lives symbiotically in the intestine of Heterorh-
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abditidae entomopathogenic nematodes and pathogenically in
insect larvae upon nematode invasion. P. luminescens was first
isolated in 1977 as a symbiont bacterium of Heterorhabditidae
nematodes and classified initially as Xenorhabdus luminescens
(1, 2) and later renamed P. luminescens (3). The genus Photorh-
abdus consists of the four species P. luminescens, P. temperata,
P. heterorhabditis, and P. asymbiotica (4—6), with the latter
species being pathogenic to humans (7). Both Xenorhabdus and
Photorhabdus species enter a wide range of insect larvae via
Steinernematidae and Heterorhabditidae nematodes, respec-
tively (4, 8). Once the nematodes enter into the insect at their
infective juvenile developmental stage, their bacterial symbi-
onts are released into the insect’s blood, and both bacteria and
nematode are able to kill the larvae within 48 h (9).

The complete genome of P. luminescens subsp. laumondii
TTOI was published in 2003 by Duchaud et al. (10). Compared
with other bacteria, it shows a high number of genes predicted
as toxins, and some of them, such as Tca and Tcd, have been
extensively studied (10-12). Often, bacterial carbohydrate-
binding proteins, ie. lectins, also act as toxins in addition to
their function as adhesins to enable host colonization. A num-
ber of predicted lectins are present in the genome of P. lumine-
scens, but only one example, the fucose-binding protein PLL
(13), has been experimentally characterized. In Pseudomonas
aeruginosa, a ubiquitous opportunistic pathogen with a high
current medical need for new therapeutics (14), the two lectins
LecA and LecB are both toxins and adhesins with roles in bio-
film formation and persistent infection (15-17). LecB (18, 19)-
type proteins are relatively common, and several LecB homo-
logs have also been previously characterized in other bacterial
species such as Ralstonia solanaceum (20), Burkholderia ceno-
cepacia (21-23), and Chromobacterium violaceum (24). The
P. luminescens genome harbors several genes of predicted lec-
tins that are homologs of LecB (25). In contrast, homologs of
LecA are comparably rare and are not present in the genomes of
the former species. In P. luminescens, a single gene encoding for
a LecA homolog (plu2096) was predicted by Duchaud et al.
(10).

Here, we report the biochemical and structural character-
ization of the P. luminescens lectin PlIA. We demonstrate
that PIIA is highly specific for a-galactoside—containing
ligands. By determining several crystal structures of PIIA in
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Figure 1. Sequence alignment of LecA from P. aeruginosa with hypothetical LecA-like proteins from Photorhabdus and Xenorhabdus species (one
single ortholog per organism selected based on highest identity to LecA). Strictly conserved amino acids are shaded black, and similarly conserved amino
acids are shaded gray. Black dot, amino acid of LecA involved in Ca®" binding; black triangles, amino acids of LecA involved in sugar binding; asterisks, amino
acids of LecA involved in both Ca®" and sugar binding. Amino acid numbering follows the LecA crystal structure where the N-terminal methionine is lacking.
The depicted protein sequence of P. luminescens (PIIA) is encoded by the plu2096 gene.

complex with ligands, we were able to rationalize PlIA’s
strong preference for a-galactosides. We further demon-
strate that PIIA can serve as a detection tool for the specific
visualization of the a-Gal epitope present on porcine tissue.
This epitope is responsible for hyperacute rejection of pig to
primate organ xenotransplants.

Results and discussion
Identification and production of PIIA

Although P. aeruginosa LecB orthologs have been widely
studied, orthologs of LecA have not been characterized in
detail. We searched the publicly accessible NCBI database
using protein blast and the protein sequence of LecA from
strain PAO1 as a template. A moderate number of orthologs
was retrieved from only a few different genera of Gram-nega-
tive bacteria. These were mainly entomopathogenic Photorh-
abdus and Xenorhabdus species, as well as human opportunis-
tic pathogens from the Enterobacter spp. and a few other
pathogenic bacterial species (see supplemental Fig. SI).

In P. luminescens, the gene plu2096 was previously proposed
as the coding gene for a LecA-like protein (10) and later con-
firmed (26) to be a galactose-binding lectin. An alignment of the
retrieved orthologs of LecA in each Photorhabdus and Xenorh-
abdus species shows a high degree of similarity within these
entomopathogenic species (Fig. 1). Although the residues
involved in metal and ligand binding in LecA are relatively
conserved, distinct differences to P. aeruginosa LecA were

19936 . Biol. Chem. (2017) 292(48) 1993519951

observed; LecA contains an insert flanked by two cysteines that
are absent in PlIA, and the Photorhabdus and Xenorhabdus ho-
mologs contain an additional C-terminal tail of 5-13 amino
acids, which is partially conserved (Fig. 1).

PIIA has 37% sequence identity to LecA, and all amino acids
whose side chains are involved in calcium ion binding are con-
served except for one Asn (LecA) to Asp (PlIA) variation.
Amino acids involved in carbohydrate recognition are only par-
tially conserved.

Recombinant production and purification of PlIA

The plu2096 gene was amplified from genomic DNA of
P. luminescens subsp. laumondii TTO1 and cloned into the
pET22b(+) vector. Recombinant expression in Escherichia
coli BL21(DE3) yielded a protein product at a 13-kDa appar-
ent molecular mass by SDS-PAGE (Fig. 24), which corre-
sponds to its predicted size of 12.95 kDa. Because of the
sequence homology to galactose-binding LecA, we subjected
the cell lysate to galactosylated Sepharose (27), and PIIA was
retained on this affinity resin. Subsequent elution was
achieved using galactose in the elution buffer. Purification
yielded ~6 mg of PlIA/liter of bacterial culture, which was
later improved to 19 mg/liter by purification on melibiose-
coupled Sepharose (see below).

Because lectins often oligomerize and LecA forms a
tetramer (28), we analyzed PlIA’s multimeric state using

SASBMB
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Figure 2. A, recombinant expression and affinity purification of PIIA analyzed
by SDS-PAGE (15%). E. coli whole-cell extracts of uninduced (lane 7) and IPTG-
induced cultures (/ane 3), and purified PIIA (lane 4), molecular mass marker in
kDa (lane 2) are shown. B, Sepharose size-exclusion chromatogram of PIIA; C,
DLS analysis of PIIA.

size-exclusion chromatography (SEC).> The protein’s
observed apparent molecular mass was 27 kDa, which sug-
gested a PIIA dimer (Figs. 2B and supplemental Fig. S2). When
we used the more robust technique of dynamic light scattering
(DLS), we observed a homogeneous sample with an apparent
molecular mass of 52.1 kDa (Fig. 2C). The tetramer LecA was
also studied by DLS under identical conditions, and its apparent
molecular mass of 52.4 kDa (supplemental Fig. S3) matched the
value for PIIA and thus suggests the tetramerization of PIIA in
solution. The observed differences for PIIA in SEC and DLS
could result from weak interactions between PIIA and the gly-
can-based Sepharose resin, altering the observed molecular
mass to a smaller size.

Carbohydrate-binding specificity of PIIA using the CFG glycan
array

To assess the carbohydrate-binding specificity of PIIA, the
protein was fluorescently labeled using fluorescein isothiocya-
nate (FITC), and binding to a glycan array containing over 600
carbohydrate epitopes was performed at the Consortium for
Functional Genomics (Fig. 3A). The LecA homolog PIIA
showed a strict specificity toward glycans with terminal a-gal-
actosides, whereas -galactosides and other carbohydrates only
showed very weak or no binding. The highest apparent binding
affinity was detected for the bivalent a-Gal-terminating N-
glycan (Gal-a-1,3-Gal-B-1,4-GlcNAc),Man,GIcNAc, (glycan
nos. 360 and 550) or its difucosylated derivative glycan no. 368
bearing blood group B antigens at the non-reducing end and
the two monovalent disaccharides Gal-a-1,3-GalNAc (glycan
no. 112) and Gal-a-1,4-GlcNAc (glycan no. 123).

3 The abbreviations used are: SEC, size-exclusion chromatography; PDB, Pro-
tein Data Bank; r.m.s.d., root mean square deviation; BisTris, 2-[bis(2—
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; DLS, dynamic
light scattering; GTKO, a-1,3-galactosyltransferase knock-out; SCNT,
somatic cell nuclear transfer; IPTG, isopropyl 1-thio-B-p-galactopyrano-
side; BAC, bacterial artificial chromosome.
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The highest apparent binding was observed for bivalent
Gal-a-1,3-Gal-B-1,4-GlcNAc terminating glycans (glycans no.
360, 368, and 550). This glycan structure, called the a-Gal
epitope (29), is a ubiquitous constituent of glycans in non-
primate mammals and new world monkeys. The nematode
Parelaphostrongylus tenuis also contains N-glycans deco-
rated with this epitope (30). This epitope is mainly respon-
sible for hyperacute rejection of porcine organ transplants in
humans during xenotransplantation (29, 31). Interestingly,
the corresponding monovalent glycans (no. 105 and 115)
showed a 4 —5-fold lower binding signal (Table 1), indicating
that PIIA binds carbohydrates multivalently as known for its
ortholog LecA. Interestingly, when the same monovalent
epitopes were presented on a shorter spacer (Sp0) with one
mannose between spacer and epitope (no. 516 and 517),
binding was reduced further.

Apart from the divalent ligands, only the two disaccharides,
Gal-a-1,3-GalNAc and Gal-a-1,4-GIlcNAc, showed a high
binding signal among the monovalent series (Fig. 3A4). These
two ligands are monovalently displayed and may reveal the
intrinsic specificity of PIIA, because other monovalent ligands
showed only weak or no binding to PIIA on this glycan array.
Interestingly, these two ligands displayed much stronger bind-
ing than analogous Gal-a-1,3-Gal and Gal-a-1,2-Gal, suggest-
ing an important role of the acetamide moiety in the penulti-
mate residue for binding to PIIA (Table 1). Among the
monovalent ligands on the array, the observed linkage specific-
ity of PIIA was broad for glycans containing terminal Gal--1,3
and Gal-a-1,4 linkages. The single present Gal-a-1,6-linked
ligand (Gal-a-1,6-Glc) was moderately bound, whereas the sin-
gle Gal-a-1,2-linked ligand (Gal-a-1,2-Gal) was not recognized
by PIIA (Table 1).

To compare the carbohydrate specificity of PIIA with its pre-
viously characterized ortholog LecA (32), glycan array binding
data of monovalent glycan ligands for both lectins was normal-
ized and plotted (Fig. 3B). Notably, LecA showed the best bind-
ing to Gal-a-1,4-Gal-3-1,4-GlcNAc, which is only weakly rec-
ognized by PIIA. This glycan is part of the glycosphingolipid
Gb3, which when bound by LecA triggers membrane bending, a
process that was proposed as an entry pathway for P. aerugi-
nosa invasion into the host cell (33). In contrast, PIIA showed
high apparent binding to the epitopes Gal-a-1,3-GalNAc and
Gal-a-1,4-GlcNAc, whereas LecA only shows moderate appar-
ent binding as observed for a number of other a-galactosides on
the glycan array (Fig. 3B). In summary, LecA is a rather promis-
cuous receptor for a variety of monovalent galactosides. In
addition to PllA’s binding to the bivalent N-glycan structures
described above, PIIA was rather specific for Gal-a-1,3-GalNAc
and Gal-a-1,4-GlcNAc, one or both of which may be the natu-
ral ligand of PIIA.

Development of a competitive binding assay for PIIA

To rapidly assess and quantify the binding specificity of PlIA,
we developed a competitive binding assay for PIIA by utilizing
fluorescence polarization, which is based on our previous work
(19, 21, 27, 34) for four different lectins. Four different FITC-
labeled Dp-galactosides (27) were titrated with increasing
amounts of PlIA (Fig. 4, A—C). All three B-linked galactosides
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Figure 3. Carbohydrate specificity of PlIA on a glycan array. A, profiling of
the glycan-binding specificity of PIIA on a glycan array. Glycans containing
terminal a-galactoside are colored black; those with terminal B-galactoside
are red, and oligosaccharides with neither of these terminal moieties are col-
ored blue. Selected structures showing highest apparent binding are illus-
trated in CFG notation. B, comparison of glycan-binding specificity between
PIIA (this work) and LecA (PA-IL (32)) from P. aeruginosa based on normalized
CFG glycan array data. Normalization was done by dividing RFU averages of
the glycan of interest by the RFU average of the ligand with the highest appar-
ent affinity on the respective array (i.e. glycan 550 for PIIA and glycan 31 for
LecA). Glycan structures are indicated and depicted with the different spacers
of the array for LecA. For the PIIA array, identical glycans generally contain
B-Sp8 spacers except 105 (Sp0) and 116 (B-Sp0). Numbers on top of columns
indicate glycan number of the respective arrays. A and B, error bars corre-
spond to six replicates.

(2-4) did not show binding up to 300 um PlIA. In contrast,
titration of a-galactoside 1 resulted in binding with a K, of 62.7
uM as observed by the increase in fluorescence polarization.
These data confirmed the strict a-galactoside specificity of PIIA
in solution that was observed on the glycan array.

The latter system was then used for a competitive binding
assay, where fluorescent a-galactoside 1 was competitively dis-
placed from PIIA using methyl a-p-galactoside (12), and a set of
available p-galactose derivatives (Fig. 4D and Table 2). Interest-
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ingly, the obtained IC;, for 12 was 0.52 mm, which is ~10-fold
weaker than the determined affinity of the fluorescent analog 1.
Among the monosaccharides tested, free p-galactose (9),
showed inhibition of PIIA with a reduced affinity (IC, = 1.57
mm) compared with glycoside 12, probably due to the partial
presence of the non-binding f-anomer. Methyl a-glycosides of
p-glucose (5), L-fucose (6), b-mannose (7), or methyl B-p-ara-
binoside (8) did not show detectable binding to PIIA. Replace-
ment of the 2-hydroxy group of galactose with a free amine in
p-galactosamine (10) led to a 2-fold increase in the binding
affinity (IC;, = 0.86 mm). Acetamide substitution in the same
position, i.e. N-acetylgalactosamine (11), resulted in a complete
loss of binding. Next, we tested a-galactosides with different
aglycons of varying size, e.g methyl, allyl, 4-nitrophenyl,
4-methylumbelliferyl, and X-Gal (12-14, 16 -18). These mod-
ifications only showed a small effect on the binding affinity.
O-Alkylation of ring hydroxyl groups is a requirement for
ligand binding of some lectins like the tectonins (35, 36). For
PIIA, O-methylation of the 3-hydroxyl group resulted in a com-
plete loss of affinity (14 — 15). A similar loss of affinity was
observed for O-methylation of the P.aeruginosa LecB or
B. cenocepacia BC2L-A ligands fucose and mannose (21).

SASBMB

187



(o

200y
T L d
E
£ 150 *
g
g *
: 1
2 100
g
Z 50

10 700

PIIA [uM]

Photorhabdus lectin A— PIIA

B

250
g
S 200 il
2 -2
8
5 150 *3
o
8 T4
g 100
g
s 50
™

0

1 10 100 1000
PIIA [uM]

D 120
g
< 100
2
§ 80
2
3 =12
g 601 425
£
3 40
w

20

0.01 0.1 1 10

Concentration [mM]

Figure 4. Establishing a carbohydrate-binding assay for PIIA in solution. A, structure of fluorescent ligands 1-4 based on p-galactose. B, titration of
fluorescent ligands 1-4 with PIIA. C, dissociation constant for 1 was obtained from a four-parameter fitting procedure to the dose-dependent increase in
fluorescence polarization (K, 62.7 = 3.8 um). D, competitive inhibition of the binding of 1 to PIIA with methyl a-p-galactoside (12, IC5, = 0.52 = 0.07 mm) and
raffinose (25, IC5, = 0.11 = 0.01 mm). One representative titration experiment of triplicates on one plate is shown. Dissociation constant and standard
deviations given were obtained from at least three independent replicates of triplicates on three plates each.

We also tested a set of oligosaccharides containing a-galac-
tosyl residues for competitive binding to PlIA. Gal-a-1,3-Gal
(20, IC;, = 0.90 mm) and Gal-a-1,4-Gal (21, IC;, = 1.08 mm)
showed a 2-fold lower binding affinity to PlIA than melibiose
(Gal-a-1,6-Glc, 22, IC5, = 0.39 mm), whereas Gal-a-1,2-Gal
(19) was only weakly active and resulted in ~50% inhibition at
10 mm. A comparable binding specificity for Gal-a-1,6-Glc has
been reported for LecA from P. aeruginosa (37). The plant tri-
saccharide raffinose (25) contains a terminal melibiose motif
and showed the highest binding to PlIIA among all tested com-
pounds with an IC, of 0.11 mm. This ubiquitous plant galacto-
side has also shown an inhibitory effect on P. aeruginosa bio-
films and inhibits LecA in a similar affinity range (K, = 32 um)
(37, 38). The tetrasaccharide stachyose (26) is another plant
derivative of raffinose with an additional 1,6-linked «-galacto-
side moiety. For PlIA an IC;, of 0.34 mm was observed, indicat-
ing that longer oligosaccharides do not improve the binding
affinity to PIIA, which is different for LecA. Bivalent oligosac-
charides containing the a-Gal antigen Gal-a-1,3-Gal-B-1,4-
GlcNAc were identified as the apparent best ligands of the
glycan array (Fig. 34). The corresponding monovalent trisac-
charide 27 was tested in our competitive binding assay and
showed only ~70% inhibition of P11A at 10 mm. This weak bind-
ing is in good agreement with the glycan array data where the
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monovalent a-Gal epitope had reduced binding to PIIA com-
pared with its bivalent structure (see Table 1).

Because Gal-a-1,3-GalNAc and Gal-a-1,4-GlcNAc were
identified as the monovalent ligands with the highest apparent
affinity on the glycan array, we tested the corresponding bioti-
nylated disaccharides 23 and 24, respectively. Both soluble gly-
cans differ only in spacer identity and for 23 also in the ano-
meric configuration from those glycans used for the production
of the glycan array. Surprisingly, they were as active as the com-
parably biotinylated a-galactosyl monosaccharide 13, display-
ing IC,, values from 0.59 to 0.66 mm.

The human blood group antigen P, (28) (39) was also mod-
erately recognized by PIIA on the glycan array (ligand 121, sup-
plemental Table S1) and in the competitive binding assay solu-
ble monovalent 28 showed a moderate binding affinity (IC;, =
1.80 mm) to this lectin. Because PIIA was shown to bind to a-Gal
residues but not to GalNAc residues (see above) and it recog-
nized the blood group B-terminating ligand 368 on the glycan
array (Fig. 34), we also tested soluble blood group B antigens
29 and 30. These oligosaccharides were inhibitors of PIIA
with moderate potency (IC;, of 1.18 and 1.35 mwm, respec-
tively). This specificity of PIIA is in contrast to LecA, which
binds to B and A antigens (27). Thus, PIIA could be used as a
new reagent for rapid identification of blood group B sero-
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Table 2

Evaluation of natural and synthetic inhibitors of PIIA using the competitive binding assay
Averages and standard deviations were obtained from three independent experiments. n.i.: no inhibition observed up to 10 mm. SP: spacer —(CH,) ,;NH-CO(CH,),NH-.
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types such as the currently used GS-IB4 isolectin from Grif-
fonia simplicifolia (40).

PIIA, a lectin with a unique tetrameric structure

Apo-PlIA crystallizes in space group P3,21 and crystals dif-
fracted to 1.7 A. Data collection and refinement statistics for all
presented PlIA structures can be found in Table 3. The core of
PIIA consists of two four-stranded anti-parallel 3-sheets (Fig.
5). We did not observe the canonical Ca®>" ion found in other
C-type lectins at the sugar-binding site, which may be a result of
the crystallization buffer that contained a high concentration of
citrate known to chelate calcium ions.

The asymmetric unit contained two PlIA dimers, which form
tetramers with symmetry mates in accordance with DLS data.
The C-terminal five-residue extension (Fig. 1) of the four
protomers are engaged in well-defined interactions leading to a
90° twist in the tetramer (Fig. 6A4). Of the tail residues (YSPLK),
Tyr-118 packs hydrophobically against Pro-120, and Ser-119
forms two hydrogen bonds with the tetramer partner (Ser-119
side-chain hydroxyl with side-chain amino group of Lys-82,
Ser-119 carbonyl with the main chain of Thr-83). Residue Leu-
121 is inserted into a tailored hydrophobic pocket of the
tetramer partner, which is composed of residues Leu-22, Ile-28,
Ala-60, Ile-68, Phe-73, Ile-75, Val-79, Val-84, and Leu-90 (Fig.
6B). When we compared the structure of PIIA with the struc-
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ture of the well-studied protein LecA, we found the structures
to be very similar (Ca r.m.s.d. of 0.67 over 78 atoms, supple-
mental Fig. S11). The main differences are found in the region
between 33 and 37 (Fig. 5C), which has a profound impact on
carbohydrate binding (see below).

The sequence alignment of PIIA with LecA from P. aerugi-
nosa and the LecA homologs from Photorhabdus and Xenorh-
abdus species showed that PIIA and LecA homologs from the
latter two species possess an extension at their C termini. This
extension led to the surprising result that the dimerization of
dimers is twisted by 90° in PlIA. In contrast, LecA does not
possess the five C-terminal residues. As a result, the LecA
tetramer is planar and formed by the tail-to-tail arrangement of
two dimers (Fig. 6, C and D). We have no indication as to the
biological significance of this arrangement, but we believe that
the interactions between the tails of the tetramer partners will
lead to a significant stabilization of the tetrameric assembly.

Structural basis of a-galactoside specificity of PIIA

To understand the a-galactoside specificity of PIIA, we deter-
mined the crystal structures of several PIIA-carbohydrate
complexes in the presence of 3 mm calcium chloride in the
crystallization buffer (Fig. 7): PlIA in complex with the mono-
saccharide methyl a-p-galactoside (12), the trisaccharide raffi-
nose (25), and an a-p-galactoside linked to fluorescein (1).
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Table 3
Data collection and refinement statistics

Photorhabdus lectin A— PIIA

Statistics for the highest-resolution shell are shown in parentheses. r.m.s. is root mean square.

PIIA, apo, PlIA, Me-a-Gal (12), PlIA, raffinose (25), PlIA, fluorescent ligand 1,
PDB 50FZ PDB 50DU PDB 50FX PDB 50FI
Resolution range 46.05-1.75 (1.81-1.75) 47.2-1.56 (1.62-1.56) 44.09-1.75 (1.81-1.75) 43.76-2.0 (2.07-2.0)
Space group P3221 P1211 P1 P212121
Unit cell 92.192.1164.2 62.9103.376.1 59.0 63.0 75.9 48.6 134.3 153.0
90 90 120 90 93.0 90 101.1 112.8 94.4 90 90 90

Total reflections 725,065 (34,414) 597,157 (60,933) 539,432 (54,563) 126,530 (12,830)
Unique reflections 81,583 (7832) 133,175 (13,311) 89,118 (9042) 65,944 (6644)
Multiplicity 8.9 (4.4) 4.5 (4.6) 6.1 (6.0) 1.9 (1.9)
Completeness (%) 99.59 (96.57) 96.18 (95.63) 90.73 (92.05) 95.91 (97.62)
Mean I/o(l) 26.62 (3.32) 11.19 (1.22) 9.08 (2.02) 8.23 (2.54)
Wilson B-factor 23.67 14.93 13.78 23.65
R-merge 0.04649 (0.3966) 0.09883 (1.261) 0.1569 (0.7841) 0.05735 (0.2516)
R-meas 0.04921 (0.451) 0.1121 (1.427) 0.1719 (0.8578) 0.08111 (0.3558)
R-pim 0.01592 (0.2106) 0.05232 (0.6619) 0.06949 (0.345) 0.05735 (0.2516)
CC1/2 0.999 (0.886) 0.998 (0.358) 0.994 (0.78) 0.996 (0.907)
cC* 1(0.969) 1(0.726) 0.999 (0.936) 0.999 (0.975)
Reflections used in refinement 81,572 (7830) 132,517 (13,152) 89,095 (9038) 65,903 (6639)
Reflections used for R-free 4183 (452) 6491 (608) 4458 (428) 3335 (326)
R-work 0.2006 (0.2858) 0.2050 (0.3530) 0.1849 (0.2669) 0.1864 (0.2446)
R-free 0.2202 (0.3105) 0.2334 (0.3668) 0.2133 (0.2986) 0.2216 (0.3016)
CC(work) 0.943 (0.876) 0.960 (0.626) 0.954 (0.867) 0.957 (0.905)
CC(free) 0.937 (0.823) 0.958 (0.620) 0.940 (0.834) 0.939 (0.820)
No. of non-hydrogen atoms 4138 8639 8749 8306

Macromolecules 3608 7264 7264 7264

Ligands 112 246 180

Solvent 530 1263 1239 862
Protein residues 480 968 968 968
r.m.s. (bonds) 0.009 0.003 0.004 0.004
r.m.s. (angles) 1.00 0.58 0.69 0.61
Ramachandran favored (%) 97.46 98.00 97.69 97.37
Ramachandran allowed (%) 2.54 2.00 2.31 2.63
Ramachandran outliers (%) 0.00 0.00 0.00 0
Rotamer outliers (%) 0.26 0.76 0.51 0.25
Clashscore 3.35 3.92 2.18 1.85
Average B-factor 30.15 22.83 19.00 29.55

Macromolecules 28.81 20.95 17.24 28.84

Ligands 27.65 21.05 29.75

Solvent 39.27 33.22 28.88 35.49
No. of TLS groups 28 50 76 46

Complex crystals of PIIA with 12 were obtained by co-crystal-
lization. The resulting crystals belonged to space group P2, and
were diffracted to 1.56 A. The overall structure of PIIA does not
change upon complex formation (Carr.m.s.d. of 0.12 A), and we
observed unambiguous electron density for Ca®>" and the
ligand in each of the eight protomers in the asymmetric unit.
The canonical Ca®" ion at the sugar-binding site is coordinated
by the side chains of Asp-96, Thr-100, Asp-103, and Asn-104 as
well as the main-chain carbonyl oxygen atoms of Tyr-38 and
Thr-100. The ligand is not involved in crystal contacts and ori-
ented in the same way in each protomer. It sits in a shallow
binding pocket and is engaged in a total of 10 hydrogen bonds
(protein and the Ca>" ion): the anomeric oxygen (O1) and gal-
actoside C2 hydroxyl with the side chain of Glu-44; sugar C3
hydroxyl with the Ca®" ion, the side chain of Asp-103, and the
main chain of Tyr-38; sugar C4 hydroxyl with the Ca*>* ion, the
side chain of Asp-96, and the main chain of Tyr-38; sugar ring
O5 with the side chain of GIn-57; and sugar C6 hydroxyl with
the side chain of GIn-57. From this complex structure, it is clear
that PIlA is only able to bind to a-galactosides; the side chains of
the two amino acids Val-43 and Asn-55 that are absent in LecA
form a barrier and any B-linkage would result in a clash with the
PlIA surface (Fig. 8). The structure also allowed us to rationalize
why p-galactosamine (10) is a better binder than p-galactose
(9), and why N-acetylgalactosamine (11) shows no detectable
binding. By swapping the C2 hydroxyl group for an amino
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group, the sugar can now engage in an additional hydrogen
bond with the side chain of Asp-103 (see supplemental Fig. S8).
Acetylation of the amino group leads to a clash with the protein
and thus abolishes binding.

Complex crystals of PIIA with raffinose were also obtained by
co-crystallization. The resulting crystals belonged to space
group P1 and diffracted to 1.75 A. As expected, the overall
structure of PIIA does not change upon complex formation (Ca
r.m.s.d. of 0.12 A). There are eight protomers in the asymmetric
unit, and we observed unambiguous electron density for raffi-
nose in all of them. Although some of the raffinose molecules
are involved in crystal contacts, the orientation and shape of the
trisaccharide is virtually identical in each protomer. The orien-
tation of the galactose moiety does not differ between the mon-
osaccharide and raffinose structures, and the same hydrogen
bonds are formed. The «-1,6-linkage leads glucose away from
the PIIA surface, but the C4 hydroxyl forms one hydrogen bond
with the side chain of GIn-57. Interestingly, the final fructose
moiety is pointing back toward the PIIA surface, giving the raf-
finose an overall horseshoe shape. The fructose C3 and C4
hydroxyls are engaged in a hydrogen bond with the side chain of
Glu-44. Glu-44 is also involved in hydrogen bond formation
with the galactose C2 hydroxyl, thus linking the two ends of
the raffinose horseshoe resulting in an additional intraligand
hydrogen bond between fructose C6 hydroxyl with galactose
C2 hydroxyl.
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D119‘

Figure 6. Overall structure of PIIA and comparison to LecA. A, schematic representation of the PIIA tetramer. Two parallel dimers (yellow/magenta and
green/cyan) form tail-to-tail dimers with a 90° twist. B, detailed view of the PIIA tail-to-tail interface. We observe two hydrogen bonds between the side chains
of tail Ser-119 (cyan) and Lys-82 (yellow) and the C terminus of the tail and the backbone nitrogen of Ala-74 (yellow). In addition, tail residue Leu-121 is inserted
into a hydrophobic pocket of its binding partner. C, LecA tetramer is planar, formed by tail-to-tail dimerization of two parallel dimers (yellow/magenta and
green/cyan). D, much shorter tail of LecA provides several stabilizing hydrogen bonds (dashed lines), but the interactions are not sufficient to cause a twist of the

two dimers relative to each other.

Because we used fluorescent probe 1 in our competitive
binding assays, we wanted to understand how the probe binds
to PIIA. Complex crystals of PIIA with 1 were also obtained by
co-crystallization. The resulting crystals belonged to space
group P2,2,2, and diffracted to 2.0 A. The overall structure of
the eight protomers in the asymmetric unit did not differ sig-
nificantly from the apo structure (Ca r.m.s.d. of 0.15 A), and we
observed unambiguous density for 1 in four of the protomers
(Fig. 7, E and F, and supplemental Fig. S10). The interactions of
the galactose include all of those observed in the other two
structures. Through fortuitous crystal packing, we were able to
obtain good electron density for the fluorophore and were able
to fit it. The ordered nature of the fluorophore is the result of
w-stacking between the tricyclic ring systems of two molecules
of 1 bound to symmetry mates.

The strict specificity toward a-galactosides is unique for
PIIA when compared with LecA. From the crystal structure
of PIIA with 12, it becomes clear that 3-galactosides cannot
be recognized without a steric clash with the protein surface
of PIIA (Fig. 84). In contrast, LecA opens a shallow cleft close
to its anomeric center that allows the accommodation of

large B-linked aglycons, such as in 4-nitrophenyl B-p-galac-
toside. From a superposition of the binding site amino acid
residues of PIIA with LecA, it can be deduced that the addi-
tional amino acids Val-43 and Asn-55 present in PlIA are
responsible for preventing PIIA from binding B-galactosides
(Fig. 8B).

Application of PlIA for the detection of the a-Gal epitope

PlIA showed the highest apparent binding on the glycan array
to a biantennary N-glycan structure carrying the a-Gal epitope
on its antenna. This antigen (Gal-a-1,3-Gal-$-1,4-GlcNAc) isa
ubiquitous epitope in non-primate mammals and new world
monkeys. This carbohydrate structure is the major factor of
hyperacute rejection of xenotransplanted organs in humans
(29, 41, 42). In pigs, genetic engineering resulted in animals
lacking the corresponding galactosyltransferase thus reducing
the risk of severe immune responses (31, 43, 44). By using mod-
ern techniques such as CRISPR/Cas to engineer animals or
animal tissue lacking the a-Gal epitope, quality controls for
the complete suppression of the biosynthetic machineries
are of crucial importance. Currently, the isolectin GS-I1B4

Figure 5. A, sequence of PIIA. Secondary structure elements are shown above the sequence (blue arrows, B-strands; red barrel, c-helix). Residues responsible for sugar
binding are highlighted with magenta stars, Ca * -binding residues with cyan circles, and amino acids coordinating both as yellow triangles. Tail residues unique to PIIA
and its close homologs are highlighted with a blue box. B, schematic representation of a PIIA apo monomer. G, fold diagram for the structure shown in B.
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Figure 7. PlIIA-carbohydrate complex structures. A and B, PIIA bound to methyl a-p-galactoside (12). This interaction is stabilized through 10 hydrogen
bonds (dashed lines). Eight of them are between the ligand and the protein, and two are provided by the Ca®" ion. C and D, PIIA bound to raffinose (25). In
addition to the hydrogen bonds observed in A, the glucose moiety forms a hydrogen bond with the side chain of GIn-57, whereas terminal fructofuranoside
forms two hydrogen bonds with the side chain of Glu-44, which results in the ligand adopting a horseshoe shape. E and F, PIIA bound to fluorescent tracer 1.
No interactions with the protein are observed beyond the carbohydrate moiety. The fluorescein can only be observed as the result of fortuitous crystal contacts
in half of the monomers in the asymmetric unit. PIIA is shown as a yellow schematic/surface representation, ligand as gray sticks, oxygen atoms in red, nitrogen
atoms in blue, sulfur atoms in yellow, and Ca®* ions as green spheres. Difference electron density (F, — F.) contoured to 3¢ with phases calculated from a model
that was refined in the absence of metal ions is shown as gray isomesh (B, D, and F).

purified from the plant G. simplicifolia is used as a tool to
identify a wide range of a-galactoside epitopes, among which
is the a-Gal epitope (45). Because of the high selectivity of
PIIA, this bacterial lectin could be an alternative to the cur-
rently used GS-1B4.

The crystal structure of GS-I1B4 in complex with the terminal
disaccharide Gal-a-1,3-Gal (20) as a methyl glycoside shows
extensive interactions between the terminal galactose residue
and the protein but no contacts with the reducing-end galac-

19944 | Biol. Chem. (2017) 292(48) 19935-19951

tose moiety (46). To compare the recognition features of both
proteins to this epitope, we have docked the methyl glycoside of
20 into the carbohydrate-binding site of PIIA (supplemental
Fig. S9). In this computed structure, the terminal saccharide
moiety forms extensive contacts with the lectin receptor. In
contrast to GS-1B4, the reducing-end galactose established two
more hydrogen bonds with Glu-44 and Asn-55 of PIIA, which
may serve as an explanation for the high specificity of PIIA for
the Gal-a-1,3-Gal epitope.
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Figure 8. Rationalizing PIIA a-galactoside specificity. A, representation of
the PIIA (yellow)-binding pocket with methyl a-p-galactoside (12, gray sticks).
4-Nitrophenyl B-p-galactoside (salmon sticks and isomesh, taken from PDB
3ZYF) was superposed onto a-D-galactoside. Because of the restricted ligand-
binding site of PIIA only a-substituted ligands, leading away from the surface,
can be accommodated, whereas B-substituted ligands clash. B, superposition of
the binding site amino acid residues of PIIA (blue) with LecA (magenta), oxygen
atoms, red; nitrogen atoms, blue. Residue numbers correspond to PIIA.

We thus tested the suitability of PIIA to detect the a-Gal
epitope in wild-type primary pig kidney cells and cells derived
from the corresponding a-1,3-galactosyltransferase knock-out
(GTKO) animals (Fig. 9). Both PIIA and the current standard
lectin GS-IB4 visualized the a-Gal antigen in wild-type porcine
cells similarly. Because the «-Gal antigen is also present on
glycolipids in red blood cells (41), we performed hemagglutina-
tion experiments with red blood cells (RBC) from wild-type and
GTKO pigs. PlIA agglutinated wild-type porcine red blood cells
but was unable to agglutinate RBCs from the GTKO pig (Fig. 10,
A and B). In addition, we could further show that this aggluti-
nation was galactose-dependent and could be inhibited by the
presence of raffinose (Fig. 10C).

Conclusion

The opportunistic pathogen P. aeruginosa utilizes the two
soluble lectins LecA and LecB for infection of the host and
biofilm formation. Although numerous LecB-like proteins have
been characterized, LecA orthologs are scarce. Here, we show
that various orthologs of LecA are present in the insect patho-
genic bacteria from the Photorhabdus and Xenorhabdus species
as well as in the human gut bacterium and pathogen Enterobac-
ter spp. A high degree of similarity was observed among those
orthologs with LecA having a sequence insert and lacking an
otherwise conserved C-terminal tail.

The gene plu2096 from the entomopathogenic bacterium
P. luminescens was cloned and recombinantly produced in high
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production yields. It encodes the galactose-binding lectin PIIA
with 37% identity to LecA. The carbohydrate-binding specific-
ity of PIIA was assessed on a glycan array containing over 600
different carbohydrate epitopes. Interestingly, PIIA showed
very strict specificity toward a-galactosides with high apparent
binding to the a-Gal epitope as well as to Gal-a-1,4-GlcNAc
and Gal-a-1,3-GalNAc.

To date, the biological role of the Gal-a-1,4-GlcNAc epitope
remains unclear, and natural sources have not been identified
despite the fact that anti-Gal-a-1,4-GlcNAc antibodies are
present in human serum (47). In contrast, Gal-a-1,3-GalNAc
epitopes are present in nematodes and have, for example, been
described in glycolipids from the worms Ascaris suum and
Caenorhabditis elegans (48). Furthermore, Gal-a-1,3-GalNAc
is a ubiquitous epitope present on glycoproteins of the nema-
tode Hemonchus contortus, and vaccination of lambs with gly-
coproteins of the sheep parasite H. contortus specifically elic-
ited anti-Gal-a-1,3-GalNAc IgG antibodies (49). In addition,
a-linked galactosyl residues have been identified in C. elegans
N-glycans attached to mannose residues (50, 51) or attached
to core fucose residues (52). Importantly, the nematodes
C. elegans and H. contortus are both phylogenetically closely
related to Heterorhabditis, whereas A. suum is more distantly
related (53). It is thus reasonable to speculate that the Gal-a-
1,3-GalNAc epitope recognized by the bacterial lectin PlIA is
also present in the nematode Heterorhabditis and plays a role in
bacterial attachment or symbiosis of Photorhabdus species with
their native nematode hosts. Moreover, this epitope has been
described as one terminal constituent of glycosphingolipids of
the insect Calliphora vicina pupae (54) and members of the
order of diptera, ie. flies, are generally susceptible to infection
with Heterorhabditis and P. luminescens. Therefore, it is possi-
ble that Gal-a-1,3-GalNAc is one natural ligand bound by PIIA
both in the nematode symbiont and in infected insects.

Based on the carbohydrate specificity of PIIA as determined
by the glycan array, PIIA was tested in a porcine cell culture
staining experiment for the detection of the a-Gal epitope, the
prime reason for hyperacute organ rejection in xenobiotic
transplants. PIIA proved to be a suitable detection tool and spe-
cifically detected the a-Gal epitope in porcine tissue and on red
blood cells. This fact qualifies recombinantly produced PIIA for
the efficacy assessment of methods to genetically manipulate
cells, such as CRISPR/Cas, for the production of alternative
animal cells, tissue, or organisms lacking the a-Gal epitope as
donors for xenotransplantation.

We are currently analyzing the biological role of PIIA in
P. luminescens for its life cycle in nematodes and insects. Fur-
thermore, it will be of interest to analyze the role of PIIA
orthologs in the human pathogens P. asymbiotica and the
Enterobacter spp., a group of bacteria that are part of the normal
human gut flora with pathogenic potential.

Materials and methods
Chemicals

Methyl a-1-fucoside (6), methyl a-p-mannoside (7), and
p-galactose (9) were purchased from Dextra Laboratories
(Reading, UK); p-galactosamine (10), methyl a-p-galactoside
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GTKO

PIIA
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Figure 9. Staining of primary porcine kidney cells from wild-type pigs (WT) and GGTA7 KO (GTKO) animals unable to produce the a-Gal antigen.
Fluorescein-tagged PIIA or GS-IB4 were used as probes and detected the a-Gal antigen in WT cells. Lectin concentration: PIIA, 50 g/ml; GS-1B4, 500 pg/ml,

400X magnification.
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Figure 10. Hemagglutination of porcine red blood cells by PIIA. A, wild-
type pig RBCs. B, GTKO pig RBCs. C, inhibition of PlIA-mediated agglutination
of wild-type pig RBCs with raffinose.

(12), p-nitrophenyl a-p-galactoside (16), 4-methylumbelliferyl
a-p-galactoside (17), 5-bromo-4-chloro-3-indolyl a-p-galacto-
side (18), isopropyl B-p-1-thiogalactoside (IPTG) were from
Carbosynth Ltd. (UK); methyl B-p-arabinoside (8) was from
Tokyo Chemical Industry (Japan); methyl a-p-glucoside (5),
N-acetyl-p-galactosamine (11), and stachyose (26) were from
Sigma (Germany); melibiose (22) was from MP Biomedicals
Llc. (France); raffinose (25) was from Th. Geyer Laboratories
(Germany); Gal-a-1,3-Gal (20), Gal-a-1,4-Gal (21), Xeno anti-
gen (27), P1 antigen (28), and blood group B antigens (29, 30)
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were from Elicityl OligoTech (France); Gal-a-SP-biotin (13),
Gal-a-1,3-GalNAc-a-SP-biotin (23), and Gal-a-1,4-GlcNAc-
B-SP-biotin (24) were from Lectinity (Russia); and Gal-a-1,2-Gal-
B-1-OMe (19) was from Carbohydrate Synthesis (Oxford, UK).
Fluorescent ligands 1-4 were synthesized as described (27).

Allyl a-p-galactopyranoside (14) was synthesized from
galactose in a Fischer-type glycosylation with allyl alcohol in
presence of Amberlite IR120/H" (supplemental Scheme 1).
The title compound was obtained by recrystallization. "H NMR
(400 MHz, MeOH-d,,) 8 5.98 (dddd, / = 17.2, 10.4, 6.1, 5.2 Hz,
1H, CH,CHCH,O-), 5.33 (dq, /] = 17.2, 1.7 Hz, 1H,
CH,CHCH,0-),5.17 (dq, ] = 10.4, 1.4 Hz, 1H, CH,CHCH,O-),
4.87 (d,J = 3.0 Hz, 1H, H1), 4.23 (ddt, J = 13.0, 5.3, 1.5 Hz, 1H,
CH,CHCH,O-), 4.04 (ddt, J = 13.0, 6.1, 1.4 Hz, 1H,
CH,CHCH,0-), 3.93-3.89 (m, 1H, H4), 3.85-3.78 (m, 1H, H5),
3.78-3.76 (m, 2H, H2, H3), 3.73-3.69 (m, 2H, H6). >*C NMR
(101 MHz, MeOH-d,) 8 13565 (CH,CHCH,O-), 117.48
(CH,CHCH,0-), 99.46 (C1), 72.37 (C5), 71.51 (C2/3), 71.16
(C4), 70.21 (C2/3), 69.39 (CH,CHCH,O0-), 62.78 (C6). Tran-
scripts of NMR spectra are shown in supplemental Figs. 4
and 5).

For allyl 3-O-methyl-a-p-galactopyranoside (15), a micro-
wave vial was filled with allyl galactoside 14 (57 mg, 0.26 mmol)
and dibutyltinoxide (71 mg, 0.29 mmol), and the reagents were
dried in vacuo. Dry PhMe/MeCN (5:1, 660 ul) was added, and
the suspension in the sealed tube was exposed to microwave
irradiation for 20 min at 150 °C. The clear solution was allowed
to cool to 50 °C, and to the resulting suspension was added Mel
(405 pl, 6.5 mmol) dropwise. The reaction was stirred for 48 h at
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50 °C, after removal of the volatiles in vacuo and purification of
the crude product by MPLC, the title compound was obtained
as a pure product (40 mg, 65%). '"H NMR (400 MHz, MeOH-d,,)
86.08-5.89 (m, 1H, CH,CHCH,0O-), 5.34 (dd,] = 17.2, 1.8 Hz,
1H, CH,CHCH,O-), 5.17 (dd, ] = 104, 1.6 Hz, 1H,
CH,CHCH,0-),4.85(d,] = 4.0 Hz, 1H, H1), 4.23 (ddt, ] = 13.0,
5.3, 1.6 Hz, 1H, 1H, CH,CHCH,0-), 4.13 (dd, ] = 3.3, 1.2 Hz,
1H, H4), 4.04 (ddt, ] = 13.0, 6.1, 1.4 Hz, 1H, CH,CHCH,O-),
3.85 (dd, / = 10.1, 3.9 Hz, 1H, H2), 3.82-3.77 (m, 1H, H5),
3.76 -3.63 (m, 2H, H6), 3.46 (s, 3H, CH,), 3.42 (dd, / = 10.1,3.2
Hz, 1H, H3). *C NMR (101 MHz, MeOH-d,) & 135.65
(CH,CHCH,0-), 117.50 (CH,CHCH,0-), 99.37 (C1), 81.15
(C3),72.35(C5), 69.38 (CH,CHCH,O-), 69.22 (C2), 66.91 (C4),
62.74 (C6), 57.24 (CH,). Transcripts of NMR spectra are shown
in supplemental Figs. 6 and 7).

Bioinformatics

A BLAST search (blastp) was done using the amino acid
sequences of LecA from P. aeruginosa as query (accession number
Q05097). The search was carried out choosing non-redundant
protein sequence database with exclusion of P. aeruginosa (taxid:
287). The best 100 matches were chosen for an alignment using the
COBALT tool (55). The aligned sequences were clustered using
the SECATOR algorithm (56), which relies on BION] (57) to build
the phylogenetic tree. The best LecA-like sequences (with lowest
E-value) from each Xenorhabdus and Photorhabdus species were
aligned with LecA using COBALT, and the conserved sequence
was colored using Color Align Conservation (58). The amino acid
sequence of hypothetical LecA homologs (with lowest E-value in
Xenorhabdus and Photorhabdus species) were WP_011146351.1
(P. luminescens), WP_046975865.1 (P. temperata), WP_065824676.1
(P. asymbiotica), WP_054480913.1 (P. heterorhabditis), XWP_
038256436.1 (Xenorhabdus bovienii), WP_013184196.1 (Xenorh-
abdus nematophila), WP_047963870.1 (Xenorhabdus khoi-
sanae), WP_074019816.1 (Xenorhabdus thuongxuanensis),
WP_038237499.1 (Xenorhabdus szentirmaii), and GenBank™
number SFO04414.1 (Xenorhabdus japonica), and SFJ01328.1
(Xenorhabdus mauleonii).

Cloning, expression, and purification of recombinant PIIA

Genomic DNA was isolated from P. luminescens subsp. lau-
mondii TTOI using GenElute Bacterial Genomic DNA Kit
(Sigma). The plu2096 gene sequence was amplified by PCR
with Phusion polymerase (New England Biolabs, UK) and
primers introducing Ndel (5'-GGAATTCCATATGTCT-
GATTGGTCAGGAAG-3') and BamHI (5'-CGGGATCCT-
TATTTTAAAGGGGAGTATCGAG-3') restriction sites. After
digestion of the expression vector pET22b(+) (Novagen, Ger-
many) and the PCR product with Ndel and BamHI (New
England Biolabs, UK), ligation of the insert was performed with
T4 DNA ligase (New England Biolabs, UK) resulting in plasmid
pET22b-pllIA. The sequence was confirmed by sequencing
(GATC Biotech, Germany) with primers T7 promotor (5'-
TAATACGACTCACTATATAGG-3") and T7 terminator
(5'-GCTAGTTATTGCTCAGCGG-3").

For expression, pET22b-pllA was transformed into chemi-
cally competent E. coli BL21(DE3), and the expression strain
was selected on LB agar supplemented with ampicillin (100 ug
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ml™'). 2 liters of LB supplemented with ampicillin (100 ug
ml ') were inoculated with a preculture and grown at 37 °C and
180 rpm to an Agy, of 0.5—0.6. Expression was induced with
addition of IPTG (0.5 mwm final concentration), and bacteria
were then further cultured for 6 h at 30 °C and 180 rpm. The
cells were harvested by centrifugation (3000 X g, 10 min), and
the pellet was washed with TBS/Ca (20 mm Tris, 137 mm NaCl,
2.6 mm KCI, pH 7.4, supplemented with 100 um CaCl,). The
cells were resuspended in 25 ml of TBS/Ca with PMSF (1 mm)
and lysozyme (0.4 mg ml ') and subsequently disrupted by five
cycles in a microfluidics homogenizer (Microfluidics Corp.).
Cell debris was removed by centrifugation (10,000 X g, 60 min),
and the supernatant was loaded onto a column containing
galactosylated (59) or later melibiose-coupled Sepharose CL-
6B. The column was washed with TBS/Ca, and PIIA was eluted
by addition of 100 mm galactose or 100 mwm raffinose to the
buffer. The eluted fractions were extensively dialyzed against
distilled water and then TBS/Ca buffer. The concentration was
determined by UV absorbance at 280 nm using a calculated
molar extinction coefficient of 19,480 M~ ' cm™". The yield of
purified PIIA was 6 mg (galactose-column) or 19 mg (melibiose-
column) per liter of culture volume.

Gel filtration

A HiLoad 16/600 Superdex 200 pg (GE Healthcare) was
equilibrated with TBS/Ca buffer (20 mm Tris, 137 mm NaCl, 2.6
mum KCl, pH 7.4, supplemented with 1 mm CaCl,) with a flow
rate of 1 ml/min. A calibration curve for molecular size estima-
tion was generated by loading 10 um of mixture of standard
proteins (lysozyme, DNase I, ovalbumin, and BSA). Thereafter,
10 um PIIA was loaded on the column and analyzed with the
same flow rate.

Dynamic light scattering (DLS) measurements

DLS measurements were performed on a Zetasizer Nano-ZS
(Malvern Instruments, UK). Stock solutions were filtered with a
syringe filter before measurements. 50 pl of PIIA or LecA (100
mm) in TBS/Ca (20 mm Tris, 137 mm NaCl, 2.6 mm KCl, pH 7.4,
supplemented with 1 mm CaCl,) was measured at 25 °C.

Fluorescent labeling of PIIA and glycan array analysis

PIIA (700 ul, 58 um in Na,CO, buffer, pH 9.3) was incubated
at room temperature under shaking (500 rpm) with fluorescein
isothiocyanate (FITC, 33 ul, 3 mg ml™', in sodium carbonate
buffer, pH 9.3) for 1 h. Purification of the labeled protein was
performed as described above for unlabeled PIIA; the protein
concentration was determined as described previously for
LecB-PA14 (19) using an extinction coefficient of 19,480 m ™'
cm ™! for PlIA.

FITC-labeled PlIA was tested on the Consortium for Func-
tional Glycomics (CFG) mammalian glycan array (Core H)
version 5.3 containing 600 printed glycans in replicates of 6.
Standard procedures of Core H (details see http://www.
functionalglycomics.org/glycomics/publicdata/selectedScreens.
jsp)* were run at 5and 50 ug ml ™' protein based on the protocol
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by Blixt et al.(60). Raw data of the PlIA binding experiments
are available as supplemental Tables S1 and S2 as an XLS
spreadsheet.

Direct binding of fluorescent ligands 1-4 to PIIA

10 pl of a serial dilution of PIIA in TBS/Ca (618—-0.30 um)
was added in triplicate to a 384-well plate (Greiner Bio-One,
Germany, catalog no. 781900). Then, 10 ul of fluorescent ligand
1-4 dissolved in TBS/Ca were added to PIIA to a final concen-
tration of 10 nm. After incubation for 1 h at room temperature,
blank corrected fluorescence intensity was recorded using a
PheraStar FS microplate reader (BMG Labtech GmbH, Ger-
many) with excitation filters at 485 nm and emission filters at
535 nm, and fluorescence polarization was calculated. The data
were analyzed using a four-parameter fit of the MARS Data
Analysis Software (BMG Labtech GmbH, Germany). A mini-
mum of three independent experiments on three plates was
performed for each fluorescent ligand.

Competitive binding assay for PIIA

10 plof a serial dilution of each tested compounds in TBS/Ca
(20 to 0.01 mm) were added in triplicate to a 384-well plate
(Greiner Bio-One, Germany, catalog no. 781900). Afterward,
10 pl of PIIA and 1 were added to each well at final concentra-
tions of 55 um and 10 nm, respectively. After incubation for 1 h
at room temperature, fluorescence polarization was deter-
mined using a microplate reader as described above. The data
were analyzed using a four-parameter fit of the MARS Data
Analysis Software (BMG Labtech GmbH, Germany). A mini-
mum of three independent experiments on three plates was
performed for each compound.

X-ray crystallography

Crystals of apo-PIIA were obtained in 1.6 M sodium citrate
tribasic dihydrate, pH 6.5. To solve the PIIA-ligand complex
structures, PIIA was co-crystallized in the presence of 10 mm
ligand and 3 mm calcium chloride. Optimized crystals of PIIA-
12, PIIA-25, and PIIA-1 were grown under conditions of 0.2 M
ammonium acetate, 0.1 M BisTris buffer, pH 5.5, and 25% PEG
3350; 0.2 M magnesium acetate and 20% PEG 3350; and 0.15 m
pL-malic acid and 20% PEG 3350, respectively. Diffraction data
for all proteins was collected from single crystals at 100 K. Data
for apo-PIIA and PIIA-12 were obtained at beamline ID23-2
(ESRF) at a wavelength of 0.873 A, whereas data for the PIIA-25
and PIIA-1 were collected at beamline ID30-B (ESRF) at a
wavelength of 0.967 A. Data were processed using Xia2 (61) or
XDS (62), and the structures were solved using PHASER (63)
molecular replacement with LecA (PDB code 1L7L) as a search
model. The models were manually rebuilt with COOT (64) and
refined using PHENIX (65) and Refmac5 (66). The structures
were validated using MolProbity, and all images were created
using PyMOL (67).

Molecular modeling

Docking was performed using PLANTS version 1.1 (68). The
calculation of charge and energy minimization of the protein
and ligand was performed with Molecular Operating Environ-
ment (MOE) version 2014.09 (Chemical Computing Group
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Inc., Montreal, Quebec, Canada). Then, the standard docking
procedure was used to dock p-galactosamine (10) and the
methyl glycoside of 20 into the binding pocket of the apo-PIlIA
crystal structure. The docking site was limited to a 13 A radius
sphere centered in the mass center (coordination: X = —8.624,
Y = 15.131, and Z = 45.115) of the crystallized protein. Asp-
103, Asp-96, GIn-57, and Glu-44 were set as flexible residues in
the input file.

Generation of primary GTKO cells

Pigs lacking the GTKO were generated by disrupting the
causative galactosyltransferase gene GGTAI, according to the
procedure described in Klymiuk et al. (69). First, a bacterial
artificial chromosome (BAC) containing the target region of
the porcine genome, CH242-21F3, was modified by bacterial
recombineering in a way that it contained a STOP box right
after the START codon of GGTA, resulting in the termination
of protein translation as well as RNA transcription of the gene,
and a floxed resistance cassette for neomycin selection. Then,
this modified BAC was nucleofected into pig primary cells
according to Richter et al. (70), and single-cell clones were gen-
erated under antibiotic selection and propagated to yield cells
for DNA isolation and somatic cell nuclear transfer (SCNT).
Single-cell clones were screened for homologous recom-
bination by a quantitative PCR-based loss-of-wild-type allele
approach, and cell clones that indicated a heterozygous modi-
fication of the GGTAI allele were used for SCNT to generate
heterozygous knock-out pigs. After birth, one of the animals
was sacrificed, and primary cells were cultivated and nucleo-
fected with a plasmid encoding Cre recombinase. Again, single-
cell clones were generated and now screened for the removal of
the neomycin selection cassette. Another round of SCNT was
performed to generate heterozygous KO animals lacking the
neomycin selection cassette. Pigs were then maintained and
bred to achieve homozygous GTKO pigs after two generations.
Primary cells from such GTKO animals were isolated according
to the procedure described by Richter et al. (70), and these cells
were used for evaluating the specificity and sensitivity of the
PIIA lectin.

Lectin staining of porcine cells

For lectin staining, 1 X 10* cells were seeded in 6-channel
slides (IBIDI, Martinsried, Germany), coated with collagen type
1 (Serva Electrophoresis, Heidelberg, Germany), and cultivated
under conventional conditions (70). When reaching a conflu-
ence of 80-100%, cells were stained for 15 min with 5 pg/ml
Hoechst 33342 and subsequently with FITC-labeled isolectin
B4 (GS-IB4, Sigma, 500 pg/ml) or FITC-labeled PIA (50
pg/ml) for 1 h at room temperature. After washing with PBS,
cells were visualized in a fluorescence microscope (Axiovert
200, Zeiss).

Hemagglutination of porcine red blood cells

Hemagglutination was done in analogy to a previously pub-
lished protocol (34). Lithium-heparinized pig blood was centri-
fuged at 1000 X g for 5 min. Plasma was removed, and the
pRBCs were washed with 45 ml of PBS three times. A 10% pRBC
solution was prepared by diluting 1 ml of pRBCs with 9 ml of
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PBS (Agoo = 7). Then, 50 pul of PBS was added to each well of a
96-well plate. Thereafter, 50 ul of PIIA (2.5 mg/ml) were added
to the first well and mixed, and 50 pl of this mixture was trans-
ferred to the second well. Serial dilution of PIIA was continued
until 23 dilutions were obtained. 50 ul of 10% pRBCs from WT
or GTKO pig were added to each well, and the plate was incu-
bated for 2 h at room temperature. Inhibition of PlIIA-mediated
WT pRBC agglutination was then tested with raffinose. A serial
dilution of raffinose (20 mm) was mixed with the lowest lectin
concentration showing agglutination (2.4 ug/ml). After incuba-
tion for 30 min at room temperature, pRBCs were added. The
plate was incubated for 2 h at room temperature.

Author contributions—A. T. conceived and coordinated the study.
G. B, J. K, and A. T. wrote the paper. G. B. and A. T. designed, per-
formed, and analyzed the experiments shown in Figs. 1-4 and Tables
1 and 2. G. B. performed docking experiments. D. H. performed
chemical synthesis of compounds. S. W. designed and performed
cloning of PIIA expression vector with assistance of G. B., A. S., and
J. K. designed, performed, and analyzed the experiments shown in
Figs. 5-8 and Table 3 with assistance of G. B., E. M. ., N. K, and
E. W. designed, performed, and analyzed the experiments shown in
Figs. 9 and 10. All authors reviewed the results and approved the final
version of the manuscript.

Acknowledgments—We are grateful to Prof. Rolf Miiller (HIPS Saar-
briicken) for providing the P. luminescens strain used in this study and
to the Consortium for Functional Glycomics (Core H, Protein—Glycan
Interaction Resource of the Consortium for Functional Glycomics and
National Institutes of Health Supporting Grant R24 GM098791) for
the glycan array analysis of PlIA. We acknowledge use of the ESRF
synchrotron (beamlines ID23-2 and ID30-B). GTKO pigs were pro-
duced with funding from Deutsche Forschungsgemeinschaft Grant
TRR 127 “Biology of xenogeneic cell, tissue, and organ trans-
plantation—from bench to bedside.”

References

1. Poinar, G. O., Thomas, G. M., and Hess, R. (1977) Characteristics of the
specific bacterium associated with Heterorhabditis bacteriophora (Het-
erorhabditidae: Rhabditida). Nematologica 23, 97-102

2. Thomas, G. M., and Poinar, J. R. (1979) Xenorhabdus gen. nov., a genus of
entomopathogenic, nematophilic bacteria of the family Enterobacteri-
aceae. [nt. J. Syst. Evol. Microbiol. 29, 352-360

3. Boemare, N., Akhurst, R., and Mourant, R. (1993) DNA relatedness be-
tween Xenorhabdus spp. (Enterobacteriaceae), symbiotic bacteria of en-
tomopathogenic nematodes, and a proposal to transfer Xenorhabdus lu-
minescens to a new genus, Photorhabdus gen. nov. Int. ]. Syst. Evol.
Microbiol. 43, 249 -255

4. Forst, S., and Nealson, K. (1996) Molecular biology of the symbiotic-path-
ogenic bacteria Xenorhabdus spp., and Photorhabdus spp. Microbiol. Rev.
60, 21-43

5. Fischer-Le Saux, M., Viallard, V., Brunel, B., Normand, P., and Boemare,
N. E. (1999) Polyphasic classification of the genus Photorhabdus and pro-
posal of new taxa: P. luminescens subsp. luminescens subsp. nov., P. lumi-
nescens subsp. akhurstii subsp. nov., P.luminescens subsp. laumondii
subsp. nov., P. temperata sp. nov., P. temperata subsp. temperata subsp.
nov., and P. asymbiotica sp. nov. Int. J. Syst. Bacteriol. 49, 1645-1656

6. Ferreira, T., van Reenen, C. A, Endo, A,, Tailliez, P., Pages, S., Spréer, C.,
Malan, A. P., and Dicks, L. M. (2014) Photorhabdus heterorhabditis sp.
nov., a symbiont of the entomopathogenic nematode Heterorhabditis
zealandica. Int. ]. Syst. Evol. Microbiol. 64, 1540 -1545

SASBMB

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Photorhabdus lectin A— PIIA

. Hapeshi, A., and Waterfield, N. R. (2017) Photorhabdus asymbiotica as

an insect and human pathogen. Curr. Top. Microbiol. Immunol. 402,
159-177

. Akhurst, R., and Boemare, N. (1990) in Entomopathogenic Nematodes in

Biological Control (Gaugler, R., and Kaya, H. K., eds) pp. 75-90, CRC Press
Inc., Boca Raton, FL

. Akhurst, R, and Dunphy, G. (1993) in Parasites and Pathogens of Insects

(Beckage, N. E., Thompson, S. A., and Federici, B. A., eds) Vol. 2, pp. 1-23,
Academic Press, New York

Duchaud, E., Rusniok, C., Frangeul, L., Buchrieser, C., Givaudan, A., Taou-
rit, S., Bocs, S., Boursaux-Eude, C., Chandler, M., Charles, ].-F., Dassa, E.,
Derose, R., Derzelle, S., Freyssinet, G., Gaudriault, S., et al. (2003) The
genome sequence of the entomopathogenic bacterium Photorhabdus lu-
minescens. Nat. Biotechnol. 21, 1307-1313

Bowen, D., Rocheleau, T. A., Blackburn, M., Andreev, O., Golubeva, E.,
Bhartia, R., and ffrench-Constant, R. H. (1998) Insecticidal toxins from the
bacterium Photorhabdus luminescens. Science 280, 2129 -2132

Guo, L., Fatig, R. O,, 3rd,, Orr, G. L., Schafer, B. W., Strickland, J. A.,
Sukhapinda, K., Woodsworth, A. T., and Petell, ]. K. (1999) Photorhabdus
luminescens W-14 insecticidal activity consists of at least two similar but
distinct proteins. Purification and characterization of toxin A and toxin B.
J. Biol. Chem. 274, 9836—-9842

Kumar, A, Sykorova, P., Demo, G., Dobes, P., Hyrsl, P., and Wimmerovid,
M. (2016) A novel fucose-binding lectin from Photorhabdus luminescens
(PLL) with an unusual heptabladed B-propeller tetrameric structure.
J. Biol. Chem. 291, 25032—-25049

Wagner, S., Sommer, R,, Hinsberger, S., Lu, C., Hartmann, R. W., Empting,
M., and Titz, A. (2016) Novel strategies for the treatment of Pseudomonas
aeruginosa infections. J. Med. Chem. 59, 5929 -5969

Diggle, S. P., Stacey, R. E., Dodd, C., Cdmara, M., Williams, P., and Winzer,
K. (2006) The galactophilic lectin, LecA, contributes to biofilm develop-
ment in Pseudomonas aeruginosa. Environ. Microbiol. 8, 1095-1104
Tielker, D., Hacker, S., Loris, R., Strathmann, M., Wingender, J., Wilhelm,
S., Rosenau, F., and Jaeger, K.-E. (2005) Pseudomonas aeruginosa lectin
LecB is located in the outer membrane and is involved in biofilm forma-
tion. Microbiology 151, 1313-1323

Garber, N. (1997) Specific Adherence Mechanisms in Microbiology and
Immunology. Nova Acta Leopoldina 1997, 75

Mitchell, E., Houles, C., Sudakevitz, D., Wimmerova, M., Gautier, C.,
Pérez, S., Wu, A. M., Gilboa-Garber, N., and Imberty, A. (2002) Structural
basis for oligosaccharide-mediated adhesion of Pseudomonas aeruginosa
in the lungs of cystic fibrosis patients. Nat. Struct. Biol. 9, 918 =921
Sommer, R., Wagner, S., Varrot, A., Nycholat, C. M., Khaledi, A., Haussler,
S., Paulson, ]. C., Imberty, A., and Titz, A. (2016) The virulence factor LecB
varies in clinical isolates: consequences for ligand binding and drug dis-
covery. Chem. Sci. 7, 49905001

Sudakevitz, D., Kostldnov4, N., Blatman-Jan, G., Mitchell, E. P., Lerrer, B.,
Wimmerova, M., Katcoff, D. ., Imberty, A., and Gilboa-Garber, N. (2004)
A new Ralstonia solanacearum high-affinity mannose-binding lectin RS-
IIL structurally resembling the Pseudomonas aeruginosa fucose-specific
lectin PA-IIL. Mol. Microbiol. 52, 691-700

Beshr, G., Sommer, R, Hauck, D., Siebert, D. C. B., Hofmann, A., Imberty,
A, and Titz, A. (2016) Development of a competitive binding assay for the
Burkholderia cenocepacia lectin BC2L-A and structure activity relation-
ship of natural and synthetic inhibitors. Med. Chem. Commun. 7,519 -530
Lameignere, E., Shiao, T. C., Roy, R., Wimmerova, M., Dubreuil, F., Varrot,
A., and Imberty, A. (2010) Structural basis of the affinity for oligomanno-
sides and analogs displayed by BC2L-A, a Burkholderia cenocepacia solu-
ble lectin. Glycobiology 20, 87-98

Marchetti, R., Malinovska, L., Lameignére, E., Adamova, L., de Castro,
C., Cioci, G., Stanetty, C., Kosma, P., Molinaro, A., Wimmerova, M.,
Imberty, A., and Silipo, A. (2012) Burkholderia cenocepacia lectin A
binding to heptoses from the bacterial lipopolysaccharide. Glycobiol-
ogy 22, 1387-1398

Zinger-Yosovich, K., Sudakevitz, D., Imberty, A., Garber, N. C., and Gil-
boa-Garber, N. (2006) Production and properties of the native Chromo-
bacterium violaceum fucose-binding lectin (CV-IIL) compared to homo-

J. Biol. Chem. (2017) 292(48) 19935-19951 19949

198



Photorhabdus lectin A— PIIA

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

logous lectins of Pseudomonas aeruginosa (PA-1IL) and Ralstonia
solanacearum (RS-1IL). Microbiology 152, 457—463

Imberty, A., Wimmerovd, M., Mitchell, E. P.,, and Gilboa-Garber, N.
(2004) Structures of the lectins from Pseudomonas aeruginosa: insight
into the molecular basis for host glycan recognition. Microbes Infect. 6,
221-228

McMahon, K. (2009) Structural and Functional Characterisation of Lec-
tins from the PA-IL Superfamily. Ph.D. thesis, Dublin City University,
Dublin, Ireland

Joachim, L, Rikker, S., Hauck, D., Ponader, D., Boden, S., Sommer, R.,
Hartmann, L., and Titz, A. (2016) Development and optimization of a
competitive binding assay for the galactophilic low affinity lectin LecA
from Pseudomonas aeruginosa. Org. Biomol. Chem. 14, 7933-7948
Cioci, G., Mitchell, E. P., Gautier, C., Wimmerovd, M., Sudakevitz, D.,
Pérez, S., Gilboa-Garber, N., and Imberty, A. (2003) Structural basis of
calcium and galactose recognition by the lectin PA-IL of Pseudomonas
aeruginosa. FEBS Lett. 555, 297-301

Galili, U. (2005) The a-Gal epitope and the anti-Gal antibody in xeno-
transplantation and in cancer immunotherapy. Immunol. Cell Biol. 83,
674—686

Duffy, M. S., Morris, H. R, Dell, A., Appleton, J. A,, and Haslam, S. M.
(2006) Protein glycosylation in Parelaphostrongylus tenuis—first descrip-
tion of the Galal-3Gal sequence in a nematode. Glycobiology 16,
854—862

Ekser, B., and Cooper, D. K. (2010) Overcoming the barriers to xenotrans-
plantation: prospects for the future. Expert Rev. Clin. Immunol. 6,
219-230

Blanchard, B., Nurisso, A., Hollville, E., Tétaud, C., Wiels, J., Pokornd, M.,
Wimmerovd, M., Varrot, A., and Imberty, A. (2008) Structural basis of the
preferential binding for globo-series glycosphingolipids displayed by Pseu-
domonas aeruginosa lectin 1. J. Mol. Biol. 383, 837—853

Eierhoff, T., Bastian, B., Thuenauer, R., Madl, J., Audfray, A., Aigal, S.,
Juillot, S., Rydell, G. E., Miiller, S., de Bentzmann, S., Imberty, A., Fleck, C.,
and Rémer, W. (2014) A lipid zipper triggers bacterial invasion. Proc. Natl.
Acad. Sci. U.S.A. 111, 12895-12900

Hauck, D., Joachim, I, Frommeyer, B., Varrot, A., Philipp, B., Moller,
H. M., Imberty, A, Exner, T. E., and Titz, A. (2013) Discovery of two
classes of potent glycomimetic inhibitors of Pseudomonas aeruginosa
LecB with distinct binding modes. ACS Chem. Biol. 8, 1775-1784
Wohlschlager, T., Butschi, A., Grassi, P., Sutov, G., Gauss, R., Hauck, D.,
Schmieder, S. S., Knobel, M., Titz, A, Dell, A., Haslam, S. M., Hengartner,
M. O., Aebi, M., and Kiinzler, M. (2014) Methylated glycans as conserved
targets of animal and fungal innate defense. Proc. Natl. Acad. Sci. U.S.A.
111, E2787-E2796

Sommer, R., Hauck, D., Varrot, A., Imberty, A., Kiinzler, M., and Titz, A.
(2016) O-Alkylated heavy atom carbohydrate probes for protein X-ray
crystallography: Studies towards the synthesis of methyl 2-O-methyl-L-
selenofucopyranoside. Beilstein J. Org. Chem. 12, 2828 -2833

Chen, C. P, Song, S. C,, Gilboa-Garber, N., Chang, K. S., and Wu, A. M.
(1998) Studies on the binding site of the galactose-specific agglutinin
PA-IL from Pseudomonas aeruginosa. Glycobiology 8, 7-16

Kim, H.-S., Cha, E,, Kim, Y., Jeon, Y. H., Olson, B. H., Byun, Y., and Park,
H.-D. (2016) Raffinose, a plant galactoside, inhibits Pseudomonas aerugi-
nosa biofilm formation via binding to LecA and decreasing cellular cyclic
diguanylate levels. Sci. Rep. 6, 25318

Landsteiner, K., and Levine, P. (1927) Further observations on individual
differences of human blood. Exp. Biol. Med. 24, 941-942

Khan, F., Khan, R. H., Sherwani, A., Mohmood, S., and Azfer, M. A. (2002)
Lectins as markers for blood grouping. Med. Sci. Monit. 8, RA293—-RA300
Macher, B. A., and Galili, U. (2008) The Gala1,3Gap1,4GlcNAc-R (a-Gal)
epitope: a carbohydrate of unique evolution and clinical relevance.
Biochim. Biophys. Acta 1780, 75— 88

Li, S., Waer, M., and Billiau, A. D. (2009) Xenotransplantation: role of
natural immunity. Transpl. Immunol. 21, 7074

Yamada, K., Yazawa, K., Shimizu, A., Iwanaga, T., Hisashi, Y., Nuhn, M.,
O’'Malley, P., Nobori, S., Vagefi, P. A., Patience, C., Fishman, J., Cooper,
D. K., Hawley, R. J., Greenstein, ]., Schuurman, H.-J., et al. (2005) Marked
prolongation of porcine renal xenograft survival in baboons through the

19950 . Biol. Chem. (2017) 292(48) 19935-19951

45.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

use of a1,3-galactosyltransferase gene-knockout donors and the cotrans-
plantation of vascularized thymic tissue. Nat. Med. 11, 32-34

. Klymiuk, N., Aigner, B., Brem, G., and Wolf, E. (2010) Genetic modifica-

tion of pigs as organ donors for xenotransplantation. Mol. Reprod. Dev. 77,
209-221

Puga Yung, G.L, Li, Y., Borsig, L., Millard, A.-L., Karpova, M. B,, Zhou, D.,
and Seebach, J. D. (2012) Complete absence of the aGal xenoantigen and
isoglobotrihexosylceramide in al,3galactosyltransferase knock-out pigs.
Xenotransplantation 19, 196 -206

. Tempel, W., Tschampel, S., and Woods, R. J. (2002) The xenograft antigen

bound to Griffonia simplicifolia lectin 1-B(4). X-ray crystal structure of
the complex and molecular dynamics characterization of the binding site.
J. Biol. Chem. 277, 6615—6621

Obukhova, P., Rieben, R., and Bovin, N. (2007) Normal human serum
contains high levels of anti-Gal a1-4GlcNAc antibodies. Xenotransplan-
tation 14, 627-635

Gerdt, S., Dennis, R. D., Borgonie, G., Schnabel, R., and Geyer, R. (1999)
Isolation, characterization and immunolocalization of phosphorylcho-
line-substituted glycolipids in developmental stages of Caenorhabditis el-
egans. Eur. ]. Biochem. 266, 952—963

van Stijn, C. M., van den Broek, M., Vervelde, L., Alvarez, R. A., Cum-
mings, R. D., Tefsen, B., and van Die, I. (2010) Vaccination-induced IgG
response to Galal-3GalNAc glycan epitopes in lambs protected against
Haemonchus contortus challenge infection. Int. J. Parasitol. 40, 215-222
Yan, S, Jin, C., Wilson, I. B., and Paschinger, K. (2015) Comparisons of
Caenorhabditis fucosyltransferase mutants reveal a multiplicity of iso-
meric N-glycan structures. /. Proteome Res. 14, 5291-5305

Yan, S., Brecker, L., Jin, C,, Titz, A., Dragosits, M., Karlsson, N. G., Jantsch,
V., Wilson, I. B., and Paschinger, K. (2015) Bisecting galactose as a feature
of N-glycans of wild-type and mutant Caenorhabditis elegans. Mol. Cell.
Proteomics 14, 2111-2125

Yan, S., Bleuler-Martinez, S., Plaza, D. F., Kiinzler, M., Aebi, M., Joachim,
A., Razzazi-Fazeli, E., Jantsch, V., Geyer, R., Wilson, . B., and Paschinger,
K. (2012) Galactosylated fucose epitopes in nematodes: increased expres-
sion in a Caenorhabditis mutant associated with altered lectin sensitivity
and occurrence in parasitic species. /. Biol. Chem. 287, 28276 -28290
Meldal, B. H., Debenham, N. ], De Ley, P., De Ley, I. T., Vanfleteren, J. R.,
Vierstraete, A. R., Bert, W., Borgonie, G., Moens, T., Tyler, P. A., Austen,
M. C,, Blaxter, M. L., Rogers, A. D., and Lambshead, P. J. (2007) An im-
proved molecular phylogeny of the Nematoda with special emphasis on
marine taxa. Mol. Phylogenet. Evol. 42, 622—636

Dennis, R. D., Geyer, R., Egge, H., Menges, H., Stirm, S., and Wiegandt, H.
(1985) Glycosphingolipids in insects. Chemical structures of ceramide
monosaccharide, disaccharide, and trisaccharide from pupae of Calli-
phora vicina (Insecta: Diptera). Eur. J. Biochem. 146, 51-58
Papadopoulos, J. S., and Agarwala, R. (2007) COBALT: constraint-based
alignment tool for multiple protein sequences. Bioinformatics 23,
1073-1079

Wicker, N., Perrin, G. R, Thierry, J. C., and Poch, O. (2001) Secator: a
program for inferring protein subfamilies from phylogenetic trees. Mol.
Biol. Evol. 18, 1435-1441

Gascuel, O. (1997) BIONJ: an improved version of the NJ algorithm based
on a simple model of sequence data. Mol. Biol. Evol. 14, 685-695
Stothard, P. (2000) The sequence manipulation suite: JavaScript programs
for analyzing and formatting protein and DNA sequences. BioTechniques
28,1102

Fornstedt, N., and Porath, J. (1975) Characterization studies on a new
lectin found in seeds of Vicia ervilia. FEBS Lett. 57, 187-191

Blixt, O., Head, S., Mondala, T., Scanlan, C., Huflejt, M. E., Alvarez, R.,
Bryan, M. C,, Fazio, F., Calarese, D., Stevens, ]., Razi, N, Stevens, D. J.,,
Skehel, J. J., van Die, L, Burton, D. R., Wilson, I. A., Cummings, R., Bovin,
N., Wong, C.-H., and Paulson, . C. (2004) Printed covalent glycan array
for ligand profiling of diverse glycan binding proteins. Proc. Natl. Acad.
Sci. U.S.A. 101, 17033-17038

Winter, G. (2010) xia2: an expert system for macromolecular crystallog-
raphy data reduction. . Appl. Crystallogr. 43, 186190

Kabsch, W. (2010) XDS. Acta Crystallogr D Biol. Crystallogr. 66, 125—132

SASBMB

199



63.

64.

65.

66.

McCoy, A. ]., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Sto-
roni, L. C,, and Read, R.J. (2007) Phaser crystallographic software. J. Appl.
Crystallogr 40, 658 — 674

Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and
development of Coot. Acta Crystallogr D Biol. Crystallogr. 66, 486 —501
Adams, P.D., Afonine, P. V., Bunkéczi, G., Chen, V. B., Davis, I. W., Echols,
N., Headd, J. J., Hung, L.-W., Kapral, G. J., Grosse-Kunstleve, R. W., Mc-
Coy, A.]., Moriarty, N. W., Oeffner, R., Read, R. ]., Richardson, D. C,, et al.
(2010) PHENIX: a comprehensive Python-based system for macromolec-
ular structure solution. Acta Crystallogr D Biol. Crystallogr. 66, 213-221
Murshudov, G. N., Skubdk, P., Lebedev, A. A, Pannu, N. S., Steiner, R. A,
Nicholls, R. A., Winn, M. D., Long, F., and Vagin, A. A. (2011) REFMAC5
for the refinement of macromolecular crystal structures. Acta Crystallogr
D Biol. Crystallogr. 67, 355-366

SASBMB

67.

68.

69.

70.

Photorhabdus lectin A— PIIA

Schradinger L. (2015) The PyMOL Molecular Graphics System, Version
1.8, New York

Korb, O,, Stiitzle, T., and Exner, T. E. (2006) PLANTS: application of ant
colony optimization to structure-based drug design. Lecture Notes in
Computer Science 4150, 247258

Klymiuk, N., Mundhenk, L., Kraehe, K., Wuensch, A., Plog, S., Emrich, D.,
Langenmayer, M. C., Stehr, M., Holzinger, A., Kroner, C., Richter, A.,
Kessler, B., Kurome, M., Eddicks, M., Nagashima, H., et al. (2012) Sequen-
tial targeting of CFTR by BAC vectors generates a novel pig model of cystic
fibrosis. . Mol. Med. 90, 597—608

Richter, A., Kurome, M., Kessler, B., Zakhartchenko, V., Klymiuk, N., Na-
gashima, H., Wolf, E., and Wuensch, A. (2012) Potential of primary kidney
cells for somatic cell nuclear transfer mediated transgenesis in pig. BMC
Biotechnol. 12, 84

J. Biol. Chem. (2017) 292(48) 19935-19951 19951

200



Thioholgamides

Feémical

& Cite This: ACS Chem. Biol. 2017, 12, 2837-2841

pubs.acs.org/acschemicalbiology

Thioholgamides: Thioamide-Containing Cytotoxic RiPP Natural

Products

Louise K]aerulff Asfandyar Sikandar,” Nestor Zaburannyi,”" Sebastian Adam,” Jennifer Herrmann,

Jesko Koehnke,"® and Rolf Miiller* "

.8

"Department of Microbial Natural Products, *Structural Biology of Biosynthetic Enzymes, Helmholtz Institute for Pharmaceutical
Research Saarland (HIPS), Helmholtz Centre for Infection Research and Pharmaceutical Biotechnology at Saarland University,
Saarland University Campus, Building E8.1, 66123 Saarbriicken, Germany

$German Centre for Infection Research (DZIF), Partner Site Hannover-Braunschweig, 38124, Braunschweig, Germany

© Supporting Information

ABSTRACT: Thioviridamide is a structurally unique riboso-
mally synthesized and post-translationally modified peptide
that contains several thioamide bonds and is active against a
number of cancer cell lines. In the search for naturally
occurring thioviridamide analogs, we employed genome
mining that led to the identification of several related gene
clusters. Chemical screening followed by cultivation and
isolation yielded thioholgamides A and B, two new additions
to the thioviridamide family with several amino acid
substitutions, a different N-capping moiety, and with one
less thioamide bond. Thioholgamides display improved

cytotoxicity in the submicromolar range against a range of
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cell lines and an ICs, of 30 nM for thioholgamide A against HCT-116 cells. Herein, we report the isolation and structural
elucidation of thioholgamides A and B, a proposed biosynthetic cluster for their production, and their bioactivities against a larger

panel of microorganisms and cancer cell lines.

ancer is among the leading causes of death worldwide.

The number of new cases is steadily increasing, and it is
expected to continue to do so in the coming years." Therefore,
there is an omnipresent need to develop new chemo-
therapeutics, preferably with fewer side effects and high target
specificity.

As much as 75% of anticancer drugs and 69% of anti-
infectives are derived from or inspired by natural products,
which remain one of the most promising sources of drug lead
molecules due to their inherently privileged structures.”’
Microorganisms are the most practical producers of secondary
metabolites for drug development because they are relatively
easy to grow and upscale. In particular, the Gram-positive
streptomycetes are a major source of antibiotics used in the
clinic (e.g, chloramphenicol, fosfomycin, daptomycin, and
streptomycin),”* but they also produce secondary metabolites
with other activities,® including the immunosuppressant
rapamycin’~’ and the chemotherapeutics doxorubicin'® and
dactinomycin.'' Despite many years of mining for biologically
active molecules from Streptomyces species, there is still much
potential hidden under this genus.'”

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are a relatively recent addition to the major
classes of natural products, including the well-known alkaloids,
polyketides, nonribosomal peptides, and terpenoids.'”'* By
modifications of a precursor peptide, the RiPP biosynthetic

\ 4 ACS Publications  © 2017 American Chemical Society
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machinery can produce various intriguing compound families,
from the lantibiotics to the thiopeptides (or thiazolyl peptides)
containing thiazoles and other heterocycles. Two articles from
2006 by Hayakawa et al. described the isolation and
characterization of thioviridamide from Streptomyces olivovir-
idis,">'® a RiPP with five thioamide bonds and a permanent
positive charge. In 2013, the biosynthetic gene cluster was
identified,'” and in 2015, a derivative was identified (resulting
from heterologous expression) with lactic acid as an N-terminal
modification.'” By definition, the thiopeptide RiPP family does
not include any peptides with thioamide bonds (containing N—
C=S, like thioviridamide), which are extremely rare in natural
products. To date, only three compound families of bacterial
origin contain this type of thioamide (N—C=S) bond:
thioviridamide and its analog JBIR-140, the methanobactins
(also RiPPs),'” and closthioamide.”® In addition, the small
molecule cycasthioamide from the plant Cycas revolute contains
a single thioamide bond.*' Thioamides generally have higher
stability towards hydrolysis than standard amides, and isosteric
replacement has been a tool for medicinal chemists to change
degradatlon and ADME properties of biologically active small
molecules.”” In some cases, this can lead to new or enhanced
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Figure 1. Proposed thioholgamide biosynthetic gene cluster (top) from Streptomyces malaysiense MUSC 136 57 compared to homologous gene
clusters from other organisms by the SimpleSynteny program. A, precursor peptide; B, putative SARP family regulator; C, hypothetical protein; D,
hypothetical protein; E, hypothetical protein; F, putative flavoprotein decarboxylase; G, putative methyltransferase; H, hypothetical protein; I, TfuA-
like core domain-containing protein; J, putative phytanoyl-CoA dioxygenase family protein; K, putative proteinase; L, hypothetical protein; M,
putative regulatory protein; N, putative LuxR family transcriptional regulator; O, hypothetical protein; X, putative SDR family oxidoreductase; Y,
putative methyltransferase; IS, putative ISS/IS1182 family transposase; GAP, sequencing gap. The peptide sequence encoded in the precursor

peptide is shown on the right.

bioactivity,'” but it can also completely abolish the activity, as
was seen for closthioamide when its hexaoxo analog closamide
was synthesized and found inactive.”’

B RESULTS AND DISCUSSION

Fascinated by the chemistry, biosynthesis, and bioactivity of
thioviridamide-like molecules, we set out to identify novel
members of this compound class by genome mining. Searching
publically available genome sequences of actinomycetes and
other microbes for homologous biosynthetic gene clusters (see
the Supporting Information), we identified 13 genomes (Figure
1) with loci that closely resemble the biosynthetic gene cluster
published for thioviridamide.'” All genome sequences but one
belonged to Actinobacteria (Streptomyces spp., Amycolatopsis
alba, Micromonospora eburnea, and Nocardiopsis potens), and
one strain was a cyanobacterium (Mastigocladus laminosus). The
newly found biosynthetic gene clusters showed varying gene
synteny. Of all biosynthetic gene clusters identified, five had
nearly identical gene compositions. The others showed varying
degrees of gene rearrangements, insertions, and deletions
(Figure 1). Homologs of the core thioviridamide biosynthetic
proteins TvaA, TvaC, TvaD, TvaE, TvaF, TvaG, TvaH, and
Tval were found in all 13 genomic loci, while homologs of
TvaJ, TvaK, and TvaL were located in 12 of 13 loci. Genes
tvaB, tvaM, tvaN, and tvaO had no homologs in examined

2838

sequences, suggesting that they are either not involved, not
crucial for biosynthesis, or are located elsewhere in the
respective genomes. Of the examined biosynthetic loci, several
showed the existence of additional proteins that were not
present in the query sequences but nevertheless might be
involved in the biosynthesis of the respective compounds: A
putative SDR family oxidoreductase (designated as X-homolog)
and a putative methyltransferase (designated as Y-homolog)
(Figure 1). The variability of biosynthetic loci prompted us to
obtain and cultivate four strains (DSM 100712, DSM 45234,
DSM 44262, and NRRL $-87). Subsequent LCMS analyses of
the secondary metabolite profiles led us to identify Streptomyces
malaysiense MUSC 136 57 (DSM 100712) as a prolific
producer of a series of thioviridamide-like compounds, even
though pairwise sequence identity to thioviridamide biosyn-
thetic genes was merely between 23 and 53%. These
compounds with masses in the same range as thioviridamide
(~1,300 Da) also contained a similarly high number of sulfur
atoms, as seen from the isotopic patterns, and fractions
containing these compounds showed strong cytotoxicity against
the human cervix carcinoma cell line KB-3.1. Upscaling,
isolation, and analysis by LCMS and NMR spectroscopy
revealed new peptides in the thioviridamide family with
structural changes in N-terminal modification, amino acid
sequence, and the number of thioamide bonds. Extraction and
fractionation of combined 150 mL cultures amounting to a total
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Figure 2. Structures of thioviridamide, JBIR-140, and thioholgamides A (1) and B (2). The methionine in 1 is oxidized to methionine sulfoxide in 2.
Differences in the thioholgamides compared to thioviridamide are highlighted in red.

cultivation volume of 6 L allowed the purification and structural
characterization of thioholgamides A (1, 11.3 mg) and B (2, 4.3
mg) (see details in the Supporting Information), whereas the
putative thioholgamides C and D were merely observed by
LCMS and partially characterized based on MS? fragmentation
patterns.

HRESIMS analysis of 1 displayed the molecular ion [M]* at
m/z 1305.4901, consistent with the molecular formula
Cs6HgsN14,0,0S¢" (A = 0.7 ppm), which underlined the
connection to thioviridamide (exact mass 1345.5244 and
formula CyHgsN1,0,0S,%)'® but also suggested that there
must be some difference between the structures based on the
number of hydrogen and sulfur atoms. This was confirmed by
analysis of the 2D NMR data (DQF-COSY, HSQC, HMBC,
and ROESY) of 1 (see NMR tables in the Supporting
Information). Whereas NMR data for thioviridamide and
JBIR-140 were acquired in methanol-d,,"*"® 1 displayed limited
solubility and broad resonances in and close to the backbone of
the macrocyclic ring system. Data in DMSO-d,s showed less
structural flexibility, but the best results were obtained in D,0
(both data sets are reported in the Supporting Information).
Proton spin systems of the individual amino acids of 1 were
connected via DQF-COSY correlations, and **C connectivities
were determined from the HSQC spectrum. Spin systems were
then connected via HMBC and ROESY NMR data, and it was
soon clear that the alanine residue next to methionine had a
standard peptide bond (173 ppm) and not a thioamide bond as
for thioviridamide. Key correlations supporting this claim are
given in detail in the Supporting Information. The remaining
sulfur atoms were placed as in thioviridamide, as seen from the
four *C=S resonances around 205 ppm, the methionine
residue (e.g,, singlet from the -S-Me at 2.07 and 14.9 ppm), and
the cysteine-based bridge to Thr giving a [(Z)-2-aminovinyl]-3-
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methylcysteine (aviMeCys) moiety to form the macrocyclic
ring. From the gene sequences coding for the precursor peptide
(VMAAAATVAFHC), two further amino acids in the macro-
cyclic ring were expected to be exchanged (from isoleucine to
leucine and from leucine to phenylalanine), and this was
corroborated by the NMR data. Furthermore, the N-terminal
modification of the peptide was identified as pyruvate, as seen
from an acetate-like methyl group (2.42 and 25.0 ppm) with
correlations to two carbonyls at 198.3 and 162.6 ppm (the
latter also correlating to H,, of Met). Altogether, this resulted in
the structure of 1 as seen below (Figure 2).

HRESIMS analysis of 2 displayed a molecular ion at m/z
13214862 ([M]"), consistent with the molecular formula
Cs6HgsN14011S6" (A = 1.2 ppm), and thus possessed just one
additional oxygen compared to 1. This was found in the
methionine residue, where oxidation to methionine sulfoxide
resulted in higher chemical shifts of the adjacent C, and C,
resonances (Me here at 2.68 and 37.2 ppm). This sulfoxide
analog was observed in the raw extract of Streptomyces
malaysiense MUSC 136 57 (DSM 100712) and therefore we
expect it to be a genuine secondary metabolite and not a
product of the workup procedure.

Two further analogs at 1289.4963 (CssHgsN;4,00S6", A = 0.9
ppm) and m/z 1307.5077 (CseHgN 40,057, A = 1.3 ppm)
contain one less oxygen and one less double bond equivalent,
respectively. On the basis of MS? fragmentation, the missing
oxygen stems from loss of the hydroxy group in hdmHis, and
the compound with m/z 1307 is believed to be an analog with a
different N-capping group, as MS’ fragmentation for the
molecule is identical from the macrocycle to (excl) the
methionine moiety (see MS” spectra and interpretation in the
Supporting Information).

DOI: 10.1021/acschembio.7b00676
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Amino acid analysis of 1 was attempted by Marfey’s method
and showed the presence of L-Val, L-Phe, and both L- and p-Ala.
The methionine appeared as two very small peaks of both
configurations, which, along with the relative amounts observed
for Ala, Val, and Phe, suggests that the thioamide bonds are not
readily hydrolyzed, even when heated for prolonged periods in
hydrochloric acid.

Crude extracts of Streptomyces malaysiense MUSC 136 57
displayed strong cytotoxic activity against KB-3.1 cells and
additionally inhibited the growth of some bacteria such as
Staphylococcus aureus. We therefore assessed the biological
activity of thioholgamides A and B with a panel of cell lines and
microorganisms. Thioholgamide A showed markedly increased
activity compared to thioviridamide and JBIR-140 (both being
active against cancer cell lines in the two-digit micromolar
range'®), with ICygs against human SW480 colon carcinoma,
Jurkat acute T cell leukemia, and KB-3.1 cervix carcinoma cell
lines of 0.11, 0.53, and 0.54 uM, respectively. Human SKOV-3
ovarian adenocarcinoma and U937 histiocytic lymphoma cells
were somewhat less sensitive. The most promising results were
obtained with the human colon carcinoma cell line HCT-116
with ICgps for thioholgamides A and B of 30 and 510 nM,
respectively (Table 1). In most assays, thioholgamide B
displayed approximately 10-fold lower activity compared to
thioholgamide A.

Table 1. Cytotoxic Activity of Thioholgamides A (1) and B
(2

IC5o [uM]
cell line 1 2
HCT-116 0.03 0.51
Jurkat 0.53 5.28
KB-3.1 0.54 4.49
SKOV-3 2.49 20.89
SW480 0.11 12.17
U937 219 16.94

Besides their submicromolar activity against different cancer
cell lines, thioholgamides A and B showed only moderate
inhibitory activity against Gram-positive bacteria at 4—32 ug
mL™' and were particularly active against Mycobacterium
smegmatis (minimum inhibitory concentration, MIC 1-2 ug
mL™"). The compounds displayed no activity against Gram-
negative bacteria and eukaryotic microorganisms (Table 2). In
contrast to their activity against human cancer cell lines, both
compounds were almost equipotent in antibacterial testing,
which might hint towards a different mechanism of action in
bacteria and cancer cells.

In summary, the thioholgamides were described as new
members of a RiPP family of thiopeptides also containing
thioviridamide and JBIR-140,'>'® with multiple structural
differences and enhanced cytotoxic activities. In addition to
the difference in their amino acid makeup, which is the direct
result of precursor peptide sequence variations, the additional
structural differences are likely the result of the divergent
enzymes involved in biosynthesis. On the basis of the
constructs used for the production of thioviridamides in a
heterologous host, it has been suggested that genes tvaA—tvaO
are necessary for thioviridamide production. Since we observe
the same types of chemical modifications in thioholgamides, we
propose that genes “A” to “L” are sufficient. A list of their
pairwise sequence identities on a protein level and putative
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Table 2. Minimum Inhibitory Concentrations (MIC) of
Thioholgamides A (1) and B (2) against a Panel of
Microorganisms

MIC [pug/mL]

indicator strain 1 2
Bacillus subtilis DSM 10 4
Micrococcus luteus DSM 1790 4-8 4-8
Mycobacterium smegmatis mc’155 1-2 1-2
Staphylococcus aureus Newman 8 32
Chromobacterium violaceurn DSM 30191 >64 >64
Escherichia coli DSM 1116 >64 >64
Escherichia coli (TolC-deficient) >64 >64
Pseudomonas aeruginosa PA14 >64 >64
Candida albicans DSM 1665 >64 >64
Mucor hiemalis DSM 2656 >64 >64
Wickerhamomyces anomalus DSM 6766 >64 >64

functions can be found in Table S7.2. We did not find
homologs of tvaM, tvaN, or tvaO in the genome of the
thioholgamide producer. Their absence in all other gene
clusters, which could be identified as potential producers of
thioviridamide-like compounds, is a further indicator that they
are not required for biosynthesis (Figure 1). Thioholgamide A
was approximately 10-fold more active than thioholgamide B,
thioviridamide, and JBIR-140.'® Further characterization of
their biological potential will include more comprehensive
profiling with a larger number of cell lines of different origin.
Studies toward understanding the molecular basis of
thioholgamide are underway. The sequence of the proposed
thioholgamide biosynthetic gene cluster has been deposited in
the GenBank database under accession ID MF593843.

B METHODS

General experimental procedures as well as cultivation and isolation
protocols are available in the Supporting Information. Biological assay
methods as previously described.”
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dependent C1 metabolism by targeting FolD/
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The natural product carolacton is a macrolide keto-carboxylic acid produced by the myx-
obacterium Sorangium cellulosum, and was originally described as an antibacterial compound.
Here we show that carolacton targets FolD, a key enzyme from the folate-dependent C1
metabolism. We characterize the interaction between bacterial FolD and carolacton bio-
physically, structurally and biochemically. Carolacton binds FolD with nanomolar affinity, and
the crystal structure of the FolD-carolacton complex reveals the mode of binding. We show
that the human FolD orthologs, MTHFD1 and MTHFD2, are also inhibited in the low nM
range, and that micromolar concentrations of carolacton inhibit the growth of cancer cell
lines. As mitochondrial MTHFD2 is known to be upregulated in cancer cells, it may be
possible to use carolacton as an inhibitor tool compound to assess MTHFD2 as an anti-
cancer target.
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leads for thousands of years, but for many of them their
mechanism of action (MoA) remains unknown!. The
secondary metabolite carolacton is a macrolide keto-carboxylic
acid produced by the myxobacterium Sorangium cellulosum with
an elusive molecular target®. Carolacton is a potent inhibitor of
biofilm formation in the human pathogen Streptococcus mutans
and a growth inhibitor of S. pneumoniae’. It also inhibits the
efflux pump mutant Escherichia coliAtolC* *. Carolacton has
moderate activity on various fungi but showed no acute toxicity
to 1929 mouse cells> . Although carolacton seemed to be a very
narrow spectrum antibiotic, its interesting anti-biofilm and anti-
fungal activity aroused our interest, and we aimed to uncover its
MoA.
Here we report the identification and validation of FolD as the
carolacton target in E. coliAtolC and streptococci. FolD occupies a

N atural products have served as a source of novel drug
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central position in the folate-dependent C1 metabolism. Folate
(vitamin B9) is an essential co-factor in all cells, but it is syn-
thesized only by bacteria and plants®. The folate-dependent C1
metabolism is highly conserved in all domains of life and it
provides the key building blocks for growth, most importantly
nucleic acids, amino acids, provitamines and formylated
methionine tRNA for translation initiation®. FolD is a dual
function enzyme: it catalyses a reversible NADP*-dependent
dehydrogenation step (5,10-methylenetetrahydrofolate (5,10-
CH,-THF) dehydrogenase (DH)) and a subsequent cyclohy-
drolysis step (5,10-methenyltetrahydrofolate (5,10-CH=THF)
cyclohydrolase (CYH)) (Fig. 1)7. We demonstrate that carolacton
inhibits both reactions catalyzed by FolD at nM concentrations.
Determination of the FolD/carolacton complex crystal structure
allows us to rationalize how mutations in FolD can confer
resistance to carolacton.
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Fig. 1 The enzymatic routes to synthesize 10-CHO-THF in different organisms. In E. coli, 10-CHO-THF is synthesized by FolD, while in several other bacteria
such as Streptococci, 10-CHO-THF can be produced via an alternative enzyme named Fhs. In humans, there are different enzymes in the cytoplasm and the
mitochondrion. In the cytoplasm, MTHFD1, which is a tri-functional enzyme, exerts FolD-DH, FolD-CYH and Fhs functions. In the mitochondrion, while
MTHFD2 and MTHFD2L have FolD functions, MTHFDIL plays the same role as Fhs. The chemical structure of FolD inhibitor carolacton is shown in the

centre

2 NATURE COMMUNICATIONS | 8:1529

| DOI: 10.1038/541467-017-01671-5 | www.nature.com/naturecommunications

207



NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01671-5

ARTICLE

a
100 A
s0d * ecFolD DH
—_ v ecFolD CYH
9
= 601
9
g 40 4
=
20 4
04

1E+01 1E+02 1E+03

Carolacton (nM)

1E+00

b 25 4
Kp=10nM
Carolacton
20 1 200 nM
100 nM
154 50 nM
25 nM
S 40l 12.5nM
o 10 6.25 nM

3.13nM

0 100 200 300 400
Time (s)

Carolacton

Fig. 2 Carolacton is a potent and tightly binding inhibitor of FolD. a ICs5o determination for carolacton against DH and CYH activities of ecFolD. Data are
presented as means + s.e.m of three independent replicates. IC5os were obtained via logistic dose-response fitting. The one-way ANOVA test was used for
statistical analysis, P < 0.01. b SPR analysis of carolacton binding to ecFolD, RU resonance units. Carolacton shows strong binding to ecFolD. The estimated
Kp was obtained by fitting the association and dissociation signals with a 1:1 interacton model using the Biacore X100 Evaluation Software. ¢ Top view of the
FolD-carolacton complex structure. Cartoon representations of apo-FolD (gold) and FolD in complex with carolacton (blue, lime) are superposed to show
the movement and partial dissolution of helix a2. Residues involved in carolacton binding are shown as sticks. The difference electron density (F,—F.)

contoured to 36 with phases calculated from a model that was refined in the absence of carolacton is shown as a grey isomesh. d Surface representation of
FolD bound to carolacton, side-view. Colours correspond to ¢. Partial dissolution of helix a2 as a result of the interaction of Y50, which forms a lid on

carolacton that is further stabilized by R234, can be seen

Higher organisms such as humans also possess FolD orthologs:
the cytosolic trifunctional protein MTHFD1, which has DH and
CYH, but also a formate tetrahydrofolate synthase (Fhs) domain,
maintains the metabolism of methylene-, methenyl- and formyl-
THF (10-CHO-THF)®~!. In mitochondria, the DH and CYH
activities are provided bgf the FolD analogues MTHFD2 and
MTHFD2L (Fig. 1)* . The enzymes involved in folate-
dependent C1 metabolism, therefore, represent powerful targets
for the inhibition of fast growing cells and have been targeted by
anticancer drugs such as clinically used methotrexate, which
inhibits dihydrofolate reductase!!. Because of its central role in
the C1 metabolism, FolD was the subject of numerous studies:
Although synthetic folate-analogue inhibitors were found that
strongly inhibited FolD in vitro, none were active on whole
bacterial cells'>~!°, Several studies have reported inhibitors of the
FolD analogues MTHFD1 or MTHFD2, some of which display
in vivo activity against human cells'>~!7. However, either poor
activity was observed (e.g. LY345899, ICs5, 128 pM) or the com-
pounds were unspecific (e.g. LY231514, which 1princilpally inhibits
thymidylate synthase) (Supplementary Fig. 1)16 18 19,

To gauge carolacton’s potential for inhibiting the human FolD
variants, we test it against the two human FolD orthologs,
MTHEFD1 and MTHFD2, which are also inhibited in the low nM
range. When we tested carolacton’s effects on a panel of human
cell lines, we observed activity in the uM range. Since MTHFD2 is
differentially upregulated in cancer tissue, it presents an attractive
target for anti-cancer compounds. We believe that carolacton, a

NATURE COMMUNICATIONS | 8:1529

non-substrate inhibitor, may be used as a tool compound to
assess MTHFD?2 as an anti-cancer targetzo’ 2l

Results

FolD is the carolacton target. To facilitate the identification of
the molecular target of carolacton, E. coliAtolC (E. coli without
outer membrane efflux protein TolC) was chosen to develop
carolacton-resistant mutants. After 1 week, carolacton-resistant
mutants arose spontaneously on agar plates supplemented with
four times the carolacton minimum inhibitory concentration
(MIC = 0.125 pg/mL). Whole-genome sequencing of five inde-
pendent mutants unveiled that only the gene encoding FolD was
mutated (Supplementary Tables 1 and 2). Four different muta-
tions conferring resistance were identified: G8S (observed in two
mutants), K54N, Q98H and K54_K56delinsK (hereafter referred
to as AK54R55) (Supplementary Figs. 2 and 3). To validate FolD
as the carolacton target and to understand the potential MoA, E.
coliAtolC FolD (ecFolD) was overexpressed and purified. A SDS-
PAGE of all proteins used in this study, as well as their LC-MS
analysis, can be found in Supplementary Fig. 4. The purified
ecFolD showed DH and CYH activity comparable to previously
reported bacterial FolDs'> 2> 23, including the DH activity of E.
coli FolD**, DH and CYH activities were found to be much
stronger than reported for ecFolD in two other studies®> 26
(Supplementary Table 3). This discrepancy has been noted by
other authors and possible reasons include impurities?® 2 and
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excessive enzyme concentrations used for enzyme kinetics®.
When carolacton was added to the reaction, we observed strong
inhibition of both steps catalysed by ecFolD (DH and CYH) in a
carolacton concentration-dependent manner (Fig. 2a). Car-
olacton also showed competitive inhibition with both substrates
and the cofactor involved in DH and CYH catalytic steps, which
were 5,10-CH,-THF (K;=21nM), NADP* (K;=11nM) and
5,10-CH=THF (K;=32nM) (Supplementary Table 4), as the
apparent Michaelis constant (Ky,) increased when carolacton was
added (Supplementary Fig. 5). These findings supported that
ecFolD is indeed the target of carolacton. To confirm that both
molecules interact, we then tested ecFolD for its ability to bind
carolacton using surface plasmon resonance (SPR). The observed
interaction between ecFolD and carolacton was very strong (Kp
=10nM), further confirming ecFolD as the carolacton target
(Fig. 2b and Supplementary Table 5).

The structure of the ecFolD-carolacton complex. To under-
stand how carolacton binds to ecFolD and thus rationalize the
mutations giving rise to carolacton resistance, we determined the
crystal structure of ecFolD in complex with carolacton. The ori-
ginally reported crystallization conditions for ecFolD?’ yielded
only poorly diffracting crystals in our hands. Reductive lysine
methylation ecFolDM¢™ gave a new crystal form that diffracted
well. Since a key active-site residue of ecFolD is a lysine (K54)'°,
and we found that mutations at this position conferred carolacton
resistance (see resistant mutants above), we thought that K54
could be involved in carolacton binding, and thus sought to
protect this residue from methylation. To this end, we incubated
ecFolD with an excess of carolacton before lysine methylation.
After the reaction, carolacton was removed via size exclusion
chromatography and the resultant ecFolDMe™ tested for activity.
We observed only a slight decrease in enzyme activity (Supple-
mentary Fig. 6a) and no significant change of carolacton’s ability
to inhibit ecFolD DH activity (Supplementary Fig. 6b). To further
analyse whether we had methylated active-site K54, we first
determined the apo-structure of ecFolDMeth The protein crys-
tallized in space group P2, and crystals diffracted to 1.9 A reso-
lution (PDB ID 5028). Full data collection and refinement
statistics for all structures can be found in Supplementary Table 6.
ecFolDMe™ showed the canonical dimeric arrangement observed
in the structures of ecFolD (PDB ID 1B0A)?7 and its orthologs”’
28 and the overall structure was virtually unchanged when com-
pared to unmethylated protein (Supplementary Fig. 7). We
observed unambiguous electron density for methylated lysines at
positions K4, 22, 194, 212 and 222. With the exception of K22, all
of them can be found at crystal contacts (Supplementary Fig. 8).
We observed density for unmethylated active-site K54, support-
ing our biochemical data that indicated this lysine was not
methylated (Supplementary Figs. 6 and 8). We soaked the apo
crystals of ecFolDMeth with 2 mM carolacton and harvested them
after 16 h. The soaked crystals diffracted to 2.1 A (PDB ID 5022)
and showed strong additional density at the protein’s active site in
three of the four monomers of the asymmetric unit (protomers A,
B and D, the picture in protomer C is skewed due to a crystal
contact). Carolacton can be fitted into the additional density
(Fig. 2c) and refines well (Supplementary Fig. 8). Binding of
carolacton to FolD has a minimal impact on FolD’s overall
structure (Co rmsd 0.27 A) and is facilitated by three hydrogen
bonds (K54 e-amino group with carolacton O8 and 033 and
G261 main chain N with carolacton 029) and several hydro-
phobic interactions (Y50, 1170, 1232, P260, P265 and V268)
(Fig. 2¢, d and Supplementary Fig. 9). The hydrophobic inter-
action between carolacton and Y50 causes a partial disruption of
helix o2 (residues 45-56) and allows the Y50 hydroxyl group to
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form a hydrogen bond with the side-chain of R234 (Fig. 2d).
When carolacton is bound, the N-terminal residues of a2 and a
part of the loop connecting p1 with a2 (residues 41-44) become
disordered (residues 44-49). It has been noted by others that this
part of FolD is unstable!> 7, and we observe only poor density
for residues 44-56 in the ecFolDMeth apo structure (protomers A,
B and D; protomer C behaves differently due to a crystal contact).
We believe that this reflects a catalytic mechanism, in which a
meta-stable helix (a2) harbours a residue essential for catalysis.
Upon substrate (or carolacton) binding, Y50 engages in hydro-
phobic contact that completely destabilizes residues 44-49, while
the other half of the helix is stabilized (residues 50-56) (Fig. 2d).

When the FolD-carolacton complex structure is superposed
onto the human ortholog of FolD (PDB ID 1DIA), which was co-
crystallized with NADP®, and substrate analogue LY249543, it
can be seen that carolacton is likely to prevent binding of both co-
factor and substrates (Supplementary Fig. 10a, b). In a recent
study, a number of carolacton analogues were synthesized and
tested for their effects on S. mutans biofilm formation. None of
the reported compounds had improved bioactivity?®. We
modelled the best-performing compound (‘carylacton’, see
structure in Supplementary Fig. 1) based on our complex
structure and discovered that carylacton would be able to form
better hydrophobic interactions with Y50 than carolacton. The
length of the carylacton tail, however, is one methylene group too
long to allow hydrogen bonding of the carboxy terminus with
G261 (Supplementary Fig. 10c). Our complex structure should
therefore help future synthetic efforts.

Effects of mutations on ecFolD and carolacton binding. The
effects of mutations K54N and G8S on carolacton binding can
easily be explained by the complex crystal structure. K54 provides
two hydrogen bonds to anchor carolacton in the active site of
ecFolD (Fig. 2c) and its mutation to N will severely affect the
binding of carolacton to ecFolD. G8 is not in direct contact with
carolacton, but its position and orientation in FolD implies that
the addition of any side-chain will cause a clash with C-terminal
helix al1 (Supplementary Fig. 11). G261, which forms a hydro-
gen bond with carolacton, is part of this helix and we assume that
the resulting movement of helix «11 leads to a clash with the
carboxyl group of carolacton. Due to the very tight fit of car-
olacton in this area, the clash cannot be remedied, but instead
leads to severely reduced binding of carolacton to ecFolD. Helix
a2 is vital for binding of carolacton to FolD since it contains both
K54 and Y50. It was therefore not unexpected that the deletion of
two residues from this helix (mutant ecFolDAK54R55) severely
affected binding of carolacton to FolD. The final mutation, Q98H,
could not be rationalized using the complex structure and we
wondered if this mutation does in fact affect binding of car-
olacton to ecFolD or is an experimental artefact.

To test experimentally the effects of the mutations that we
discovered in carolacton resistant E. coli AtolC, we expressed and
purified all four mutant proteins: ecFolDGS8S, ecFolDK54N,
ecFolDAK54R55 and ecFolDQ98H. When we tested the mutants
for DH activity, we found that all of them were attenuated, but
with varying severity. The mutant K54N still retains ~19% of the
wild-type (wt) DH activity, but AK54R55 has only ~1% DH
activity left. The two-residue deletion might severely change the
NADP* binding, which can be deduced from the dramatically
increased Ky; of NADP*. The DH activity of G8S and Q98H is
about 21 and 8% of the wt, respectively (Fig. 3a and
Supplementary Table 7).

Mutants K54N and AK54R55 showed no detectable CYH
activity, suggesting that K54 is essential for this reaction. The
kinetic properties of the CYH activity of mutants G8S and Q98H
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Fig. 3 Effects of FolD mutations on DH activity and carolacton binding. a Residual DH activity of ecFolD mutants compared to ecFolD. Data are presented
as means + s.e.m of three independent replicates. DH specific activities were calculated based on the V., obtained via Michaelis-Menten fitting. The one-
way ANOVA test was used for statistical analysis, P < 0.01. b ICso determination for carolacton against the DH activity of ecFolD and mutants. Data are
presented as means + s.e.m of three independent replicates. ICsos were obtained via logistic dose-response fitting. The one-way ANOVA test was used for
statistical analysis, P < 0.01. ¢ Position of Y50 in ecFolDQ98H (gold). The position of Q98 in the apo (grey) and complex (blue) structures prevents the
side-chain of Y50 from rotating out of position. d Position of Y50 in the apo (grey), complex (blue) and Q98H (gold) structures. The 90° rotation of Y50 in
the Q98H mutant prevents Y50 from forming the hydrophobic lid on carolacton (lime sticks)

were not investigated since only very low CYH activity was
detected. We estimate residual activity of ~1% based on the
requirement to increase the enzyme concentration ~100-fold to
achieve wt turnover (Supplementary Fig. 12). The mutant E. coli
AtolC strains likely survive without CYH activity because the
turnover of 5,10-CH=THF to 10-CHO-THF can occur sponta-
neously®’. These biochemical results are consistent with the
growth curves measured for these carolacton-resistant E. coli
AtolC strains: the one bearing AK54R55 mutation is the poorest
growing mutant. The K54N mutant strain also grows very slowly
even though its DH activity is not impaired as much as in
the AK54R55 mutant, which might be due to the total loss of
CYH activity (Supplementary Fig. 13).

The mutants G8S and Q98H could still be inhibited by
carolacton, but with much higher IC5, compared to the wt
(Fig. 3b and Supplementary Table 8). The central role of K54 is
highlighted by the fact that the residual DH activity of K54N and
AK54R55 is completely insensitive to carolacton (Fig. 3b), in
accordance with the SPR data that indicated that carolacton does
not bind to K54N (Supplementary Fig. 14a). It appears that,
under selection pressure, viable mutants had sacrificed CYH
activity (reaction can be spontaneous), but required retention of
FolD’s DH activity since no alternative pathway exists in E. coli*’.

The binding of carolacton to ecFolD Q98H was seriously
attenuated as reflected by the SPR data (Supplementary Fig. 14b,
¢). To understand how the mutation Q98H affects the binding of
carolacton, we determined the crystal structure of this mutant
(PDB ID 502a). After lysine methylation, this protein crystallized
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in the same space group as the wt protein and crystals diffracted
to 1.9 A. The overall structure of ecPolDMethQ98H is not altered
when compared to wt as a result of the mutation (Ca rmsd 0.11
A) and the effect of the Q98H mutation was unexpected. The
presence of H98 allows the side-chain of Y50 to rotate 90°
compared to the apo wt ecFolD structure. It appears that in the wt
protein, Q98 helps to position the side-chain of Y50 such that it
can easily rotate to engage in hydrophobic interactions with
carolacton (or substrate) upon binding. In Q98H, the side-chain
of Y50 is able to rotate farther from the active site and packs
against residues V38, L40, L96 and H98. The result is a fully
ordered helix a2 with good density for all residues, which we
believe reflects a stabilization of the protein. The absence of the
hydrophobic interaction between carolacton and Y50 leads to
significantly weakened binding, which we believe to be reflected
by the much faster association and dissociation of carolacton in
SPR experiments with ecFolDQ98H (Fig. 3¢, d, Supplementary
Fig. 14b and Supplementary Table 5).

Effects of carolacton on S. pneumoniae FolD. Carolacton was
originally discovered as an anti-streptococcal compound® 4, and
the FolD ortholog from S. pneumoniae (spFolD) shares 49%
sequence identity with ecFolD. The key residues involved in
carolacton binding are conserved, and carolacton binds tightly to
spFolD (Kp=27nM) (Supplementary Fig. 14d and Supplemen-
tary Table 5). Carolacton also showed competitive inhibition of
spFolD with slightly higher inhibition constants than ecFolD,
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Fig. 4 Carolacton effects on the human enzyme hsMTHFD2. a IC5o
determination for carolacton against DH and CYH activity of hsMTHFD2.
Data are presented as means + s.e.m. of three independent replicates. |C5os
were obtained via logistic dose-response fitting. The one-way ANOVA test
was used for statistical analysis, P < 0.01. b SPR analysis of carolacton
binding to hsMTHFD2. Carolacton shows strong binding to hsMTHFD2.
The estimated Ky was obtained by fitting the association and dissociation
signals with a 1:1 interacton model using the Biacore X 100 Evaluation
Software

which were still in the low nM range (Supplementary Figs. 15 and
16 and Supplementary Tables 4 and 8). Analysis of the inhibition
of FolD in streptococci is complicated by the fact that they, unlike
E. coli, possess an alternative route for one-carbon metabolism via
Fhs (Fig. 1)°h 32,

Effects of carolacton on the human FolD orthologs. As men-
tioned above, FolD orthologs are also present in humans. The
human enzymes hsMTHFD1_DC and hsMTHFD2 both share
42% sequence identity to ecFolD. The key residues involved in
carolacton binding are fully conserved (Supplementary Fig. 3),
and the structures of hsMTHFD1_DC and hsMTHFD2 are
conserved well when compared to ecFolD (pairwise Ca rmsds of
1.09 and 0.84 A, respectively, Supplementary Fig. 17). We were
therefore confident that carolacton could also serve as an inhi-
bitor of the human enzymes. This would be of particular interest
since the mitochondrial hsMTHFD2 is overexpressed in many
tumor cells and thus its inhibition might cause a selective effect
on tumor growth®”. We therefore expressed and purified
hsMTHFD1_DC and hsMTHFD2 to investigate them bio-
chemically. Not surprisingly, their inhibition by carolacton was
similar to that observed for ecFolD (Fig. 4a and Supplementary
Fig. 15). The K; of carolacton against all three substrates and the
cofactor were also determined and are in the same range as those
for ecFolD (Supplementary Fig. 18 and Supplementary Tables 4
and 8). When the binding of carolacton to hsMTHFD2 was
analysed by SPR, we found strong binding on par with the
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Table 1 EC5, values of carolacton on human cancer cell lines

Cell line ECso (UM) Maximum inhibition
HCT-116 246+0.8 >80%

KB-3.1 1M1.3+3.6 >80%

KB-V.1 41.8+145 >80%

U-937 >100 n.a.

U-937 (folate-depleted) 417 +15.2 65-75%

Table 2 MIC of carolacton on Escherichia coli determined in
cation-adjusted Mueller-Hinton broth

MIC (ug/mlL)

E. coli (TolC-deficient) 013

E. coli (TolC-deficient) + PMBN? <0.03

E. coli DSM-1116 (WT) >64

E. coli DSM-1116 (WT) + PMBN? 64 to >64
E. coli DSM-1116 (WT) + PABN® DS

E. coli DSM-1116 (WT) + PMBN? + PABNP 2¢

2 + 3pg/mL polymyxin B nonapaptide (PMBN) for permeabilization
b + 20 ug/mL phenylalanine-arginine p-naphthylamide (PAPN; efflux inhibitor)
€ No full inhibition

bacterial proteins (Kp=19nM) (Fig. 4b and Supplementary
Table 5).

Carolacton is active against human cancer cell lines. Since the
human FolD orthologs are strongly inhibited by carolacton, we
were curious to see if carolacton would show activity on human
cancer cell lines. When tested against HCT-116, KB-3.1 and KB-
V.1 cells, carolacton displayed an ECs, of 25, 11 and 42 uM,
respectively. In each case, the maximum inhibition of cell growth
was >80%. The inhibition of human epidermoid carcinoma KB-
3.1 cells by carolacton is four times stronger than that of the
corresponding multidrug-resistant (MDR) cell line KB-V.1
(Table 1). In the latter cell line, the mdrI gene is amplified, which
encodes the drug transporter P-glycoprotein (Pgp); this suggests
that Pgp may export carolacton from the cells. In the case of U-
937 cells, carolacton displayed no activity at concentrations up to
100 uM. However, when this cell line is grown in folate-depleted
medium, an ECs, of 42 uM and a maximum inhibition of 70% are
observed. This apparent folate-dependent activity on U-937 cells
supports that human FolD orthologs are the cellular targets of
carolacton in human cancer cells.

Efflux hampers carolacton activity. Carolacton shows no activity
against wt E. coli, but is highly active against efflux protein-
deficient E. coli AtolC. It also showed a four-fold decrease in
activity against Pgp-overexpressing KB-V.1 cells, in comparison
with KB-3.1 cells. To probe the role of efflux on carolacton’s
cellular activity, we treated E. coli DSM-1116 (wt) and E. coli
AtolC with a permeability enhancer and/or an efflux pump
inhibitor (Table 2). When E. coli DSM-1116 was treated with a
combination of carolacton and sub-inhibitory concentrations of
polymyxin B nonapaptide (PMBN) to increase outer membrane
permeability>3, the MIC was still at the upmost range of the assay
(at least 64 pg/mL). The same assay repeated with carolacton-
susceptible E. coli AtolC showed a four-fold increase of carolacton
activity. In contrast, when E. coli DSM-1116 was treated with
carolacton and the efflux inhibitor phenylalanine-arginine -
naphthylamide (PABN)*, the carolacton MIC decreased to 2 pg/
mL. In addition, combining PMBN, carolacton and PAPN did not
enhance the effect of carolacton further. These data support that
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carolacton can enter cells, but it is excreted by efflux proteins,
which seems to be the main challenge to be addressed when
attempting to increase the cellular activity of carolacton.

Discussion

We have identified the bifunctional enzyme FolD from the folate-
dependent C1 metabolism as the target of carolacton. Through
the analyses of carolacton-resistant E. coli AtolC mutants, bio-
chemical experiments and the crystal structure of the FolD-
carolacton complex, we were able to identify the key residues
involved in carolacton binding (Y50, K54, and G261). All the
residues mutated in carolacton-resistant E. coli AtolC isolates
affected FolD’s DH activity only partially, but almost completely
abolished its CYH activity. This reflects the fact that the DH
activity is vital (no alternative pathway exists in E. coli), while the
CYH reaction can also occur spontaneously. However, carolacton
is effluxed in wt E. coli as evidenced by the activity on E. coli
AtolC mutants, and the data show a strong enhancing effect of
the efflux pump inhibitor PABN.

Due to the high degree of sequence conservation between FolD
and human mitochondrial hsMTHFD2, especially of the key
carolacton-binding residues, we tested carolacton as a possible
inhibitor of hsMTHFD?2. This protein is overexpressed in many
tumor cells?, and we observed strong inhibition and binding by
carolacton in vitro. To see if carolacton could serve as a starting
point for FolD/hsMTHFD2 inhibitors that display activity on
whole cells, we tested the effect of carolacton on several cancer
cell lines. Carolacton displayed moderate activity in these assays.
Since carolacton is able to inhibit both reactions carried out by
this enzyme and perturbs cofactor binding, we believe that car-
olacton, a non-substrate inhibitor, may be used as a tool com-
pound to assess MTHFD2 as an anti-cancer target in the future.

Methods

Strains and plasmids. The E. coliAtolC strain used in carolacton-resistant mutant
development is an antibiotic-sensitive E. coli strain with deficient outer membrane
channel protein TolC. It was the same strain used in the previous carolacton
studies® *. E. coli DH10B* or DH5« (Invitrogen) strains were used for gene
cloning and E. coli BL21 (DE3) (Novagen) was used for protein expression. E. coli
DSM-1116 was ordered from German Collection of Microorganisms and Cell
Cultures (DSMZ). The protein expression plasmid pHis-TEV® was used for
cloning and expression of all folD gene orthologues studied in this paper (Sup-
plementary Table 9).

Carolacton-resi: develop t. First, the minimum inhibitory con-
centration (MIC) of carolacton on the E. coliAtolC strain was determined. We
started to develop the resistant mutants on CASO agar (peptone from casein 15 g/
L, peptone from soybean 5 g/L, NaCl 5 g/L and agar 15 g/L; pH 7.3) plates sup-
plemented with 4x the MIC concentration of carolacton (0.5 pg/mL) as selection
pressure. Different numbers of E. coliAtolC cells from 1 x 107 to 10? were spread on
caso agar plates with carolacton. After 7 days, E. coliAtolC colonies, which were
resistant to carolacton, started to form on the agar plates. The mutants picked were
inoculated in liquid MHB medium (beef extract 2 g/L, peptone from casein 17.5 g/L
and corn starch 1.5 g/L, pH 7.4) supplemented with carolacton. The genomic DNA
of wt E. coliAtolC and five carolacton resistant mutants were extracted and

the genomes sequenced.

Whole-genome sequencing and variant calling. Genomic DNA of five inde-
pendent mutant strains and one control E. coli AtolC strain was sequenced using
Tllumina Paired-End technology on the MiSeq instrument at the Helmholtz Centre
for Infection Research (Braunschweig, Germany). Characteristics of the obtained
raw-data sequencing reads are shown in Supplementary Table 1. Raw data were
imported into the Geneious 9.1.3%7 software package and trimmed of low-quality
parts with an error probability threshold of 0.05. It was aligned against the E. coli
AtolC reference sequence using the ‘Low sensitivity’ option of the Geneious ‘Map
to reference...” sequence aligner. This produced assembly files in which whole
genome mean sequencing coverages varied in the range of 108-116. Assembly files
were then converted to consensus sequences by the ‘Generate consensus
sequence...” option in the Geneious software and ‘Highest quality’ consensus
calling option. Six resulting consensus sequences were aligned to each other and to
the reference genome sequence by the ‘progressiveMauve’ algorithm of

the MAUVE whole-genome sequence alignment tool*®. The variant calling was
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done by comparing the consensus sequences of each mutant sample against the
control E. coli AtolC WT consensus sequence. The complete list of mutations is
shown in Supplementary Table 2.

Gene cloning and protein purification. All folD gene orthologues studied in this
paper were cloned into the pHis-TEV protein expression vector. The folD genes of
E. coliAtolC and its carolacton-resistant mutants were amplified from the genomic
DNA of the corresponding strains. The folD §ene of S. pneumoniae was amplified
from the genomic DNA of the TIGR4 strain®’. The cDNAs encoding MTHFD1
and MTHFD2 were synthesized based on the available human genomic DNA
sequences (gene ID 4522 and 10197, respectively; DNA synthesized by ATG:bio-
synthesis). All primers and restriction sites are listed in Supplementary Table 10.
The resulting protein expression plasmids were verified by enzyme restriction
digestion and DNA sequencing before being transformed into E. coli BL21 (DE3)
for protein overexpression and purification. For optimal protein purification, a
systematic buffer test including ten different buffers was conducted for each protein
by using the KingFisher mL (ThermoFisher scientific) magnetic beads purification
system. For large-scale protein purification, a single colony was picked into LB
liquid medium containing 50 pg/mL kanamycin to make an overnight culture. The
overnight culture was inoculated 1 to 100 into fresh LB medium supplemented
with 50 pg/mL kanamycin and was grown at 37 °C until the optical density at 600
nm (ODgo) reached 0.6. Then, the culture was transferred to 16 °C for half-an-
hour to cool the culture before 0.1 mM IPTG was added to induce protein
expression. The cells were harvested and lysed by sonication after 16 h shaking at
16 °C. The proteins were purified by immobilized metal ion affinity chromato-
graphy (IMAC) on a 5mL Histrap HP column (GE healthcare). A HiPrep 26/10
desalting column (GE healthcare) was used to remove imidazole. When removal of
the N-terminal 6x His-tag was required, TEV protease was added to the imidazole
free protein solution and incubated at 4 °C overnight, followed by another hour at
room temperature. The digestion mixture was loaded on a HisTrap HP column for
a second time to bind the undigested protein, His-tag and TEV protease. The flow-
through, which contained the protein, was collected, concentrated and loaded onto
a gel filtration column HiLoad 16/600 Superdex 200 pg (GE healthcare) to further
remove impurities and FolD aggregates. Finally, all purified proteins used in this
study were checked by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) and subjected to liquid chromatography-mass spectrometry (LC-MS)
to check purity and assess protein molecular weights. All buffers for protein
purification are listed in Supplementary Table 11.

Enzyme assay conditions. (6R,S)-5,10-Methylene-5,6,7,8-tetrahydrofolic acid
((6R,S)-5,10-CH,-THF) calcium salt and (6R,S)-5,10-Methenyl-5,6,7,8-tetra-
hydrofolic acid ((6R,S)-5,10-CH=THF) chloride were purchased from Schircks
Laboratories (Bauma, Switzerland) and used as substrates for FolD dehydrogenase
and cyclohydrolase enzyme assays, respectively. Only the R-isomer, which accounts
for 50% of (6R,S)-5,10-CH,-THF and (6R,S)-5,10-CH=THF, respectively, is used
by the enzyme. (6R,S)-5,10-CH,-THF was dissolved in N,-spargeled basic buffer
(50 mM Tris-HCI (pH 8.0), 100 mM f-mercaptoethanol) as described by Varshney
etal.?s. (6R,S)-5,10-CH=THF was dissolved in DMSO as a 100 mM stock solution.
Because FolD is a bifunctional enzyme, dehydrogenase and cyclohydrolase
activities were determined for FolD enzyme kinetics, respectively. The
dehydrogenase activity of FolD was assayed for its substrate 5,10-CH,-THF and
cofactor NADP™ (in the case of MTHFD2, NAD" was used as the cofactor) based
on monitoring the formation of 5,10-CH=THF, while the cyclohydrolase activity of
FolD was determined for its substrate 5,10-CH=THF by monitoring the hydrolysis
of 5,10-CH,-THF. The enzyme kinetics for the dehydrogenase activity of all FolDs
except hsMTHFD1_DC were determined at 30 °C in 50 mM Tris-HCI (pH 7.5), 30
mM p-mercaptoethanol. The hsMTHFD1_DC dehydrogenase activity was
measured in 25 mM MOPS (pH 7.3), 30 mM p-mercaptoethanol at 30 °C. To
measure the enzyme kinetic constants for 5,10-CH,-THF, for example in the case
of ecFolD, the NADP concentration was fixed at 1 mM and the concentration of
5,10-CH,-THF varied from 5 to 1500 pM (R-isomer). Similarly, to measure the
kinetic constants of ecFolD for NADP?, the concentration of 5,10-CH,-THF (R-
isomer) was fixed at 1 mM and the concentration of NADP* varied from 10 to
1500 pM. For different FolDs, the varied concentration range of substrates could be
different. The 50 pL reactions of dehydrogenase assays were initiated by adding
appropriate amounts enzyme (4 nM ecFolD, 4 nM spFolD, 15nM
hsMTHFD1_DC, 20 nM hsMTHFD?2, 20 nM G8S, 20 nM Q98H, 10 nM K54N and
200 nM AK54R55 in the corresponding assays) and terminated with 50 uL 1 M
HCI after 2 min incubation at 30 °C. To monitor the formation of 5,10-CH=THF,
the absorbance of the reaction mixture was monitored at 350 nm in micro UV
cuvettes (BRAND, Essex, Connecticut, USA). The concentration of 5,10-CH=THF
produced in the reaction was determined using an extinction co-efficient of 0.0249
pM~! em~L. Cyclohydrolase activity for each FolD was assayed in the same buffer
as dehydrogenase activity at 30 °C but for 30 s. The concentration of FolD used in
each assay was 5 nM of ecFolD, spFolD and hsMTHFD1_DC, respectively, and 2
nM of hsMTHFD?2. The consumption of 5,10-CH=THF was measured by
recording the absorbance of the reactions at 355 nm using the TECAN Infinite 200
PRO equipped with a monochromator. To measure the enzyme kinetic constants,
different concentrations of 5,10-CH=THF (varied from 0.5 pM to 100 pM) were
used in 100 pL reaction mixtures. The inhibition constants (K;) of carolacton on
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FolD were determined by measuring the apparent K;,, when adding certain
amounts of carolacton to the enzyme reactions. For ecFolD, 10 nM carolacton was
added in the dehydrogenase assay and 50 nM carolacton was used in the
cyclohydrolase assay. For spFolD, 25 nM carolacton was added in both
dehydrogenase assay and cyclohydrolase assay. For hsMTHFD1_DC, 30 nM
carolacton was added in the dehydrogenase assay and 10 nM in the cyclohydrolase
assay. For hsMTHFD2, 20 nM carolacton was used to determine the apparent K,
for 5,10-CH,-THF and 5,10-CH,-THF, while 10 nM carolacton was used to
determine the apparent K, for NADP. To compare the inhibition effects of
carolacton between the different FolDs, the half maximal inhibitory concentration
(ICsp) of carolacton on the same amount of enzyme was determined for FolDs
involved in this study. The enzyme concentration used to determine
dehydrogenase activity IC5, was 10 nM, and the enzyme used for cyclohydrolase
IC5o measurements was 5 nM. All enzyme kinetics measurements were performed
as independent triplicates. Data processing and fitting of curves was done using
OriginPro 2016 (OriginLab, Northampton, Massachusetts, US). Analysis of
variance (ANOVA) in OriginPro 2016 software gave statistical test reports after
fitting curves.

Surface plasmon resonance assay. All surface plasmon resonance (SPR)
experiments described in this study were performed on a Biacore X100 system.
Different FolDs with or without His-tag were coupled on CM5 sensor chips (GE
Healthcare) by the amine coupling method using a kit from GE Healthcare Life
Sciences (Freiburg, Germany). A pH scouting process was performed before pro-
tein immobilization to test the most appropriate buffer and the protein con-
centration for protein coupling. Finally, 20 pg/mL of ecFolD in 10 mM maleate
buffer (pH 6.8), 30 pg/mL of ecFolD Q98H in 10 mM maleate buffer (pH 6.3), 40
pg/mL of ecFolD K54N in 10 mM maleate buffer (pH 5.8), 20 pg/mL of spFolD in
10 mM maleate buffer (pH 6.0) and 15 pg/mL of MTHFD2 (His-tag cleaved) in 10
mM maleate buffer (pH 6.8) were used for coupling. In the protein immobilization
procedure, the contact time was calculated based on the pH scouting results to
achieve ~3000-5000 relative resonance units (RU). The buffer used in the SPR
assays was 1x HBS-P buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.05% Tween
20). The 1 mM stock solution of carolacton was prepared in 1x HBS-P buffer and
diluted to different concentration ranges by two-fold serial dilution. In the SPR
assay, the association time was 180 s and the dissociation time was 600 s. Data
analysis was performed using the Biacore evaluation software. The SPR curves were
exported to be re-plotted in OriginPro 2016 (OriginLab, Northampton, Massa-
chusetts, US).

Antimicrobial screening. The determination of MICs was performed as described
elsewhere?”. In brief, E. coli strains were treated with carolacton in serial dilution in
either the presence or absence of sub-inhibitory concentrations of polymyxin B
nonapeptide (PMBN; 3 ug/mL) and/or phenylalanine-arginine -napthylamide
(PAPN; 20 pg/mL) for 16 h at 37 °C in Mueller-Hinton broth. The MICs were
assessed by visual inspection of the plates.

Cytotoxicity screening. Half maximal effective concentrations (ECsy) on human
cancer cell lines were determined as described elsewhere*!. Human cancer cell lines
were maintained as recommended by the depositor (German Collection of
Microorganisms and Cell Cultures, DSMZ) and were treated for 5 d with car-
olacton in serial dilution. The viability of adherent cell types, HCT-116 (ACC 581),
KB-3.1 (ACC-158) and KB-V.1 (ACC-149) was assessed by the addition of MTT
tetrazolium salt and absorbance measurement at 570 nm. Histiocytic lymphoma U-
937 cells (ACC-5) were maintained in RPMI 1640 medium and transferred into
folate-free medium prior to the assay. Cell viability was determined by measuring
alamar blue fluorescence emission at 590 nm. The values were referenced and ECs,
values were determined by sigmoidal curve fitting. The cell lines KB-3.1 and KB-
V.1 are originally derived from HeLa, whereas the latter is an MDR subclone of
KB-3.1. They were used to directly compare the activity of carolacton on an mdrl
overexpressing and a sensitive cell line. The effect of folate depletion was assessed
using the U-937 cell line as these lymphoma cells are described to express high
levels of MTHFD2, however, carolacton was virtually inactive under normal cul-
ture conditions.

Reductive methylation of surface lysine residues. To protect active site lysine
K54, a six-fold molar excess of carolacton was added to the protein and the
complex incubated on ice for 16 h before the reaction. Surface lysine residues were
then methylated using the JBS Methylation Kit (Jena Bioscience) according to the
manufacturer’s instructions and Supplementary Information. Methylated ecFolD
(ecFolDMeth) and ecFolDMthQY8H were applied to a Superdex 200 gel filtration
column (GE Healthcare) pre-equilibrated with gel filtration buffer (150 mM NaCl,
10 mM HEPES (pH 7.4) and 1 mM TCEP), and then concentrated to 5 mg/mL.

X-ray crystallography. Crystals of ecFolDMeh were obtained at 18 °C by using the
sitting drop vapour diffusion method. Protein (300 nL) at 5 mg/mL was added to
150 nL reservoir solution: 0.2 M sodium acetate, 0.1 M sodium cacodylate pH 6.5
and 30% (w/v) PEG 8000. To solve the ecFolD-carolacton complex structure,
ecFolDMeth crystals were soaked overnight in the presence 2 mM carolacton.
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Optimized crystals of apo-ecFolDMeMQ98H were grown under conditions of 0.2
ammonium sulphate, Bis-Tris pH 6.0 and 25% PEG 3350. Diffraction data for all
proteins were collected from single crystals at 100 K. Data for ecFolDMeth were
obtained at Beamline X06DA at a wavelength of 1 A (Swiss Light Source), while
data for the ecFolDM¢"_carolacton complex and ecFoldM¢"Q98H crystals were
collected at beamline ID30-A3 (ESRF) at a wavelength of 0.967 A. Data were
processed using Xia2'? or XDS*® and the structures solved using PHASER™
Molecular replacement with ecFolD (PDB ID 1DIA) as a search model. The models
were manually rebuilt in COOT* and refined using PHENIX*® and Refmac5’
(Supplementary Table 12). The structures were validated using MolProbity, and all
images presented were created using PyMOL*®, Interaction diagrams were created
using Ligplot®®.

Data availability. Atomic coordinates and structure factors are deposited in the
RCSB Protein Data Bank with accession codes 5028 (ecFolD apo), 5022 (ecFolD
carolacton complex) and 502A (ecFolDQ98H). Other relevant data supporting the
findings of this study are available in this published article and its Supplementary
Information files or from the corresponding authors upon request.
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ABSTRACT: The increasing emergence of antibiotic resist-

N7

= [/ \J
ance necessitates the development of anti-infectives with novel : W \
modes of action. Targeting bacterial virulence is considered a N y r
promising approach to develop novel antibiotics with reduced . ‘ Ty S

selection pressure. The extracellular collagenase elastase
(LasB) plays a pivotal role in the infection process of
Pseudomonas aeruginosa and therefore represents an attractive

IC5=6.6%0.3puM Co-crystallization

- -
antivirulence target. Mercaptoacetamide-based thiols have AN
been reported to inhibit LasB as well as collagenases from MMPs -y,
clostridia and bacillus species. The present work provides an
Selectivity In vivoefficacy

insight into the structure—activity relationship (SAR) of these
fragment-like LasB inhibitors, demonstrating an inverse
activity profile compared to similar inhibitors of clostridial collagenase H (ColH). An X-ray cocrystal structure is presented,
revealing distinct binding of two compounds to the active site of LasB, which unexpectedly maintains an open conformation. We
further demonstrate in vivo efficacy in a Galleria mellonella infection model and high selectivity of the LasB inhibitors toward
human matrix metalloproteinases (MMPs).

KEYWORDS: antibiotic resistance, antivirulence agent, elastase, LasB, binding mode, selectivity, Galleria mellonella

like elastin'® or collagen'® to allow the bacteria to colonize a
niche in the host. Tissue damage is further caused by disruption

he increasing emergence of resistant bacteria poses a
threat to public health, especially in the case of Gram-

negative species."2 Pseudomonas aeruginosa is one of the three
most problematic pathogens on the WHO priority list." It is the
reason for many hospital-acquired infections as well as fatal
lung infections in cystic fibrosis and bronchiectasis patients.”*
To combat the rise of antibiotic-resistant Pseudomonas
aeruginosa infections, novel treatment options are urgently
needed.>*

A promising new approach to reduce selection pressure is to
target bacterial virulence in order to disarm pathogens rather
than to kill them.””'® Pseudomonas aeruginosa produces
numerous virulence factors contributing to disease progression,
which provide attractive anti-infective targets.''~'* The
extracellular collagenase elastase (LasB) is a major virulence
factor, playing a crucial role for the pathogenicity of
P. aeruginosa.”> The enzyme is a zinc—metalloprotease with
high structural similarity to thermolysin.'®'” One of its main
functions is the cleavage of components of the connective tissue

A4 ACS Publications  © 2018 American Chemical Society
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of cell-to-cell junctions.'””” Additionally, LasB enables
P. aeruginosa to evade the human immune response by cleaving,
i IgG,21 cytokines,”” surfactant proteins A and D%
complement factor C3,”* or pulmonary defense receptor
PAR2.>® Consequently, this protease represents an attractive
anti-infective target and its extracellular localization facilitates
drug discovery as permeation of the Gram-negative cell wall is
not needed.”**

LasB belongs to the thermolysin (M4) family of enzymes.””
For this class, it has been reported that the rather open active
site cleft of the protease adopts a more closed conformation
upon inhibitor binding.”* To date, several zinc-chelating
inhibitors of LasB have been described,”*™** including
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compounds bearing a mercaptoacetamide motif attached either
to small peptides” or to aniline.* Crystallographic data
shedding light on the binding mode of these thiols to the
protease has not been available yet. We have recently described
N-aryl mercaptoacetamide-based compounds as very potent
clostridial collagenase inhibitors with high selectivity toward
human matrix metalloproteinases (MMPs).*> The compounds
contain a prodrug-like thiocarbamate-motif, which liberates free
thiols as the active form after hydrolysis in buffer. The best
collagenase H (ColH) inhibitor 1 (Figure 1) was also found to

inhibit LasB.
0]
O
S<_NH,
Nl
1

Figure 1. Structure of most potent ColH inhibitor 1.

In this work, we report a functional screening followed by
LC-MS validation for LasB inhibition of the focused TimTec
ActiTarg-P library previously used to discover the ColH
inhibitors. The only inhibitor resulting from the screening
was an N-aryl mercaptoacetamide. Encouraged by the
promising inhibitory activity and selectivity, we wanted to
gain further insight into LasB inhibition by this compound
class. We describe the activity and selectivity profiles of a broad
range of N-aryl mercaptoacetamides. An X-ray crystal structure
of a mercaptoacetamide-based inhibitor in complex with LasB is
presented revealing an unprecedented open conformation of
the active site, which harbors two inhibitor molecules. To the
best of our knowledge, this is the first description of inhibitor
binding to LasB which does not lead to a closure of the active
site cleft.

B RESULTS AND DISCUSSION

Screening for Novel LasB Inhibitors. In order to expand
the chemical space of LasB inhibitors, we performed a
functional screening based on the FRET-based in vitro assay
developed by Nishino and Powers.”® We used a protease
inhibitor-enriched library which, after removing structures
known as PAINS,’ comprised 1192 low molecular weight
compounds. In addition, we included 330 fragments (May-
bridge Fragment Library) into the screening. The only
compound showing more than 50% inhibition when tested at
100 M was mercaptoacetamide 2 (Figure 2). Several false-
positive hits had to be excluded because of quenching of
substrate fluorescence.

)OS
S._NH,
N T
2 (o]

Figure 2. Structure of screening hit 2.

Development of an LC-MS-Based Readout for the
FRET Assay. In the FRET-based proteolytic assay, active LasB
cleaves a quenched substrate, which results in an increase of
fluorescence.’® Enzyme inhibition leads to reduced substrate
cleavage and consequently to reduced fluorescence. However,
compounds interfering with the fluorophore by quenching
effects® can pretend enzyme inhibition, resulting in false-

989

positive hits.*”** Several quenching compounds were found,
especially among fragments. To clarify if reduced fluorescence
was caused by protease inhibition or to quenching effects, we
developed an LC-MS-based readout for the FRET Assay.
Elastase cleaves the synthetic substrate Abz—Ala—Gly—Leu—
Ala—Nba (3) at the Gly—Leu bond,***' forming cleavage
products 4 and S (Figure 3A) which could be separated
chromatographically. Using the published LasB inhibitor
phosphoramidon*” as a positive control, the FRET assay
results were excellently reproduced using an LC-MS-based
readout which was based on the mass peak of cleavage product
S (Figure S1). Applying this technology, we could detect
several false positives whose apparent inhibition in the FRET
assay was only due to quenching. Two examples are shown in
Figure 3B.

Structure—Activity Relationship of N-Aryl Mercaptoa-
cetamides. To elucidate the structure—activity relationship
(SAR) of N-aryl mercaptoacetamides, 35 derivatives were
purchased or synthesized (for further information, see the
Supporting Information) and tested for LasB inhibition
applying the FRET-based in vitro assay (Tables 1 and SI).
Nonpolar aromatic substituents, especially halogens, turned out
to be favorable for activity while polar hydrogen-bond accepting
moieties led to significantly reduced inhibition. For the o-, m-,
and p-Cl derivatives 9, 12, and 17 as well as m- and p-CH,
derivatives 13 and 21, no substantial effect of the substitution
position on activity was found. The same holds true for the
methoxy (11, 15, 23) and o- and p-phenyl (10, 18) analogues.
Introduction of a second substituent improved the ICy, at least
2-fold. Addition of methyl or chlorine substituents to 17
resulted in the best compounds 26, 27, and 28, displaying ICy,
values in the one-digit micromolar range. An exception is
dimethoxy derivative 32, which showed an activity similar to
the monomethoxy analogues 11, 15, and 23. In comparison to
the initial screening hit 2, the activity could be improved by
more than 2.5-fold. Two examples showed that the
introduction of a third substituent was not beneficial for
inhibition: Introduction of a methyl group to compound 26 led
to a 2-fold drop in activity (34), while no difference was
observed between di- and trimethyl derivatives 29 and 33.

Comparison to the SAR for ColH Inhibition. Interest-
ingly, the here reported SAR shows an inverse activity profile of
the N-aryl mercaptoacetamides compared to ColH. We
previously reported polar, hydrogen bond-accepting substitu-
ents, especially in para-position to the aniline function, to be
most potent for ColH inhibition.** Contrary to that, oxygen-
containing compounds like, e.g, the methoxy-derivatives 11,
15, 23, and 32 showed considerably weaker LasB inhibition
compared to their halogen-substituted analogs. Strikingly, our
best ColH inhibitor 1 is one of the weakest inhibitors described
in this study. The position of the substituent substantially
affects inhibition of ColH but not of LasB.

Confirmation of Thiols as Active Compounds. As
previously described,” thiocarbamates are rapidly cleaved to
the corresponding free thiols in aqueous buffers (Figure 4A).
Consequently, to confirm that the observed weaker activity on
LasB compared to clostridial collagenases was not due to slower
hydrolysis in LasB assay buffer, we performed the recently
reported LC-MS-based stability test. Fast hydrolysis of 17 in 50
mM Tris, pH 7.2, was observed with a thiocarbamate half-life of
3.7 + 0.1 min (Figure 4B). A third component was formed
which is most likely the disulfide oxidation product. Compound
hydrolysis proceeded faster than described for the ColH assay
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Figure 3. (A) Cleavage of FRET substrate Abz—Ala—Gly—Leu—Ala—Nba (3) into products 4 and 5 by LasB. Abz = 2-aminobenzoyl; Nba = 4-
nitrobenzylamide. (B) Structure and comparison of FRET (blue, v/v,) vs LC-MS results (red, A/A,) for fragments 6 and 7.

Table 1. Chemical Structures and LasB Inhibition of a Series of N-aryl Mercaptoacetamides

Cp. R ICy, (4M) Cp.
8 2-Br 114 + 02 17
9 2-Cl 141 + 05 18

10 2-Ph 250 + 0.8 19

11 2-OCH, 517 + 4.0 20

12 3-Cl 194 + 0.5 21

13 3-CH, 475 + 14 22

14 3-F 592 + 09 23

15 3-OCH, 617 + 2.1 1

16 3-NHSO,CH, 1272 + 35 24

25

“Compounds 33 and 34 were synthesized as free thiols.
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Figure 4. (A) Conversion of thiocarbamate 17 into corresponding free thiol 35. (B) LC-MS stability assay showing fast hydrolysis of 17 into 35 in
50 mM Tris, pH 7.2 (10% methanol), at 37 °C. (C) In vitro results for 17 and 35 are in accordance with the LC-MS results.

at 22.5 °C,” indicating temperature dependence of hydrolysis.
Additionally, we found the same in vitro activity of selected
thiols compared to their prodrugs, confirming the results from
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the LC-MS assay that compound activation occurs within the
preincubation time of our assay (Figures 4C and S). Unlike
thiols, which can be oxidized to disulfides,** these thiocarba-
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Figure 5. (A) Structure of thiol 36. (B) FRET assay results for 36 and
prodrug 27. Nonlinear regression was performed with the Hill Slope

constrained to 1.

mate prodrugs have the advantage of being stable toward
oxidation. As expected, the inactivity of dithiocarbamates 75—
82 (Table S1) could be explained by their stability toward
hydrolysis (Figure S2).

Binding Mode of Compound 36 to LasB. To elucidate
the binding mode of the N-aryl mercaptoacetamides to LasB,
we cocrystallized compound 27 with LasB purified from
Pseudomonas aeruginosa PA14 culture supernatant. The putative
LasB—27 complex crystallized in space group P2,, and crystals
diffracted to 1.3 A resolution (Figure 6). The structure was

Figure 6. Structure of LasB in complex with 36. Cartoon
representations of LasB (cyan) in complex with 36 (black, gray).
The difference electron density (F, — F,) contoured to 36 with phases
calculated from a model that was refined in the absence of 36 is shown
as a yellow isomesh. The active-site zinc ion is shown as a gray sphere
and calcium ion, as a green sphere. Residues involved in binding of 36*
and 36® are shown as sticks.

solved by molecular replacement using the published LasB apo
structure (PDB ID 1EZM) as a search model. Full details of the

data collection and refinement statistics can be found in Table
S2.

Hydrolysis of 27 to 36 was expected from the stability tests
and from the in vitro assay using the corresponding thiol 36,
and indeed, there was no electron density for the thiocarbamate
group observed. These observations confirm that the prodrug
moiety does not contribute to the inhibitory activity. To our
surprise, instead of one molecule, the active site of LasB
contained unambiguous electron density for two molecules of
36, arranged in an antiparallel fashion (hereafter, referred to as
36" and 36"). In the LasB apo structure, the active-site zinc ion
is coordinated by the side chains of His140, His144, and
Glu164 as well as one water molecule. The free thiol of 36"
displaces the water molecule to complete the tetrahedral
coordination sphere (sulfur—zinc distance of 2.3 A). The
carbonyl oxygen of 36" forms a bidentate hydrogen bond with
Argl98 in the S1’ binding site (2.2 A/2.3 A), while the side
chain of His223 forms a hydrogen bond with the thiol and
amide nitrogen (2.4 A/3.5 A). The amide nitrogen of the
second molecule hydrogen bonds with Asnll2 in the edge
strand (2.0 A), while its aromatic core lies in the lipophilic S2’
binding pocket. The tolerance of substitution at different
positions without crucial changes in activity can be explained by
the relatively large size of the binding site in comparison to the
rather narrow binding pocket of ColH. Calculations performed
with Molecular Operating Environment (MOE) software**
enabled us to determine differences in the acidity of the thiol
groups: Zinc coordination significantly increased thiol acidity,
reducing the pK, value from 9.0 in solution to 4.0. These results
indicate full ionization of this sulfur atom when bound to the
active site. In contrast, no significant change in the acidity of the
nonzinc bound thiol could be determined, indicating a
protonated state of this sulfur atom. It appears probable that
binding of 36* is required for 36" to bind to the protein by
providing a hydrophobic surface anchored to the active-site zinc
ion 36° with which it can interact. Regarding the Hill Slope of 1
in the in vitro assay for 36 (Figure SB), it seems that only one
binding event is necessary for full inhibition. This indicates that
a second molecule might not be required for the activity of the
compound and its absence in solution cannot be excluded.

Elastase belongs to the M4 family of peptidases, showing
high similarity to thermolysin from Bacillus thermoproteolyti-
cus.”’” Its C-terminal domain is composed mostly of a-helices,
while the N-terminal domain is formed predominantly by
antiparallel f-sheets. The active site cleft is positioned within
the hinge region in between the two domains.'” Interestingly,
binding of 36* and 36® does not lead to a closure of the active
site cleft as it has been reported after binding of
phosphoramidon® and another peptidic inhibitor.** In fact,

Figure 7. (A) Structure of 37, the N-benzyl derivative of active thiol 36. (B) Surface representation of LasB bound to two molecules of 27. (C)
Modeling of 37, the N-benzyl derivative of the active thiol 36 based on the X-ray crystal structure.
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Scheme 1. Synthesis of N-Benzyl Mercaptoacetamides”
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“Reagents and conditions: (a) sodium triacetoxyborohydride, DCM, RT, 20 h (47—52, 54), or 3-methoxybenzylbromide, K,CO;, DMF, 120°C, 20

h (53); (b) chloroacetyl chloride, acetone, 0

min.

°C to r.t, 1.5 h; (c) ammonium thiocyanate, ethanol, 80 °C, 2 h; (d) sulfuric acid, acetic acid, 0 °C, 30

the open conformation observed in the apo structure is virtually
unperturbed (C, rmsd of just 0.24 over 290 residues, Figure
S3). It seems likely that the antiparallel binding of two
molecules of 36 prevents the active site from closing and thus
allows the enzyme to be addressed in an open conformation.
This offers a completely new avenue for the design of LasB
inhibitors.

In the work of Zhu et al, a primed binding mode of N-aryl
mercaptoacetamides to the LasB active site was proposed on
the basis of docking studies.** We experimentally confirmed the
inhibitor to be placed in the primed binding pocket. However,
there are substantial differences in the orientation of the
inhibitor, mainly owing to the presence of two molecules. The
reported docking studies suggested additional chelation of the
zinc atom by the carbonyl group of the inhibitor, which we
demonstrated to hydrogen bond with Argl198. The proposed
hydrogen bond between Asn112 and the amide nitrogen of the
inhibitor is indeed present, yet it is formed by 36° and not by
the zinc chelating 36",

Structure-Based Optimization. Binding of a single
molecule to the binding site instead of two might have an
entropic benefit resulting in improved inhibition. Hence, we
tried to replace the second, nonzinc chelating molecule and to
grow the zinc-binding molecule deeper into the binding pocket,
using the crystal structure of the LasB—36 complex. Modeling
approaches showed a benzyl group to be appropriate to fill the
part of the binding pocket occupied by the aromatic core of the
nonzinc binding molecule (Figure 7).

A straightforward approach was used to synthesize N-benzyl
derivatives of compound 27 (Scheme 1): N-benzyl substituted
anilines 47—54 were obtained via reductive amination, using
aniline 38 and a variety of benzaldehydes (39—44,46). Amide
coupling with chloroacetyl chloride led to intermediates 55—
62. Replacement of the a-chlorine by a thiocyanate group was
followed by hydrolysis to the respective thiocarbamates 63—70
using a mixture of concentrated sulfuric acid and acetic acid.”’

Introduction of a benzylic group at the position of the amide
nitrogen of 27 led to an active compound with an ICy, of 20.4
+ 0.9 uM (63, Table 2). The activity was approximately 3-fold
lower compared to the nonbenzylated compound (Table 1).
We introduced halogens at several positions of the benzyl
group (64—67) to improve hydrophobic interactions with the
lipophilic part of the binding pocket. The activity was slightly
increased compared to 63; however, with IC;y’s in the two-digit
micromolar range, our compounds were still less active than 27.
The polar phenol and methoxyphenol derivatives 68 and 69
inhibited LasB in the same range as the halogenated
compounds 64—67, indicating that the lipophilic part of the
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Table 2. Structure and LasB Inhibition of N-Substituted
Derivatives 63—74

0
Cp. R ICq, (uM)
63 Ph 204 + 09
64 3'-F-Ph 12.6 + 04
65 4'-F-Ph 153 + 0.6
66 3'-Cl-Ph 173 + 0.8
67 2/,3',5'-ri-Cl-Ph 159 + 09
68 3'-OH-Ph 17.6 + 0.6
69 3'-OCH,-Ph 143 + 0.6
70 3'-OCH;,-4'-F-Ph 183 + 09
71 H 159 + 0.7
72 1-C,Hy 150 + 0.5
73 +CH, 545 +23
74 CeHy, 27.6 + 1.4

binding pocket might not be reached. Combination of the 4’
fluorine of 65 and the 3’-methoxy group of 69 did not lead to
an additive effect (70).

Given that the activity could not be improved by introducing
rigid aromatic functions, we investigated conformationally more
flexible alkyl substituents. Synthesis was achieved following the
same procedure (Scheme 1) using the respective alkyl
aldehydes, giving compounds 71—74 (Table 2). Similar to
the benzyl compounds 63—70, introduction of alkyl sub-
stituents at the amide nitrogen led to a loss of activity,
especially in case of the rather bulky neopentyl and cyclo-
hexylmethyl substituents (73 and 74). Considering that
replacement of the amide hydrogen by the methyl group
already resulted in a more than 2-fold loss of activity (71), we
concluded that the hydrogen bond formed between Asnl12
and the second molecule in the binding pocket plays an
important role for compound binding.

To assess the impact of N-substitution on thiocarbamate half-
life, the stability of 68 and 74 was analyzed. Again, we proved
that thiocarbamates were cleaved rapidly; thus, the reduced
activity was not caused by slower compound activation in assay
buffer (Figure S4).

Selectivity toward Further Proteases. MMPs are
ubiquitously present in the human body, playing pivotal roles
in the progress of various diseases but also exerting beneficial
effects on human health. The unselective inhibition of various
MMPs was the reason for the failure of several protease

DOI: 10.1021/acsinfecdis.8b00010
ACS Infect. Dis. 2018, 4, 988—997

219



ACS Infectious Diseases

inhibitors, while selectively inhibiting specific MMPs remains a
challenging task in protease drug discovery.**™>* Several
bacterial protease inhibitors lacking MMP selectivity have
been reported.”*™* Thiol-based LasB inhibitors have been
tested toward selected MMPs.**** In this context, the
inhibition of range of six MMPs with structural variation in
their S1’ binding pocket’” (deep: MMP-3 and -14;
intermediate: MMP-2 and -8; shallow: MMP-1 and -7) was
analyzed for 27. As we previously demonstrated for other N-
aryl mercaptoacetamides,” 27 did not inhibit this broad range
of MMPs at concentrations up to 100 yM either (Figure S5).

In contrast to these antitargets, bacterial metallo-#-lactamases
represent attractive additional targets, since cleavage of f-
lactam antibiotics by these proteases is a crucial mechanism of
antibiotic resistance.’® Inhibition of metallo-f-lactamases by
thiol-based inhibitors has been reported to restore the activity
of f-lactam antibiotics.’” %% To this end, we tested IMP-7, a
metallo-f-lactamase present in clinical isolates of P. aeruginosa
for in vitro inhibition by prodrug 27 and thiol 36. Interestingly,
the enzyme was found to be inhibited by 27 (1.16 + 0.07 uM)
as well as 36 (0.86 + 0.06 uM).

Cytotoxicity Assays. For a potential therapeutic applica-
tion in humans, we analyzed the cytotoxicity of thiocarbamate
17 as well as thiols 35 and 36 toward two different human cell
lines (Table 3). As described previously,” the mercaptoaceta-

Table 3. Cytotoxicity of 17, 35, and 36 in HEP G2 and
HEK293 Cells

reduction of viability [%]

Cp. concn [uM] HEP G2 HEK293
17 100 26 + 16 S1+12
35 100 28 + 127 S1+4
36 100 25+3 22+5
doxorubicin 1 50 + 5 49 +7
rifampicin 100 29 + 5 19+3
batimastat 100 13+7° 2+2

“Values taken from Schénauer et al.*®

mides had only a low cytotoxic effect on HEP G2 cells at a
concentration as high as 100 #M. Likewise, the cytotoxic effect
on HEK293 cells was also low at this high concentration.
Galleria mellonella Infection Model. Stimulated by the
promising in vitro results, the in vivo efficacy of our compounds
was investigated. Infection models with Galleria mellonella
larvae have previously been employed by us to assess novel
treatment options for Pseudomonas aeruginosa-induced infec-
tions®»** and were reported to highly correlate with mouse
models.”® We analyzed the effect of prodrug 27 and active thiol
36 by coinjecting them with PA14. The larvae were challenged
with PA14 concentrations corresponding to two times the
LDs,.” Compared to PAl4-infected larvae receiving no
treatment, 2.5 nmol of 36 significantly increased the survival
of G. mellonella from 43% to 72% after 65 h (Figure 8).
Notably, not only the survival time was increased, as reported
for LasB inhibitors in a C. elegans model,** but also the survival
rate. However, administering the same concentration of
thiocarbamate prodrug did not lead to a significant effect,
indicating an insufficient release of the thiol in G. mellonella
hemolymph. These findings prove the potential of LasB
inhibition to effectively reduce P. aeruginosa pathogenicity.
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Figure 8. Survival curves for PA14-challenged Galleria mellonella larvae
receiving treatment with 2.5 nmol 27 or 36 in comparison to larvae
receiving treatment with PBS only. Curves represent results from at
least three independent measurements. The survival rate was
significantly higher for larvae treated with 36 (p = 0.0003, log-rank
test) but not with 27. The survival rate for larvae treated with the
compounds in PBS was 100%.

B CONCLUSION

In this study, a functional screening of a protease-inhibitor
enriched library and a fragment library was performed using a
well-established FRET assay, with the aim to expand the
chemical space of LasB inhibitors. An LC-MS-based counter-
screen was developed, allowing identification of false-positives.
Only one real screening hit was identified, an N-aryl
mercaptoacetamide. Compounds of this class are known to
be inhibitors of LasB as well as of ColH from C. histolyticum.
We analyzed the inhibition of a further 35 derivatives of this
class of fragment-like molecules. Interestingly, the SAR was
inverse to the activity profile we discovered for ColH, allowing
rational optimization of the compound class to selectively
inhibit either LasB or ColH. The X-ray crystal structure of a
LasB—inhibitor complex was solved, revealing a primed binding
mode of two thiol molecules to the active site of the protease.
Importantly, our results show that inhibitor binding does not
necessarily lead to a closure of the binding pocket, as it has
been described for thermolysin-like proteases. These findings
pave the way for the development of novel LasB inhibitors
targeting the open conformation of the enzyme, providing an
important starting point for lead optimization. The structural
information obtained by X-ray crystallography was used to
grow the fragments by introducing benzyl or alkyl groups.
These compounds indeed inhibited LasB, yet the activity was
not improved. Supposably, the conformation of the N-
substituted compounds is not ideal to replace the second
inhibitor molecule in the binding pocket. With the f-lactamase
IMP-7, we discovered an additional target of the N-aryl
mercaptoacetamides, which is attractive for the development of
novel anti-infectives. Furthermore, in vivo efficacy was
demonstrated using a Galleria mellonella infection model. The
survival rate of PAl4-infected larvae was increased significantly
when treated with our best thiol. Considering the fragment-like
character of our inhibitors and the fact that they represent
antivirulence agents instead of traditional antibiotics, this is a
remarkable effect. These results underline the potential of
reducing bacterial pathogenicity to develop novel antibacterial
drugs, which are urgently needed to combat antibiotic
resistance. N-aryl mercaptoacetamides prove particularly
interesting for the development of such drugs, since they
display high selectivity toward human MMPs.
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Bl EXPERIMENTAL SECTION

Expression and Purification of LasB. Pseudomonas
aeruginosa PA14 were grown in lysogeny broth medium for
72 h at 37 °C. Cells were removed by centrifugation (5000
rpm, 4 °C, 60 min), and the supernatant was filtered through a
bottle-top-filter (0.20 um). Purification was performed
according to the method described by Morihara et al.*® with
few modifications. The precipitate formed by acetone treatment
was dissolved in water and dialyzed against buffer A (20 mM
Tris, pH 8.0). The dialyzed sample was then loaded onto a
Hitrap Q HP column (GE Healthcare, Little Chalfont, UK)
and washed back to baseline in buffer A, before being eluted
with a gradient from buffer A into buffer A2 (20 mM Tris, pH
8.0, 1 M NaCl). The fractions with the strongest activity were
pooled together (in vitro assay described below) and loaded
onto a Superdex 200 gel filtration column (GE Healthcare) that
was pre-equilibrated with buffer B (20 mM Tris, pH 8.0, 2 mM
CaCl,). Protein purity and activity was assessed by SDS-PAGE
and the in vitro inhibition assay.

In Vitro Inhibition Assay. For the initial screening, Elastase
was purchased from Elastin Products Company (Owensville,
MO, USA) or Merck (Darmstadt, Germany). Later, purified
elastase prepared according to the procedure described above
was used. The fluorogenic substrate 2-Aminobenzoyl-Ala-Gly-
Leu-Ala-4-Nitrobenzylamide™ was purchased from Peptides
International (Louisville, KY, USA). Fluorescence intensity was
measured for 60 min at 37 °C in black 384-well microtiter
plates (Greiner BioOne, Kremsmiinster, Austria) using a
CLARIOstar microplate reader (BMG Labtech, Ortenberg,
Germany) with an excitation wavelength of 340 + 15 nm and
an emission wavelength of 415 + 20 nm. The assay was
performed in a final volume of 50 L of assay buffer (50 mM
Tris, pH 7.2, 2.5 mM CaCl,, 0.075% Pluronic F-127, 5%
DMSO) containing LasB at a final concentration of 10 nM
(commercial batch) or 0.3 nM (purified batch) and the
substrate at 150 pM. Before substrate addition, compounds
were preincubated with the enzyme for 15 min at 37 °C.
Experiments were performed in duplicates and repeated for at
least two times. Blank controls without enzyme were
performed. After blank subtraction, the slope of samples
containing inhibitors (v) was divided by the slope of a
simultaneously started uninhibited enzymatic reaction (vy).
ICy, values were determined with nonlinear regression using
GraphPad Prism S (Graph Pad Software, San Diego, CA, USA)
and are given as mean values + standard deviation (SD). The
slope factor was constrained to 1.

LC-MS-Based Readout for the FRET Assay. The FRET-
based fluorescence assay was performed according to the
procedure described above using SO mM Tris, pH 7.2. At the
end of the measurement, the enzymatic reaction was stopped
by adding formic acid at a final concentration of 2%.
Simultaneously, amitryptiline was added as internal standard.
The resulting mixture was diluted 1:10 in a mixture of 10%
acetonitrile in Milli-Q water containing 2% formic acid,
resulting in a 10 #M amitryptiline concentration. The analyses
were performed using a TF UltiMate 3000 binary RSLC
UHPLC (Thermo Fisher, Dreieich, Germany) equipped with a
degasser, a binary pump, an autosampler, and a thermostated
column compartment and a MWD, coupled to a TF TSQ
Quantum Access Max mass spectrometer with heated electro-
spray ionization source (HESI-II). For gradient elution, an
Accucore RP-MS column (150 X 2.1 mm, 2.6 ym, Thermo
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Fisher, Dreieich, Germany) was used with a mobile phase
consisting of acetonitrile containing 1% formic acid (FA; v/v;
eluent A) and water containing 1%0 FA (v/v; eluent B) at a
flow rate of 400 yL/min under the following conditions: 0—0.9
min 10% A, 0.9—2.5 min 10—50% A, 2.5—5.5 min 50—70% A,
5.5—6 min hold, and 6—6.5 min 10% A, giving a total run time
of 6.5 min. The injection volume was 10 uL. The divert valve
was set to 1.6 min. The autosampler temperature was set to 6
°C. The following MS conditions were used: electrospray
ionization (ESI), positive mode, sheath gas, nitrogen at a flow
rate of 35 arbitrary units; auxiliary gas, nitrogen at flow rate of
10 arbitrary units; vaporizer temperature, S0 °C; ion transfer
capillary temperature, 270 °C; capillary offset, 15 V; spray
voltage, 3000 V. The mass spectrometer was operated in the
SIM mode with the following masses: 4, m/z 266.1 (tube lens
offset 120 V); amitryptiline, m/z 278.1 (tube lens offset 90 V);
5, m/z 337.0 (tube lens offset 120 V); 3, m/z 584.1 (tube lens
offset 120 V) with a scan width of m/z 2.0 and a scan time of
0.1 s, respectively. Measurements were performed in duplicates
and repeated for at least two times. Observed retention times
were as follows: 4, 2.00 min; 5, 3.52 min; amitryptiline, 4.02
min; 3, 4.37 min. MS-peak areas were determined using TF
Xcalibur Software. Peak areas were normalized by ISTD peak
area (giving A) and divided by the peak area of the respective
ISTD normalized sample without inhibitor (4,). ICs, values
were determined using the method described above (GraphPad
Prism 5 software).

LC-MS-Based Stability Assay. The assay was performed as
described previously”® using 50 mM Tris, pH 7.2, and a
temperature of 37 °C.

Screening Library. The protease inhibitor enriched
screening library (ActiTarg-P) was purchased from TimTec
(Newark, DE, USA). Fragments were obtained from the
Maybridge Fragment Library (Maybridge, Altrincham, UK).
Compounds were stored as DMSO stock solutions.

Chemistry. All reagents were used from commercial
suppliers without further purification. Procedures were not
optimized regarding yield. NMR spectra were recorded on a
Bruker Fourier 300 (300 MHz) spectrometer. Chemical shifts
are given in parts per million (ppm) and referenced against the
residual proton, 'H, or carbon, '*C, resonances of the >99%
deuterated solvents as internal reference. Coupling constants
(J) are given in Hertz. Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, m =
multiplet, br = broad and combinations of these) coupling
constants, and integration. Mass spectrometry was performed
on a SpectraSystems-MSQ LCMS system (Thermo Fisher,
Dreieich, Germany). Flash chromatography was performed
using the automated flash chromatography system CombiFlash
Rf+ (Teledyne Isco, Lincoln, NE, USA) equipped with
RediSepRf silica columns (Axel Semrau, Sprockhovel Ger-
many) or Chromabond Flash C18 columns (Macherey-Nagel,
Diiren, Germany). Purity of compounds synthesized by us was
determined by LCMS using the area percentage method on the
UV trace recorded at a wavelength of 254 nm and found to be
>95%. Thiols and thiocarbamates were synthesized according
to the procedures described previously.”> N-benzyl and N-aryl
mercaptoacetamides were synthesized according to Schemes S1
and S2 using General Procedures 1—3 as described in more
detail in the Supporting Information.

Human MMP Inhibition Assay. The catalytic domains of
MMP-1, -2, -3, -7, -8, and -14 along with the SensoLyte 520
Generic MMP Activity Kit were purchased from AnaSpec
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(Fremont, CA, USA). The assay was performed as described
previously using Batimastat as a positive control,®® according to
the guidelines of the manufacturer.

p-Lactamase Inhibition Assay. Activity assays for IMP-7
were carried out, as described by Klingler et al.*’ Final protein
concentrations of 0.1 nM in a 50 mM HEPES buffer (pH 7.5,
0.01% Triton X-100). Substrate (Fluorocillin (Invitrogen,
Darmstadt, Germany)) was dissolved in assay buffer to a final
concentration of 888 nM. Test compounds were dissolved and
prediluted in DMSO (final concentration: 1%). In a black
polystyrol 96-well plate (Corning), an amount of 1 yL of the
respective inhibitor solution at different concentrations was
incubated with 89 uL of IMP-7 containing buffer for 30 min at
room temperature. Ten uL of substrate solution was added.
The readout of the emitted fluorescence was started
immediately (45 s for 30 cycles) using a Tecan Infinite
F200Pro (Tecan Group Ltd; excitation at 495 nm and
emission at 525 nm). Blank controls were performed without
enzyme. Positive controls were performed with enzyme but
without inhibitor. The inhibitory activity of each test
compound was measured in three independent experiments.
For calculation of ICs, values, data obtained from measure-
ments with eight different inhibitor concentrations were used.
For the evaluation of the sigmoidal dose response equation
(variable slope with four parameters), GraphPad Prism $
(GraphPad Software, La Jolla, CA, USA) was used.

Cytotoxicity Assays. Hep G2 or HEK293 cells (2 X 10°
cells per well) were seeded in 24-well, flat-bottomed plates.
Culturing of cells, incubations, and OD measurements were
performed as described previously®” with small modifications.
Twenty-four hours after seeding the cells, the incubation was
started by the addition of compounds in a final DMSO
concentration of 1%. The living cell mass was determined after
48 h. At least two independent measurements were performed
for each compound.

Galleria mellonella Virulence Assay. The virulence assay
was performed as described by Lu et al.®® with some
modifications: Galleria mellonella larvae (TruLarv) were
purchased from BioSystems Technology (Exeter, United
Kingdom). Injections were performed using a LA120 syringe
pump (Landgraf Laborsysteme, Langenhagen, Germany)
equipped with 1 mL Injekt-F tuberculin syringes (B. Braun,
Melsungen, Germany) and Sterican 0.30 X 12 mm, 30G X 1.5
needles (B. Braun). The following treatment conditions were
applied: (a) sterile PBS solution, (b) PA14 suspension, (c) 2.5
nmol of 27 in “b”, (d) 2.5 nmol of 36 in “b”, (e) 2.5 nmol of 27
in “a”, and (f) 1.25 nmol of 36 in “a”. Samples a—e contained
1% DMSO and f, 0.5%. For each treatment, data from at least
three independent measurements were combined.

X-ray Crystallography. LasB was concentrated to 10—12
mg/mL and mixed with inhibitor 27 at a final concentration of
1 mM. Complex crystals were grown by the sitting drop
method using a reservoir solution containing 0.2 M magnesium
chloride and 30% (w/v) PEG 3350. Crystals were cryopro-
tected in glycerol, and diffraction data was collected from single
crystals at 100 K at beamline ID23-2 (ESRF) at a wavelength of
0.873 A. Data was processed using Xia2,”* and the structure was
solved using PHASER® molecular replacement with Pseudo-
monas aeruginosa elastase (PAE, PDB ID 1EZM) as a search
model. The solution was manually rebuilt with COOT” and
refined using PHENIX"' and Refmac5.”” The final refined
structure of LasB in complex with compound 27 was deposited
in the Protein Data Bank (PDB) as entry 6F8B.
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Molecular Modeling. Molecular modeling was performed
with Molecular Operating Environment 2015.10 (MOE)
software (Chemical Computing Group, Montreal, Canada)
using standard parameters. In the cocrystal structure of LasB
and 36, inhibitor molecule 36® was removed and 36* was
grown using the Builder function. The final structure was
energy-minimized using the QuickPrep function. AMBERI10:-
EHT was used as a force field.
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ABSTRACT: In search of novel antibiotics to combat the
challenging spread of resistant pathogens, bacterial proteases
represent promising targets for pathoblocker development. A
common motif for protease inhibitors is the hydroxamic acid
function, yet this group has often been related to unspecific
inhibition of various metalloproteases. In this work, the
inhibition of LasB, a harmful zinc metalloprotease secreted by
Pseudomonas aeruginosa, through a hydroxamate derivative is
described. The present inhibitor was developed based on a
recently reported, highly selective thiol scaffold. Using X-ray
crystallography, the lack of inhibition of a range of human

} 2&:’5 @

LL-37 actvity

matrix metalloproteases could be attributed to a distinct binding mode sparing the S1’ pocket. The inhibitor was shown to
restore the effect of the antimicrobial peptide LL-37, decrease the formation of P. aeruginosa biofilm and, for the first time for a
LasB inhibitor, reduce the release of extracellular DNA. Hence, it is capable of disrupting several important bacterial resistance
mechanisms. These results highlight the potential of protease inhibitors to fight bacterial infections and point out the possibility

to achieve selective inhibition even with a strong zinc anchor.

Proteases have proven to be attractive targets for the
treatment of various diseases, including infections." While
antiviral protease inhibitors are in clinical use for the treatment
of e.g. HIV or HCV, no bacterial protease inhibitors have been
approved as anti-infective drugs yet.”” However, to combat the
spread of antibiotic resistance, new antibacterial agents with
novel modes of action are urgently needed.*”® This applies
especially for Gram-negative pathogens which are challenging
to treat as their cell wall is difficult to permeate.” The
development of pathoblockers which target bacterial virulence
rather than killing bacteria is of growing interest in anti-
infective drug discovery due to the reduced selection pressure
such a strategy is supposed to have.” "> In this context,
bacterial proteases represent attractive targets.””'> Notably,
the only FDA-approved antivirulence drugs are immunoglo-
bulins that target secreted virulence factors, highlighting the
potential of extracellular targets to circumvent cell wall
permeation problems.® The highly problematic Gram-negative
pathogen Pseudomonas aeruginosa has been assigned critical
priority by the WHO'* and urgently requires novel treatment
options because of increasing resistance.''¢ P. aeruginosa is
responsible for fatal lung infections in cystic fibrosis patients.'”
Among its numerous virulence factors representing potential

A4 ACS Publications  © 2018 American Chemical Society

drug targets,'”'®'®*° the zinc—metalloprotease elastase

(LasB) is of specific interest, given its extracellular location.”’
LasB substantially contributes to disease progression in P.
aeruginosa infected individuals by facilitating host invasion and
immune evasion.”” It was for example found to degrade and
thereby inactivate the endogenous antimicrobial peptide
(AMP) LL-37.** Furthermore, LasB was reported to be
involved in the formation of P. aeruginosa biofilms either by
periplasmic activation of nucleoside diphosphate kinase
(NDK) required for alginate synthesis®* or by upregulation
of rhamnolipids.”® The aggregation of bacteria in the biofilm
matrix seriously impedes successful antibiotic treatment and
blocks host defense mechanisms.”**’

Several thiol-based inhibitors with promising activity on
LasB have been described.”*™** A class of N-aryl mercaptoa-
cetamides turned out to be particularly attractive because these
thiols display high selectivity against a range of human matrix
metalloproteinases (MMPs).*>** Thiol-containing compounds
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are in clinical use for the treatment of various diseases.>*

However, a disadvantage of this class compared to other zinc-
chelating inhibitors is the possible oxidation to the respective
disulfides, resulting in inactivation of the compounds.’

In this study, we describe the synthetic replacement of the
sulfhydryl function of LasB inhibitor 1** (ICy: 6.6 + 0.3 uM)
by zinc-binding groups insensitive to oxidation (Figure 1).

H H H H
R’N\H/\SH R’Nm/‘j\ R’N\n/\n/x RN oH
(o} (e} 07 OH o O o
1 3-4
Cl e
Cl
Figure 1. Structures of lead LasB inhibitor 1 and compounds 3—8
synthesized in this article.

5-7 8
X = OH, OMe, NHOH

Among the compounds tested, a hydroxamic acid derivative
was found to inhibit LasB in the low micromolar range as well.
Hydroxamates have been reported as LasB inhibitors, but the
described compounds lack selectivity against human
MMPs.***? In contrast, the inhibitor described in this work
maintained the remarkable selectivity of thiol 1 against human
MMPs, despite a binding mode equivalent to described
hydroxamate—MMP complexes. The new compound was
further able to reduce biofilm formation and eDNA release
by P. aeruginosa and to restore the antimicrobial effect of LL-
37.

B RESULTS AND DISCUSSION

Synthesis of Novel Compounds 3—8. Among the variety
of chemically diverse zinc binding groups in literature,*’ we
focused on hydroxyl, carboxyl, and hydroxamate functions. By
introduction of these relatively small zinc chelating groups,
drastic changes in the size of the thiol function of 1 were
avoided to allow the inhibitor backbone to preserve the
previously observed binding mode.** Carboxylic acid deriva-
tives 3, 4, and 6 were obtained either by reacting aniline 2 with
succinic/maleic anhydride or via hydrolysis of methylester
intermediate S. Similarly, 7 was synthesized by reacting § with

hydroxylamine (Schemes 1A and B). As an isosteric
modification we further synthesized the alcohol derivative of
1, compound 8, using glycolic acid in a neat reaction (Scheme
1C).

Identification of Compound 7 as a Promising LasB
Inhibitor. Using a FRET-based inhibition assay,*' it turned
out that replacement of the thiol function of 1 by a hydroxy
group led to a complete loss of activity when tested at 600 yM
(8). Compounds bearing a carboxylic acid in y- (3, 4) or in f3-
position (6) to the carbonyl group were also inactive. Contrary
to that, the activity was maintained for the f-hydroxamic acid
derivative 7, displaying an IC;, of 17.4 + 0.8 uM and a K, of
12.3 £ 0.6 uM. This is slightly less active compared to the free
thiol analogue 1; however, the oxidation issue was resolved by
replacing the thiol by a hydroxamic acid function.

Binding Mode of 7 to LasB. To rationalize whether the
minor difference in activity compared to 1 was due to a
different binding mode, the X-ray cocrystal structure of the
LasB-7 complex was solved. The complex crystallized in space
group P2,2/2, and crystals diffracted to 2.1 A resolution
(Figure 2A). The structure was solved by molecular
replacement using the published LasB structure (PDB ID
1EZM) as a search model. Full details of the data collection
and refinement statistics can be found in Supplementary Table
1. Hydroxamate 7 was found to be orientated toward the
primed binding site of the protease. As expected, the active site
zinc atom is coordinated by both the carbonyl oxygen and the
hydroxamide oxygen of 7, leading to a distorted trigonal-
bipyramidal geometry. The carbonyl oxygen further undergoes
a weaker interaction with His223 (3.5 A). Additionally, the
hydroxamide oxygen forms a hydrogen bond with the adjacent
Glul41 (2.5 A), while the amide nitrogen interacts with the
carbonyl group of Alal13 (3.0 A). These observations are in
excellent accordance with the reported binding of hydroxamate
functions to MMP-7,"> MMP-3"* or to thermolysin.**
Inhibitor binding to thermolysin-like proteases like LasB was
described to lead to a closure of the binding pocket due to
hinge-bending motion.** Intriguingly, thiol 1 has recently been
discovered by us to keep the active site cleft in an open
conformation due to the unexpected binding of two molecules
to the primed binding site (Supplementary Figure S1).** In
contrast, only one molecule of the hydroxamate binds to the

Scheme 1. Synthesis of 3—8

d C'j@\ o o
& NJ\/”\OH

6
L& . C[D\ o o
" b SO
Ho, H

A a C'D o
cl al HJ\AH/OH
1. — s 0
cl NH,
2 4
cl N
A
4
B
|
O —— 0L
cl NH, cl H/U\)J\o/
2 5
(o] CID\ ; Clj@\ o
cl NH, cl NJ\/OH
H
2 8

“Reagents and conditions: (a) succinic anhydride, dioxane, 70 °C, 6 h; (b) maleic anhydride, dioxane, 70 °C, 6 h; (c) methyl malonyl chloride,
Et;N, DCM, RT, 4 h; (d) NaOH, THF, RT, 24 h; (e) H,NOH, DIPEA, MeOH, 8 h reflux, 16 h RT; (f) glycolic acid, 130°C, 24 h.
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8

Figure 2. (A) Structure of LasB in complex with 7. Cartoon representations of LasB (cyan) in complex with 7 (black). The difference electron
density (F, — F.) contoured to 3¢ with phases calculated from a model that was refined in the absence of 7 is shown as a blue isomesh. The active-
site zinc ion is shown as gray, and the calcium ion is shown as a green sphere. Residues involved in binding of 7 are shown as sticks, and their
interactions depicted as yellow dashed lines. Zinc-liganding distances are 2.1 A (OH) and 2.4 A (NH). (B) Overlay of LasB (cyan) in complex with
7 (gray) and MMP-3/-7 (green) occupied by hydroxamate inhibitors 9 and 10 (brown, PDB codes 4G9L/IMMQ). Zinc ligands are highlighted.

protease, which undergoes the characteristic hinge-bending.
Unlike the zinc-chelating thiol, the hydroxamate directly
interacts with the edge strand via a hydrogen bond with the
main chain oxygen of Alall3. This interaction presumably
promotes closure of the active site cleft, which is hampered in
case of thiol 1 by the second molecule interacting with Asn112.
Due to the twisted orientation of the aromatic core of 7
compared to 1, a previously observed bidentate hydrogen bond
with Argl98 in the S1’ binding site is not possible. This
observation could explain the slightly weaker activity of the
hydroxamate compared to the thiol.

Selectivity against Six MMPs and ADAM-17. Strong
zinc chelating groups such as hydroxamic acids can be the
reason for poor selectivity against further metalloproteases,
when compound binding is driven more by the chelating
moiety than by the rest of the molecule.*® In fact, the lack of
selectivity against MMP antitargets has been one reason for the
failure of various hydroxamate-based MMP inhibitors in
clinical trials.*”*® Considering the high similarity in zinc
chelation by 7 and the hydroxamates in MMP-3 or MMP-7, it
was investigated whether the previously demonstrated
selectivity of N-aryl mercaptoacetamides toward six human
MMPs*>*? could be maintained. Fortunately, 7 did not inhibit
these MMPs comprising members with differing depth of the
S1’ binding site,”” including MMP-3 and -7 (Table 1). By
contrast, the unselective inhibitor Batimastat®® (Supplementary
Figure S2) inhibited all tested enzymes in the low nanomolar
range.

This of course prompted the question why, despite
comparable interactions of the hydroxamate function, LasB
was inhibited but MMP-7 was not. Logically, the selectivity

Table 1. Residual Activity of Six MMPs and ADAM-17 in
the Presence of 100 zM 7 and ICs, Values of Batimastat>>*

7 residual activity at 100 #M (%)  Batimastat ICs, (nM)

MMP-1 9149 22 +01
MMP-2 87 +3 1.8 £ 0.1
MMP-3 84 +5§ 56 +09
MMP-7 98 +3 7.0 £ 02
MMP-8 BE6 07 £ 02
MMP-14 98:+4 2.8 +02
ADAM-17 38 + 12 ND

ADAM-17 61 + 23* ND

“Means and SD of at least two independent measurements are
displayed. *: test at 25 uM. ND: not determined.
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might be related to differences in the positioning of the
inhibitor backbone in the pocket. To investigate this, published
X-ray structures of MMPs in complex with hydroxamates were
overlaid with the LasB-7 complex. The shallow S1” pocket of
MMP-7 is occupied by an isobutyl moiety of inhibitor 9** and
the deep S1’ pocket of MMP-3 by an aromatic core of
inhibitor 10" (for inhibitor structures, see Supplementary
Figure S3). In contrast, the core of 7 does not bind to the
respective pocket of LasB (Figure 2B). The ability to bind the
S1” pocket of the respective MMP is a common feature of
reported hydroxamate-based MMP inhibitors, which can also
be the cause for a lack of selectivity."”>" Consequently, the
high selectivity against various MMPs with differing depth of
the S1’ binding pocket might be explained by an inability of 7
to bind to this site of the protease. ADAMs (A disintegrin and
metalloproteinase), a class of zinc-dependent proteases playing
essential roles in muscle development, cell migration, or
shedding, display additional antitargets for the presented LasB
inhibitor. In this context, an in vitro inhibition assay toward
ADAM-17 revealed that 7 exerted moderate inhibitory effects
(Table 1). Consequently, further optimization regarding
selectivity toward this antitarget is needed. Still, the promising
selectivity toward a range of MMPs makes 7 an attractive
starting point for LasB inhibitor development.

Cytotoxicity Assays. In addition to selectivity, it was also
investigated whether the cytotoxicity of 7 toward human cell
lines was as low as described for thiol 1.** This was of specific
interest because cytotoxic properties are a known drawback of
hydroxamates.”> Notably, 7 had only low effects on the
viability of HEP G2 cells, comparable to thiol 1 and rifampicin
(Figure 3). The effect on HEK293 cells was more pronounced
at the tested concentrations, which might be related to the
inhibition of antitargets such as ADAM-17. For comparison,
residual enzyme activities in the LasB in vitro assay are listed
for each inhibitor concentration in Supplementary Table S2.

Selectivity against HDACs. Considering the cytotoxic
effects of 7 against HEP G2 cells, it was investigated whether
this observation could furthermore be related to inhibition of
histone deacetylases (HDACs).”> These zinc-dependent
enzymes are involved in the epigenetic regulation of cell
proliferation and differentiation.”* Given that HDACs are
known to be inhibited by hydroxamic acids such as vorinostat
or trichostatin A,™ assessing a potential inhibitory effect of
hydroxamate 7 was of special interest. Figure 4 shows that 7
does not exert any inhibitory effect on HDAC3 and HDACS,
while these enzymes are efficiently inhibited by the positive
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Figure 3. Cytotoxicity of 1, 7, and two reference compounds toward
HEP G2 and HEK293 cells (values for 1 are taken from ref 32).
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Figure 4. Residual activity of selected HDAC enzymes in the presence
of 100 uM 7.

control trichostatin A (Supplementary Figure S2). The
observed selectivity against these additional antitargets could
be explained by the absence of a long linker separating the zinc
chelating function from the aromatic core, as it is typical for
hydroxamate-based HDAC inhibitors.”>*°

Restoration of LL-37 Antibacterial Activity against P.
aeruginosa PA14. LL-37 is an a-helical human cathelicidin
peptide which shows increased prevalence in cystic fibrosis
patients.”” Its effectiveness against P. aeruginosa is considerably
reduced as it is susceptible toward cleavage by LasB.”* To
assess a potential restoration effect of 7 on the activity of LL-
37, a bacterial growth assay with PA14 and LL-37 in presence/
absence of 7 was performed (Figure S). The antibacterial effect
of LL-37 alone was only minor at 25 pg/mL (p = 0.0211).
However, when combined with the LasB inhibitor, it recovered
its ability to reduce bacterial growth in a dose-dependent way.
Significant reduction of the ODg4y, was observed starting from a
hydroxamate concentration of 62.5 uM (p = 0.0047). At high
concentrations, 7 itself slightly inhibited PA14 growth, yet to a
much lower extent than in combination with LL-37 (p =
0.0255 at 250 uM 7). These findings highlight the potential of
LasB inhibitor 7 to restore a host defense mechanism which is
otherwise hampered by LasB.

Biofilm Volume and eDNA Reduction. The biofilm
matrix, a key element of P. aeruginosa resistance,”® is composed
of extracellular polysaccharides, lipids, proteins and, impor-
tantly, extracellular DNA (eDNA).”*** Inhibition of LasB was
shown to inhibit biofilm formation.”® Therefore, it was of great
interest to investigate whether treatment of PA14 cultures with
7 would result in reduced biofilm formation as well. Indeed,
the hydroxamate caused a concentration-dependent reduction
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Figure 5. Growth of PAl4 cultures incubated with 7 in absence
(blue) and presence (red) of 25 pug/mL LL-37. Means and SD of
three independent measurements are depicted. * = p < 0.05, ** =p <
0.01, ##** = p < 0.0001.

of eDNA release (Figure 6A) and of the overall biofilm volume
(Figure 6B). Because significant inhibition was observed at
concentrations lower than 250 uM, these effects can be
attributed to the on-target activity of the compound and are
not due to a reduction of bacterial growth or lysis of cells.
Hence, LasB inhibitor 7 has demonstrated important
pathoblocker activity. It is able to interfere with crucial factors
leading to bacterial resistance of P. aeruginosa toward
antibiotics and host defense molecules.””*" To the best of
our knowledge, no direct correlation between LasB inhibition
and a reduction of eDNA release has been reported to date.
Regarding the two mechanisms discussed in literature, the
reduced biofilm formation is either due to a reduced NDK-
mediated alginate synthesis’* or rhamolipid-mediated syn-
thesis.”®> Which of these mechanisms inhibitor 7 interferes with
cannot be concluded. Yet, these findings could hint at the
capacity of 7 to permeate at least the outer membrane of the
Gram-negative cell wall, as far as an inhibition of periplasmic
NDK** is concerned.

B CONCLUSION

Based on our recent findings that N-aryl mercaptoacetamides
are promising highly selective inhibitors of the virulence factor
LasB from P. aeruginosa, the lead inhibitor was modified by
changing the zinc-chelating moiety to a hydroxamate. Using X-
ray crystallography, it was shown that similar to the thiol
analogue 1, hydroxamate 7 occupied the primed binding site.
Contrary to our recent observations for 1, only one inhibitor
molecule was bound to the protease, which could undergo the
characteristic hinge-bending motion resulting in a closed
conformation of the enzyme. This was attributed to the ability
of the inhibitor to interact with catalytic zinc and the edge
strand alike. Despite the high similarity of zinc binding to
hydroxamates inhibiting MMP-7, inhibitor 7 was unexpectedly
able to maintain the remarkable selectivity of 1 toward a range
of MMPs. This could be rationalized by the fact that the S1’
pocket was not occupied by 7, unlike that observed for MMP
inhibitors. These findings show that despite the selectivity
issues related to hydroxamic acids, selectivity can indeed be
achieved by sparing the S1" pocket. Because cytotoxic effects
toward mammalian cell lines were observed, the activity of 7
was investigated regarding other antitargets, revealing a
moderate inhibition of ADAM-17 and high selectivity against
HDACS3 and 8. Consequently, there will be a special focus on
selectivity and cytotoxicity during future compound optimiza-
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Figure 6. Reduction of eDNA release by treatment of PA14 cultures with 7. (A) Reduction of overall PA14 biofilm volume by 7. (B) Columns
represent mean and SD of at least four independent measurements. ** = p < 0.01, **** = p < 0.0001.

tion. Below an antibacterial concentration of 250 M, LasB
was efficiently inhibited in vitro. This inhibition could be
translated into more complex, cellular assays, highlighting this
compound as a promising antivirulence agent. After reduction
of their pathogenicity by such an agent, bacteria are supposed
be cleared by host defense mechanisms or with the help of
conventional antibiotics.'”'! In this context, our results
highlight a direct restoration effect of the antibacterial activity
of the host defense peptide AMP LL-37 in vitro. Indirectly, the
activity of host defense mechanisms might be further improved
by the inhibition of biofilm formation and eDNA release also
observed for 7. The same holds true for the effectiveness of
conventional antibiotics, which is seriously hampered by
bacterial biofilms. Overall, these findings show hydroxamate
7 to be an interesting lead, which could pave the way for the
rational development of selective protease inhibitors as
potential new antibiotics.

B METHODS

Chemistry. All reagents were used from commercial suppliers
without further purification. Procedures were not optimized regarding
yield. NMR spectra were recorded on a Bruker Fourier 300 (300
MHz) spectrometer. Chemical shifts are given in parts per million
(ppm) and referenced against the residual proton, 'H, or carbon, '*C,
resonances of the >99% deuterated solvents as internal reference.
Coupling constants (J) are given in Hertz. Data are reported as
follows: chemical shift, multiplicity (s singlet, d = doublet, t =
triplet, m = multiplet, br = broad and combinations of these) coupling
constants and integration. Mass spectrometry was performed on a
SpectraSystems-MSQ LCMS system (Thermo Fisher). Flash
chromatography was performed on silica gel 60 M, 0.04—0.063 mm
(Machery-Nagel) or using the automated flash chromatography
system CombiFlash Rf+ (Teledyne Isco) equipped with RediSepRf
silica columns (Axel Semrau) or Chromabond Flash C18 columns
(Macherey-Nagel). Purity of compounds synthesized by us was
determined by LCMS using the area percentage method on the UV
trace recorded at a wavelength of 254 nm and found to be >95%.

Expression and Purification of LasB. LasB was expressed and
purified as described previously.*”

In vitro Inhibition Assays. The LasB in vitro inhibition assay and
the MMP assay were performed as described previously.”” The LasB
concentration that was used in the assay was 0.3 nM. The K, value for
LasB was determined to be 363.0 M.

ADAM Inhibition Assay. ADAM-17 (TACE) Inhibitor Screening
Assay Kit was purchased from Sigma-Aldrich. The assay was
performed according to the guidelines of the manufacturer.
Fluorescence signals were measured in a CLARIOstar plate reader
(BMG Labtech).

HDAC Inhibition Assay. HDAC3 and HDACS inhibitor
screening kits were purchased from Sigma-Aldrich. The assay was
performed according to the guidelines of the manufacturer.
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Fluorescence signals were measured in a CLARIOstar plate reader
(BMG Labtech).

Cytotoxicity Assays. Hep G2 or HEK293 cells (2 X 10° cells per
well) were seeded in 24-well, flat-bottomed plates. Culturing of cells,
incubations, and OD measurements were performed as described
previously®' with small modifications. Twenty-four hours after
seeding the cells, the incubation was started by the addition of
compounds in a final DMSO concentration of 1%. The living cell
mass was determined after 48 h. At least three independent
measurements were performed for each compound.

X-ray Crystallography and Image Preparation. LasB was
concentrated to 10—12 mg mL™ and mixed with inhibitor 7 at a final
concentration of 1 mM. Complex crystals were grown by the sitting
drop method using a reservoir solution containing 1.8 M AMSO,, and
0.1 M Tris-Cl, pH 8.8. Crystals were cryoprotected in glycerol, and
diffraction data was collected from single crystals at 100 K at beamline
ID29 (ESRF) at a wavelength of 1.738 A. Data was processed using
Xia2,*” and the structure was solved using PHASER8®® molecular
replacement with Pseud aerugi LasB (PAE, PDB ID
1EZM) as a search model. The solution was manually rebuilt with
COOT®* and refined using PHENIX®® and Refmac5.”® The final
refined structure of LasB in complex with compound 7 was deposited
in the Protein Data Bank (PDB) as entry 6FZX. Structural
superimposition of complex structures of human MMPs (1IMMQ
and 4G9L) and LasB (6FZX) was achieved through alignment of
residues 201—20S5 of 4G9L (corresponds to residues 140—144 of
IMMQ) using the align atoms algorithm of YASARA structure
(YASARA Biosciences GmbH).”’ Image was rendered using PovRay
(http://www.povray.org/).

Bacterial Growth Assay. The assay was performed in 96 well
plates (Greiner) with a final volume of 200 L. LL-37 was purchased
from AnaSpec (Fremont) and diluted to a final concentration of 25 ug
mL™" from 125 ug mL™' stocks in 18MQ H,O. Prior to culture
addition 7 was serially diluted in DMSO. A preculture of PA14 was
adjusted to the final start ODgy, 0.02 in lysogeny broth medium. All
samples contained 1% DMSO and 40% of 18MQ H,0O. ODy, was
measured using a FLUOstar Omega (BMG Labtech) after inoculation
and after incubation for 16.5 h at 37 °C with 200 rpm. Given ODy,
values were obtained after subtraction of the respective start ODgg
and represent three independent measurements with at least two
replicates each. One-way ANOVA was performed using GraphPad
Prism 6 software.

Biofilm and eDNA Assays. The assays were performed as
described previously.®®
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This review covers the role of protein—protein complexes in the biosynthesis of selected ribosomally
synthesized and post-translationally modified peptide (RiPP) classes. The genomic organization of RiPP
systems usually allows the expression of each biosynthetic enzyme as an individual unit, which is in stark
contrast to the giant assembly lines found in non-ribosomal peptide and polyketide synthesis systems.
Evidence is mounting however that the formation of multi-enzyme complexes is critical for efficient
RiPPs biosynthesis and that these complexes may be involved in substrate channeling or conformational
sampling. In some pathways, polyfunctional enzymes have evolved, which can be viewed as perpetual
protein complexes. We summarize what is currently known on enzyme complexes in RiPP systems for
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1.

Natural products represent a rich source of new chemical
scaffolds and have played a key role in advancing our under-
standing of biology and the development of medicine.’”* Many
of these natural products are derived from polyketide synthase
(PKS) or non-ribosomal peptide synthetase (NRPS) families
including well-known antibiotics such as beta-lactams (e.g.
carbenicillin), tetracyclines (e.g. tetracycline), macrolides (e.g.
erythromycin), and glycopeptides (e.g. vancomycin) (Fig. 1A).**
However, given the rising antibiotic resistance to these proven
antibiotic classes, along with the limited biosynthetic mallea-
bility of NRPS and PKS systems, the synthetic biological
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lasso peptides, cyanobactins, linear azolic peptides, thiopeptides, and lanthipeptides.

approaches have thus far been unsuccessful to turn the tide
against antibiotics resistance.®” Therefore, there is an urgent
need to discover alternative sources of antibiotics. Recently,
genome sequencing efforts have resulted in the identification of
another major class of natural products produced in all three
domains of life - ribosomally synthesized and post-
translationally modified peptides (RiPPs).*'" RiPPs biosyn-
thesis is initiated by expression of a precursor peptide, which
undergoes (in some cases extensive) post-translational modifi-
cations to yield a mature RiPP natural product with a wide
variety of sometimes unique structural features (Fig. 1B)."***
Many RiPPs have been shown to have potent antiviral, anti-
tumor, and antibacterial properties with modes of action
distinct from currently used drugs.'®"® Therefore, RiPPs repre-
sent an untapped source of chemical scaffolds with vast thera-
peutic potential, which requires our attention.***

As the name implies, RiPP biosynthesis begins with the
expression of a precursor peptide via the standard ribosomal
route, which usually consists of an N-terminal leader sequence,
that is important for recognition of the precursor peptide by the
biosynthetic machinery, and one or more core peptides, which
ultimately become the natural product (Fig. 2)."* The biosyn-
thetic enzymes bind their respective precursor peptide through
specific recognition sequences located in the leader peptide or
sometimes at the C-terminus, which is followed by modifica-
tion(s) of the core peptide, sometimes extensively, to form for
example azole heterocycles, lanthionine or sactionine cross-
links, p-amino acids, macrocycles, and other modifications.*
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Fig. 1 Representative members of several NRPS/PKS (A) and RiPP (B) compounds highlighting natural product diversity.

The leader peptide is usually removed by proteolytic cleavage
late in the maturation process or during export, to yield the final
natural product.® In addition to these leader-dependent
biosynthetic enzymes, RiPPs can be further modified by
a range of ‘tailoring’ enzymes, which act on the core peptide
independently of the leader peptide, thereby increasing the
chemical diversity of RiPPs."

The physical separation of the recognition sequence encoded
in the leader peptide and the core peptide allows leader peptide-
dependent tailoring enzymes to be substrate specific, while the
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spatial separation between substrate recognition and catalysis
allows the enzymes to process a wide variety of substrates.>>*>
This extraordinary biosynthetic malleability sets RiPP apart from
PKS and NRPS systems.>* A key difference between RiPP and
PKS/NRPS systems, which require large multimodular enzyme
complexes to incorporate proteogenic and non-proteogenic
amino acids into a peptide backbone, is that RiPP enzymes
have thus far been largely studied as independent biosynthetic
units.”*" Evidence is mounting however that at least some RiPP
enzymes require larger, multi-protein, assemblies for efficient
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Fig. 2 General schematic of RiPPs biosynthesis. The precursor
peptide is composed of a leader or follower peptide (blue/yellow) and
core peptide(s) (light green). Frequently the precursor peptide contains
multiple core peptides arranged as tandem repeats. Primary enzymes
recognize and require the leader peptide for (full) activity. Secondary
enzymes act leader-independent, usually after proteolytic removal of
the leader peptide.

catalysis®*** and with more attention devoted to the study of RiPP
enzymes, more examples will be reported in the near future. This
review will discuss new insights into the role of protein-protein
interactions in key post-translational modifications of the
precursor peptide in comparatively well-studied classes of RiPPs:
lasso peptides, cyanobactins, linear azolic peptides, thiopeptide,
and lanthipeptides.

2. Lasso peptides

Lasso peptides were first described in 1991 and until 2017 more
than 40 different lasso peptides along with some of their gene
clusters had been identified from bioactivity screens or genome
mining data.*»* In 2017 a comprehensive analysis of lasso
peptide biosynthetic space was conducted using a novel
genome mining approach. It revealed the existence of more
than 1300 potential lasso peptide biosynthetic gene clusters,
most of which have not been studied.*® Recently, the same
group updated the dataset, demonstrating that ~3000 lasso
peptide biosynthetic gene clusters can be found using current
genome mining tools.*” Compared to other known RiPPs, lasso
peptides are distinct due to their unique topology. They consist
of a macrolactam ring that is composed of seven to nine resi-
dues and are threaded by a linear C-terminal peptide tail
resulting in a special three-dimensional structure that resem-
bles the knot of a lasso (Fig. 3A).*® The knot is stabilized
primarily by steric interactions between the ring and bulky side
chains (so called plugs) present on either side of the ring.3*33
This specific topology makes lasso peptides stable to chemical,
proteolytic, and often thermal degradation.*

Like all RiPPs, lasso peptides are first ribosomally synthe-
sized as a precursor peptide (A), which is then processed into
its mature form by two enzymes: a two-domain cysteine
protease B (expressed as individual B1 and B2 proteins in the
majority of cases) and ATP-dependent lactam synthetase
C.**%4% Based on genome mining data, the overall organiza-
tion of lasso peptide gene clusters is very diverse.*****! In
addition, some gene clusters harbor downstream genes coding

This journal is © The Royal Society of Chemistry 2019
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for an ATP-binding cassette (ABC) transporter (Protein D) for
efflux of the lasso peptide and a peptide-tailoring kinase
(Protein K).*** Interestingly, a large number of recently
discovered lasso peptide biosynthetic gene clusters, which are
responsible for the production of lasso peptides that evidently
lack antimicrobial activity, can be found adjacent to a highly
conserved gene encoding a lasso peptide specific isopeptidase
(IsoP).****% IsoP has been shown to hydrolyze the isopeptide
bond of the macrolactam ring to yield a linear peptide.****
Since astexin isopeptidases have been shown to be highly
specific, it might be possible that the lasso peptides from such
clusters have another yet unknown function. This argument is
strengthened by the observation that the isopeptidases from
the sphingopyxin I and benenodin-1 pathways possess the
same specificity.*®*”

In general, the production of lasso peptides requires at least
three genes encoding a precursor peptide and the two maturation
enzymes (BC).* In vitro and in vivo studies performed with the
microcin J25 (Mcc]J25) biosynthesis system have shown that the
precursor peptide (McjA) is processed by the cysteine protease
McjB, which cleaves off the leader peptide.*** This is thought to
be followed by the closure of the macrolactam ring via isopeptide
bond formation between the N-terminal glycine of the core
peptide and the Glu8 side chain by the adenylate-forming
enzyme, McjC, at a cost of one ATP.*> Mutational studies of
McjB have shown that the catalytic triad (C150, H182 and D194)
typical of cysteine proteases is present in the C-terminal domain
of McjB.*>* The activities of McjB and C are interdependent, as
no production of Mcc]25 was observed in vitro in the absence of
McjC.** Moreover, the absence of active McjC had a detrimental
effect on the proteolytic activity of McjB.** Taken together, these
findings strongly imply the presence of quaternary structure
formation between McjB and McjC during Mcc]J25 maturation
(Fig. 3B and C).** This interdependency does not appear to hold
true for other systems.*** Slight differences in the catalytic
mechanisms of related RiPPs enzymes have been observed
before, for example in the case of YcaO enzymes, which may
phosphorylate or pyrophosphorylate their substrates to achieve
the same chemical outcome.**** Unfortunately, to date no crystal
structure of either McjB and McjC or the multi-subunit complex
has been reported which might shed light on the mechanistic
interplay between the two proteins.

In many lasso peptide clusters, e.g. streptomonomicin, pae-
ninodin, lassomycin, and lariatin, protein B is organized as two
ORFs, B1 and B2, which share homology with the N- and C-
terminal domains of the intact B protein.*® B1 has been
shown to share homology with PqqD, a small protein involved
in the biosynthesis of another RiPP, pyrroloquinoline quinone
(PQQ).*** This PqqD-like domain appears in over half of the
known RiPP classes and is reported to be involved in binding to
the precursor peptide.*® This also holds true for lasso peptides
as the Bl proteins from paeninodin (PadeB1) and lariatin
(LarB1) have been shown to interact with their leader peptides
with nanomolar affinity.* Using hydrogen-deuterium exchange
(HDX) mass spectrometry it has been shown that residues
present all over PadeB1 are involved in binding to the leader
peptide.” This indicates that the B1 protein undergoes
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Fig. 3 Biosynthesis and structure of lasso peptides. (A) Proposed mechanism of lasso peptides biosynthesis. Initially the B protein (cysteine
protease, red), cleaves the leader peptide off the core peptide and pre-organizes the core peptide for formation of the macrolactam. After
substrate activation via adenylation of a glutamic acid side-chain the macrolactam ring is formed. The B protein is often expressed as two
individual proteins (B1 and B2). Some systems appear to require complex formation of B and C for protein function, while others appear not to
have this restriction. Whether complex formation is still beneficial for catalysis in these systems requires further study. (B) Schematic of the lasso
peptide MccJ25 to demonstrate general lasso peptide topology. Single-letter amino acid code and the color scheme of (A) were used. (C) Same
as B, but shown as a 3-D structure (PDB ID 1PP5). Residues are numbered and only the side-chains of the two “plug” residues are shown.

a significant conformational rearrangement upon binding to
the leader peptide, which might be important for the tight
binding with the leader peptide or for interaction with the
downstream maturation machinery. In vitro, B2 failed to
hydrolyze the precursor peptide in the absence of the B1
protein, demonstrating that B1 and B2 need to form a complex
for the hydrolysis reaction to take place.*” In addition, PadeB1
residues D23 and Y38 are thought to be important for B1-B2
interaction, as mutations D23A and Y38A have been shown to
have a detrimental effect on the hydrolysis of the precursor
peptide, even though these mutants still bind the leader peptide
with near wild type affinity.* Impairment of the PadeB1-B2
interface could explain the sharp decline in precursor peptide
cleavage observed. Very recent work on the lasso peptide fusi-
lassin also demonstrated the importance of the interaction
between B1 and B2 (termed FusB and FusE for fusilassins).*”
Biochemical data and modeling studies have shown that the B1
protein, in addition to its expected role in leader binding, is also
potentially involved in positioning the precursor peptide such
that the scissile bond between the leader and the core peptide is
solvent exposed.*® This presumably positions it for cleavage by
the B2 enzyme.* Taken together, these studies further
strengthen the notion that B1-B2 need to form a complex for
precursor peptide maturation to take place. Photo-crosslinking
and docking studies in lariatin suggested that in addition to the
leader peptide binding function of B1, the LarB1 protein is also
interacting with the core peptide residues.* Very recent data on

Nat. Prod. Rep.

paeninodin however demonstrates that PadeB1 only binds to
the leader peptide.** This discrepancy will need to be resolved in
the future.

Given the lack of structural data for each component of the
maturation machinery, a number of key questions remain to be
answered regarding the biosynthesis of lasso peptides. While
the interactions between the precursor peptide, B1 and B2
proteins was recently investigated®” using GREMLIN,* which
can analyze large, diverse sets of sequences to identify sites of
compensatory mutations between putative binding partners,
the precise nature of the interaction between B and C proteins
remains unexplored. Genome mining data suggests that B-
enzymes expressed as two parts (B1 and B2) are the evolu-
tionary precursor of fused B-enzymes.** This notion is some-
what supported by reports on artificial B1-B2 fusion proteins,
which still support lasso peptide biosynthesis.** Whether fused
B1 and B2 proteins offer advantages with regards to catalysis
will require further study.

3. Cyanobactins

For cyanobactins we will focus our discussion on patellamides,
as they are arguably the best-studied members of this family.
Patellamides, found in marine ascidians, are a product of the
symbiont cyanobacteria, Prochloron didemni.*® They are pseu-
dosymmetrical cyclic peptides containing oxazoline and thia-
zol(in)e rings (Fig. 4A).>® The patellamide gene cluster encodes

This journal is © The Royal Society of Chemistry 2019
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Fig.4 Structure and biosynthesis of patellamides. (A) Structures of patellamides A and C. (B) The patellamide gene cluster contains genes patA to
patG. Of these, only patA, D, E (precursor peptide), F and G are essential for patellamide biosynthesis. (C) Order of steps in patellamide
biosynthesis. The precursor peptide is first processed by PatD, generating thiazoline and oxazoline heterocycles (Azn) flanked by hydrophobic
residues (X). After removal of the leader peptide by PatA the modified core peptide is macrocyclized by PatG. The oxidation of thiazolines to
thiazoles can occur at any point after heterocyclization. It is not clear how and when two core peptide amino acids epimerize, but the natural
product contains two p-amino acids. (D) PatA and PatG are both multi-domain proteins. PatA encodes a protease and a DUF; whereas PatG in
addition to DUF also possesses oxidase and macrocyclase domains (top). Possible Zn?* (yellow circles)-mediated dimerization of the two proteins.

the precursor peptide (PatE), which is flanked by five genes (Pat
A, B, C, D, F and G).”” Of these, only Pat A D, F and G are
essential for patellamide biosynthesis (Fig. 4B and C).>**’-*° The
patE gene encodes a precursor peptide of 71 amino acids con-
taining two core peptides, which give rise to two 8-residue
macrocycles, for example patellamides A and C (Fig. 4A).”” The
first 37 residues of the precursor peptide serve as a leader
peptide required for processing. The leader peptide is followed
by two tandem repeats: 5-amino acid conserved protease
cleavage sites consisting of the consensus G(L/V)E(A/P)S; two
conserved 3-amino acid macrocyclization signatures AYD and
the 8-amino acid core peptides, namely cassette I (VTACITFC)
and II (ITVCISVC), which are converted to mature patellamides
A and C, respectively (Fig. 4A).>”%°

The hallmark of cyanobactins is the macrocycle, formed via
the peptide backbone as an amide bond and not via amino
acid side chains like many other macrocyclic natural prod-
ucts.’®*-%  Macrocyclization occurs through a two-step
process catalyzed by two multidomain proteins: PatA and
PatG (Fig. 4C).** The first step involves the removal of the
leader peptide and separation of the core peptides by PatA,
which cleaves the precursor peptide after the N-terminal
protease site, G(L/V)E(A/P)S.®* The crystal structure of the
PatA protease domain has been solved and it harbors a cata-
lytic triad composed of serine, aspartate, and histidine-typical
of subtilisin-like serine protease.>* Interestingly, PatG also
contains a subtilisin-like protease domain, PatG macrocyclase
(PatGmac), which shares some sequence similarity with PatA

This journal is © The Royal Society of Chemistry 2019

(~40% similarity).***> However, PatGmac acts on a small,
linear, non-activated peptide generated by PatA to form the
macrocycle.®® It has been shown that PatGmac cuts before the
C-terminal macrocyclization motif, AYD (corresponding to
positions P1'-P3’), and macrocyclizes the preceding eight
residues, via an acyl-enzyme intermediate.®*> The crystal
structure of PatGmac revealed it to be structurally homolo-
gous to PatA, but with an additional helix-loop-helix “macro-
cylization” insertion.®~®* This insertion, present in all
PatGmac homologs, is thought to protect the acyl-enzyme
intermediate from water, which then reacts with the core
peptide’s N-terminus as an internal amine nucleophile, rather
than water, leading to transamidation and macro-
cyclization.****** Unlike most other proteases, both PatA and
G have slow rates of conversion.®” It has been proposed that
this apparent slow rate of conversion might play a role in
regulation of biosynthesis.®**> However, it may also be due to
the absence of protease domain interaction partners, which
for example can act to stabilize protease-substrate binding,
thereby increasing processivity. PatA and G both contain C-
terminal domains of unknown function (DUF), which share
high sequence similarity (56%) (Fig. 4D).***”** The conserved
nature of this domain in all patellamide-like cyanobactin
biosynthetic pathways characterized to date suggests that this
DUF might have a functional role in biosynthesis. The X-ray
crystal structure of PatG-DUF has been reported and it forms
a dimer mediated by Zn*? ions (Fig. 4D).* Given DUFs from
PatA and G are homologous, it is attractive to consider that
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these domains could lead to heterodimers of PatA-PatG, which
might be important for the activity of these proteins in vivo.
Such a complex may accelerate the slow conversion rates re-
ported for both proteins, and would allow for substrate chan-
neling, which would reduce the exposure of precursor peptides
to cellular proteases and thereby their degradation. The PatG
DUF dimer indeed forms a long channel where the precursor
peptide could potentially bind.** However, binding was neither
observed for PatG DUF with linear peptides or linear peptides
with heterocycles by isothermal titration calorimetry (ITC).*
This apparent lack of binding could be due to a number of
reasons e.g. testing individual domain rather than full length
protein and/or unsuitable precursor peptide length etc.
Therefore, further experiments are needed to investigate the
biological relevance of DUF dimerization and its potential
significance in patellamide biosynthesis.

4. Linear azolic peptides (LAPs)

Microcin B17 (MccB17) is an antimicrobial peptide produced
by several Escherichia coli strains.® It contains up to nine oxa-
zole and thiazole heterocycles that are introduced post-
translationally and are required for its activity (Fig. 5A).”
The biosynthetic gene cluster, which consists of a seven-gene
operon (mchABCDEFG), was first reported in 1985.° The
mcbA gene codes for a precursor peptide, whereas the mchE and
mchF gene products form the export pump to actively transport
mature MccB17 out of producing cells.*”* The mcbG gene
product is a pentapeptide repeat protein, which confers self-
resistance; it is assumed to act in a similar fashion like its
homolog Qnr, which binds to DNA gyrase and protects it from
quinolones.””* The defining feature of MccB17 is the presence
of thiazole and oxazole heterocycles, which are formed by the

A
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McbBCD synthetase complex: dehydrogenase (McbC) and
cyclodehydratase (McbB and McbD) (Fig. 5A).%7°7* After
a certain number of heterocycles have been formed (major
form contains four oxazole and four thiazole heterocycles), the
leader sequence is cleaved with the help of the products of two
highly conserved genes in prokaryotes t/dD and tI/dE, before
being exported out of the cells.”*”® The TIdD and TIdE proteo-
Iytic complex appears to process all unfolded peptides in
a sequence-independent manner, provided the peptides steri-
cally fit into the active-site. Their effect on microcin biosynthesis
may therefore be a by-product of a broader cellular function.” In
vitro reconstitution of MccB17 biosynthesis showed that the
presence of all three enzymes, McbBCD, is essential for thiazole/
oxazole ring formation.*”* However, it was the recent work on
Bacillus sp. Al Hakam (Balh) LAP that helped shed light on the
finer details of the underlying mechanism of the McbBCD
synthetase complex.”” Fortuitously, in Balh, the cyclo-
dehydratase and dehydrogenase activity are not coupled thereby
allowing to focus on each biochemical modification indepen-
dently.”””® The Balh protein D was shown to be responsible for
catalyzing the dehydratase activity using ATP to phosphorylate
the amide backbone of the peptide substrate during the cyclo-
dehydration reaction (Fig. 5B).°*””7® Interestingly, protein D
could independently install azolines in the Balh precursor
peptide (BalhA1) at a much reduced rate compared to the Balh
cyclodehydratase DC complex (equivalent to McbBD).”® While it
has been shown that protein C recruits the precursor peptide, it
is likely that additional conformational changes are required to
promote the activity of protein D in the synthetase complex.
Clearly, proteins McbB and D act cooperatively and given this
fact it is not surprising that both these proteins are found fused
into one polypeptide chain in roughly half of the known LAP
clusters.
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Fig.5 Structure and biosynthesis of microcin B17. (A) Structure of microcin B17. (B) The maturation of the Mccb17 precursor peptide (not shown)
carried out by the McbBCD synthetase complex is a two-step process (one half of the B,C>D, octamer is shown). First, the cyclodehydratase (B
and D-proteins) cyclize serine/threonine or cysteine residues into the corresponding azolines. Subsequently, azoline oxidation to azoles is

carried out by a FMN-dependent dehydrogenase (C protein).
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McbA dehydrogenation is carried out by McbC, which is an
FMN-dependent dehydrogenase (Fig. 5B)*7” and dehydroge-
nation is thought to immediately follow cyclization. While
azoline intermediates could be verified,” the process is coupled
and isolation of azoline intermediates has not been success-
ful.”*?7 This is in contrast to cyanobactin and Balh dehydro-
genases, which are dispensable for the formation of
heterocycles. However, coimmunoprecipitations studies have
demonstrated that formation of MccB17 requires proteins B, C
and D to form a heterotrimeric complex (Fig. 5B), in which each
component is responsible for carrying out a unique function.®
In vitro studies conducted to test the malleability of the cyclo-
dehydratase for noncognate dehydrogenases showed that the
MccB17 cyclodehydratase is stringent in terms of its dehydro-
genase partner, unlike other LAPs.”” The very recent report of
the crystal structure of the MccB17 synthetase complex sheds
light on the observed stringency.* It revealed that the McbBCD
complex had a very unexpected architecture: it is made up of
two dimers, each of which is a tetramer with a B,CD compo-
sition, yielding an octameric B,C,D, complex. It revealed that
the B protein is comprised of two domains, reminiscent of
domains 1 and 2 of cyanobactin heterocyclases LynD and
TruD,”"* which form an asymmetric dimer and binds the
leader peptide of McbA. Both, McbC and McbD make contact
with one McbB copy each, but the interface between the two
tetramers is predominantly composed of McbD-McbD
(oxidase) contacts. Surprisingly the active sites of heterocyclase
(McbC) and oxidase(McbD) are not adjacent, so the substrate
has to be shuttled between the two active centers during iter-
ative heterocyclization and oxidation steps. This complex
structure will be highly important for rationally designed
biochemical experiments aimed at elucidating the finer details
of MccB17 biosynthesis.

Given the new data available, it is now clear why all three
proteins must be present for MccB17 biosynthesis and why the
omission of any protein of the Mcb synthetase result in termi-
nation of all detectable enzymatic activity. Therefore, the
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assembly of the synthetase complex precedes biosynthesis of
McceB17.

5. Thiopeptides

Thiopeptides were originally discovered as peptidic antibiotics,
first in the form of micrococcin® and soon after the now very
extensively studied thiostrepton was found in extracts of Strep-
tomyces azureus.* After more than 60 years of research into
thiopeptides, the first thiopeptide biosynthetic gene clusters
were finally reported by several groups.®**® Their discovery was
facilitated through the genome sequencing efforts of the early
21% century and they were shown to be RiPPs. Anecdotal
evidence would suggest that thiopeptides were considered too
complex to be of ribosomal origin by many in the community.
Aided by new genome mining tools, to date over 100 thiopep-
tides have been discovered.*”*® Several members of this RiPP
family display impressive antibacterial activities, for example
towards multi-drug resistant Gram-positive bacteria, while
other family members have displayed antitumor and immu-
nosuppressive activities.?**** Despite the huge structural vari-
ations found within this RiPPs family, they all share one
common feature: A six-membered azacycle.”* In addition, thio-
peptides usually contain thiazole (and oxazole) heterocycles,
which are derived from cysteine (and serine/threonine) residues
and dehydrated serine/threonine residues in the form of dehy-
droalanine and dehydrobutyrine, respectively Fig. 6.

Two hallmark publications by the Mitchell and van der Donk
groups gave unprecedented insights into the biosynthesis of
thiopeptides by revealing the substrate specificity and
biosynthetic timing of the biosynthesis of the thiomuracin
core scaffold through in vitro reconstitution of the enzymatic
activities.®»** Here it was shown that the first step in the
biosynthesis of thiomuracin was the installation of all (six)
thiazoles in an ordered but non-linear fashion. This step
required the presence of three proteins: Ocin-ThiF-like protein
TbtF, cyclodehydratase TbtG and dehydrogenase TbtE. It had

o R i NJ\COOH

=

N

N\
N
e
o})=/ SN
o N
HZN—< NH \</'\/
N O NH_~__OH
Ny T/@
NH  HNT

o N

ThtD ‘\(;fo
ZLeader Thiomuracin GZ

(core scaffold)

Fig. 6 Conversion of the thiomuracin precursor peptide into the core scaffold of the natural product. In the first step, all cysteine residues are
converted into thiazoles (Thz, orange) by the proteins TbTE-G (the precursor peptide is shown as a black line in the complex). Complex formation
of leader peptide binding protein TbtF and heterocyclase (thiazoline formation) is likely. It is unclear if oxidase TbtE would also be part of this
complex. In the next step, enzymes TbtB and TbtC convert all serines to dehydroalanines (Dha, cyan). It is unclear if these two proteins form
a complex or not. A comparison with lanthipeptide biosynthesis (see below) would suggest complex formation. Finally, TbtD removes the leader
peptide and triggers the [4 + 2] aza cycloaddition to complete construction of the core scaffold.
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been shown previously that TbtF was able to bind the leader
peptide of the thiomuracin precursor peptide TbtA with
nanomolar affinity.”> Combining TbtF with TbtG resulted in
the ATP-dependent formation of six thiazolines. Addition of
TbtE to this reaction lead to the formation and subsequent
oxidation of all six thiazolines to thiazoles. Omission of the
leader peptide binding protein TbtF (incubation with just
TbtG and TbtE) abolished processing of the precursor peptide.
While these data strongly imply complex formation of some
sort, several points are currently still unclear. It is not known if
the cyclodehydratase TbtG alone can act on TbtA (probably
not), and affinities of the three components (TbtE/F/G) for
each other in a possibly TbtA-dependent manner have not yet
been reported.

Once the thiazoles have been installed in the thiomuracin
precursor peptide, four serine residues are converted to dehy-
droalanines by the dehydratase enzymes TbhtB and TbtC.**** In
contrast to heterocyclization, this process was reported as a C-
to N-terminal process. Like heterocyclization (and possibly
oxidation), this process is also dependent on the leader peptide.
Akin to lanthipeptides (see next section), it was demonstrated
that the first step in dehydroalanine formation is the activation
of the side-chain’s alcohol by glutamylation, using Glu-tRNA as
a donor. In thiomuracin, this process is catalyzed by dehy-
dratase TbtB. The Glu is then eliminated by the second enzyme,
TbtC. When used on its own, TbtB, which also contains a leader-
peptide binding domain, was able to glutamylate one serine,
not multiple. Full activity was only observed when both proteins
and appropriate co-factors were incubated together. It is
currently unclear if TbtB and TbtC form a complex which is
required for full activity, or if the observed reduced activity for
TbtB is due to a lack of Glu elimination of the first modified
residue. Further investigations will be required to delineate the
biosynthesis of this fascinating class of RiPPs.

6. Lanthipeptides

Lanthipeptides are arguably the most intensively studied and
largest family of RiPP compounds.®***” The founding member
nisin (Fig. 1) was first described in 1928 as an inhibitor of
bacterial growth.® Since then, newly discovered lanthipeptides
have shown remarkable diversity in their bioactivities, ranging
from anti-infective (anti-bacterial, -viral, and -fungal)®™*** to
anti-nociceptive.' Lanthipeptides with antibacterial activity
are referred to as lantibiotics,'* which were found through
activity screening without the necessity of genomic informa-
tion. With the advent of bacterial genome sequencing projects
the discovery of new lanthipeptides was no longer restricted to
bioactivity assays and has accelerated the discovery of new
biosynthetic gene clusters exponentially.'****"*** The name lan-
thipeptides describes their hallmark biochemical trans-
formation: the dehydration of serine residues to
dehydroalanine and of threonines to dehydrobutyrine. These
dehydroamino acids can then be cross-linked via a thioether
connecting the Cg atoms of the two amino acids, resulting in
a lanthionine. The thioether is formed by the nucleophilic
attack of a cysteine residue Fig. 7.**
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Various efforts to classify lanthipeptides have been under-
taken, but the sheer number of different biosynthetic gene
clusters discovered to date has made this a very difficult task.
The subdivision of lanthipeptides into four different classes
based on differences in their biosynthesis does not make do
without exceptions, but it has proven very useful."** Details of
lanthipeptide biosynthesis and the classifications have been
covered very thoroughly elsewhere.”>'*>** Briefly, class I lan-
thipeptides use two separate enzymes to convert Ser/Thr to their
respective dehydro form (dehydratase) and to then install thi-
oether cross-links (cyclase).'**'2® Dehydration is achieved by
glutamylation of the side-chain's alcohol or thiol function and
subsequent elimination.'”"*** In class II lanthipeptides the two
enzymatic functions are found in a two-domain protein per-
forming both functions. Curiously, here the side-chains are
phosphorylated rather than glutamylated to obtain the same
final product.'**** Class IIT and IV lanthipeptides are the most
recent additions to the family.'**'?%'?7*2# They carry out cycli-
zation and dehydration reactions using three-domain proteins
consisting of an N-terminal lyase domain (phosphate elimina-
tion), followed by a kinase domain (to phosphorylate Ser/Thr
side-chains) and a C-terminal cyclase domain.'*"** The differ-
ence between these two families lies in their cyclase domains'**
and enzymes belonging to class III are able to produce
unprecedented cross-links (labionin), in which new carbon-
carbon bonds are formed.'**

Since the installation of lanthionine and labionin structures
in a core peptide results in drastic conformational changes and
restrictions, it may be intuitive to assume an ordered process -
otherwise certain positions could no longer be accessible after
a particular cross-link has been formed. While there is an
overall N- to C-terminal directionality to the process in many
examples, non-directionality can also be found.**'*¢3 When
directionality is observed, it is by no means strict. These
observations highlight the tremendous substrate tolerance of
lanthipeptide enzymes and their great appeal for biotechnology
applications - since pathways tend to have one dehydratase and
one cyclase (or one multi-domain enzyme comprised of both),
catalysis is carried out on a substrate undergoing multiple
drastic changes and those changes do not have to be facilitated
in a strict order.

The existence of multicomponent enzymatic complexes has
been studied for class I and II lanthipeptides. In class I lan-
thipeptides, investigations into nisin biosynthesis using co-
immunoprecipitation experiments implied a complex between
the nisin dehydratase NisB, the corresponding cyclase NisC and
the transporter NisT, which exports nisin from the cell
(Fig. 7C)."* It was demonstrated that NisB and NisC associate
with the cytoplasmic membrane and interact with NisT.'*
Comparable results were reported for the enzymes and trans-
porter from the subtilin biosynthetic pathway'*' and complex
assembly has also been implied for enzymes involved in the
biosynthesis of lantibiotic NAI-107."*” In addition, the interac-
tion between NisB and NisC, as well as NisC and NisT was
demonstrated using yeast two-hybrid experiments'*” and the
interaction between NisB and NisC appears to require binding
of the precursor peptide.'**'** In spite of these data, it was
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(A) Serine-derived dehydroalanines (Dha, cyan) and threonine-derived dehydrobutyrine (Dhb, orange) react with cysteines to form the

characteristic lanthionine cross-links. o and L refers to the stereochemistry at the a-carbon of the former serine/threonine residue and the
appropriate color-code is used in (B). In class Il lanthipeptides an additional type of bond cross-linking two dehydro- and one cysteine residue to
form a labionin structure can be found. Thus far, only LoL-labionine has been observed when two dehydroalanines react. The stereochemistry for
Dha-Dhb-Cys labionines is unknown. It is also unclear which stereochemical combinations are possible, and if a Dhb—Dhb-Cys cross-link is
possible. (B) Schematic representation of the lanthipeptides nisin and nukacin ISK-1. (C) Based on available data on nisin biosynthesis, NisC (blue)
dimer forms a complex with one NisC (green) monomer and the transporter NisT (yellow). It is unclear if the leader peptidase NisP (orange) can
also interact with this complex. (D) In the biosynthesis of nukacin ISK-1, the bifunctional protein NukM (green) forms a complex with the protease

domain (orange) of the transporter NukT (yellow).

shown that each of the three proteins can perform their
respective function independently of the other proteins; thus
complex formation was not necessary for enzymatic
activity.’>*"*>'* In the absence of cyclization, individual dehy-
dration events appear to be largely independent of one another
and additional residues could be processed.'** These positions
are likely inaccessible after cyclization. Interestingly, pulse-
labeling experiments investigating the activities of NisB and
NisT in the absence of the cyclase NisC revealed impaired
kinetics."”*® Wild-type-activity could be restored by supplying
catalytically inactive NisC.'** These data indicate that impaired
kinetics were not the result of missing cyclization activity but
rather of interference with complex formation.'* A first glimpse
of how the NisB-NisC complex may be arranged was recently
reported based on in vitro work using small-angle X-ray scat-
tering.'** Here, one NisB dimer associated with one NisC
monomer in a precursor peptide-dependent manner. The
involvement of NisP, the membrane-anchored protease
removing the leader peptide prior to export in nisin biosyn-
thesis,"*”**® in the NisBCT biosynthetic complex has not been
investigated. While the activities of NisP and NisT do not appear
to be tightly coupled,'* it appears likely that a four-component
complex (NisBCPT) may form. In some class I and most class II
lanthipeptide biosynthetic systems protease and exporter are
contained in one polypeptide,'**** which is a perpetual

This journal is © The Royal Society of Chemistry 2019

complex and supportive of above speculation. A more detailed
view, including whether substrate channeling or conforma-
tional sampling or a combination of both is employed, will only
be possible once more structural data is available. The authors
are partial to conformational sampling, since the perpetual to
and fro of channeling a substrate between two enzymes appears
a rather laborious and complicated process. In contrast,
conformational sampling offers a much more straight forward
and elegant solution, but there is insufficient evidence to
exclude either process.

Data on complex formation in class II lanthipeptide biosyn-
thesis is limited. Since the dehydratase and cyclase activities are
encoded in two-domain enzymes, investigations in these areas
will be limited to two-component systems (dehydratase/cyclase
and exporter). Data is available for enzymes involved in nuka-
cin ISK-1 biosynthesis: here, the biosynthetic enzyme NukM
appears to interact with the protease domain of the nukacin
exporter NukT (Fig. 7D).**

No data is available yet for class Il and class IV lanthipeptides.

7. Conclusion

In this review, we summarize the current knowledge on protein-
protein complex formation in selected RiPP biosynthetic
systems. We have also tried to highlight the strong need for
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structural data of RiPP enzyme complexes. While some multi-
domain RiPP enzyme structures have been reported,”"*** only
one protein-protein complex structure is available.*® It is
important to keep in mind that biochemical and binding assays
alone do not reveal atomic level details of the protein-protein
interactions. This void can only be filled by high-resolution
structures of proteins and protein-protein complexes. A tech-
nique thus far not broadly applied to the study of RiPP enzyme
complexes that may prove very valuable is HDX mass spec-
trometry, which offers an alternative to structure determination
and has been used in the study of lasso peptide biosynthesis.
Since it is an emerging field, the biochemical and structural
biology focus thus far has largely been on individual enzymes
performing unique transformations. The impressive diversity of
structural scaffolds of RiPPs showcases the versatility of their
biosynthetic machineries. Taking this into account it is difficult
to comment on the importance and the prevalence of multi-
modular proteins and protein-protein interactions across all
RiPPs. However, all the classes of RiPPs studied to date reveal
some basic biosynthetic commonalty. In addition, work on the
evolution of RiPP enzymes (such as lasso peptide B proteins)
points to individual proteins that eventually become fused as
one polypeptide. This implies an intimate interaction before the
fusion event occurs. In the absence of structural data, the use of
algorithms such as GREMLIN will aid the discovery of residues
facilitating such interactions by providing testable hypotheses.
Owing to this, it would not be surprising to find that protein—
protein complexes will play a vital role in RiPP biosynthesis. We
are convinced that as the field matures, a combination of in
vitro, in vivo and in silico data will fill the gaps in our under-
standing of this important family of natural compounds.
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ABSTRACT: Marine cyanobacteria (blue-green algae) have been
shown to possess an enormous capacity to produce structurally
diverse natural products that exhibit a broad spectrum of potent
biological activities, including cytotoxic, antifungal, antiparasitic,
antiviral, and antibacterial activities. Using mass-spectrometry-
guided fractionation together with molecular networking,

L Elastase Inhibition f -
% ) ICs = 1.18 nM 9
r ﬂiﬂl"wj)“w"w s \;%'
cyanobacterial field collections from American Samoa and Palmyra m&’ﬁ/ Oy,
Atoll yielded three new cyclic peptides, tutuilamides A—C. Their “°

-~
structures were established by spectroscopic techniques including (G ‘
1D and 2D NMR, HR-MS, and chemical derivatization. Structure i )
elucidation was facilitated by employing advanced NMR
techniques including nonuniform sampling in combination with the 1,1-ADEQUATE experiment. These cyclic peptides are
characterized by the presence of several unusual residues including 3-amino-6-hydroxy-2-piperidone and 2-amino-2-butenoic acid,
together with a novel vinyl chloride-containing residue. Tutuilamides A—C show potent elastase inhibitory activity together with
moderate potency in H-460 lung cancer cell cytotoxicity assays. The binding mode to elastase was analyzed by X-ray crystallography
revealing a reversible binding mode similar to the natural product lyngbyastatin 7. The presence of an additional hydrogen bond with
the amino acid backbone of the flexible side chain of tutuilamide A, compared to lyngbyastatin 7, facilitates its stabilization in the

[l Metrics & More | @ Supporting Information

Tutuilamide A

elastase binding pocket and possibly explains its enhanced inhibitory potency.

C yanobacteria produce a wide range of cyclic depsipep-
tides that contain an unusual 3-amino-6-hydroxy-2-
piperidone (Ahp) moiety; these peptides are generally referred
to as cyanopeptolin-like peptides or Ahp-cyclodepsipepti-
des.' The general structure includes an amino acid chain
of variable length of which six amino acid residues form a
macrocyclic ring. Most cyanopeptolin-like peptides contain the
Ahp residue and an ester linkage between the -OH group of
L-threonine and the carboxyl group of the C-terminal amino
acid. Additionally, among these Ahp-containing peptides, there
are more than 20 compounds that contain a highly conserved
hexadepsipeptide core bearing an additional 2-amino-2-
butenoic acid (Abu) moiety adjacent to the Ahp ring together
with a highly variable side chain (Table 1).

Ahp-containing peptides have frequently been observed
from both marine and freshwater cyanobacteria as well as other
bacteria, and over 200 are now known.” However, peptides
containing the Abu moiety are generally found in marine
bacteria, with the exception being stigonemapeptin, which
derives from a freshwater cyanobacterium (Table 1).*
Interestingly, the Abu moiety in stigonemapeptin is (E)-
configured, whereas the Abu moieties derived from marine

© XXXX American Chemical Society

" 4 ACS Publications A

sources are consistently (Z)-configured. X-ray crystallography
of the elastase complex formed with lyngbyastatin 7 (4)
revealed that these Abu-cyclodepsipeptides act as substrate
mimics.'* The Abu moiety was shown to occupy the S1
substrate binding pocket and engage in a noncovalent
interaction. Additionally, a study of the binding mode of
scyptolin showed that the Ahp moiety occupies a crucial part
of the active site pocket and thereby prevents hydrolysis.'® It
was suggested that the Abu moiety increases the potency of
these elastase inhibitors and that the pendant side chain is
responsible for modulating their activity and selectivity."”

In the current work, we report the isolation of three new
members of this Ahp and Abu-containing family of peptides,
named tutuilamides A (1) and B (2) based on the location of
collection of the source cyanobacterium, Schizothrix sp., along
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Table 1. Abu and Ahp-Containing Peptides Isolated from
Cyanobacteria

isolated
compound name year collected from organism
dolastatin 13° 1989  East Africa, Indian Ocean Dolabella
auricularia
(sea hare)
symplostatin 2° 1999  Guam, Pago Bay Symploca
hydnoides
somamide A+B’ 2001  Fiji, Somo Somo Lyngbya
majuscula/
Schizothrix sp.
lyngbyastatin 4° 2007  South Florida, Atlantic coast ~ Lyngbya
confervoides
lyngbyastatin 5—7" 2007  South Florida, Fort Lyngbya

Lauderdale/Florida Keys,
Summerland Key

confervoides

lyngbxastatin 8— 2009  Guam, Tumon Bay Lyngbya
10'%/bouillomide semiplena
A+B"!
molassamide'” 2010  Florida, Molasses Reef Dichothrix
utahensis
stigonemapeptin* 2012 Wisconsin, North Nokomis Stigonema sp.

Lake (freshwater)

syll'x;nplostatin 5—-10 2013 Guam, Cetti Bay red Symploca sp.

kurahamide'* 2014  Japan, Kuraha Lyngbya sp.

assembly

with tutuilamide C (3) isolated from a Coleofasciculus sp.
These structures were assembled by a combination of NMR,
mass spectrometry (MS), and chromatographic analysis
following acid hydrolysis and chiral derivatization. They
feature an unusual vinyl-chloride-containing residue never
previously observed in this structure class. The new natural
products, as well as two semisynthetic derivatives, were
evaluated for serine protease inhibition, and all of the cyclic
species were found to be highly potent. The crystal structure of
elastase in complex with tutuilamide A revealed extensive
binding interactions in the substrate binding pocket, as has
been shown previously with lyngbyastatin 7 (4). However, we
identified additional hydrogen bond interactions between
tutuilamide A and elastase that did not occur in the
lyngbyastatin 7 cocrystal structure. These may be responsible
for the increased potency of tutuilamide A compared to
lyngbyastatin 7.

B RESULTS AND DISCUSSION

Our discovery strategy to locate natural products with novel
structural frameworks includes MS>-based metabolomics
(Molecular Networking) for strain selection and dereplication
as well as chromatographic methods for isolation driven by
structural features. Cyanobacterial colonies of the genus
Schizothrix sp. and Coleofasciculus sp. were collected by hand
from the main island of Tutuila in American Samoa in 2016
and Palmyra Atoll in 2008, respectively, using SCUBA gear.
The crude CH,Cl,—MeOH (2:1) extract was initially
fractionated using vacuum-liquid chromatography (VLC) as
well as solid phase extraction (SPE) for further analysis by MS
and NMR. This approach revealed the presence of peptides
with unusual features and led to the HPLC isolation of
tutuilamides A and B from Schizothrix sp. and tutuilamide C
from Coleofasciculus sp. In addition, we identified related
peptides such as symplostatin 2 together with several
derivatives of dolastatin 13 that have yet to be characterized.
Tutuilamide A (1) and B (2) share the same cyclic peptide

core and possess the unusual Ahp and Abu moieties. They
differ by a single side chain residue wherein isoleucine is
replaced by valine (Figure 1). Meanwhile, tutuilamide C (3) is

OH
R
2 o H O 4 cm
N N -,,N)I\rNWCI
H H
N— o 0o o
H [e]

[e]
Ahj

(o]
bu
HO! o
P 1 Tutuilamide A R=Me
2 Tutuilamide B R=H

OH
o] > [o)
SOH
N\/';/O N ol )K/E/m
A P g
N— o o)
‘PN
b \l(‘\/
HO ©

3 Tutuilamide C

OH
OsNH,
. U
\/(Ffo :: n : JOk/\/\
N
N N
o N— o le]
PN
ﬁ \n)\/
HO! °

4 Lyngbyastatin 7

Figure 1. Chemical structure of tutuilamide A (1), B (2), and C (3)
together with the related lyngbyastatin 7 (4).”

an analog of 2 that lacks an alanine moiety but bears an
additional methylene unit in the aliphatic side-chain. More-
over, they are the first cyanopeptolins to possess a vinyl
chloride residue in the side chain. Vinyl chloride functionalities
in cyanobacteria have been shown to biosynthetically result
from a unique cassette of enzymes that involve polyketide
synthase (PKS) beta branch formation along with radical-
balsﬁed chlorination of an intermediate, such as in jamaicamide
A

High-resolution electrospray ionization mass spectrometry
(HR-ESI-MS) of tutuilamide A (1) displayed an ion peak at
m/z 1043.4616 [M + Na]* (calculated for Cs,HgoCINgO,,Na,
1043.4616, A = 0.0 ppm), consistent with the molecular
formula Cg;HgCINgO,, containing 21 double-bond equiv-
alents. The isotope pattern for the molecular ion cluster
indicated the clear presence of one chlorine atom. The 'H
NMR spectrum of 1 in DMSO-d, exhibited signals character-
istic of a peptide including seven a-proton signals at & 4.65
(overlap), 4.89 (1H, dd, J = 11.5, 2.2 Hz), 473 (1H, dd, ] =
114, 4.0 Hz), 3.79 (1H, m), 4.67 (overlap), 4.40 (1H, t, ] =
7.8 Hz), and 4.36 (1H, p, ] = 7.2 Hz) along with six amide NH
signals at § 7.53 (1H, t, ] = 8.4 Hz), 7.22 (1H, broad), 9.23
(1H, broad), 7.91 (1H, broad), and 821 (1H, d, ] = 7.4 Hz;
Table S1). Additionally, a downfield pair of triplets at 5 7.18

https://dx.doi.org/10.1021/acschembio.9b00992
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(2H, t, J = 7.2 Hz) and 7.15 (1H, t, ] = 7.2 Hz) and a doublet
at 5 6.83 (2H, d, ] = 7.2 Hz) were characteristic of a phenyl
group; similarly, two doublets at § 7.00 (2H, d, ] = 8.3 Hz) and
6.78 (2H, d, ] = 8.3 Hz) were characteristic for a para-
substituted phenol group. The proton NMR spectrum also
showed a singlet at 5 2.77 (3H, s), indicative of an N-methyl
amide, together with eight partially overlapping methyl signals
at50.75 (3H, d, J = 6.8 Hz), 5 0.80 (3H, t, J = 7.5 Hz), & 0.84
(3H,d,J=6.8 Hz),50.88 (3H, d, ] = 6.8 Hz), 5 1.19 (3H, d, ]
=7.0Hz),5121 (3H,d,J= 6.6 Hz), 5 1.48 (3H, d, ] = 7.1
Hz), and 6 1.72 (3H, d, J = 1.2 Hz).

The HSQC spectrum revealed the presence of six methylene
groups ((SC-?,T),I 32.5, 6H-31,, 3.1 1/2.69; 6C-3py,. 35.2, SH-3p},
2.88/1.83; 5C-35y, 21.9, 8H-3,,, 2.42/1.58; 6C-4,, 29.2, SH-
4y 1.72/1.58; 5C-4y, 23.9, SH-4y, 1.43/1.08; 5C-2c,, 42.5,
SH-2¢pp 2.97), two methines (6C-3y, 30.5, 8H-3y, 2.07; 6C-
3pe 36.5, 6H-3y, 1.81), two oxygenated methines (6C-5uy,
73.7, 8H-Su, 5.08; 8C-3qy, 717, 6H-3p, 5.53), and two
vinylic methines (6C-3 5y, 131.5, H-3 4y, 6.52; 6C-4¢py, 114.3,
SH-4¢p 6.10).

A detailed analysis of the 2D NMR data (HSQC, HMBC,
and DQF-COSY) established the presence of valine, N-methyl-
tyrosine, phenylalanine, threonine, isoleucine, and alanine
together with an Ahp, an Abu, and a 4-chloro-3-methylbut-3-
enoic acid (Cmb) residue. The Ahp residue was identified by
COSY correlations following the sequential spin system
starting at the a-proton at 63.79 (H-24p,) followed by two
methylene protons at & 2.42/1.58 (H-3,y,), another set of
methylene protons at § 1.72/1.58 (H-4,y,), and an oxygenated
methine at § 5.08 (H-S,p,). The ring closure was based on
HMBC correlations from the a-proton at § 3.79 (H-24y,), the
methylene protons at § 2.42 and 1.58 (2H-3,,), and the
oxygenated methine proton at § 5.08 (H-5y,) to the carbonyl
carbon at § 168.5 (C-1,p,).

The Abu structure was based on a COSY correlation
between the methyl protons at § 1.48 (Me-4,,,) and a vinylic
methine proton at § 6.52 (H-3,,,) as well as HMBC
correlations from both proton signals to carbon resonances
at § 129.8 (C-24p,) and 162.6 (C-1p,). The structure of the
remaining C;HCIO residue was deduced as follows. Long-
range COSY correlations between the vinylic methine proton
at 6 6.10 (H-4¢,,,), the methyl protons at § 1.72 (Me-S¢,y),
and the methylene protons at § 2.97 (2H-2¢,;) gave an
unclear picture of the residue structure. Additionally, HMBC
correlations from all three of these proton signals to a
quaternary carbon at § 133.9 (C-3¢,;,) and a carbonyl signal at
5 1684 (C-lc,,) left the position of the double bond
unresolved as four-bond (*y) interactions are occasionally
observed in the proximity of double bonds. To differentiate
between a 4-chloro-3-methylbut-3-enoic acid and a 4-chloro-3-
methyl-2-enoic acid residue, a 1,1-ADEQUATE spectrum with
nonuniform sampling (NUS) was recorded which showed a
two bond correlation from the methylene protons at § 2.97
(2H-2¢y) to the carbonyl signal at § 168.4 (C-1¢,,,), thereby
confirming this as a 4-chloro-3-methylbut-3-enoic acid residue.
Finally, an NOE correlation between the associated amide
proton at § 8.21 (NH,,) and the methylene protons at § 2.97
(2H-2¢) helped to confirm the identity and location of the
residue. The sequence of residues was established as Val-N-
MeTyr-Phe-Ahp-Abu-Thr-Ile-Ala-Cmb through HMBC corre-
lations between consecutive a-protons to carbonyl carbons of
adjacent residues together with NOE correlations between a-
protons and amide protons (Figure 2). The ring closure

OH

#7\ NOE correlation

Figure 2. Selected NOE correlations for tutuilamide A (1). Inset
shows selected correlations observed for the Ahp residue.

between the C-terminal valine and the p-hydroxy group of
threonine was established based on NOE correlations from the
valine a-proton at § 4.65 (H-2y,;) to the threonine methine
and methyl protons at § 5.53 (H-3yy,) and § 1.21 (Me-3y,),
respectively.

The second and considerably less abundant new compound
isolated from this extract, tutuilamide B (2), showed a HR-ESI-
MS molecular ion peak at m/z 1029.4445 [M + Na]" (calcd
for C5oHg;CINgO,,Na, 1029.4459, A = 1.36 ppm), thus having
one less methylene unit than 1. Comparison of NMR features
for 2 (Table S2) showed it to be highly similar in all regards to
1, with the primary difference being that the triplet methyl
from the Ile residue at § 0.80 (Me-Sy,) in 1 was replaced by an
additional doublet methyl at § 0.82 (Me-Sy,,) in 2, thus
revealing 2 to be the valine analog of 1.

The absolute configurations of the amino acid residues in
both natural products were determined by LC-MS analysis of
the 1-fluoro-2,4-dinitro-phenyl-S-p-alanineamide (p-FDAA)
derivatives derived from the acid hydrolyzate of 1 and 2
(Marfey’s method, Table $3)."” This revealed that all of the
amino acid residues in both compounds were of L-
configuration, as is the case for all other cyanopeptolin-like
peptides. In addition, PDC oxidation followed by acid
hydrolysis liberated L-glutamic acid from the Ahp residue, as
determined by Marfey’s analysis, therefore establishing the
configuration of C-2,,, as S. To determine the relative
stereochemistry between C-2,,, and C-S,,, in 1, a
combination of proton—proton coupling constants and NOE
correlations was used (Figure 2). The relative conformation of
the Ahp ring was determined based on the H-2,,, to H-3,,
coupling constant; a large value was observed (*Jy, .3, = 12.3
Hz), indicating that these two deshielded protons were axially
oriented.'® NOE correlations between H-2,p, H-4apy, and H-
Sanp as well as between H-3a,y,,, OHyyy, and NHyy, revealed
the relative configuration of the two stereocenters and
therefore established the configuration of C-5y, as R. The
highly comparable NMR data sets for this Ahp residue for
compounds 1—3 (see Supporting Information, Tables 1 and 2)
strongly suggest that they are all of the same relative
configuration, and likely of the same absolute configuration.

https://dx.doi.org/10.1021/acschembio.9b00992
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Table 2. Potency of Compounds for Select Serine Proteases Following 30 min Incubations

IC;, values (nM) with 95% confidence interval values

name (analog number) elastase

tutuilamide A (1) 1.18 (0.33—1.97)
tutuilamide B (2) 2.05 (1.68—2.46)
tutuilamide C (3) 4.93 (2.72-7.48)
Iyngbyastatin 7 (4) 11.50 (9.25—14.28)
symplostatin 2 5.41 (4.30-6.69)
tutuilamide A-linear (5) 3994 (2363—11735)
tutuilamide A-methyl (6) 1.83 (1.56-2.12)

chymotrypsin trypsin

proteinase K

1014 (853.0—1227) >20 000 103.7 (84.6—129.2)
5§76.6 (447.0~767.3) >20 000 87.6 (652-122.2)
542.0 (445.0-671.2) >20 000 >5000

not done not done 1574 (806.0 to >5000)
not done not done 216.5 (155.2—326.0)
not done not done >5000

not done not done 98.6 (94.4—100.1)

The geometry of the Abu olefinic bond was determined as Z
based on an NOE correlation in DMSO-d, between the methyl
protons at 51.48 (Me-4y;,,) and the amide proton at § 9.23
(NHpp,). Finally, a 1D NOE experiment with selective
irradiation of the vinylic proton at § 6.07 (in methanol-d, to
avoid overlapping signals with OHyy,,) established the E
geometry of the Cmb residue due to a correlation to the
methylene protons at § 3.03 (2H-2¢yy)-

Subsequently, a third tutuilamide was isolated from a
Coleofasciculus sp. extract (3). The HR-ESI-MS of tutuilamide
C showed a precursor ion at m/z 972.4252 [M + Na]" (caled
for C43HgCIN,O;Na, 972.4255, A = 0.31 ppm), and the
NMR data were highly similar to that of 2, except for the lack
of the alanine moiety resonances and possessing an additional
methylene in the side chain (Table S2). HMBC, TOCSY, and
ROESY correlations corroborated the same connectivities
observed between the amino acid residues as for 1 and 2.
Because the NMR data of 2 and 3 were highly similar, we
propose that they are of the same relative configuration at
comparable stereocenters. This hypothesis is additionally
supported by the observation that all Abu and Ahp-containing
pepticiesl 4reported to date are composed mainly of L-amino
acids.””

Inhibition of Serine Proteases with Tutuilamide
Analogs. Studies have shown that Ahp-Abu-containing cyclic
hexadepsipeptides inhibit serine proteases such as elastase by
binding to the active site in a substrate-like manner. Therefore,
S uM to 85 pM of 1, 2, and 3 were incubated with porcine
pancreatic elastase, and potency was directly compared to
lyngbyastatin 7 (4) and symplostatin 2. Compounds 1 and 2
were found to be the most potent in this group, inhibiting
elastase with ICges of 1—2 nM (Table 2, Figures S2 and S3).
Compound 3 and symplostatin 2 had ICy, values of ~5 nM,
while 4 was the weakest inhibitor with an ICg, of 11.5 nM.

Elastase is a member of the S1 family of serine proteases that
forms a double f-barrel structure. Trypsin and chymotrypsin
are also members of the S1 family, and therefore we
determined if tutuilamide A, B, and C can also inhibit these
structurally related enzymes. When bovine trypsin was
incubated with up to 20 uM of these compounds, no
inhibition was detected. This enzyme has a strong preference
for binding to peptide inhibitors containing basic amino acids
such as arginine and lysine, both of which are absent from
these natural products. When incubated with chymotrypsin the
IC;, values ranged from 542 nM to 1014 nM. Although the
potency of these compounds is considerably weaker for
chymotrypsin than for elastase, the relative potency of the
three tutuilamide analogs differs between enzymes. Chymo-
trypsin appears to have a preference for valine as found in 2
and 3 over isoleucine found in compound 1, resulting in a 2-
fold reduction in potency. This inhibition profile is consistent

with several other Ahp-Abu-containing cyclic hexadepsipep-
tides that preferentially inhibit elastase over chymotrypsin and
trypsin.19

Outside of the S1 family, commonly studied serine proteases
are from the S8 family. These enzymes have no sequence or
structural homology with S1 family serine proteases and
include the bacterial and fungal subtilisin enzymes commonly
used in laundry detergents and the mammalian kexin family of
enzymes.”” When 1 and 2 were incubated with proteinase K, a
representative S8 protease isolated from the soil fungus
Engyodontium album, we observed ICy, values of 103.7 and
87.6 nM, respectively.

However, 3 had more than a 50-fold weaker inhibition for
this enzyme (IC5, > S uM), suggesting that longer peptides
have higher potency for this enzyme. When comparing the
potency of symplostatin 2, an 8-mer cyclic hexadepsipeptide, to
the 7-mer peptide 4, the IC;, value decreased 7.3-fold for the
shorter peptide inhibitor. These data show that changes in
peptide length and amino acid composition of these cyclic
hexadepsipeptides result in differences in potency and
selectivity for serine proteases.

In addition, we determined the cytotoxic activity of
compounds 1—3 toward the H-460 human lung cancer cell
line. The compounds show moderate activity with ICg, values
of 0.53 + 0.04 uM, 127 + 021 uM, and 4.78 + 0.45 uM,
respectively (Figure S1).

Synthesis of Semisynthetic Analogs of 1. A limited
structure—activity relationship study on tutuilamide A was
performed to explore the structural features related to the
elastase and proteinase K inhibitory activity (Scheme 1). In the
first semisynthetic analog of 1, the depsipeptide ester was
hydrolyzed using LIOH/H,O to obtain the acyclic analog S.

Scheme 1. Synthesis of Semisynthetic Analogs 5 and 6 of
Tutuilamide A (1)

Tutuilamide A

https://dx.doi.org/10.1021/acschembio.9b00992
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This analog failed to inhibit proteinase K activity at a
concentration of 5 uM, while potency for elastase was
decreased 2600-fold when compared to the cyclic tutuilamide
A (1). These data demonstrate the importance of the cyclic
structure to inhibit these serine proteases.

In addition, the hemiaminal moiety in 1 was methylated with
methanol in the presence of pyridinium p-toluenesulfonate
(PPTS) to generate analog 6. This modification is predicted to
improve the metabolic stability of the Abu moiety without
affecting the potency of the compound; indeed, analog 6
showed excellent single digit nanomolar potency to elastase
(Table 2).

Rationalizing the Binding of Tutuilamide A to
Elastase. We next determined the crystal structure of porcine
pancreatic elastase in complex with 1 in order to compare the
binding mode of the depsipeptide with related molecules. The
complex crystallized in space group P2,2,2,, and data were
collected to 2.2 A. The structure was determined by molecular
replacement using the published elastase apo structure (PDB
ID: 1LVY) as a search model (Figure 3A). Full details of the

Figure 3. (A) Cartoon representation of PPE (cyan) in complex with
1 (shown as gray sticks). (B) Comparison of 1 (gray) and 4 (PDB:
4GVU; orange) binding to PPE (cyan surface). The side chains of
PPE residues Ser216 and Arg217 are shown as sticks. The additional
hydrogen bond found in the PPE—1 complex structure is indicated by
a dashed line.

data collection and refinement statistics can be found in Table
S4. Compound 1 was found to occupy the same binding
pocket as lyngbyastatin 7 (4), explaining the observed identical
mode of action of tutuilamide A compared to other Abu-
bearing cyclic depsipeptides, with the Abu moiety and the N-
terminal residues occupying the S1—S4 pockets (Figure
3B)."*"> However, compared to 4, the carbonyl group of the
flexible Cmb moiety of 1 forms an additional hydrogen bond
with the backbone amide of Arg217 (Figure 3B and Figure
S4). This additional interaction could explain the slightly more
potent inhibitory activity of tutuilamides compared to
lyngbyastatin 7 in that this interaction would further stabilize
the binding of tutuilamide A to the elastase binding pocket.
The potency of semisynthetic analogs 5 and 6 was evaluated
in the context of our cocrystal structure. As shown for 4, the
cyclic core of 1 also forms a network of direct and water
mediated inter- and intramolecular hydrogen bonds (Figure
S5). Therefore, one would expect any changes to the cyclic
nature of these compounds to have a negative impact on their
potency. This is indeed the case as shown by the observed
nearly 3400-fold decrease in potency of acyclic analog S. The

hemiaminal moiety of 1 is facing a hydrophobic pocket formed
by Leu 63 and Phe 65 (Figure S5). This pocket is large enough
to accommodate methylated analog 6, without resulting in a
steric clash with the binding pocket (Figure SS). Given the size
of the pocket, even larger hydrophobic functional groups at
this position may be accommodated. This could result in an
enhancement of hydrophobic interactions, thereby further
stabilizing the compound in the active site. However, further
optimization of this group must be pursued cautiously, as the
oxygen atom of the hydroxy or methoxy group is involved in
intramolecular hydrogen bonding with the neighboring
residues and thus facilitates the formation of a cis peptide
bond (Figure SS). In turn, this contributes to the rigidity of the
cyclic core, making these compounds less sensitive to protease
activity, 13152122

B CONCLUSION

Tutuilamides A—C are new representatives of the family of
Ahp-cyclodepsipeptides (cyanopeptolin-like peptides) isolated
from cyanobacteria. They share a cyclic peptide core, including
the distinctive 2-amino-2-butenoic acid (Abu) residue, with a
group of cyclic depsipeptides mainly isolated from marine
cyanobacteria; however, they also contain an unprecedented 4-
chloro-but-3-enoic acid moiety. The predicted biosynthesis of
these new cyclic lipopeptides suggests initiation of the pathway
by a polyketide synthase which produces an intermediate /-
ketobutyrate moiety. This is expected to undergo trans-
formation by a f-branch cassette of genes that also introduces
a chlorine atom via radical chemistry, as shown in the case of
jamaicamide A biosynthesis.'®

The new compounds are potent inhibitors of porcine
pancreatic elastase and fungal proteinase K. Direct comparison
to the potent elastase inhibitor lyngbyastatin 7** revealed that
the new compounds have 2- to 4-fold increased potency.
Structural analysis of tutuilamide A in complex with the
porcine pancreatic elastase confirms the same binding
mechanism of lyngbyastatin 7 with an additional strong
hydrogen bond (2.8 A) between the Cmb carbonyl group
and the backbone amide group of elastase residue R226; this
additional hydrogen bond appears to stabilize the ligand in the
binding pocket and may explain the increased potency of
tutuilamides A over lyngbyastatin 7.
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