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In mammalian cells, one-third of all polypeptides are integrated into the
membrane or translocated into the lumen of the endoplasmic reticulum
(ER) via the Sec61 channel. While the Sec61 complex facilitates ER import
of most precursor polypeptides, the Sec61-associated Sec62/Sec63 complex
supports ER import in a substrate-specific manner. So far, mainly post-
translationally imported precursors and the two cotranslationally imported
precursors of ERj3 and prion protein were found to depend on the Sec62/
Sec63 complex in vitro. Therefore, we determined the rules for engagement
of Sec62/Sec63 in ER import in intact human cells using a recently estab-
lished unbiased proteomics approach. In addition to confirming ERj3, we
identified 22 novel Sec62/Sec63 substrates under these in vivo-like condi-
tions. As a common feature, those previously unknown substrates share
signal peptides (SP) with comparatively longer but less hydrophobic
hydrophobic region of SP and lower carboxy-terminal region of SP (C-re-
gion) polarity. Further analyses with four substrates, and ERj3 in particu-
lar, revealed the combination of a slowly gating SP and a downstream
translocation-disruptive positively charged cluster of amino acid residues as
decisive for the Sec62/Sec63 requirement. In the case of ERj3, these fea-
tures were found to be responsible for an additional immunoglobulin
heavy-chain binding protein (BiP) requirement and to correlate with sensi-
tivity toward the Sec6l-channel inhibitor CA7M741. Thus, the human
Sec62/Sec63 complex may support Sec6l-channel opening for precursor
polypeptides with slowly gating SPs by direct interaction with the cytosolic
amino-terminal peptide of Sec6la or via recruitment of BiP and its interac-
tion with the ER-lumenal loop 7 of Sec61la. These novel insights into the
mechanism of human ER protein import contribute to our understanding
of the etiology of SEC63-linked polycystic liver disease.

BiP, immunoglobulin heavy-chain binding protein; C-region, carboxy-terminal region of SP; ER, endoplasmic reticulum; GO, Gene Ontology;
H-region, hydrophobic region of SP; N-region, amino-terminal region of SP; PLD, polycystic liver disease; SP, signal peptide; SRP, signal
recognition particle; TMH, SP-equivalent transmembrane helix; TRAP, translocon-associated protein; WT, wild-type.
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Databases

Substrate specific gating of the Sec61-channel

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consor-
tium via the PRIDE partner repository (http://www.ebi.ac.uk/pride/archive/projects/Identifiers)
with the dataset identifiers: PXD008178, PXD011993, and PXD012078. Supplementary infor-
mation was deposited at Mendeley Data (https://data.mendeley.com/datasets/6s5hn73jcv/2).

Introduction

The endoplasmic reticulum (ER) of mammalian cells
handles most secreted as well as soluble and membrane
proteins of the secretory pathway [1-5]. Typically, pro-
tein translocation across or insertion into the ER
membrane is linked to protein synthesis (cotransla-
tional) and mediated by (a) signal peptides (SPs) or
SP-equivalent transmembrane helices (TMHs) in the
precursors [5-7], as well as (b) a targeting system,
which involves the cytosolic signal recognition particle
(SRP) plus the SRP receptor in the ER membrane [8-
10], and (c¢) a polypeptide-conducting channel in the
ER membrane, the heterotrimeric Sec61 complex [11].
Elegant in vitro experiments demonstrated that at least
for some precursor polypeptides (such as bovine pre-
prolactin), these components are sufficient for ER
import [12]. In contrast, other precursor polypeptides
with SP or TMH additionally rely on Sec61-auxiliary
and Sec61-associated membrane components, such as
the heterotetrameric translocon-associated protein
(TRAP) complex [13,14] or the heterodimeric Sec62/
Sec63 complex [15-18]. Both complexes support Sec61-
channel opening in the case of precursors with ineffi-
ciently gating SP plus, in some cases, detrimental fea-
tures in their mature regions [14,17-22]. A proteomic
identification of TRAP-dependent precursors charac-
terized a high glycine and proline content and/or low
hydrophobicity of the SP as distinguishing features for
TRAP dependence [21]. In combination with structural
analysis [22], these results suggested a scenario, where
TRAPy recognizes TRAP clients on the cytosolic ER
surface and Sec6l-channel opening is mediated by
direct interaction of the ER-lumenal domains of the
TRAP o- and B-subunits with the ER-lumenal loop 5
of Sec6la [21]. The Sec62/Sec63 complex can support
Sec61-channel opening either by an yet-undefined
mechanism on its own [19] or in cooperation with the
ER-lumenal immunoglobulin heavy-chain binding pro-
tein (BiP), which can be recruited to the Sec61 com-
plex via Sec63 and directly interact with the ER-
lumenal loop 7 of Sec6la [19,23]. So far, the substrate
spectrum of the mammalian Sec62/Sec63 complex as
well as its rules of engagement for substrate recogni-
tion and Sec6l-channel opening remained ill-defined.
This gap was not closed by the recent structural

analysis of the yeast heptameric SEC complex, which
includes aside from the trimeric Sec61 complex the tet-
rameric Sec62/Sec63/Sec71/Sec72 complex [24,25]. Of
note, the yeast SEC complex is supposedly involved
only in posttranslational and SRP-independent protein
import into the ER and the additional components,
Sec71 and Sec72, are without mammalian orthologs.
SP for ER protein import, typically, comprises
around 25 amino acid residues and has a tripartite
structure with a positively charged amino-terminal
region of SP (N-region), a central hydrophobic region
of SP (H-region), and a slightly polar carboxy-terminal
region of SP (C-region) [6,26]. They target presecretory
proteins to the Sec61 complex and facilitate the open-
ing of an aqueous channel within the Sec61 complex
for passage of the polypeptide to the ER lumen [12,27-
30]. TMH is similar to SP with respect to structure
and function, except for the positioning of positively
charged amino acid residues, which can be up- or
downstream of the central hydrophobic region and
determine its insertion/orientation in the ER mem-
brane [6-7,26-30]. A4 priori, SP and TMH can insert
into the Sec61 channel in a head-on (Ngr_jumen-
Ccylosol) or a 100p (Ncytosol'CER-lumcn) conﬁguration.
According to in vitro experiments with insect (pre-
procecropin  A) and human model proteins (pre-
proapelin and prestatherin), the import of presecretory
proteins with short and apolar SP and an overall
length of below 100 amino acid residues (small precur-
sor proteins) into the mammalian ER occurs post-
translationally [17-19,31-33] and involves all known
targeting mechanisms [19] and Sec62 plus Sec63 for
Sec61-channel opening [17-19,33]. In the case of pre-
procecropin A, posttranslational ER import has also
been shown in human cells [32]. Furthermore, Sec62/
Sec63 dependence of small human presecretory pro-
teins was confirmed in human cells [17]. However,
human Sec62 and Sec63 can also be involved in
cotranslational import of precursor proteins with a size
of more than 100 amino acid residues into the mam-
malian ER (i.e., the precursors of the ER-lumenal pro-
tein ERj3 with 358 amino acid residues, and the GPI-
anchored prion protein with 253 amino acid residues),
either in the standard in vitro import assay [18,20] or
with corresponding nascent polypeptide chains [29].
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Fig. 1. Identification of Sec62 clients and compensatory mechanisms by knockdown of Sec62 in HelLa cells. The experimental strategy was
as follows: two sets of three replicates from two independent experiments for each cell type; label-free quantitative proteomic analysis; and
differential protein abundance analysis to identify negatively affected proteins (i.e., clients) and positively affected proteins (i.e.,
compensatory mechanisms). (A) Differentially affected proteins were characterized by the mean difference of their intensities plotted
against the respective P values in volcano plots. Six negatively affected proteins, representing the overlap between negatively affected SP-
containing proteins after Sec62 depletion in Hela and SEC62 knockout in HEK293 cells plus the TRAP client TMED5 (Table 2), are
highlighted with red numbers. (B) Knockdown efficiencies were evaluated by western blot. Results are presented as % of residual protein
levels (normalized to R-actin) relative to control, which was set to 100%. We note that the full scans of the blots are shown at https://da
ta.mendeley.com/datasets/6s5hn73jcv/2 and that the particular western blot was done only once. However, the high reproducibility of
western blots for Sec62 in human cells was previously demonstrated [18,19] and is further substantiated here by the proteomic analysis.
(C) Protein annotations of SP, membrane location, and N-glycosylation in humans were extracted from UniProtKB and used to determine
the enrichment of Gene Ontology (GO) annotations among the secondarily affected proteins. Notably, there was no indication for activation
of the unfolded protein response (UPR) in the course of the 96-h knockdown, that is, related terms did not come up as enriched GO terms
in the analysis of the positively affected proteins and typical UPR-regulated genes such as HSPA5 (coding for BiP) and HYOU1 (coding for

Grp170) were not upregulated (Table S3).

Under the latter conditions, it was shown that these
two precursors are slow in inducing Sec61-channel
opening and, maybe therefore, recruit Sec62 and
Sec63 relatively late in their synthesis to the channel
[29]. In the case of the prion protein precursor,
Sec62/Sec63-dependent ER import has also been
demonstrated in human cells [34]. In addition, it was
observed in the in vitro import assays that Sec63
dependence of preproapelin and the precursors of
ERj3 and prion protein is related to gating of the
Sec61 channel to the open state and correlates with
BiP’s action, which was linked to the combination of
the respective SP plus, in case of preproapelin
(37RRK) and the prion protein precursor (;KKRPK),
a positively charged cluster in the mature region [19-
20,23]. Furthermore, loss of Sec63 protein function in
the liver of a subset of human patients, who suffer
from autosomal dominant polycystic liver disease
(PLD) (OMIM174050), was also interpreted in light
of a substrate-specific function of Sec63 in ER pro-
tein import [35]. Interestingly, Sec63 dependence of
ERj3 import into the ER was indirectly confirmed in
murine SEC63 null cells, which were generated as an
animal model for the human disease [35]. These
SEC63~'~ cells lacked ERj3, while the levels of vari-
ous other ER proteins were unchanged compared to
murine SEC63"" cells [18].

Here, we address the questions of which precursor
polypeptides depend on Sec62 and Sec63 in their ER
import in intact human cells under steady-state condi-
tions and what common features these precursor
polypeptides share. A recently established unbiased
proteomics approach [21] identified a total of 36 pre-
cursors as Sec62/Sec63 clients, 23 of which share SP
with longer but less hydrophobic H-region and lower
C-region polarity than average. Independent validation
experiments characterized a combination of a slowly

gating SP and the detrimental effect of a positively
charged cluster downstream of the SP as decisive for
the Sec62/Sec63 plus BiP requirement of ERj3 in
human cells.

Results

Substrate specificity of Sec62/Sec63 in ER
protein import in HelLa cells

We first addressed the substrate spectrum of human
Sec62 and Sec63 by the established combination of
siRNA-mediated depletion of Sec62 or Sec63 in Hela
cells, label-free quantitative proteomics, and differen-
tial protein abundance analysis [21]. The cells were
treated with two sets of different siRNAs that target
either SEC62 or SEC63 or with a nontargeting (con-
trol) siRNA in triplicates for 96 h. It was previously
established that this gene silencing method resulted in
> 90% Sec62 or Sec63 depletion, without significantly
affecting cell growth, cell viability, or cell/ER mor-
phology [18,19].

After Sec62 depletion in two independent experi-
ments, up to 6686 different proteins were quantita-
tively characterized by MS, 4819 of which were
detected in all samples (Fig. 1, Tables 1 and S1-S5,
http://www.ebi.ac.uk/pride/archive/projects/Identifiers
PXDO008178, PXD012078). Applying the established
statistical analysis [21], we found that transient Sec62
depletion significantly affected the steady-state levels
of 351 proteins: 155 negatively and 196 positively
(¢ < 0.05) (Table S2 and S3). As expected [18], Sec62
itself was negatively affected (Fig. 1A), which was con-
firmed by western blot (Fig. 1B). Similar to the total
quantified proteome, ~ 25% of the negatively affected
proteins were assigned to organelles of the endocytic
and exocytic pathway by GO term analysis (Fig. 1C,
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Table 1. Statistics of the identification of Sec62 and Sec63 clients n comparison with Sec61a1 and TRAP clients, respectively.

Proteins SECB1A1 TRAP SEC62 SEC63 SECB2"EX SEC63MEX
Quantified proteins 7212 7670 6686 6655 6195 6195
Statistically analyzed proteins 5129 5911 4819 6655 6195 6195
Representing the secretory pathway (%) 26 27 28 28 26 26
Proteins with SP (%) 6 7 7 7 5 5
N-Glycoproteins (%) 8 8 9 9 7 7
Membrane proteins (%) 12 13 14 14 12 12
Positively affected proteins 342 77 196 13 121 103
Negatively affected proteins 482 180 155 21 208 199
Representing the secretory pathway (%) 61 40 25 50 48 37
Negatively affected proteins with SP (%) 41 22 12 14 30 N
Negatively affected N-glycoproteins (%) 45 23 13 24 33 18
Negatively affected membrane proteins (%) 36 26 8 38 21 21
Negatively affected proteins with SP 197 38 18 3 62 21
Including N-glycoproteins 158 28 12 2 50 16
Corresponding to (%) 80 74 67 67 81 76
Including membrane proteins 77 19 2 2 18 9
Corresponding to (%) 39 50 11 67 29 43
Negatively affected proteins with TMH 98 22 6 6 22 29
Including N-glycoproteins 56 11 5 3 8 14
Corresponding to (%) 57 50 83 50 36 48

large pies). We also did not detect significant enrich-
ment of proteins with SP, N-glycosylated proteins, and
membrane proteins (Fig. 1C, small pies). Nevertheless,
the identified precursors included 18 proteins with
cleavable SP and six proteins with TMH (Tables S4
and S5), which we define here as putative Sec62 cli-
ents/substrates and as Sec62-dependent. ERj3, product
of the DNAJBII gene, was negatively affected
(Fig. 1A), which confirms the expectation that non-
transported precursors of Sec62 clients are degraded
by the proteasome upon its depletion.

The proteins positively affected by transient Sec62
depletion, putatively pointing to cellular compen-
satory mechanisms, included both SRP receptor sub-
units (SRPRA and SRPRB) and various ubiquitin-
conjugating enzymes (such as MID1). This is consis-
tent with the temporary, cytosolic accumulation of
precursors before proteasomal degradation and

reminiscent of the previously found compensatory
mechanisms after Sec61- and TRAP-complex deple-
tion (Table S3) [21]. Interestingly, the TRAP-complex
B-subunit (coded by the SSR2 gene) was also posi-
tively affected by transient Sec62 depletion, which
may suggest overlapping functions of Sec62 and
TRAP in targeting or Sec6l-channel gating. These
short-term compensatory mechanisms may have con-
tributed to the comparatively low number of nega-
tively affected proteins.

After analogous Sec63 depletion, 6655 different pro-
teins were quantitatively characterized by MS, which
were detected in all samples (Fig. 2, Tables 1 and S6-
S9). Here, we found that Sec63 depletion significantly
affected the steady-state levels of only 34 proteins: 21
negatively and 13 positively (¢ < 0.05; Table S7 and
S8). As expected, Sec63 itself was negatively affected
(Fig. 2A) and confirmed (Fig. 2B). GO terms assigned

Fig. 2. Identification of Sec63 clients and compensatory mechanisms by knockdown of Sec63 in Hela cells. The experimental strategy was
as follows: three replicates for each cell type; label-free quantitative proteomic analysis; and differential protein abundance analysis to
identify negatively affected proteins (i.e., clients) and positively affected proteins (i.e., compensatory mechanisms). (A) Differentially affected
proteins were characterized by the mean difference of their intensities plotted against the respective P values in volcano plots. Six
negatively affected proteins of Sec62 depletion are indicated with red numbers. (B) Knockdown efficiencies were evaluated by western blot.
Results are presented as % of residual protein levels (normalized to R-actin) relative to control, which was set to 100%. We note that the
full scans of the blots are shown at https://data.mendeley.com/datasets/6s5hn73jcv/2 and that the particular western blot was done only
once. However, the high reproducibility of western blots for Sec63 in human cells was previously demonstrated [18-20] and is further
substantiated here by the proteomic analysis. (C) Protein annotations of SP, membrane location, and N-glycosylation in humans were
extracted from UniProtKB and used to determine the enrichment of GO annotations among the secondarily affected proteins. We note that
the positively affected proteins included a signal peptidase complex subunit, but no ubiquitin-conjugating enzymes, consistent with the fact
that there were only a couple of proteins negatively affected and, therefore, no significant accumulation of precursor polypeptides in the
cytosol after partial Sec63 depletion for 96 h (Table S8).
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50% of the negatively affected proteins to organelles
of the endocytic and exocytic pathways (Fig. 2C, large
pies). We also detected significant enrichment of pro-
teins with SP (twofold), N-glycosylated proteins (2.6-
fold), and membrane proteins (2.8-fold) (Fig. 2C,
small pies). However, the identified precursors included
only four proteins with cleavable SP and six proteins
with TMH and only one of the proteins with SP had
also been negatively affected by Sec62 depletion,
TGFBI (Tables S9 and Table 2). Upon closer inspec-
tion of the potential overlap between SEC62 and
SEC63 silencing in HeLa cells, four additional

S. Schorr et al.

precursor polypeptides with SP were negatively
affected by Sec63 depletion in HeLa cells, which did
not meet the stringent significance threshold (ER;j3,
MAGTI1, PDIAS, SDF2) (Table 2). Thus, at least
these five precursors depend on the Sec62/Sec63 com-
plex in HeLa cells for their ER import.

Substrate specificity of Sec62/Sec63 in ER
protein import in HEK293 cells

To possibly identify additional substrates by perma-
nent depletion, we performed similar analyses after

Table 2. Overlap of negatively affected precursor polypeptides after transient or permanent depletion of Sec61a1, Sec62, Sec63, or TRAP
from human cells. Precursors which were affected by at least two depletions are shown. Brackets indicate precursors which did not quite
meet the significance threshold of g < 0.05. KO refers to CRISPR/Cas9-mediated knockout in HEK293 cells, CDG refers to fibroblasts from
three patients, suffering from congenital disorder of glycosylation due to the absence of either TRAP y-subunit or TRAP &-subunit [21]. nd,
not detected; TMD, number of transmembrane domains (including TMH where applicable); N-glyco, number of N-glycosylation sites; nm,
nanomolar concentration in Hela cells [70]. Notably, many of the not detected proteins in Hela cells of this study were not quantified by

Hein et al. [70] or had a low concentration.

SEC61A1 SEC62 SEC62™EK  SEC63 SEC63MEK TRAP CDG SP/TMH ~ TMD  N-glyco  nm
nd nd AGPAT4 nd AGPAT4 nd TMH 4 0 22
nd nd ARL6IP6 ARL6IP6 TMH 3 0 2
BST2 BST2 BST2 nd nd TMH 1 2 62
nd nd CADM4 nd CADM4 nd nd SP 1 3 nd
CCDC134 CCDC134 CCDC134 SP 0 0 nd
CLN5 nd CLN5 CLN5 TMH 1 8 nd
nd CNNM2 nd CNNM2 nd TMH 3 1 nd
nd nd COLBA1 nd COLBA1 nd SP 0 5 4
nd nd CPE nd CPE nd SP 0 2 nd
CRELD1 nd CRELD1 nd CRELD1 SP 2 2 29
DNAJB11 DNAJB11  DNAJB11 (DNAJB11) SP 0 1 1001
EPDR1 nd EPDR1 EPDR1 EPDR1 SP 0 2 12
nd nd FAM20B FAM20B TMH 1 1 95
FKBP10 FKBP10 FKBP10 SP 0 7 46
GLA GLA GLA nd SP 0 4 164
ITGA6 ITGA6 SP 1 9 6
LNPEP LNPEP TMH 1 17 63
nd LRRC8C LRRC8C nd TMH 4 2 nd
nd nd LY6K LYBK nd SP 0 1 103
MAGT1 (MAGT1) (MAGT1) MAGT1 SP 4 1 33
nd nd NCAM!1 nd NCAM!1 nd SP 1 6 nd
PAHTM P4HTM P4HTM TMH 1 3 5
PDIAG PDIAB PDIAG (PDIAB) (PDIAB) SP 0 0 37
nd nd PTPRG nd PTPRG nd SP 1 8 nd
PTPRK PTPRK PTPRK SP 1 12 3
RNASET2 RNASET2  RNASET2 (RNASET2) RNASET2  SP 0 3 70
SDF2 SDF2 SDF2 (SDF2) (SDF2) SP 0 0 95
SIL1 nd SIL1 (SIL1) SIL1 SP 0 2 149
SLC20A2 SLC20A2 nd SLC20A2 TMH 12 1 13
SLC39A10 SLC39A10 SLC39A10 SP 7 4 174
TAPBP nd TAPBP TAPBP SP 1 1 41
TGFBI TGFBI nd TGFBI nd TGFBI SP 0 0 256
TMED5 TMEDS5 (TMEDS) (TMEDS) TMED5 SP 1 0 489
nd nd UXS1 UXS1 nd TMH 1 1 8
nd nd VANGL2 nd VANGL2 nd nd TMH 4 0 nd
nd nd YIPF2 nd YIPF2 nd nd TMH 5 0 23
4618 The FEBS Journal 287 (2020) 4612-4640 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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respective
compared to

Sec62 or Sec63 depletion, using the
CRISPR/Cas9-treated HEK293 cells
HEK?293 control cells [36].

After Sec62 depletion in HEK?293 cells, 6195 differ-
ent proteins were quantitatively characterized by MS,
which were detected in all samples (Fig. 3, Table S10-
S14, http://www.ebi.ac.uk/pride/archive/projects/Identi
fier PXDO011993). Applying the statistical analysis, we
found that Sec62 depletion significantly affected the
steady-state levels of 329 proteins: 208 negatively and
121 positively (¢ < 0.05; Tables S11 and S12). Sec62
itself was negatively affected (Fig. 3A), which was con-
firmed by western blot (Fig. 3B). Of the negatively
affected proteins, GO terms assigned ~ 48% to orga-
nelles of the endocytic and exocytic pathways
(Fig. 3C). We also detected significant enrichment of
proteins with SP (5.5-fold), N-glycosylated proteins
(4.5-fold), and membrane proteins (1.8-fold) (Fig. 3C).
The identified precursors included 62 proteins with
cleavable SP and 22 proteins with TMH. As expected,
ERj3 was negatively affected (Tables S13 and Sl14).
Notably, six precursor polypeptides were negatively
affected by transient as well as permanent Sec62 deple-
tion, including five precursors with SP (ERj3,
FKBP10, PDIAS, RNaseT2, and SDF2) and one pro-
tein with TMH (P4HTM) (Fig. 3D, Table 2). The pos-
itively affected proteins included a cytosolic molecular
chaperone (HSPB1) and several cytosolic ubiquitin-
conjugating enzymes (RNF31, UBE4B, and WWP2)
(Table S12), consistent with cytosolic accumulation of
precursors.

After Sec63 depletion in HEK293 cells, the above-
mentioned 6195 different proteins were quantitatively
characterized by MS, which were detected in all sam-
ples (Fig. 4, Tables S15-S19). Here, we found that
Sec63 depletion significantly affected the steady-state
levels of 302 proteins: 199 negatively and 103 posi-
tively (Tables S16 and S17). Sec63 itself was negatively
affected (Fig. 4A), which was supported by western
blot (Fig. 4B). We note that in the case of Sec63, the
proteomic analysis was apparently done for mixed
guide RNA clones. Nevertheless, GO terms assigned
~ 37% of the negatively affected proteins to organelles
of the endocytic and exocytic pathways (Fig. 4C). We
also detected significant enrichment of proteins with
SP (1.9-fold), N-glycosylated proteins (2.4-fold), and
membrane proteins (1.8-fold; Fig. 4C). The identified
precursors included 21 proteins with cleavable SP and
29 proteins with TMH (Table S18 and S19). Notably,
22 precursor polypeptides were negatively affected by
Sec62 as well as Sec63 knockdown, 11 each with SP
and TMH (Fig. 4D, Table 2). ERj3 was not negatively
affected under these conditions. However, the Sec63

Substrate specific gating of the Sec61-channel

dependence of ERj3 import into the ER in intact cells
had previously been observed for murine SEC63 null
cells [18,35]. The positively affected proteins included
cytosolic molecular chaperones (HSPA2 and HSPBI)
and a single ubiquitin-conjugating enzyme (listerin).

Validation of Sec6/Se63 substrates

To validate the proteomic data on Sec62/Sec63 sub-
strates, we conducted independent silencing and west-
ern blot experiments with the SEC62- and the SEC63-
UTR-targeting siRNA in HeLa cells for four SP-con-
taining candidates (ERj3, FKBP10, PDIAS, and RNa-
seT2), representing N-glycosylated as well as
nonglycosylated proteins and proteins with different
abundances in HeLa cells (Table 2). Similar to the
proteomic experiments, the cells were treated with tar-
geting or nontargeting siRNA for 96 h and analyzed
by western blot. Western blot analysis confirmed
ERj3, FKBP10, PDIAS, plus RNaseT2 as Sec62-de-
pendent, and ERj3, PDIAS, plus RNaseT2 as Sec63-
dependent (Fig. 5). FKBP10 was not affected by Sec63
depletion. Thus, the western blots fully confirmed the
proteomic analysis (Table 2).

For further validation of the proteomic analysis, the
effect of Sec62 and Sec63 depletion on ER import of
pre-ERj3 was analyzed in intact HeLa cells under
established conditions of pre-ERj3 short-term overpro-
duction and simultaneous proteasome inhibition [21].
HeLa cells were treated with nontargeting siRNA or
SEC62-UTR- or SEC63-UTR-targeting siRNA for
72 h, incubated in the presence of the pre-ERj3 expres-
sion plasmid for additional 24 h, and subjected to
SDS/PAGE and western blot. During the last 8 h of
the incubation, the proteasome inhibitor MG132 was
present. Notably, the SDS/PAGE was able to separate
precursor (pre-ERj3), from precursor that was pro-
cessed by signal peptidase (ERj3), and from the
mature, that is, processed plus N-glycosylated protein
(mat-ERj3) (Fig. 6A). According to western blots,
Sec62 and Sec63 depletion caused accumulation of
pre-ERj3 and concomitant inhibition of ERj3 import
into the ER, measured as the absence of ERj3 as well
as mat-ERj3 (Fig. 6B-F). As a control for the speci-
ficity of the siRNA effects, complementation of the
siRNA knockdown by expression of the SEC62 or
SEC63 cDNA was used. In these rescue experiments,
SEC62 or SEC63 expression plasmid or the vector
control was transfected 48 h after the first siRNA
treatment. Expression of siRNA-resistant SEC62 or
SEC63 prevented accumulation of pre-ERj3 and con-
comitant inhibition of ERj3 import into the ER, that
is, rescued the phenotype of Sec62 or Sec63 depletion

The FEBS Journal 287 (2020) 4612-4640 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 4619

Federation of European Biochemical Societies


http://www.ebi.ac.uk/pride/archive/projects/Identifier
http://www.ebi.ac.uk/pride/archive/projects/Identifier

Substrate specific gating of the Sec61-channel S. Schorr et al.

SEC62 ko by CRISPR/Cas9 treatment of HEK293 cells

A g
1 DNAJB11 . .
) 2 FKBP10 0 Negatively gffected proteins,
1 3 PDIA5S i.e. potential Sec62 clients
w | SEg&Q 4 RNASET2
" . 5 SDF2
) 3 i 6 TMEDS
E
Qo +
o
g
! 3
| ) DNAJB11
siRNA FkBP10 CRISPR
X P4HTM
o P PDIAS
B s : RNASET2
log2 fold change SDF2
B Sec62 +/+ Sec62 /-
1 2 3 1 2 3 Sample
SECH2 fmw— w— 55 kDa
100 0 0 1 Protein(%)
B-actin [ /() kDa
€ Total quantified proteome Negatively affected proteome O Nucleus
O Mitochondrion
O Cytosol
26.25% 48.26% Ribosome
@ Cytoskeleton
B Peroxisome
O Plasma membrane
O ER
3 Golgi
@ Extracellular
E Lysosome
B Endosome
B Vacuole
5,41% 7,22% 12,05% 29.81% 32.69% 21.15%
B Signal peptide
B N-glycosylated protein
O Membrane protein
4620 The FEBS Journal 287 (2020) 4612-4640 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



S. Schorr et al.

(Fig. 6C-F). Thus, pre-ERj3 is a bona fide Sec62 and
Sec63 client.

The successful complementation of SEC63-UTR
siRNA phenotypes by SEC63 cDNA expression
allowed the analysis of Sec63 mutant variants with a
C-terminal truncation of 26 mostly negatively charged
amino acids in the cytosolic domain (AC26), which
prevents Sec62 interaction, or with a point mutation
(H132Q) in the characteristic HPD motif in the ER-lu-
menal J-domain, which suppresses productive BiP
interaction (Fig. 6B) [19,37]. When the effects of
Sec63H132Q or Sec63AC26 overproduction were ana-
lyzed in the presence of SEC63-UTR siRNA, both
mutant variants failed to rescue the phenotype of
Sec63 depletion (Fig. 6E,F). The failure of the mutant
with a deletion of 26 negatively charged amino acids
indirectly confirmed the observed role of Sec62 in pre-
ERj3 ER import and suggested that Sec62 and Sec63
are acting together in a complex in the ER import of
pre-ERj3. The failed rescue of the H132Q mutant sug-
gested that BiP is involved in the import of pre-ERj3
into the ER of human cells as well (see next section).

Next, we asked where in the cell pre-ERj3 is accu-
mulating in the absence of Sec62 and Sec63. First, pre-
ERj3-accumulating HeLa cells, which were depleted of
Sec62, were converted to semipermeabilized cells by
treatment with digitonin and then incubated in the
absence or presence of proteases. Accumulated pre-
ERj3 was protease-sensitive in the absence of Triton
X-100, while mat-ERj3 was protease-resistant in the
absence of Triton X-100 and protease-sensitive in its
presence (Fig. 7A,B). Thus, mature ERj3 had reached
the ER lumen in the presence of Sec62, while in the
absence of Sec62 accumulating pre-ERj3 remained in
the cytosol, at least partially. In the second approach,
the semipermeabilized cells were subjected to extrac-
tion at pH 11.5, which is employed to differentiate
between soluble and phospholipid bilayer-integrated
proteins. Mature ERj3 was solubilized at pH 11.5,
while pre-ERj3 was resistant toward alkaline extrac-
tion (Fig. 7C,D). Thus, pre-ERj3, which accumulated

Substrate specific gating of the Sec61-channel

in the absence of Sec62, may have been integrated into
the ER membrane via its uncleaved SP, which would
be consistent with the fact that no ERj3 (i.e., precursor
that was processed by signal peptidase but not N-gly-
cosylated) was observed under these conditions. This
may indicate that in Sec62 absence, the SP of pre-
ERj3 either cannot insert into the Sec61 channel in the
productive loop configuration or it inserts head-on
and cannot make the flip turn. Sec63 depletion pheno-
copied this result (Fig. 7C,D).

Depletion of BiP inhibits import of pre-ER;j3 into
the ER

The observed failure of Sec63H132Q to rescue the phe-
notype of Sec63 depletion suggested that ERj3 import
into the ER does not only involve Sec63, but also BiP
(Fig. 6E,F). SubAB treatment is the method of choice
for BiP depletion in HeLa cells, providing an acute
and highly efficient depletion while maintaining robust
cell viability [19-20,23,38]. Therefore, the effect of BiP
depletion on ER import of pre-ERj3 was analyzed in
SubAB-treated HeLa cells under conditions of pre-
ERj3 overproduction. An inactive mutant variant of
SubAB served as control (SubAa»7,B) [23,38]. HeLa
cells were incubated in the presence of the pre-ERj3
expression plasmid for 25 h. During the last 9 h,
SubAB or SubAj,7,B was present and MG132 was
absent or present for the last 8 h. Efficient BiP deple-
tion caused massive accumulation of pre-ERj3 and
complete inhibition of mat-ERj3 and ERj3 formation
(Fig. 8A). Considering the effects of BiP depletion
(Fig. 8A) and the failed rescue of pre-ERj3 transport
by Sec63-H132Q (Fig. 6E,F), the data strongly suggest
that BiP and its cochaperone Sec63 cooperate in the
ER import of pre-ERj3. The comparison of MG132-
treated and untreated samples reiterates that nontrans-
ported precursors are degraded by the proteasome.

A similar set of samples was simultaneously treated
with tunicamycin, which inhibits N-glycosylation. BiP
depletion caused accumulation of pre-ERj3 and

Fig. 3. Identification of Sec62 clients and compensatory proteins by CRISPR/Cas9-mediated Sec62 depletion in HEK293 cells. (A) The
experimental strategy was as described in Fig. 2. Six negatively affected proteins of Sec62 depletion in Hela cells are indicated with red
numbers. (B) Knockout efficiencies were evaluated by western blot. Results are presented as % of residual protein levels (normalized to R-
actin) relative to control, which was set to 100%. We note that the full scans of the blots are shown at https://data.mendeley.com/datasets/
6s5hn73jcv/2 and that the particular western blot was done only once. However, the high reproducibility of western blots for Sec62 in
human cells was previously demonstrated [18,19] and is further substantiated here by the proteomic analysis. (C) Protein annotations of SP,
membrane location, and N-glycosylation in humans were extracted from UniProtKB and used to determine the enrichment of GO
annotations among the secondarily affected proteins. (D) Venn diagram for the overlap between negatively affected proteins after Sec62
depletion in HeLa and SEC62 knockout in HEK293 cells. Notably, there was a slight UPR activation, resulting in overproduction of ER-
lumenal chaperones (BiP, Grp94) and components involved in ER-associated protein degradation (EDEM3, SPPL2A), which we attribute to
the almost complete absence of the BiP cochaperone ER;3 (Table S12).
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Fig. 5. Validation of endogenous Sec62 and Sec63 clients by western blot. To validate the proteomic analysis for four Sec62 and Sec63
clients, Hela cells were treated with SEC62- or SEC63-UTR-targeting siRNA or control siRNA and subjected to SDS/PAGE and western
blot. (A) The dot plots depict steady-state protein levels, calculated as relative protein content in the targeting siRNA sample with the
individual control siRNA sample set to 100% (normalized to R-actin). Data points, the mean of at least three independent experiments, and
the standard error of the mean were visualized with GraPHPAD PRISM 5 software (GraphPad, San Diego, CA, USA). Statistical analysis and
graphical representation are described in Materials and methods. (B) Relevant sections of representative blots are shown; -actin served as
a control. We note that the full scans of all blots are shown at https://data.mendeley.com/datasets/6s5hn73jcv/2 and that blotting
membranes were horizontally cut into pieces prior to decoration with different antibodies. Therefore, the images had to be tightly cropped.

concomitant inhibition of ERj3 formation, measured on the presence of Sec63 and BiP plus the integrity of
as a lack of removal of the SP by ER-lumenal signal BiP’s binding site on Sec6la [18,23]. Therefore, we
peptidase. Therefore, the absence of pre-ERj3 SP addressed the question if the model for Sec61-channel
removal after BiP (Fig. 8A), Sec63, and Sec62 deple- gating by BiP can be confirmed for pre-ERj3 import
tion (Fig. 6C,E) is consistent with head-on insertion of into the ER in vivo. The BiP binding site in ER-lume-
the SP into the Sec6l channel. In the case of BiP nal loop 7 of Sec6la is a short helix with a highly con-

depletion, this assumption was supported by carbonate served twin-tyrosine motif and is sensitive toward the
extraction, too (Fig. 7C,D). Thus, pre-ERj3, which point mutation Y344H, which causes diabetes in
accumulated in the absence of BiP, may have also homozygous mice with the mutation [19,23,39]. Here,
been integrated into the ER membrane, consistent with we analyzed protein levels of ERj3, Sec62, and Sec63
head-on insertion of the SP and a function of all three in pancreas and liver tissue from homozygous Sec61o”",
components in Sec61-channel gating. heterozygous  Sec6lo”¥***H  and  homozygous

Based on in vitro ER protein import experiments, Sec61oY3H4H/Y344H mice (Fig. 8C,D). The presence of
the role of BiP in the early stages of import was char- the mutated Sec6la caused reduced ERj3 levels in
acterized as a role in Sec61-channel opening, where both organs, while the Sec62 and Sec63 levels were
BiP is recruited to the Sec61 channel via Sec63 and, unaffected or even increased. Thus, the BiP depen-
subsequently, interacts with ER-lumenal loop 7 of dence of ERj3 import into the mammalian ER and its
Sec6la as a substrate (Fig. 8B) [19,23]. Specifically, it action via Sec6la loop 7 interaction were confirmed in

was shown that ER import of ERj3 in vitro depends different tissues of adult animals.

Fig. 4. Identification of SecB3 clients and compensatory proteins by CRISPR/Cas9-mediated Sec63 depletion in HEK293 cells. (A) The
experimental strategy was as described in Fig. 2. Six negatively affected proteins of Sec62 depletion in HelLa and HEK293 cells are
indicated with red numbers. (B) Knockout efficiencies were evaluated by western blot. Results are presented as % of residual protein levels
(normalized to an unknown cross-reacting protein, termed reference) relative to control, which was set to 100%. We note that the full
scans of the blots are shown at https://data.mendeley.com/datasets/6s5hn73jcv/2 and that the particular western blot was done only once.
However, the high reproducibility of western blots for Sec63 in human cells was previously demonstrated [18-20]. (C) Protein annotations of
SP, membrane location, and N-glycosylation in humans were extracted from UniProtKB and used to determine the enrichment of GO
annotations among the secondarily affected proteins. (D) Venn diagram for the overlap between negatively affected proteins after Sec62
and Sec63 depletion in HEK293 cells. We note that there was no indication for UPR activation (Table S17).
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were analyzed by SDS/PAGE and western
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representative blot is shown. (B) The
cartoon depicts relevant Sec63 interactions
and Sec63 mutants (in red) used in the
complementation assay. (C-F) Human ERJ3
was overexpressed in Hela cells, which
had been treated with SEC62-UTR-targeting
siRNA (C, D), or SEC63-UTR-targeting
siRNA (E, F), or control siRNA, plus control
vector, or SEC62- or SEC63-expression
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consequences of depletion and plasmid
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To elucidate reasons for the observed dependencies of
pre-ERj3 import into the ER of human cells, several
mutant variants of pre-ERj3 were tested under the
described conditions in HeLa cells. In a first series of
experiments, the SP of pre-ERj3 was swapped for a
strong SP, the bovine preprolactin (PRL) SP, and,
alternatively, two domains of the mature region that
are adjacent to the SP were deleted, that is, either the
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target protein and the model protein ERj3;
{3-actin served as a control. Representative
blots are shown in C and E. (D, F) Dot plots
depict relative pre-ER]3 translocation
efficiencies, calculated as the proportion of
N-glycosylation of the total amount of
synthesized pre-ER|3 with the individual
control sample set to 100%. Statistical
analysis and graphical representation are
described in Materials and methods.
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J-domain (amino acid residues 23-91) or the glycine/
phenylalanine-rich domain (G/F-domain, amino acid
residues 92-127) (Fig. 9A) [40]. The three mutant vari-
ants were overproduced in comparison with the wild-
type (WT) precursor in HeLa cells under the various
depletion conditions. As expected, depletion of Sec62,
Sec63, or BiP caused accumulation of pre-ERj3 and
concomitant inhibition of mat-ERj3 formation
(Fig. 9B-E). In contrast, replacement of the pre-ERj3
SP by the PRL-SP and deletion of the J-domain both
resulted in reduced dependence of the resulting pre-
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Fig. 7. Cellular localization of pre-ERj3 in
the absence of Sec62, Sec63, or BiP. (A-D)
Human ERJ3 was expressed in Hela cells,
which had been treated with SEC62-UTR-
targeting siRNA (A, D), or SEC63-UTR-
targeting siRNA (D), or control siRNA (A, D),
or with active or inactive SubAB, in the
presence of MG132 (D). (A, D) After
semipermeabilization of the cells, the
conseqguences of depletion were analyzed
by either protease accessibility- (A, B) or
alkaline extraction- (C, D) analysis and
followed by SDS/PAGE and western blot for
the respective target protein, the model
protein ER]3, and calreticulin and the N-
glycosylated Grp170© as ER-lumenal marker
proteins; R-actin served as a control. In
protease accessibility, the proteases trypsin
and proteinase K were each present at final
concentrations of 50 pg-mL~". We note
that the full scans of the blots are shown at
https://data.mendeley.com/datasets/
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For each experimental condition, the
extraction efficiencies (%) of mat-ER|3 or
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summed-up intensities of the bands in S
plus P. Notably, two different images of the
same blot are shown for the three marker
proteins, the upper one representing a
longer exposure.
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ERj3 variants on Sec62, Sec63, and BiP. Deletion of
the G/F-domain had hardly any effect. However,
slightly different phenotypes were observed after deple-
tion of Sec62 and Sec63 as compared to depletion of
BiP. While the PRL-SP appeared to almost completely
override the Sec62 and Sec63 requirements, it partially
retained the requirement for BiP. The deletion of the
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J-domain, in contrast, almost fully rescued dependen-
cies from the three auxiliary components. Thus, the
mature domain, specifically the J-domain following the
SP, contributes to the BiP, Sec63, and Sec62 depen-
dence of pre-ER;j3.

Next, we focused on the J-domain, which comprises
four alpha helices with clusters of positively charged
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amino acid residues at the amino termini of helices 2
(1, KKAYRK) and 4 (35, KRK) (Fig. 10A). Deletions of
helices within the J-domain as well as mutant variants
were generated and tested in either CRISPR/Cas9-me-
diated SEC62- and SEC63-knockout HEK293 cells
[36] or SubAB-treated HeLa cells. In this second series
of experiments, either helices 1-3 or 2-3 within the J-
domain were deleted or two similar deletions were
combined with deletion of the cluster of positively
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charged amino acid residues at the amino terminus of
helix 4 (Fig. 10A). In addition, the cluster of positively
charged amino acid residues at the amino terminus of
helix 2 (,bLKKAYRK) was mutated to either a negative
cluster (EEAYEE) or an uncharged one (AAAYAA).
These six mutant variants were overproduced in com-
parison with the WT precursor, the SP swap mutant
variant, and the J-domain deletion mutant in HEK293
or HeLa cells. More effective depletion of Sec62 or
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Sec63 in CRISPR/Cas9-treated HEK293 cells caused
more effective accumulation of pre-ERj3 in the ER
membrane and concomitant inhibition of ERj3 import
into the ER (Fig. 10B,D), as compared to partial
depletion (Fig. 9B,C). Depletion of BiP in HeLa cells
had the above-described effect (Fig. 10C,E). Under
these more effective depletion conditions, replacement
of the pre-ERj3 SP by the PRL-SP resulted in partial
independence of the resulting pre-ERj3 variant on
Sec62, Sec63, and BiP (Fig. 10B-E). Furthermore,
deletion of the J-domain resulted in a similarly partial
Sec62 independence, but caused an almost complete
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independence on Sec63 and BiP (Fig. 10B-E). This
phenomenon becomes even more pronounced when
the other variants are considered. Replacement of the
positive cluster within helix 2, 4»KKAYRK, by
EEAYEE or AAAYAA did not affect Sec62 depen-
dence (Fig. 10B-E). However, replacement of
»KKAYRK by AAAYAA caused partial Sec63 and
BiP independence, and replacement of ;,,LKKAYRK by
EEAYEE, that is, a reversal of charges, caused almost
complete Sec63 and BiP independence. The additional
deletion mutant variants were only analyzed for BiP
dependence and led to a striking result. Not only did
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the two deletion variants of helices 1-3 phenocopy the
J-domain deletion, but also the movement of the posi-
tively charged cluster in helix 4 (3,KRK) to the previ-
ous position of the positively charged cluster of helix 2
(4, KKAYRK) retained BiP dependence (A37-80 vari-
ant, Fig. 10C,E). In contrast, this cluster did not cause
any harm when it was moved further upstream in the
A25-80 variant. Thus, it is not only the presence of
the positively charged cluster, but also the position of
this cluster what accounts for BiP dependence. Fur-
thermore, the inhibitory transport defect of the posi-
tive cluster is dominant over the effect of the weak SP
and most relevant for Sec63 and BiP dependence,

S. Schorr et al.

Previous in vitro studies of preproapelin suggest
that the ability of the CAM741 to inhibit the
Sec61-mediated ER import depends upon the SP
plus a positive cluster in the mature region [19,33].
Furthermore, it was shown that CAM741 sensitivity
of preproapelin and its underlying features correlate
with its BiP dependence, which we discussed in a
free energy diagram for Sec6l-channel gating [19].
We therefore explored the effect of CAM741 on the
ER translocation of pre-ERj3 in intact HeLa cells
and found it to be sensitive (Fig. 11A). In contrast,
the BiP-independent J-domain deletion variant of
pre-ERj3 resulted in a less CAM741-sensitive pre-

which represents an almost exact phenocopy of post- cursor, providing cellular support for the free
translational ER import of the small presecretory pro- energy diagram of Sec6l-channel gating (see
tein preproapelin [19]. Discussion).
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Characteristics of SP of Sec62/Sec63-dependent
precursors

To address the substrate spectrum of the Sec62/Sec63
complex in more detail, we analyzed the data for pre-
cursor polypeptides, which were negatively affected by
depletion of Sec62 and/or Sec63 in both cell types.
Including proteins, which did not meet the significance
threshold, the overlap of negatively affected precursor
polypeptides between Sec62- and Sec63-depleted
HEK?293 cells included 27 proteins, 16 with SP and 11
with TMH. Nine of these proteins were below the level
of detection in HeLa cells according to this analysis
and the literature and, therefore, could not be expected
in the overlap of clients between HEK293 and HeLa
(Table 2). Taking into account the overlap between
SEC62 and SEC63 silencing in HeLa cells (ERj3,
MAGTI, TGFBI) plus the Sec62 substrates (EPDRI,
FKBP10, LNPEP, PAHTM, SLC39A10, TAPBP), a
total of 36 precursor polypeptides appeared to be
dependent on the Sec62/Sec63 complex in human cells,
23 with SP and 13 with TMH (Table 2). We first ana-
lyzed the Sec62 and Sec63 substrates from the
HEK?293 cells with respect to the physicochemical
properties of their SP and TMH. SP of the 16 Sec62/
Sec63 clients showed weak tendencies toward lower
than average overall hydrophobicities (Fig. 11B) (Wil-
coxon rank test P = 0.23). However, when next ana-
lyzing the N-, H-, and C-regions of all 23 SP
(Table 2), a longer than average H-region (P = 0.01),
lower than average H-region hydrophobicity
(P =0.06), and a lower than average C-region polarity
(P = 0.02) were identified as the distinguishing features
for Sec62 plus Sec63 dependence (Fig. 11C-F). A simi-
lar phenomenon was not observed for TRAP-depen-
dent precursors [21] (Fig. 11C-F inserts).

Discussion

Partial or complete translocation through the Sec61
channel in the ER membrane is a crucial step during
the biogenesis of about one-third of all proteins in
eukaryotic cells [1-3]. The opening of this polypeptide-
conducting channel during early steps of translocation
is mediated by SP and TMH [4-7,26]. For productive
SP or TMH insertion into the Sec61 channel and con-
comitant opening of the Sec6l channel, a high
hydrophobicity/low AGP™ value for the H-region are
conducive [26]. H-region hydrophobicity is recognized
by the hydrophobic patch in the Sec6la transmem-
brane helices 2, 5, and 7, which line the lateral gate of
the channel [28]. The SP and TMH orientation in the
Sec61 channel follows the positive-inside rule, that is,

Substrate specific gating of the Sec61-channel

positively charged residues in the N-region support
loop insertion, while positively charged side chains
downstream of the SP or TMH interfere with loop
insertion and favor head-on insertion [26]. For precur-
sor proteins with slowly gating SP, opening of the
mammalian Sec61 channel is supported by allosteric
Sec61-channel effectors, that is, TRAP or the Sec62/
Sec63 complex [14-21].

Sec62 and Sec63 facilitate Sec61-channel
opening

This study was aimed at characterizing the function of
and rules of engagement for the Sec61-channel effec-
tors Sec62 and Sec63 in human cells. An established
unbiased proteomics approach [21] identified a total of
36 large precursor proteins as Sec62/Sec63 clients, 23
with SP and 13 with TMH, and, thus, demonstrated at
the cellular level that the complex is not only impor-
tant for posttranslational transport of small presecre-
tory proteins [41]. This interpretation is consistent with
both our recent observation in initial experiments,
where SRP54 depletion in HeLa cells also negatively
affected ER import of pre-ERj3 (data not shown) plus
with the finding that nascent — that is, ribosome-bound
— polypeptide chains of pre-ERj3 recruit Sec62 and
Sec63 to the Sec6l channel in vitro [29], and with
Sec62’s ribosome binding site [37]. Thus, there may be
a sequential binding of SR and Sec62 to the Sec6l
complex. The SP-comprising precursors included N-
glycoproteins as well as nonglycoproteins and mem-
brane proteins as well as soluble proteins (Table 2). In
comparison with all human SP, SP of Sec62/Sec63 cli-
ents showed weak tendencies toward lower than aver-
age overall hydrophobicities and have longer but less
hydrophobic H-regions plus lower C-region polarity.
Since H-region hydrophobicity is recognized by the
hydrophobic patch in Sec6la [28], we suggest that
sampling of SP of the precursors with longer but less
hydrophobic H-regions on the ER membrane’s cytoso-
lic face triggers recruitment of the Sec62/Sec63 com-
plex to the Sec61 channel, thereby supporting channel
opening [29]. Notably, lower SP hydrophobicity has
previously been found to be crucial for Sec62/Sec63
involvement in yeast [42]. Therefore, we also subjected
SP from Saccharomyces cerevisiae and Escherichia coli
to segmentation and observed that, in contrast to SP
of bacterial precursors, those in yeast are more hetero-
geneous in H-region hydrophobicity, more than half
showing a lower hydrophobicity (a value of 2 in aver-
age) and the remaining being similar to the majority of
human SP (Fig. 12A-D). Strikingly, the SP of the veri-
fied SRP-independent and, therefore, Sec72/71/63/62-
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of MG132. The consequences of CAM741 treatment were analyzed by SDS/PAGE and western blot for the model protein ERj3 (anti-HA-
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dependent yeast precursors [42] all fall into the group
with lower H-region hydrophobicity (Fig. 12C), just as
we have observed here for Sec62/Sec63 clients in
human cells (Fig. 11E). Comparison of the shape of
the H-region hydrophobicity curves for yeast and
human SP suggests that the proportion of Sec62 and
Sec63 substrates in human cells is much lower as com-
pared to yeast, that is, only for yeast, the peak shows
two distinct maxima, the one with higher H-region
hydrophobicity overlapping with the single maximum
of human SP. Overall, this is consistent with the com-
paratively low number of Sec62/Sec63 substrates,
which we identified here (Table 1).

For one human Sec62/Sec62 client, ERj3, we found
that replacing its SP with the strong SP from bovine
preprolactin partially overcomes the Sec62/Sec63
dependence, consistent with the SP playing a major
but not exclusive role (Fig. 9). As it turned out, a
patch of positive charges downstream of the SP, which
may force the precursor to follow the positive-inside
rule in the absence of Sec62/Sec63, contributes to the
Sec63 plus the additional BiP requirement and to a
lower extent to the Sec62 requirement (Fig. 12E).
However, the additional contribution of the mature
region plus the additional BiP requirement may not be
relevant to all Sec62/Sec63 clients and not all of them
have such positive patches downstream of the SP.
Such patches can, for example, be found in PDIAS
(19KKLLRT), RNaseT2 (KRLR), and TGFBI
(1sRLRGR), but not in FKBP10, SDF2, and TMEDS.

For the BiP-independent mechanism, the structural
analysis of the yeast Sec62/Sec63 complex [24,25] sug-
gests that Sec63 supports Sec61-channel opening by
various interactions, for example, by wedging of the
Sec63 N terminus between loop 5 of Sec61 o and
Sec61y. For the BiP-dependent mechanism, binding of
BiP to loop 7 of Sec61a supports Sec61-channel gating
to the open state, which may be best interpreted with
a free energy diagram for Sec6l-channel gating
(Fig. 12F) [19,23]. Both mechanisms are reminiscent of
the putative TRAP mechanism, where Sec61-channel
opening is mediated by direct interaction of the ER-lu-
menal domains of the TRAP o- and B-subunits with
loop 5 of Sec6la [21]. Low SP hydrophobicity plus
long H-region may be the shared features between the
respective precursors. Interestingly, nine of the Sec62-
or Sec62/Sec63-dependent precursor polypeptides were
previously found among the TRAP-dependent proteins
after TRAP depletion [21], possibly hinting at some
overlapping but nonidentical functions of the two ER
membrane protein complexes in Sec61-channel opening
(Table 2). This view is consistent with overexpression

Substrate specific gating of the Sec61-channel

of the SSR2 gene under conditions of Sec62 depletion
(Fig. 1).

We suggest that nontranslocated ERj3 precursor
polypeptides first accumulating at the Sec61 channel in
the absence of Sec62, Sec63, or BiP may incorrectly
insert into the ER membrane head-on as an integral
membrane protein with type Ia topology (Ngr-tumen-
Ceytosol)- The same phenomenon has previously been
reported for the Sec62 client [17] preproinsulin with a
SP mutation (R6C) [43] and—based on in vitro experi-
ments—suggested for the posttranslational ER import
of preproapelin [19] and the cotranslational ER import
of the prion protein precursor [20]. Strikingly, in the
case of the small presecretory protein prestatherin,
which lacks a positively charged cluster in the mature
region, the Sec62/Sec63 complex was sufficient for effi-
cient translocation [19].

Overall, these results raise the possibility that SP
with extended but less hydrophobic H-region depends
on a Sec62/Sec63-regulated access to the ER lumen in
human cells. Notably, Sec63 and Sec62 are subject to
phosphorylation and Ca”*-binding, respectively [44,45],
representing yet another analogy to the TRAP com-
plex [21]. Thus, these modifications are candidates for
Sec62/Sec63 and ER protein import regulation, that is,
the different requirements of different precursors may
provide a basis for dual intracellular location of pro-
teins, such as ERj6 (DNAJC3) [46-48], a Sec62 client
in HEK?293 cells and in HeLa cells, where, however, it
did not meet the stringent significance threshold
(Table S11).

Sec61 channelopathies

In the course of the last 10 years, several human dis-
eases were linked to subunits or auxiliary components
of the Sec61 complex [5]. These diseases have in com-
mon that they affect the gating of the Sec61 channel,
that is, its opening or closing or both, and, therefore,
were termed Sec61 channelopathies [49]. They include
common variable immune deficiency and tubolo-inter-
stitial kidney disease, which were linked to different
mutations in the SEC61A41 gene [50,51], and autoso-
mal dominant PLD and congenital disorders of glyco-
sylation (CDG), which were linked to mutations in the
SEC63 and the SSR3 and SSR4 genes, respectively
[21-22,35]. The heterozygous SEC61A1-V85D muta-
tion, for example, decreases ER protein import and
increases passive ER calcium efflux via the Sec61 chan-
nel, the latter contributing to the short half-life of
plasma cells and, therefore, hypogammaglobulinemia
[50]. Interestingly, the homozygous SEC61A1-Y344H
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mutation has the same effect on cellular calcium home-
ostasis but decreases ER protein import in a substrate-
specific manner and causes the short half-life of pancre-
atic B-cells and diabetes in mice [23,39]. Since Sec63 and
the TRAP complex, coded for by the four SSR genes,
both support Sec61l-channel opening in a substrate-
specific manner, the respective disease-linked mutations
impair ER import of only a subset of precursors pro-
teins, including certain serum glycoproteins in the case
of the TRAP complex and the two plasma membrane
proteins polycystins I and II in the case of Sec63 [35].
The reduced level of these two polycystins was pro-
posed to result in the loss of planar cell polarity of
cholangiocytes and, thus, cyst formation in the liver.
Originally, the latter was attributed to the possible
direct role of Sec63 in integration of the two polycystins
into the ER membrane. In light of the results, which

Course of reaction free energy.

were presented here, we speculate that it is at least as
likely that loss of Sec63 function in patient liver cells
impairs ER import of ERj3, which represents one of the
central players in protein folding in the ER, and that
the reduced levels of ERj3 indirectly cause polycystin
misfolding and the disease phenotype. This would easily
explain why loss of function mutations in the PRKCSH
gene, which codes for the B-subunit of glucosidase 11—
that is, a central player in glycoprotein folding in the
ER, also cause PLD [35,52].

Materials and methods

Materials

SuperSignal West Pico Chemiluminescent Substrate
(#34078) was purchased from Pierce™, Thermo Fisher
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Scientific, Darmstadt, Germany. ECL™ Plex goat anti-rab-
bit IgG-Cy5 (PA45011, used dilution 1 : 1000) and ECL™
Plex goat anti-mouse IgG-Cy3 conjugate (PA43009, used
dilution 1 : 2500) were purchased from GE Healthcare,
Freiburg, Germany. Horseradish peroxidase-coupled anti-
rabbit IgG from goat (A 9044, used dilution 1 : 10 000)
and horseradish peroxidase-coupled anti-mouse IgG from
goat (A 8275, used dilution 1 :1000) were from Sigma-
Aldrich, Taufkirchen, Germany. We purchased murine
monoclonal antibodies against B-actin (Sigma-Aldrich,
A5441, used dilution 1 : 10 000), HA-tag (BioLegend,
Thermo Fisher Scientific, 901515, used dilution 1 : 1000),
the mycDDK-tag (Origene, Amsbio, Frankfurt, Germany,
TAS0011), and rabbit polyclonal antibodies against
FKBP10 (Proteintech, Rehlingen-Siersburg, Germany,
12172, used dilution 1 : 1000), PDIAS5 (Proteintech, 15545,
used dilution 1 : 300), and RNaseT2 (Proteintech, 13753,
used dilution 1 : 1000). Additional rabbit antibodies were
raised against purified canine proteins (calreticulin, used
dilution 1 : 250; GRP170, used dilution 1 : 500); recombi-
nant human protein (Sec63AN380, used dilution 1 : 500);
the carboxy-terminal peptides of human Sec6la (CKEQ-
SEVGSMGALLF, used dilution 1:250), Sec62
(CGETPKSSHEKS, wused dilution 1:500), and ERj3
(CGSVQKVYNGLQGY, used dilution 1 :250) with an
additional amino-terminal cysteine; and the amino-terminal
peptide of BiP (EEEDKKEDVGTVC, used dilution
1 : 500) with an additional carboxy-terminal cysteine. The
antibody directed against ERj3 was affinity-purified on Sul-
foLink-immobilized peptide (Thermo Fisher Scientific).
Antibody quality was previously documented [53,54]. We
note that the full scans of the blots are shown in Supple-
mentary information (https://data.mendeley.com/datasets/
6s5hn73jcv/2). MGI132 and tunicamycin were obtained
from Calbiochem, Merck, Darmstadt, Germany (#474790,
#654380).

Animals

Wild-type (C57BL/6J) and Sec610¥***H mutant (C57BL/6J-
Sec61a1™ KTy mice were purchased from The Jackson
Laboratory (Charles River Laboratories, Sulzfeld, Ger-
many) to establish a colony in our SPF animal facility [39].
Mouse genotyping was carried out on ear punches by
Eurofins Genomics GmbH, Ebersberg, Germany. Animals
had free access to tap water, were fed with standard chow
(V1185-300 during breeding, otherwise V1534-300, ssniff-
Spezialdiaten GmbH, Soest, Germany), and sacrificed for
organ collection at various ages by an overdose of anesthet-
ics [ketamine (Ursotamin™; Serumwerk Bernburg AG,
Bernburg, Germany) plus xylazine (Rompun™; Bayer AG,
Leverkusen, Germany)]. All animal experiments were per-
formed in accordance with the German legislation on pro-
tection of animals (§ 8 TierSchG), the EU Directive 2010/
63/EU, and the National Institutes of Health Guidelines
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for the Care and Use of Laboratory Animals (NIH Publi-
cation #85-23 Rev. 1985) and were approved by the local
governmental animal care committee (approval number 25/
2014).

Cell manipulations

HeLa cells (DSM No. ACC 57) were obtained from the
German Collection of Microorganisms and Cell Cultures
GmbH, Braunschweig, Germany, routinely tested for
mycoplasma contamination by VenorGeM Mycoplasma
Detection Kit (Biochrom GmbH, Berlin, Germany), and
replaced every 5 years by a new batch. They were culti-
vated at 37 °C in a humidified environment with 5% CO,,
in Dulbecco’s modified Eagle’s medium (DMEM) with
10% FBS (Sigma-Aldrich) and 1% penicillin and strepto-
mycin.

For transient gene silencing, 5.2 x 10° HeLa cells were
seeded per 6-cm culture plate, followed by incubation under
normal culture conditions [18]. For SEC62 or SEC63 silenc-
ing, the cells were transfected with a final concentration of
20 nm targeting siRNA (Qiagen, Hilden, Germany) or
20 nm AllStars Negative Control siRNA (Qiagen) using
HiPerFect Reagent (Qiagen) following the manufacturer’s
instructions. The targeting siRNAs had the following
sequences: SEC62-siRNA, GGCUGUGGCCAAGUAU-
CUUdTdT; SEC62-UTR-siRNA, CGUAAAGUGUAUU-
CUGUACATAT; SEC63-UTR-siRNA#1, GGGAGGUGU
AGUUUUUUUAJATAT; and SEC63-UTR-siRNA#2, CAG
CUUUAGUUUUAGCAAAJATAT. After 24 h, the medium
was changed and the cells were transfected a second time. In
each case, silencing was performed for a total of 96 h. BiP-
depleted cells were obtained by treating HeLa cells with the
subtilase cytotoxin SubAB, which specifically inactivates
BiP, at a final concentration of 1 pg-mL~" for 9 h [23,38].
Control cells were treated with SubAa»7,B, an inactive
mutant form of SubAB.

To rescue the phenotype after SEC62 or SEC63 silenc-
ing, the corresponding human cDNAs were inserted into
the multicloning sites of a pCDNA3-IRES-GFP [55]. Cells
were treated with SEC62-UTR or SEC63-UTR siRNA as
described above for 96 h. Six hours after the second trans-
fection, the siRNA-treated cells were transfected with either
vector or expression plasmid using FuGENE HD (Pro-
mega, Heidelberg, Germany).

For construction of the guide RNA-Cas9 plasmid, lenti-
CRISPRv2-puro system (Addgene 52961) was obtained from
Addgene, Teddington, UK [36]. The target sequences for
guide RNA were synthetized by Microsynth and corre-
sponded to +242 to +261 and +83 to +102 nucleotides from
the transcriptional start site of human Sec62 (GI: 1928972)
and Sec63 (GI:3978516), respectively. Two annealed oligonu-
cleotides were inserted into lentiCRISPRv2-puro vector
using the BsmBI restriction site. The plasmid was transfected
with jetPRIME (Polyplus, Illkirch, France) into Flp-In™ T-
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REx™ HEK293-inducible cells (Invitrogen, Thermo Fisher
Scientific) according to the manufacturer’s instructions to
generate CRISPR lines. The cells were cultured in DMEM
supplemented with 10% FBS, 100 pgmL~" zeocin, and
15 pgmL~" blasticidin. Two days after transfection, the
medium was changed with addition of 2 pg-mL~! puromy-
cin. Puromycin-resistant clones were picked after 10 days.

Cell analysis

Growth rates and viability were determined by employing
the Countess® Automated Cell Counter (Invitrogen).
Silencing efficiencies were evaluated by western blot using
the respective antibodies and an anti-B-actin antibody for
sample comparison. Primary antibodies were visualized
with ECL™ Plex goat anti-rabbit IgG-Cy5 conjugate (for
BiP, Grpl70, Sec62, and Sec63) or ECL™ Plex goat anti-
mouse [gG-Cy3 conjugate (B-actin) using the Typhoon Trio
imaging system combined with IMAGEQUANT TL software 7.0
(GE Healthcare). Alternatively, peroxidase-coupled anti-
rabbit IgG (for BiP, calreticulin, ERj3, FKBP10, Grpl70,
PDIAS, RNaseT2, Sec6la, Sec62, and Sec63) or peroxi-
dase-coupled anti-mouse IgG (for FLAG-tag, HA-tag) was
employed in combination with SuperSignal West Pico
Chemiluminescent Substrate and the Fusion SL (Peqlab,
Erlangen, Germany) luminescence imaging system with
accompanying software.

For plasmid-driven overproduction of model precursor
polypeptide pre-ERj3 and its mutant variants, HeLa cells
were cultured in the presence of siRNA for a total of 96 h.
After 72 h, the cells were transfected with either (a) the
pCDNA3-IRES-GFP vector, comprising the human ERJ3
cDNA [55] or its mutant variant (PRL-SP ERj3 construct),
or (b) the pCMV6AC-IRES-GFP vector, comprising the
human ERJ3 cDNA or its mutant variants with an addi-
tional carboxy-terminal FLAG-tag (AJ, PRL-SP ERj3, and
all site-directed mutants), or (c¢) the HA-DSL vector, com-
prising the murine £RJ3 cDNA or its deletion mutant vari-
ants with an additional carboxy-terminal HA-tag (AJ and
AG/F) [40], using FuGENE HD. After 88 h, tunicamycin
(2 pgmL™") and/or MG132 (10 pm) were added where
indicated. The human mutant variants were generated by
SOE-PCR and cloned into the pPCMV6AC-IRES-GFP vec-
tor. All constructs were validated by DNA sequencing.
Notably, human (GenBank: CAG33377.1) and murine
(GenBank: AAH40747.1) pre-ERj3 are 98% identical at
the amino acid sequence level.

Semipermeabilized cells were prepared from equal cell
numbers by washing in PBS and subsequent treatment with
digitonin for 5 min at 0 °C'®. A pellet of 20 x 10° cells
was resuspended in 1 mL ice-cold KHM buffer (110 mm
potassium acetate, 2 mM magnesium acetate in 20 mMm
HEPES/KOH, pH 7.2) and supplemented with 22 pL digi-
tonin stock solution (40 mg-mL~' DMSO). Where indi-
cated, sequestration assays were performed with 50 pL
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aliquots for 60 min at 0 °C in 80 mM sucrose supplemented
or not with combinations of proteinase K (50 pg-mL™")
plus trypsin (50 pg-mL~") and Triton X-100 (0.1%) or
H,O as indicated. Proteolysis was stopped by the addition
of phenylmethylsulfonyl fluoride (final
20 mm), and incubation continued for 5 min at 0 °C. Alter-
natively, semipermeabilized cells were subjected to alkaline
extraction. For this, cells from 100 pL aliquots were re-iso-
lated by centrifugation, resuspended in 100 mMm sodium car-
bonate (pH 11.5), and incubated for 1 h at 4 °C.
Subsequently, the solution was subjected to centrifugation
for 1 h at 200 000 g and 2 °C to separate the extracted
from integral membrane proteins.

concentration:

Label-free quantitative proteomic
analysis

After growth for 96 h, 1 x 10° cells (corresponding to
roughly 0.2 mg protein) were harvested, washed twice
in PBS, and lysed in buffer containing 6 m GnHCI,
20 mm tris(2-carboxyethyl)phosphine (TCEP; Pierce™,
Thermo Fisher Scientific), and 40 mm 2-chloroac-
etamide (CAA; Sigma-Aldrich) in 100 mm Tris, pH 8.0
[21]. The lysate was heated to 95 °C for 2 min and
then sonicated in a Bioruptor sonicator (Diagenode,
Seraing, Belgium) at the maximum power setting for
10 cycles of 30 s each. For a 10% aliquot of the sam-
ple, the entire process of heating and sonication was
repeated once, and then, the sample was diluted 10-
fold with digestion buffer (25 mm Tris, pH 8, 10%
acetonitrile). Protein extracts were digested for 4 h
with lysyl endoproteinase Lys-C (Wako Bioproducts;
Fujifilm, Neuss, Germany, enzyme-to-protein ratio:
1 : 50), followed by the addition of trypsin (Promega)
for overnight digestion (enzyme-to-protein ratio:
1 :100). The next day, booster digestion was per-
formed for 4 h using an additional dose of trypsin (en-
zyme-to-protein ratio: 1 : 100). After digestion, a 10%
aliquot of peptides (corresponding to about 2 pg of
peptides) were purified via SDB-RPS StageTips [56],
eluted as one fraction, and loaded for mass spectrome-
try analysis. Purified samples were loaded onto a 50-
cm column (inner diameter: 75 microns; packed in-
house with ReproSil-Pur C18-AQ 1.9-micron beads,
Dr. Maisch HPLC GmbH, Ammerbuch, Germany)
via the autosampler of the Thermo EASY-nLC 1000
(Thermo Fisher Scientific) at 60 °C. Using the nano-
electrospray interface, eluting peptides were directly
sprayed onto the benchtop Orbitrap mass spectrometer
Q Exactive HF (Thermo Fisher Scientific) [57]. Pep-
tides were loaded in buffer A (0.1% (v/v) formic acid)
at 250 nL-min~' and the percentage of buffer B was
ramped to 30% over 180 min, followed by a ramp to
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60% over 20 min, then 95% over the next 10 min,
and maintained at 95% for another 5 min [58]. The
mass spectrometer was operated in a data-dependent
mode with survey scans from 300 to 1700 m/z (resolu-
tion of 60 000 at m/z = 200). Up to 15 of the top pre-
cursors were selected and fragmented using higher
energy collisional dissociation with a normalized colli-
sion energy value of 28 [59]. The MS2 spectra were
recorded at a resolution of 17 500 (at m/z = 200).
AGC target for MS and MS2 scans was set to 3E6
and 1ES, respectively, within a maximum injection
time of 100 and 25 ms for MS and MS2 scans, respec-
tively. Dynamic exclusion was enabled to minimize
repeated sequencing of the same precursor ions and set
to 30 s [99].

Raw data were processed using the MaxQuant com-
putational platform [60]. The peak list was searched
against human UniProt databases, with an initial pre-
cursor mass deviation up to 4.5 p.p.m. for main search
and an allowed fragment mass deviation of 20 p.p.m.
[58]. MaxQuant by default enables individual peptide
mass tolerance and was used in the search. Cysteine
carbamidomethylation was set as the static modifica-
tion, and methionine oxidation and N-terminal acety-
lation as variable modifications. The match between
the run feature was enabled, and proteins were quanti-
fied across samples using the label-free quantification
(LFQ) algorithm in MaxQuant [61] as LFQ intensities.
Notably, LFQ intensities do not reflect true copy num-
bers because they depend not only on the amounts of
the peptides but also on their ionization efficiencies;
thus, they only served to compare abundances of the
same protein in different samples [60-62]. The mass
spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [63]
partner repository at http://www.ebi.ac.uk/pride/arc
hive/projects/Identifiers with the dataset identifiers:
PXDO008178, PXD011993, and PXD012078.

Experimental design and statistical rationale for
proteome data

Data processing was carried out as previously
described [21]. Each HeLa cell MS experiment con-
tained three groups of samples: one control and two
silencing experiments (downregulation by two different
siRNAs). Each group consisted of three data points
(replicates). All proteins having only one or zero valid
data points for the control condition were neglected.
For Sec62, only proteins that were detected in both
silencing experiments were considered. Missing data
points were generated by imputation [21], whereby we
distinguished two cases. For proteins that were
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completely missing (lacking any valid data point) in
one silencing condition, imputed data points were ran-
domly generated in the bottom tail of the whole pro-
teomics distribution following the strategy of the
PERSEUS software (http://www.perseus-framework.org)
[64]. For proteins having at least one valid MS data
point in one condition, missing data points were gener-
ated with the local least squares imputation method
[65]. Gene-based quantile normalization was applied to
homogenize the abundance distributions of each pro-
tein with respect to statistical properties. To identify
which proteins were affected by the knockdown of the
targeted proteins (Sec62 and Sec63) in siRNA-induced
cells, we log2-transformed the ratio between siRNA
and control samples and conducted two separate t-
tests for each siRNA against the control sample [21].
The P-value was corrected by a permutation false dis-
covery rate (FDR) test. Proteins with FDR lower than
5% were considered significantly affected by the silenc-
ing of the targeted proteins. Afterward, the results
from the two #-tests were intersected for further analy-
sis. All statistical analysis was done using the R pack-
age SAM (http://www-stat-class.stanford.edu) [66].
The HEK?293 cell MS experiments were analyzed simi-
larly.

Protein annotations of SP, transmembrane regions,
and N-glycosylation sites in humans and yeast were
extracted from UniProtKB entries using custom
scripts. Using custom scripts, we computed the
hydrophobicity score and glycine/proline (GP) content
of SP and TMH sequences. A peptide’s hydrophobic-
ity score was assigned as the average hydrophobicity
of its amino acids according to the Kyte—Doolittle
propensity scale (averaged over the sequence length)
[67]. GP content was calculated as the total fraction of
glycine and proline in the respective sequence [21].
AG,,,, values of SP and TMH were calculated with the
AG,p, predictor for TM helix insertion (http://dg
pred.cbr.su.se).

Signal peptides segmentation prediction was carried
out using two alternative approaches. In the first
approach, we used the well-established prediction tool
Phobius [68] to identify N-region, H-region, and C-re-
gion of all SP (n = 2876). Based on this, we calculated
the total net charge of the N-region, the polarity of
the C-region, and the hydrophobicity and absolute
length of the H-region. The polarity score of a single
peptide was calculated as the averaged polarity of its
amino acids according to the polarity propensity scale
derived by Zimmerman et al. [69]. The hydrophobicity
score was calculated in the same fashion using the
Kyte—Doolittle propensity scale [67]. In the second
approach (n = 3528), we adopted the sliding window
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method described by Kyte—Doolittle [67] to calculate a
window-averaged hydrophobicity score for each amino
acid (n = 4 residues on each side around the central
residue). A stretch of continuous amino acids which
all have a window-averaged hydrophobicity score
higher than a certain threshold is considered as the H-
region of the SP. An optimal hydrophobicity threshold
was derived by applying the same sliding window
method to the central 50% portion of all transmem-
brane domains (TMD set) and all SP set annotated for
the human proteome in UniProt. The threshold 0.41
gave the best agreement of mean and variance between
SP set and TMD set. Around the H-region identified
for an SP with this optimal threshold, the remaining
upstream and downstream portions of the SP were
considered as N-region and C-region, respectively. The
physicochemical properties of the C-, H-, and N-re-
gions were then analyzed similarly as for the first
approach.

Experimental design and statistical rationale for
other data

Dot plots depict relative protein amounts or transloca-
tion efficiencies, calculated as the proportion of N-gly-
cosylation and/or SP cleavage of the total amount of
synthesized precursors with the individual control sam-
ple set to 100%. Data points, the mean of at least
three independent experiments, and the standard error
of the mean were visualized with GRAPHPAD PRISM 5
software. For statistical comparison between a treat-
ment group and the corresponding control, a Student’s
t-test was used. To compare between multiple precur-
sor variants or treatment groups, one-way ANOVA
was performed including the post hoc Dunnett or
Newman—Keuls test, respectively, using normalized
values. Significance levels are given as follows:
P < 0.001 (***), P <0.01 (**), P <0.05 (*).
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