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ABSTRACT
In mammalian cells, one-third of all polypeptides is transported into or through the ER-membrane
via the Sec61-channel. While the Sec61-complex facilitates the transport of all polypeptides with
amino-terminal signal peptides (SP) or SP-equivalent transmembrane helices (TMH), the translo-
cating chain-associated membrane protein (now termed TRAM1) was proposed to support trans-
port of a subset of precursors. To identify possible determinants of TRAM1 substrate specificity,
we systematically identified TRAM1-dependent precursors by analyzing cellular protein abun-
dance changes upon TRAM1 depletion in HeLa cells using quantitative label-free proteomics. In
contrast to previous analysis after TRAP depletion, SP and TMH analysis of TRAM1 clients did not
reveal any distinguishing features that could explain its putative substrate specificity. To further
address the TRAM1 mechanism, live-cell calcium imaging was carried out after TRAM1 depletion
in HeLa cells. In additional contrast to previous analysis after TRAP depletion, TRAM1 depletion did
not affect calcium leakage from the ER. Thus, TRAM1 does not appear to act as SP- or TMH-
receptor on the ER-membrane’s cytosolic face and does not appear to affect the open probability
of the Sec61-channel. It may rather play a supportive role in protein transport, such as making the
phospholipid bilayer conducive for accepting SP and TMH in the vicinity of the lateral gate of the
Sec61-channel.
Abbreviations: ER, endoplasmic reticulum; OST, oligosaccharyltransferase; RAMP, ribosome-
associated membrane protein; SP, signal peptide; SR, SRP-receptor; SRP, signal recognition parti-
cle; TMH, signal peptide-equivalent transmembrane helix; TRAM, translocating chain-associated
membrane protein; TRAP, translocon-associated protein.
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Introduction

In mammalian cells, the endoplasmic reticulum (ER)
membrane is a major site for membrane protein
biogenesis and for most soluble proteins the entry
point into compartments of the secretory pathway
[1–5]. Protein transport into the mammalian ER
involves various transport components and precursor
polypeptides with amino-terminal signal peptides
(SP) or SP-equivalent transmembrane helices
(TMH) [6–9]. In cotranslational transport, the signal
recognition particle (SRP) recognizes SP and TMH of
nascent precursor polypeptides emerging from cyto-
solic ribosomes, and the resulting SRP/ribosome/nas-
cent chain complex is recruited to the ER membrane
by the SRP receptor (SR) [10,11]. The precursor poly-
peptides are next inserted into the Sec61-complex, i.e.
the polypeptide-conducting channel of the ER

membrane (Figure 1a) [12–30]. According to the
current view on the opening of the Sec61-channel,
SP, or TMH of nascent precursor polypeptides inter-
calate between the Sec61α transmembrane helices 2
and 7, displace helix 2, and open the “lateral gate” of
the Sec61 complex, which is formed by these two
transmembrane helices [16,18,23]. Subsequently, the
nascent chain can be fully inserted into the Sec61-
channel, either in “hairpin” (where the amino-
terminus of the SP or TMH stays in the cytosol) or
“head-first” configuration (where the amino-
terminus of the SP or TMH reaches into the ER
lumen), and initiate translocation [27–29]. In either
case, the full channel opening may or may not require
support from auxiliary transport components (Figure
1a). Elegant in vitro experiments with purified com-
ponents in proteoliposomes demonstrated that at
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Figure 1. Putative position of TRAM1 in the ER membrane and experimental strategy for the identification of TRAM1 clients and
compensatory proteins by TRAM1 depletion in HeLa cells.
(a) 3D structure of the native ER-associated 80S ribosome together with Sec61-complex (not visible due to the absence of soluble
domains of relevant size), TRAP-complex (red ER luminal density), and OST (red ER luminal density) [20], both identified by siRNA-
mediated depletion from HeLa cells and subsequent CET, as well as a non-ribosomal density (shown in red at the interface of the
two ribosomal subunits) that potentially corresponds to canonical translation elongation or termination factors. (b) Spatial
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least for some precursor polypeptides (such as bovine
preprolactin) SR and Sec61 complex are sufficient to
initiate ER import [13]. In contrast, other precursor
polypeptides with inefficient SP or TMH rely on
Sec61-auxiliary and -associated membrane compo-
nents, such as the translocon-associated protein
(TRAP) complex [31–38] and/or the translocating
chain-associated membrane protein (TRAM)
[39–48], which is now termed TRAM1 because of
the discovery of close homologs, TRAM1L1 and
TRAM2 (Figure 2) [49,50]. Interestingly, TRAM2
has been described to be involved in collagen type
I biogenesis [49] and to invert the topology of trans-
membrane helices that do not promote a specific
initial orientation in the membrane [50]. However,
TRAM1 function and mechanism as well as its rules
of engagement remained largely unknown.

Originally, TRAP complex and TRAM1 were
described together with Sec61-complex and the
multimeric enzyme oligosaccharyltransferase
(OST) as ribosome-associated membrane proteins
(RAMP) in canine pancreatic rough microsomes,
supporting the notion that TRAP complex and
TRAM1 are in close proximity to Sec61 complexes
[13]. TRAM1, however, was more easily displaced
from the ribosomes as compared to the other three
membrane protein complexes, suggesting that it
may be more loosely associated with ribosomes
and the other three components. In the canine
pancreatic rough microsomes TRAM1, TRAP
complex, and Sec61 complex were found in
approximately stoichiometric amounts [47].
Information on the composition of the native pro-
tein transport machinery in the ER membrane
came from fluorescence resonance energy transfer
(FRET) experiments, which employed fluores-
cently labeled antibodies against transport compo-
nents, permeabilized canine cells, and fluorescence
microscopy [48]. According to this cell biological
approach, the TRAP complex and TRAM1 protein
are permanently in close proximity to Sec61

complexes. Notably, a permanent association of
ribosome-associated Sec61 complexes with TRAP
and OST was also confirmed in the 3D-
reconstructions after cryoelectron tomography
(CET) of native translocons in rough microsomes,
derived from canine pancreas or human cells, and
even in intact cells [20–22,25,26] (Figure 1a,b).
However, efforts to pinpoint the position of
TRAM1 using 3D-reconstructions after CET of
native translocons from TRAM1 depleted versus
untreated HeLa cells remained unsuccessful, most
likely because it does not comprise lumenal or
cytosolic domains large enough for identification
by CET [20,21].

TRAM1, an eight-transmembrane domain ER pro-
tein, belongs to a protein family, which is character-
ized by the presence of the TRAM/LAG1/CLN8
homology (TLC) domain and is postulated to bind
ceramide or related sphingolipids (Figure 2) [48].
Originally, it was discovered by the crosslinking of
nascent presecretory proteins early in their transloca-
tion into the ER [39]. Subsequently, it was also found
to interact with nascent membrane proteins during
their initial integration into the Sec61-channel
[40–42,45,46]. A more recent radiolabelling approach
employed crosslinking of stalled precursor polypep-
tide chains in transit through the canine pancreatic ER
membrane and subsequent two-dimensional gel elec-
trophoresis plus mass spectrometric analysis [30]. As
expected based on both the FRET experiments and
previous cross-linking studies with nascent bovine
preprolactin chains, preprolactin was found in com-
plex with Sec61 complex, TRAP, TRAM1, and OST
also under these conditions.

Traditionally, the substrate specificities ofmamma-
lian protein transport components (e.g., the TRAP-
complex and TRAM1) have been investigated in
cell-free translation reactions in which a small set of
model precursor proteins is synthesized one-by-one in
the presence of proteoliposomes or in pulse/chase
experiments in human cells that overproduce the

organization of OST, Sec61 (with transmembrane domains), and TRAP in the translocon as seen from the ER lumen. For TRAP and
OST, membrane anchors (TM regions) and lumenal segments (pink lines) from the native translocon, as well as TM density from the
solubilized translocon, were projected onto the membrane plane. The ribosomal tunnel exit for nascent polypeptide chains (red dot
labeled peptide exit) and the putative position of TRAM1 opposite of the lateral gate of the Sec61-channel are indicated, together
with additional not-annotated electron densities in the plane of the membrane. (c) The experimental strategy was as follows: siRNA-
mediated gene silencing using two different siRNAs for the target and one non-targeting (control) siRNA, respectively, with six
replicates for each siRNA in two independent experiments; 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 proteins).
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model precursor of interest [32,36,43]. These
approaches are suitable for addressing whether or
not a certain component can stimulate ER import of
a given precursor polypeptide. However, due to the
focus of these experimental strategies on a single pre-
cursor, they fail to clearly define the characteristics of

precursor polypeptides that lead to TRAM1- or
TRAP-dependence and they certainly don´t give
insights into whether or not this is relevant under
cellular conditions with much faster translation rates
and lots of competing precursors with different affi-
nities for the Sec61-channel. Nevertheless, it was

Figure 2. Amino acid sequences of TRAM1, TRAM1L1, and TRAM2.
The sequences and positions of transmembrane (TM, black bar) domains 1 through 8 of TRAM1, TRAM1L1, and TRAM2 were
retrieved from UniProtKB and aligned using the Megalign option of the DNASTAR software package (Lasergene 12). Using the same
software, we determined sequence identities of 71% for TRAM1 and TRAM1L1, 50% for TRAM and TRAM2, and 42% for TRAM2 and
TRAM1L1. Conserved aromatic residues in transmembrane domains are highlighted in red and given in single letter code. Since the
TRAM1 antibodies were raised against the carboxy-terminal dodecapeptide, they are not expected to cross-react with TRAM1L1 and
TRAM2.
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suggested that precursor proteins with shorter than
averageN-regions and shorter than averageH-regions
in their SP require TRAM1 for efficient insertion into
the lateral gate [43].

Here, we identify and characterize the native pre-
cursor polypeptides that involve TRAM1 in their
biogenesis in human cells under cellular conditions,
i.e. at physiological concentrations and in the presence
of competing precursors [38]. To this end, we com-
bine the siRNA-mediated gene knock-down of
TRAM1 in HeLa cells with label-free quantitative
proteomic analysis and differential protein abundance
analysis, following the protocol that was established
for Sec61 and TRAP depletion [38] (Figure 1c).
Furthermore, we employ live-cell calcium imaging
in the same cellular system to address the question
of whether or not TRAM1 plays a role in Sec61-
channel gating. The presented results are discussed
in light of the results of both approaches after TRAP
depletion and point to a supportive role of TRAM1 in
ER protein import and suggest that TRAM1 may
affect the phospholipid bilayer in the vicinity of the
lateral gate of the Sec61-channel.

Results

The possible client specificity of TRAM1 in human
ER protein import

Here, we set out to identify and characterize the native
precursor polypeptides that involve TRAM1 in their
biogenesis in human cells under cellular conditions.
As a positive proof of concept for the proteomic
approach, HeLa cells had previously been depleted
of the Sec61-complex using two different SEC61A1-
targeting siRNAs for 96 h [38]. Then, we assessed the
proteomic consequences of this knock-down via
label-free quantitative proteomics and differential
protein abundance analysis relative to cells treated
with non-targeting siRNA. Gene Ontology (GO)
terms assigned over 60% of the 482 negatively affected
proteins to organelles of the endocytic and exocytic
pathways, representing a strong enrichment com-
pared to the value for the total quantified proteome
(Table 1). We also detected significant enrichment of
precursor proteins with SP, N-glycosylated proteins,
and membrane proteins. This suggested that the pre-
cursors of these proteins are substrates of the Sec61-

complex and were degraded by the proteasome upon
its depletion, which was experimentally confirmed.
According to bioinformatic analysis, ~30% of the
total quantified proteome of roughly 7,200 proteins
comprises Sec61 substrates. Thus, our experimental
approach clearly underestimates the number of dif-
ferent precursor polypeptides that rely on the
Sec61-complex. We attribute this to the timing of
the experiment, which aims for maximal Sec61 deple-
tion in combination with minimal effects on cell
growth and viability, and, therefore, neglects, e.g. pro-
teins with long half-lives or high affinities for Sec61.
The positively affected proteins included compensa-
tory components, including the two subunits of the
SRP receptor, plus several cytosolic ubiquitin-
conjugating enzymes, consistent with cytosolic accu-
mulation of precursors and their proteasomal
degradation [38]. Thus, our experimental strategy in
human cells was successfully used to analyze the client
spectrum of the Sec61-complex-an essential transport
component-under physiological conditions. These
results further set the stage for subsequent analysis
of precursor-specific transport components, such as
TRAP complex [38] and TRAM1. The subsequent
identification of TRAP-dependent precursors charac-
terized a high glycine and proline content and/or low
hydrophobicity of the respective SP as distinguishing
features for TRAP dependence [38].

Table 1. Statistics of the identification of TRAM1 clients in
comparison to the identification of Sec61α1 and TRAP clients,
respectively.
Proteins SEC61A1 TRAM1 TRAP

Quantified proteins 7212 7502 7670
Statistically analyzed proteins 5129 5961 5911
representing the secretory pathway (%) 26 28 27
Proteins with SP (%) 6 7 7
N-Glycoproteins (%) 8 9 8
Membrane proteins (%) 12 14 13
Positively affected proteins 342 118 77
Negatively affected proteins 482 86 180
representing the secretory pathway (%) 61 48 40
Negatively affected proteins with SP (%) 41 16 22
Negatively affected N-glycoproteins (%) 45 21 23
Negatively affected membrane proteins (%) 36 24 26
Negatively affected proteins with SP 197 13 38
Including N-glycoproteins 158 7 28
Corresponding to % 80 54 74
Including membrane proteins 77 4 19
Corresponding to % 39 31 50
Negatively affected proteins with TMH 98 17 22
Including N-glycoproteins 56 9 11
Corresponding to % 57 53 50
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Here, we performed similar analyses after TRAM1
depletion using two different TRAM1-targeting
siRNAs (TRAM1 #2-UTR siRNA, TRAM1 #6-UTR
siRNA) in comparison to the same non-targeting
(termed control) siRNA, which had previously been
employed in the Sec61 and TRAP depletion experi-
ments [38]. Notably, TRAM1 depletion from HeLa
cells for 96 h just began to affect cell growth and
viability. The average values for growth and viability
were 87.5 ± 4% semof control siRNA-treated cells (n=
11) and 90 ± 3% sem (n = 11), respectively, and, thus
were slightly better than for Sec61 depleted cells and
similar to TRAP depleted cells [21]. After TRAM1
depletion in two independent experiments with tripli-
cates for each of the two siRNAs, 7,501.5 ± 223 differ-
ent proteins were quantitatively characterized by MS,
representing approximately 50% of the cellular pro-
teome. Of these proteins, 5,961 were detected in both
experiments and were statistically analyzed (Figure 3,
Supplementary Table 1, http://www.ebi.ac.uk/pride/
archive/projects/Identifiers PXD008178). They
included a good representation of proteins with
cleaved SP (7%), N-glycosylated proteins (9%), and
membrane proteins (13%), which was comparable to
the Sec61 and TRAP experiments (Table 1) [38].
Applying the same statistical analysis of the ratio
changes after TRAM1 depletion as used after
SEC61A1 and TRAPB silencing, we found that
TRAM1 depletion significantly affected the steady-
state levels of 204 proteins: 86 negatively and 118
positively (permutation false discovery rate-adjusted
p value < 0.05) (Table 1, Supplementary Tables 2
and 3). As expected, TRAM1 itself was negatively
affected, which was confirmed by western blot
(Figure 3a,b).Of the other negatively affected proteins,
GO terms assigned ~48% to organelles of the secretory
pathway, which corresponds to a 1.7-fold enrichment
(Figure 3c, large cakes, 47.83% divided by 28.49% =
1.68) and is between the values observed after Sec61
and TRAP depletion (Table 1). We also detected for
these proteins significant enrichment of proteins with
SP (2.3-fold), N-glycosylated proteins (2.2-fold), and
membrane proteins (1.8-fold) (Figure 3c, small cakes),
which was similar to the TRAP experiment but lower
as compared to the Sec61 experiment [38]. Among the
proteins negatively affected upon TRAM1 depletion,
the precursors are putative clients of the TRAM1-
complex (Supplementary Table 2). The identified pre-
cursors included 13 proteins with cleavable SP

(including 4 membrane proteins with different num-
bers of transmembrane domains) and 17 membrane
proteins with TMH, and represented N-glycosylated
proteins (16) and non-glycosylated proteins as well as
proteins with low and high cellular concentrations
(14) (Figure 3c, Tables 1 and 2). The fact that the
numbers of negatively affected proteins after
TRAM1 depletion are lower as compared to the nega-
tively affected proteins after Sec61 depletion is consis-
tent with TRAM1 being a precursor-specific auxiliary
transport component to the Sec61-complex (Table 1).

The proteins positively affected by TRAM1 deple-
tion included both SRP receptor subunits (SRPRA,
SRPRB) of the ER membrane and two cytosolic ubi-
quitin-conjugating enzymes (i.e. MYCBP2, UBE2C),
which is consistent with accumulation of precursor
polypeptides in the cytosol after TRAM1 depletion
and reminiscent of the situation after Sec61- and
TRAP-complex depletion (Figure 3a, Supplementary
Table 3) [38]. There was no indication for activation
of the unfolded protein response (UPR) in the course
of the 96 h knock-down, which would have been
indicative of protein misfolding in the ER and would
have resulted in the overproduction of ER-resident
molecular chaperones, such as BiP/Grp78 (coded by
the HSPA5 gene) or Grp170 (product of the HYOU1
gene) (i.e. would have appeared in Supplementary
Table 3). Interestingly, the putative ribosome- and/
or mRNA-binding protein in the ER-membrane,
termed p180 or RRBP1 [51–56], was positively
affected by TRAM1 depletion but not after Sec61-
and TRAP-complex depletion [38]. The possible sig-
nificance of this observation will be addressed in
future proteomic analyses after RRBP1 depletion.
We note that RRBP1 and SRPRB are type I ER-
membrane proteins with TMH and, thus, represent
proteins that apparently don´t depend on TRAM1 for
membrane insertion and integration (SRPRA is
a peripheral ER-membrane protein and recruited to
the membrane by SRPRB).

Characteristics of TRAM1 clients

We next addressed the reason for the apparent sub-
strate specificity of TRAM1. Therefore, we analyzed
the putative TRAM1 clients with respect to the phy-
sicochemical properties of their amino-terminal SP
and TMH according to the established procedures
[38]. Using custom scripts, we computed the
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Figure 3. Identification of TRAM1 clients and compensatory proteins by TRAM1 depletion in HeLa cells.
To identify TRAM1 clients, siRNA-mediated gene silencing was performed in HeLa cells for 96 h using two different siRNAs for the
target (TRAM1 #2-UTR siRNA, TRAM1 #6-UTR siRNA) and one non-targeting (control) siRNA (AllStars Negative Control siRNA),
respectively, with a total of six replicates for each siRNA in two independent experiments. As previously established [38], label-
free quantitative proteomic analysis and differential protein abundance analysis were employed to identify negatively affected
proteins (i.e. clients) and positively affected proteins (i.e. compensatory proteins). (a) Differentially affected proteins were character-
ized by the mean difference of their intensities plotted against the respective permutation false discovery rate-adjusted p-values in
volcano plots (n = 2). The results for the two siRNA for the target (TRAM1 #2-UTR siRNA, left plot; TRAM1 #6-UTR siRNA, right plot)
are shown separately. (b) Knock-down efficiencies were evaluated by western blot. Results from one experiment are presented as %
of residual protein levels (normalized to ß-actin) relative to control, which was not affected by TRAM1 depletion (Supplementary
Table 1) and set to 100%. (c) Protein annotations of signal peptides, membrane location, and N-glycosylation in humans were
extracted from UniProtKB and used to determine the enrichment of Gene Ontology annotations among the secondarily affected
proteins. Summaries of the two TRAM1 depletion experiments are shown. We note that enrichment factors were calculated by
dividing the indicated percent values for the negatively affected proteome by the corresponding value for the total quantified
proteome. (d) Venn diagram for the overlap of precursor polypeptides with SP or TMH between TRAM1 and TRAP clients [38]. Details
are given in Table 2.
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hydrophobicity score and glycine/proline (GP) con-
tent of SP and TMH sequences. A peptide’s hydro-
phobicity score was assigned as the average
hydrophobicity of its amino acids according to the
Kyte–Doolittle propensity scale (averaged over the
sequence length). GP content was calculated as
the total fraction of glycine and proline in the respec-
tive sequence. ΔGapp values of SP and TMH were
calculated with the ΔGapp predictor for TM helix
insertion (http://dgpred.cbr.su.se). Similar to Sec61
clients, SP and TMH of TRAM1 clients showed aver-
age overall hydrophobicities and ΔGapp values (Figure
4) [38]. Furthermore, TRAM1 clients showed average
GP content, i.e. did not share with TRAP the prefer-
ence for SP with high glycine-plus proline content
[38]. Thus, TRAM1 is unlikely to act as a receptor
for SP of certain precursor polypeptides on the cyto-
solic face of the ER membrane, which is consistent
with its lack of any soluble cytosolic domains.

Based on in vitro experiments with purified
components in proteoliposomes, it had been sug-
gested that precursor proteins with shorter than
average N-regions and shorter than average
H-regions in their SP require TRAM1 for effi-
cient insertion into the lateral gate [43].
Therefore, SP segmentation into N-, H-, and
C-regions was carried out for the 13 TRAM1
clients with SP using the well-established predic-
tion tool Phobius (http://phobius.sbc.su.se).
According to these predictions, the lengths of
these SP regions are 4.3, 11.1, and 5.2 (n = 10),
respectively, for the SP of TRAM1 clients, while
the corresponding values for all human SP are
6.5, 11.6, and 5.6 (n = 2876) (S. Schorr, personal
communication). Thus, the proteomic data con-
firmed the tendency toward shorter than average
N-regions (Wilcoxon rank test p= 0.22) but not
the shorter than average H-regions for the SP of
TRAM1 clients under physiological conditions
(see Discussion).

TRAM1 does not affect Sec61-channel gating

Finally, we asked if TRAM1 plays a role in Sec61-
channel gating. In its open state, the Sec61-channel
allows passive Ca2+ efflux from the ER [15,57–60];
therefore, Sec61-channel opening can be monitored
in intact HeLa cells via live-cell Ca2+ imaging and
identified a role of TRAP in Sec61-channel gating to
the open state [38]. Notably, in HeLa cells, the Sec61-
channel accounts for roughly 60% of the passive ER
Ca2+ leak channels. Thus, in our present work, HeLa
cells were depleted of TRAM1 using the same two
siRNAs as above, and ER Ca2+ leakage was monitored
as an increase of cytosolic Ca2+. Similar to treatment
with control siRNA, cellular TRAM1 depletion with
one of the two different TRAM1-targeting siRNAs
(TRAM1 #2-UTR siRNA, TRAM1 #6-UTR siRNA)
did hardly result in altered ER Ca2+ leakage in
response to thapsigargin and did hardly affect total
cellular Ca2+ content (Figure 5). These results are
drastically different from the TRAP depletion experi-
ments, which revealed a substantially decreased ER
Ca2+ leakage in response to thapsigargin [38]. Thus,
live-cell calcium imaging did not suggest a Sec61-
channel gating activity for TRAM1.

Table 2. Summary of TRAM1 clients and their characteristics in
comparison to Sec61α1 and TRAP clients, respectively. Protein
abundances in HeLa cells are given in nM and were taken from
Hein et al., 2015 [74]. N-glyco, number of N-glycosylation sites;
nd, not detected; TMD, number of transmembrane domains,
including TMH where applicable.
SEC61A1 TRAM1 TRAP SP/TMH TMD N-glyco nM

ADAM10 ADAM10 ADAM10 SP 1 4 60
BMP1 BMP1 SP 0 5 5

BNIP3L nd TMH 1 0 5
CLCC1 SP 3 0 91

CLN5 CLN5 TMH 1 8 nd
CNPY4 CNPY4 CNPY4 SP 0 0 123
CTSB CTSB SP 0 1 198
nd CYR61 CYR61 SP 0 0 nd
nd DEGS1 DEGS1 TMH 6 0 275
nd DNAJC25 nd SP 0 0 10
ERLIN2 ERLIN2 TMH 1 1 492
ERO1L ERO1L SP 0 2 510
GALNT3 GALNT3 TMH 1 3 nd
GGH GGH SP 0 4 42

GLIPR1 SP 1 0 3
ITPRIP ITPRIP SP 0 2 18

nd JPH1 nd TMH 1 0 18
KCNN4 TMH 6 0 1

LNPEP LNPEP LNPEP TMH 1 17 63
MTDH MTDH TMH 1 0 575
NEU1 NEU1 NEU1 TMH 0 3 5
P4HTM P4HTM TMH 1 3 5
PLD3 PLD3 TMH 1 2 82

PLP2 TMH 4 2 35
SEC11A SEC11A TMH 1 0 97

SPPL2A SP 9 7 7
STEAP2 STEAP2 nd TMH 6 2 nd
nd TMEM223 TMEM223 TMH 2 0 21
TOR4A TOR4A nd TMH 1 0 4
UGGT2 UGGT2 SP 0 4 3
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Discussion

The Sec61-complex facilitates translocation of all
polypeptides with amino-terminal signal peptides
(SP) or SP-equivalent transmembrane helices
(TMH) into the ER and is permeable to Ca2+ in its
open state [4,5,12,13]. The TRAP-complex supports
the opening of the Sec61-channel for protein translo-
cation in a substrate-specific manner [32,38]. It was
originally termed the signal-sequence receptor (SSR)
complex [31], had been crosslinked to nascent poly-
peptides at late translocation stages [35], and has been
demonstrated to physically associate with Sec61
[33,35]. The ribosome-associated Sec61-complex and
the TRAP-complex form a stable stoichiometric
super-complex, termed translocon, which can be
visualized in its native state by CET (Figure 1a) [20–
22,34]. In vitro transport studies showed that the
TRAP-complex stimulates protein translocation
depending on the efficiency of the SP in transport
initiation and recent studies in intact human cells
suggest that TRAP may also affect TMH topology
[32,36]. A systematic identification of TRAP-
dependent precursors by transient TRAP-depletion
in HeLa cells in combination with analysis of cellular
protein abundance changes using quantitative label-
free proteomics characterized a high glycine and
proline content and/or low hydrophobicity of the
respective SP as distinguishing features for TRAP
dependence [38]. In combination with structural ana-
lysis of native translocons by CET [26], these results
suggested a scenario, where the TRAP γ-subunit
recognizes TRAP-clients on the cytosolic ER-surface
and, subsequently, supports Sec61-channel opening
by direct interaction of the ER-lumenal domains of
the TRAP α- and β-subunits with the ER-lumenal
loop 5 of the Sec61 α-subunit, i.e. the crucial “hinge”
region between the amino- and carboxy-terminal
halves of Sec61α [38]. This function of TRAP is con-
sistent with the observation, that TRAP depletion
from HeLa cells results in a reduction in passive
calcium leakage from the ER, due to a lower open
probability of the calcium-permeable Sec61-channel
in the absence of TRAP complex.

So far, efforts to pinpoint the position of
TRAM1 using CET of native translocons in ER-
membrane vesicles, derived from the canine pan-
creas or human cells, have not been successful
[20,21]. Even though, we suggest that it may

represent the density that is consistently found
opposite of the “lateral gate” in CET of native
translocons [4,5] (Figure 1b). This view is consis-
tent with the above-described i) ribosome-
association of TRAM1 [13,48], ii) its stoichio-
metric association with Sec61 complex and TRAP
complex [47,48], and iii) its crosslinking to nascent
precursors of soluble as well as membrane proteins
at an early stage of their translocation and mem-
brane insertion, respectively [39–42,45,46].

To characterize TRAM1-dependent precursors, we
combined siRNA-mediated TRAM1 depletion in
human cells, label-free quantitative proteomics, and
differential protein abundance analysis, as previously
carried out after Sec61 or TRAP depletion. By apply-
ing our unbiased approach in living human cells, we
identified 30 potential TRAM1 clients that included
precursors of soluble and membrane proteins with
cleavable SP (13) and membrane proteins without
cleavable SP (17), and precursors of both
N-glycosylated and non-glycosylated proteins
(Table 1). Thus, TRAM1 is involved in ER import
of these precursors under cellular conditions.
However, our experimental approach of gene silen-
cing for 96 h most likely underestimated the number
of clients also in the case of TRAM1, i.e. neglected,
e.g. proteins with long half-lives or low abundance.
Comparison of the distributions of precursor pro-
teins to those found for Sec61 and TRAP clients in
similar experiments does not point to a preference of
TRAM1 for any type of precursor polypeptides
(Table 1). Furthermore, analysis of the physicochem-
ical properties of SP and TMH of the TRAM1 clients
did not point to a specific feature, i.e. did not identify
an obvious substrate specificity, with the possible
exception to precursors with short N-regions in
their SP. Interestingly, 57% of the TRAM1 clients
were also negatively affected by Sec61 depletion and
27% of the TRAM1 clients were also negatively
affected by TRAP depletion under similar conditions
(Table 2, Figure 3d, Venn diagram). This is consistent
with the above-described colocalization of TRAM1
with Sec61 and TRAP [13,33,35,48]. Notably, eight of
the TRAM1 clients were below the level of detection
in HeLa cells in the previous analyses of Sec61 and/or
TRAP clients and, therefore, could not be expected in
the overlap of clients (Table 2). Considering i) the
underestimation of clients by our experimental
approach for Sec61 as well as TRAM1, ii) the strong
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overlap in clients of these two transport components
(Table 2), and iii) TRAM1´s apparent lack of pre-
cursor preference (Figure 4) indicates that TRAM1,
unlike TRAP, does not act as a receptor for SP or
TMH but, rather plays a supportive role in ER pro-
tein import for many precursor polypeptides (see
below).

What that role maybe was addressed in live-cell
Ca2+ imaging experiments in combination with
TRAM1 depletion. In further contrast to TRAP,
TRAM1 did not appear to affect the gating of the
Sec61-channel. Therefore, the question remains
how TRAM1 actually supports ER protein import.
We propose that due to its TLC domain TRAM1

c 

a

b 

f 

e 

d 

TRAM TRAM 

P=0.72 

P=0.60 

P=0.58 

P=0.54 

P=0.22 

P=0.53 

Figure 4. Physico-chemical properties of TRAM1 clients with SP and TMH.
We used custom scripts to compute the hydrophobicity score (a, d) and glycine/proline (GP) content (c, f) of SP (a–c) and TMH (d–f)
sequences of TRAM1 clients (red lines, TRAM). Hydrophobicity score was calculated as the averaged hydrophobicity of its amino
acids according to the well-known Kyte–Doolittle propensity scale [72]. GP content was calculated as the total fraction of glycine and
proline in the respective sequence. (b, e). ΔGapp values of SP and TMH were calculated with the ΔGapp predictor for TM helix insertion
(http://dgpred.cbr.su.se). The same calculations were applied for all human SP (human). Wilcoxon rank test p values are indicated.
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Figure 5. TRAM1 depletion plus live-cell Ca2+ imaging does not reveal a TRAM1 function in the Sec61-channel opening.
(a–h) HeLa cells were treated with two different siRNAs for the target (TRAM1 #2-UTR siRNA, TRAM1 #6-UTR siRNA) and one non-targeting
(control, ctr) siRNA for 96 h, loaded with Fura 2, and subjected to live-cell imaging of cytosolic Ca2+ following our established procedure
[38,57–60]. Ca2+ release was unmasked by the addition of thapsigargin (Tg) (a and e) or Ionomycin (Iono) (b and f) in the presence of
external EGTA. Typically, data were collected in three independent experiments with triplicate cultures for each condition. Average values
are presented with the standard error of the mean (s.e.m.), with n referring to the number of cells. The statistical analysis of the changes in
cytosolic Ca2+ after thapsigargin and ionomycin addition, respectively, is shown in c, d, g, and h (mean values with s.e.m.: n is indicated and
refers to the number of culture dishes). P-values were calculated by unpaired t-test on the basis of standard deviations (n.s., not
significant). The effects of siRNA-mediated depletion of TRAP are indicated for comparison as red lines [38]. (i, j) Knock-down efficiency was
evaluated for various TRAM1-targeting siRNAs by western blots. A representative western blot is shown in J. The silencing statistics for the
relevant siRNAs #2 and #6 are shown in I (mean values with s.e.m.; n = 7 for #2; n = 4 for #6). Results are presented as % of residual TRAM1
levels (normalized to ß-actin) relative to control, which was set to 100%.
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may have the ability to interact with ceramides and
sphingolipids, or even phospholipids in general,
and, therefore, may be able to influence bilayer
thickness and/or phospholipid packing in the vici-
nity of the Sec61-complex, possibly near the lateral
gate of the Sec61-channel [50]. In this context, the
enrichment of amino acids with aromatic side
chains in transmembrane domain 4 may be of
particular relevance (Figure 2). In this domain,
there are two rather centrally positioned tyrosines
and one tryptophan, which can be expected to
align with lipid tails, whereas these residues are
typically found at membrane interfaces in other
transmembrane domains [61,62]. Reduced bilayer
thickness and/or loose phospholipid packing could
support the lateral exit of SP and TMH from the
Sec61-channel via its lateral gate and this support
could be important for different precursors to
a different extent. Notably, similar activities have
been suggested for YidC and Oxa1 in membrane
protein biogenesis in bacteria and mitochondria,
respectively [63,64]. Such an activity of TRAM1
would easily explain the observed inhibitory effect
of the forced addition of cholesterol into canine
pancreatic rough microsomal membranes on ER
protein import [65]. The unphysiologically high
cholesterol level would counteract the suggested
TRAM1 activity on the bilayer. Furthermore, the
proposed TRAM1 activity may be able to explain
the fact that single-channel recordings from open
Sec61-channels routinely showed two pore dia-
meters, one of 0.6-nm width and compatible with
the structure of the open Sec61-channel and one of
6-nm width and incompatible with Sec61-channel
structure [15]. Therefore, we suggest that the large
pore may reflect open Sec61-channels with
a distorted lipid bilayer near the open lateral gate
of the channel. Consistently, CET of native ER
membranes indeed revealed an electron density
within the lipid bilayer opposite of the lateral
gate of the Sec61-channel and gave the impression
that the bilayer in the vicinity of the lateral gate is
different as compared to membrane areas distant
from ribosomes [5,20–22]. Thus, the phospholipid
bilayer in the neighborhood of the lateral gate may
indeed be affected by TRAM1 and this may be of
different relevance for different precursors, i.e.,
particularly important for precursors with short
N-regions in their SP. This raises the interesting

possibility that TRAM1 in human cells could allow
regulated access of precursor polypeptides to the
ER. Interestingly, TRAM1 was found to be subject
to phosphorylation [66]. Thus, this modification
could be a candidate for ER protein import-
regulation at the level of TRAM1.

Materials & methods

Materials

● SuperSignal West Pico Chemiluminescent
Substrate (# 34078) was purchased from

PierceTM, Thermo Fisher Scientific. ECLTM

Plex goat anti-mouse IgG-Cy3 conjugate
(PA43009, used dilution 1:2,500) was purchased
from GE Healthcare. Horseradish peroxidase
coupled anti-rabbit IgG from goat (A 8275,
used dilution 1:1,000) was from Sigma-Aldrich.
We purchased murine monoclonal antibodies
against β-actin also from Sigma (A5441).
Rabbit polyclonal antibodies were raised against
the carboxy-terminal peptide of canine TRAM1
(12-mer, used dilution 1:500) plus an amino-
terminal cysteine. Antibody quality was pre-
viously documented [20].

Cell manipulation and analysis

HeLa cells (DSM no. ACC 57) were obtained from
the German Collection of Microorganisms and
Cell Cultures, routinely tested for mycoplasma
contamination by VenorGeM Mycoplasm
Detection Kit (Biochrom AG, WVGM), and
replaced every five years. They were cultivated at
37°C in a humidified environment with 5% CO2,
in DMEM with 10% fetal bovine serum (FBS;
Sigma-Aldrich) and 1% penicillin and streptomy-
cin. Cell growth was monitored using the
Countess® Automated Cell Counter (Invitrogen)
following the manufacturer’s instructions.

For gene silencing, 5.2 × 105 HeLa cells were
seeded per 6-cm culture plate, followed by incuba-
tion under normal culture conditions. For TRAM1
silencing, the cells were transfected with a final
concentration of 10 nM targeting siRNA
(TRAM1 #2-UTR siRNA, target sequence: CTGG
CATTATACTGAACTATA; TRAM1 #6-UTR
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siRNA, target sequence: TAGCTTTGGTC
CCATCTTTAA) (Qiagen) or 20 nM AllStars
Negative Control siRNA (Qiagen) using
HiPerFect Reagent (Qiagen) following the manu-
facturer’s instructions. After 24 h, the medium was
changed and the cells were transfected a second
time. Silencing efficiencies were evaluated by wes-
tern blot analysis using the TRAM1 antibody and
an anti-β-actin antibody from a mouse for sample
comparison. The ß-actin antibodies were visua-
lized with ECLTM Plex goat anti-mouse IgG-Cy3
conjugate using the Typhoon-Trio imaging system
combined with Image Quant TL software 7.0 (GE
Healthcare). For the detection of TRAM1 anti-
body, we employed SuperSignal West Pico
Chemiluminescent Substrate and the Fusion SL
(peqlab) luminescence imaging system with the
accompanying software.

Label-free quantitative proteomic analysis

● Cells (1 × 106) were harvested, washed twice in
PBS, and lysed in buffer containing 6 MGnHCl,
20 mM tris(2-carboxyethyl)phosphine (TCEP;
PierceTM, Thermo Fisher Scientific), 40 mM
2-chloroacetamide (CAA; Sigma-Aldrich) in
100 mM Tris, pH 8.0. The lysate was heated to
95°C for 2 min, and then sonicated in
a Bioruptor sonicator (Diagenode) at the max-
imum power setting for 10 cycles of 30 s each.
The entire process of heating and sonication was
repeated once, and then the sample was diluted
10-fold with digestion buffer (25 mMTris, pH 8,
with 10% acetonitrile). Protein extracts were
digested for 4 h with endoproteinase lysC, fol-
lowed by the addition of trypsin for overnight
digestion. After digestion, peptides were purified
and loaded for mass spectrometric analysis as
previously described [38,67]. Raw data were pro-
cessed using the MaxQuant computational plat-
form [68]. The peak list was searched against
Human Uniprot databases, with an initial pre-
cursor and fragment tolerance of 4.5 ppm. The
match between the run feature was enabled, and
proteins were quantified across samples using
the label-free quantification algorithm in
MaxQuant as label-free quantification (LFQ)
intensities [69].

Data analysis

● Each of the two MS experiments provided pro-
teome-wide abundance data as LFQ intensities
for three sample groups – one control (non-
targeting siRNA treated) and two stimuli (down-
regulation by two different targeting siRNAs
directed against the same gene) – each having
three data points (replicates). Only proteins that
were detected in both experiments (repeats)
were considered. Missing data points were gen-
erated by imputation as previously described
[38]. To identify which proteins were affected
by TRAM1 knock-down in siRNA-treated cells
relative to the non-targeting (control) siRNA-
treated sample, we log2-transformed the ratio
between siRNA and control siRNA samples
and performed two separate unpaired t-tests
for each siRNA against the control siRNA sam-
ple. The p-values obtained by unpaired t-tests
were corrected for multiple testing using
a permutation false discovery rate (FDR) test.
Proteins with an FDR-adjusted p-value of
below 5% were considered significantly affected
by knockdown of the targeted proteins. The
results from the two unpaired t-tests were then
intersected for further analysis meaning that the
abundance of all reported candidates was statis-
tically significantly affected in both siRNA silen-
cing experiments. All statistical analyses were
performed using the R package SAM (http:
www-stat-class.stanford.edu) [70].

● Protein annotations of signal peptides, trans-
membrane regions, and N-glycosylation sites
in humans and yeast were extracted from
UniProtKB entries using custom scripts [38].
The enrichment of functional Gene Ontology
annotations (cellular components and biolo-
gical processes) among the secondarily
affected proteins was computed using the
GOrilla package [71]. Using custom scripts,
we computed the hydrophobicity score and
glycine/proline (GP) content of SP and TMH
sequences [38]. A peptide’s hydrophobicity
score was assigned as the average hydropho-
bicity of its amino acids according to the
Kyte–Doolittle propensity scale (averaged
over the sequence length) [72]. GP content
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was calculated as the total fraction of glycine
and proline in the respective sequence.

Live-cell Ca2+ imaging

HeLa cells were loaded with 4 µM Fura-2 AM
(Molecular Probes, Thermo Fisher Scientific) in
DMEM, and incubated for 45 min at 25°C as
described [57,58]. Then, the cells were washed
twice and incubated at room temperature in Ca2+-
free buffer (140 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 0.5 mM EGTA, 10 mM glucose in 10 mM
HEPES-KOH, pH 7.35). Where indicated, HeLa
cells were treated with siRNA for 96 h prior to Ca2
+ imaging and were treated with 1 µM Thapsigargin
(Molecular Probes, Thermo Fisher Scientific) or 5
µM Ionomycin (Thermo Fisher Scientific).
Ratiometric measurements were conducted for 5
or 10 min using an iMIC microscope and the poly-
chromator V (Till Photonics), with alternating exci-
tation at 340 nm and 380 nm and measurement of
the fluorescence emitted at 510 nm. The microscope
was equipped with a Fluar M27 lens with 20× mag-
nification and 0.75 numerical aperture (Carl Zeiss),
and an iXonEM+ camera (Andor Technology).
Images containing 50–55 cells/frame were sampled
every 3 s using TILLvisION software (Till
Photonics). Fura-2 signals were recorded as the
F340/F380 ratio, where F340 and F380 correspond
to the background-subtracted fluorescence intensi-
ties at 340 and 380 nm, respectively. Data were
analyzed using Excel 2007. P-values were deter-
mined using unpaired Student´s t-test.
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