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Efficient secretion of small proteins in 
mammalian cells relies on Sec62-dependent 
posttranslational translocation
Asvin K. K. Lakkarajua,*,†, Ratheeshkumar Thankappana,*, Camille Marya,‡, Jennifer L. Garrisonb,§, 
Jack Tauntonb, and Katharina Struba

aDepartment of Cell Biology, Sciences III, University of Geneva, CH-1211 Geneva 4, Switzerland; bHoward Hughes 
Medical Institute, Department of Cellular and Molecular Pharmacology, University of California, San Francisco, 
San Francisco, CA 94158

ABSTRACT  Mammalian cells secrete a large number of small proteins, but their mode of 
translocation into the endoplasmic reticulum is not fully understood. Cotranslational translo-
cation was expected to be inefficient due to the small time window for signal sequence rec-
ognition by the signal recognition particle (SRP). Impairing the SRP pathway and reducing 
cellular levels of the translocon component Sec62 by RNA interference, we found an alter-
nate, Sec62-dependent translocation path in mammalian cells required for the efficient trans-
location of small proteins with N-terminal signal sequences. The Sec62-dependent transloca-
tion occurs posttranslationally via the Sec61 translocon and requires ATP. We classified 
preproteins into three groups: 1) those that comprise ≤100 amino acids are strongly depen-
dent on Sec62 for efficient translocation; 2) those in the size range of 120–160 amino acids 
use the SRP pathway, albeit inefficiently, and therefore rely on Sec62 for efficient transloca-
tion; and 3) those larger than 160 amino acids depend on the SRP pathway to preserve a 
transient translocation competence independent of Sec62. Thus, unlike in yeast, the Sec62-
dependent translocation pathway in mammalian cells serves mainly as a fail-safe mechanism 
to ensure efficient secretion of small proteins and provides cells with an opportunity to regu-
late secretion of small proteins independent of the SRP pathway.

INTRODUCTION
The secretory pathway ensures that the newly synthesized pro-
teins are properly targeted to their final destination to sustain cell 
structure and function. The first step in this pathway is the entry of 
proteins with N-terminal signal sequences into the endoplasmic 
reticulum (ER). The preproteins can enter the ER either cotransla-
tionally or posttranslationally (for a review, see Rapoport, 2007; 
Cross et al., 2009). In the cotranslational pathway the signal se-
quence emerging from the ribosome is recognized by the signal 
recognition particle (SRP), resulting in an arrest of nascent chain 
elongation, followed by the transfer of the complex to the pro-
tein-conducting channel, the Sec61 complex, via the SRP recep-
tor (SR; for a review, see Saraogi and Shan, 2011). The elongation 
arrest function, which is mediated by the SRP subunit SRP14, is 
essential for efficient translocation in mammals and yeast (Mason 
et al., 2000; Lakkaraju et al., 2008), indicating that nascent chains 
should not exceed a maximal length to remain translocation 
competent.

The posttranslational pathway for signal sequence–bearing 
proteins is abundantly active in yeast and bacteria. In yeast, 
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RESULTS
SRP-independent translocation of preproteins into the 
ER of mammalian cells
We used RNA interference to reduce cellular levels of the endoge-
nous SRP subunit h14 or of the α subunit of SR (SRα) in HeLa cells to 
impair the SRP pathway (Materials and Methods). Where indicated, 
the h14-knockdown (14k.d.) cells were complemented with the ex-
pression of the fusion proteins G14 (green fluorescent protein 
[GFP]–tagged h14) and the mutated version G14A5 (GFP-tagged 
h14A5). A reduction in cellular h14 levels leads to reduced levels of 
SRP (Lakkaraju et al., 2007). Expression of h14A5 restores normal 
SRP levels, but SRPA5 lacks elongation arrest activity, and these cells 
are therefore impaired in the translocation of preprolactin and of 
other endogenous reporter proteins (Lakkaraju et  al., 2008). The 
knockdown of h14 and SRα did not affect the cellular levels of other 
ER translocation-associated proteins examined, such as Sec61α and 
β, TRAPα, Sec62, and TRAM (Figure 1A).

To identify suitable reporter proteins for studying translocation, 
we sorted the preproteins in the Secreted Protein Database (Chen 
et al., 2005) according to size (Supplemental Table S1). We selected 
preproinsulin and pre-CC2 (pCC2) chemokine as reporters (Table 1, 
pInf, pCC2f), which have chain lengths of 152 and 141 amino acids, 
respectively. Preproinsulin has been shown to be a bona fide SRP 
substrate in cell-free assays (Okun et al., 1990). Translocation of both 
reporters was assayed in h14k.d. and SRαk.d. cells by pulse labeling 
newly synthesized proteins during 5 min in the presence of protea-
some inhibitor (Figure 1, B and C, top). We failed to observe the 
accumulation of nontranslocated preproinsulin and pCC2 in cells 
with an impaired SRP pathway, indicating that translocation might 
occur via an SRP-independent pathway in vivo. As a positive control, 
we used preprolactin, which has been shown to depend on SRP for 
translocation in mammalian cells (Lakkaraju et  al., 2008). As ex-
pected, preprolactin was inefficiently translocated in SRP- and SRα-
depleted cells (Figure 1D and Table 1). The SRαk.d. had a stronger 
negative effect on translocation, consistent with SRα being a rate-
limiting factor in the SRP pathway (Lakkaraju et al., 2008). Transloca-
tion of pInf and pCC2f was also assayed by monitoring the accumu-
lation of nontranslocated pPL during 8 h in the presence of 
proteasome inhibitor (MG132, 10 μM) by Western blotting (Figure 
1, B and C, bottom). These experiments also failed to reveal translo-
cation defects. On addition of CT08, a selective Sec61 translocon 
inhibitor (Garrison et al., 2005; Maifeld et al., 2011), to HeLa cells 
expressing pInf, we clearly observed the accumulation of preproin-
sulin, demonstrating that preprotein accumulation was detectable 
and preproinsulin translocation uses the Sec61 channel for ER entry 
(Figure 1E).

In mammalian cells, fully synthesized translocation-incompetent 
preproteins are rapidly polyubiquitinated and degraded (Hessa 
et al., 2011). If preproinsulin is capable of using an alternate translo-
cation pathway in SRP-depleted cells, it should not be polyubiquit-
inated. We monitored the polyubiquitination status of preproinsulin 
as compared with preprolactin in cells treated for 8 h with MG132. 
Cell extracts were immunoblotted and preprolactin and polyubiq-
uitination revealed with anti-FLAG and anti-hemagglutinin (HA) an-
tibodies, respectively. When the SRP pathway was impaired (Figure 
1F, left, A5), we observed preprolactin accumulation. The upper 
band, PL*, represents phosphorylated forms of the protein in the 
secretory pathway (Kim and Brooks, 1993). pPLf, was strongly polyu-
biquitinated in SRPA5 but not in wild-type cells (Figure 1F, left). In 
contrast, polyubiquitination of pInf was not detectable even when 
the samples were only probed with antibodies against ubiquitin 
(Figure 1F, right), which increased the sensitivity of detection. CT08 

ATP-dependent posttranslational translocation was demon-
strated using cell-free translation/translocation assays (Hansen 
et al., 1986; Rothblatt and Meyer, 1986; Waters et al., 1986). Pro-
teins with signal sequences of relatively lower hydrophobicity 
are preferentially translocated via the posttranslational pathway 
(Ng et al., 1996). It requires a complex of four membrane pro-
teins—the Sec62/Sec63 complex, comprising Sec62, Sec63, 
Sec71 (also named Sec66), and Sec72—in addition to Sec61. 
Sec62 and Sec63 are essential genes (Deshaies and Schekman, 
1989; Deshaies et al., 1991; Rothblatt et al., 1989; Green et al., 
1992; Feldheim et al., 1993; Kurihara and Silver, 1993; Panzner 
et al., 1995). Sec63 plays a role in cotranslational and posttrans-
lational translocation (Brodsky et al., 1995), whereas Sec62 has 
been specifically associated with SRP-independent translocation 
in yeast (Deshaies and Schekman, 1989; Ng et al., 1996). Signal 
sequence recognition most likely occurs by Sec61. However, it 
may be enhanced or facilitated by Sec62 and Sec71, since all 
three proteins are in close proximity to the signal sequence at 
the same time (Dünnwald et al., 1999; Plath et al., 2004).

Homologues of the yeast Sec62 and Sec63 proteins were identi-
fied in mammals, and these proteins were found to form complexes 
with each other and with Sec61 (Daimon et al., 1997; Meyer et al., 
2000; Tyedmers et  al., 2000). In addition, mammalian Sec62 can 
bind to ribosomes near the exit tunnel, suggesting that it gained a 
function as compared with the yeast homologue (Müller et  al., 
2010).

Mammalian cells secrete a large number of small proteins (Frith 
et al., 2006) with N-terminal signal sequences, most of which are 
involved in regulatory dynamics of the cell. These small proteins are 
expected to be inefficiently recognized by SRP, since the signal se-
quence may be exposed only briefly, or not at all, before protein 
synthesis terminates. Cell-free translation/translocation experiments 
demonstrated that small secretory proteins (<9 kDa) might enter 
canine microsomes posttranslationally in the presence of ATP and 
cytosolic factors (Müller and Zimmermann, 1987, 1988). Recently 
posttranslational translocation was elegantly demonstrated in mam-
malian cells using biotinylation of the small reporter protein Hyalo-
phora cecropia preprocecropin A (ppcecA) as a readout for comple-
tion of its biosynthesis in the cytoplasm before translocation. In 
addition, the chaperone responsible for maintaining small proteins 
competent for translocation has been identified as calmodulin (Shao 
and Hegde, 2011a). Another recent study revealed a role of the cy-
toplasmic ATPase TRC-40 in posttranslational translocation of pp-
cecA and of two small mammalian proteins, apelin and statherin, 
into mammalian microsomes (Johnson et  al., 2012). TRC-40 was 
previously identified as a component involved in membrane inser-
tion of tail-anchor proteins (for a review, see Rabu et al., 2009; Shao 
and Hegde, 2011b). Moreover, a role of Sec62 in posttranslational 
translocation of ppcecA was indicated by in vitro translocation as-
says using Sec62-depleted permeabilized mammalian cells as a 
source of membranes (Lang et al., 2012).

In our study, we reduced cellular levels of components of the SRP 
pathway and of Sec62 in mammalian cells using RNA interference 
and studied the effects on the translocation efficiencies of mamma-
lian reporter preproteins of different chain lengths. We identified 
and characterized a Sec62-dependent posttranslational entry path 
into the ER of mammalian cells. The Sec62-dependent entry path 
was required for efficient translocation of all preproteins with chain 
lengths shorter than 160 amino acids, whereas it failed to ensure 
efficient translocation of longer preproteins. Sec62-dependent 
translocation therefore guarantees efficient secretion of small pre-
proteins independent of the SRP pathway.
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treatment of cells for 8 h is toxic, and polyubiquitination of prepro-
insulin could therefore not be assayed in these cells. Polyubiquitina-
tion of pInf in translocation-defective cells are shown later in 14k.d./
Sec62k.d. cells.

These results were consistent with the translocation of preproin-
sulin via an alternative pathway.

Sec62 is necessary in the SRP-independent 
translocation pathway
As mentioned before, homologues of the yeast Sec62 and Sec63 
are conserved in mammalian cells, whereas homologues of Sec71 
and Sec72 are absent. Because Sec63 plays a role in cotranslational 
and posttranslational translocation in trypanosomes and yeast 
(Brodsky et al., 1995; Goldshmidt et al., 2008), we decided to inves-
tigate the role of Sec62 in protein translocation in mammalian cells.

Two different short hairpin RNAs (shRNAs) efficiently reduced the 
cellular levels of Sec62 starting at 72 h posttransfection (Figure 2A, 
left and right). In one experiment, we simultaneously reduced cel-
lular levels of h14 (Figure 2A, right). Sec62k.d. significantly slowed 
down cell proliferation after 72 h (Figure 2B), although an increase in 
cell death was not apparent. All subsequent experiments were done 
at 72 h.

We previously observed that reduced SRP levels specifically in-
terfered with protein transport through the Golgi (Lakkaraju et al., 
2007). This defect could be revealed by the accumulation of the viral 
vesicular stomatitis virus G (VSV-G) protein in the Golgi. We ob-
served an even distribution of VSV-G along the secretory pathway in 
the Sec62k.d. and control cells (Figure 2C). Most importantly, the cel-
lular levels of other translocation-associated proteins, such as Sec63, 
TRAM, TRAPα, Sec61α, the receptor complex SRα and SRβ, and the 
ER chaperons calnexin and BiP, remained unchanged at this time 
point (Figure 2D) in Sec62k.d. and Sec62k.d./h14k.d. cells. Despite 
Sec63 and Sec62 forming a complex, the knockdown of Sec62 did 
not affect cellular levels of Sec63 at 72 h after transfection.

In the translocation assays, we expressed shRNA(14) and 
shRNA(62.3) individually (Figure 3A, lanes 2 and 3) or together 
(Figure 3A, lanes 4–7), and control cells expressed shRNA(Luc) (lane 
1). To detect translocation defects, we treated cells for 8 h with pro-
teasome inhibitor and assessed the presence of nontranslocated 
precursors by Western blotting. Cellular levels of endogenous and 
expressed proteins were monitored in the same extracts (Figure 3B). 
We previously showed that preprolactin accumulation correlated 
with reduced secretion of the phosphorylated, secreted form of pro-
lactin PL* (Kim and Brooks, 1993) and with inefficient translocation 
in pulse-labeling experiments in cells with an impaired SRP pathway 
(Lakkaraju et al., 2008). Monitoring precursor accumulation is there-
fore a reliable, qualitative readout for translocation defects. How-
ever, since the precursor accumulates over 8 h, whereas PL* is con-
tinuously secreted outside the cell, the translocation efficiency 
cannot be quantified in these experiments.

As compared with preprolactin, the results of the translocation 
assays were different for the two reporter proteins pInf and pCC2f. 
For pInf and pCC2f, a translocation defect was only detectable 
when both h14 and Sec62 were simultaneously depleted (Figure 
3A, lane 4). Furthermore, the plasmid-driven expression of either 
Sec62 or G14 in the double-knockdown cells (Figure 3A, lanes 5 
and 7) restored translocation. These results confirmed that the 
observed defects in the knockdown cells were the consequence of 
reduced Sec62 and h14 levels, respectively. In addition, Sec62 was 
required for efficient translocation of the small preproteins in the 
absence of the SRP pathway. Moreover, expression of G14A5 
failed to restore efficient translocation in Sec62k.d. cells, indicating 

FIGURE 1:  Cells with an impaired SRP pathway translocate 
preproinsulin and pre-CC chemokine 2 efficiently. (A) Cellular levels of 
different SRP and membrane components after shRNA(14) and 
shRNA(SRα) expression in HeLa cells. Cell extracts were obtained at 
72 h posttransfection. (B, C) Translocation of the reporter proteins 
indicated was assessed by pulse-labeling experiments (top) and by 
Western blotting of total cell extracts after treatment with MG132 
(10 μm) for 8 h (bottom). In pulse-labeling experiments, cells were 
treated with 10 μM MG132 during depletion of cold amino acids and 
during labeling. (B, C) pInf and pCC2f in h14k.d. or SRαk.d. HeLa cells. 
Wild type and A5: h14k.d. cells expressing the fusion proteins G14 and 
G14A5, respectively. (D) Pulse labeling of preprolactin in h14k.d. and 
SRαk.d. HeLa cells as well as control cells expressing shRNA(luc). 
(E) pInf translocation in wild-type HeLa cells and cells treated with the 
Sec61 translocon inhibitor CT08. (F) Polyubiquitination of preprolactin 
and preproinsulin in h14k.d. cells and complemented as in B. Cells also 
expressed HA-tagged ubiquitin. Immunoprecipitation of the reporter 
proteins was done with anti-FLAG antibodies. Left and right, Western 
blots using both anti-FLAG and anti-HA or only anti-HA antibodies, 
respectively. PLf*, phosphorylated forms of prolactin in transit for 
secretion; **light and heavy chains of the antibodies.
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the results demonstrated that the small reporter protein could em-
ploy both pathways.

Chain length influences Sec62 dependence
To examine the role of preprotein chain length for Sec62-dependent 
translocation, we studied translocation in Sec62k.d. cells quantita-
tively by pulse-labeling experiments. In addition to pInf, we used 
epitope-tagged pre–lysozyme C, resistin, and two truncated ver-
sions thereof (Table 1; the number indicates chain length). The cells 
were labeled for 5 min with [35S]methionine/cysteine and treated 
with MG132 during starvation and labeling. The labeled reporter 
proteins were separated from the total extract by immunoprecipita-
tion using epitope-specific antibodies.

In Sec62k.d. cells, the translocation efficiencies of the shortest re-
porters, pLCh-100 and pRh-100, were strongly reduced (Figure 4A). 
Significant but lesser translocation defects were observed for pRh-
126 and pInf (152 amino acids), whereas translocation defects were 
undetectable for pLCh-164. The amounts of labeled protein in the 
immunoprecipitates cannot be compared between different sam-
ples because translocation-competent and translocation-defective 
cells contain different amounts of unlabeled protein. However, the 
relative abundances of precursor and translocated substrates in the 
same sample is a quantitative readout of the translocation efficiency, 
since both forms were precipitated in the presence of the same 
amount of unlabeled protein.

We also monitored the translocation efficiencies of pLCh-100 
and pLCh-164 in cells with reduced SRα levels (Figure 4B). We 
observed the inverse effects on translocation as compared with 
Sec62k.d. cells. pLCh-100 translocated efficiently, whereas pLCh-164 
translocated inefficiently. These results suggested that preproteins 

that the elongation arrest function became important at reduced 
Sec62 levels (Figure 3A, lane 6). In contrast, the translocation of 
preprolactin was always inefficient when the SRP pathway was im-
paired (Figure 3A, lanes 2, 4, and 6), and, consequently, expres-
sion of Sec62 alone could not restore efficient translocation in the 
double-knockdown cells (Figure 3A, lane 7). Of note, reduced lev-
els of Sec62 did not impair preprolactin translocation (Figure 3A, 
lane 3). The quite unexpected slight increase of PL* in transloca-
tion-defective cells is most likely due to a delay in protein transit 
through the secretory pathway caused by an incomplete clearance 
of incorrectly folded proteins from the ER in MG132-treated cells 
and a gradual decrease in membrane components and modifying 
enzymes. Consistent with this interpretation, the ER form prolac-
tin, which is undetectable in untreated cells (see later discussion), 
became detectable in MG132-treated control cells (Figure 3A, 
lane 1).

In the same experimental setup, we also assayed the polyubiq-
uitination status of pInf. As before, we found a strong correlation 
between translocation defects and polyubiquitination of pInf (Figure 
3C). In double-knockdown cells without and with the expression of 
G14A5, pInf accumulated (Figure 3C, middle) and was strongly 
polyubiquitinated. In contrast, in cells in which the SRP pathway was 
restored by the expression of G14, polyubiquitination of pInf almost 
disappeared, as expected if the translocation is efficient.

The unchanged cellular levels of many ER-associated proteins in 
single- and double knockdown cells, the efficient translocation of 
preprolactin in Sec62k.d. cells, and the rescue of insulin and CCL2 
translocation in double-knockdown cells by the plasmid-driven ex-
pression of Sec62 were consistent with the direct involvement of 
Sec62 in an SRP-independent translocation pathway. In addition, 

 Name Length (amino acids) SS (amino acids) SRαk.d. T[%] Sec62k.d. T[%]

In vitro expression

Pre-CC2 with 3f-tag pCC2f 141 23

Preproinsulin with 3f-tag pInf 152 24 96 67

Preresistin with h-tag 
Truncated preresistin with h-tag

pRh-126 126 18 85

pRh-100 100 18 58

Pre–lysozyme C with h-tag  
Truncated prelysozyme with h-tag

pLCh-164 164 18 67 92

pLCh-100 100 18 96 55

Preprolactin with 3f-tag  
Truncated preprolactin with 3f-tag

pPLf 274 30 56 96

pPLf-194 194 30 55 95

pPLf-163 163 30 75 97

pPLf-140 140 30 94 79

In vitro expression

Preproinsulin (rat) pIn 110 24

Pre-CC motif chemokine 2 pCC2 141 23

Preresistin pRes 108 18

Prelysozyme C pLC 148 18

Preprolactin (bovine) pPL 229 30

Truncated preprolactin pPL-190 190 30

pPL-140 140 30

3f-tag, MDYKDHDGDYKDHDIDYKDDDDK; h-tag, YPYDVPDYAHHHHHH; SS, signal sequence; T[%], translocation efficiency, quantification from the in vivo experi-
ments shown in Figures 1 and 3.

TABLE 1:  Protein expression constructs and translocation efficiency.
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notype: The translocation was moderately 
and strongly impaired in SRαk.d. cells, re-
spectively, and unchanged in Sec62-de-
pleted cells. Of note, pPLf-163 and pLCh-
164 were less affected by the knockdown of 
Sec62 than preprolactin (Table 1). The same 
preproteins were also analyzed after treat-
ment with proteasome inhibitor for 8 h in 
SRPA5 cells (Figure 4C). Consistent with the 
pulse-labeling experiments, we observed 
accumulation of precursor proteins for pPLf-
194 and pPLf-163. The fact that we failed to 
detect pInf accumulation in Sec62k.d. cells 
(Figure 3A) might be explained by an insuf-
ficient protection of the nontranslocated 
preproinsulin. To examine pRh-100 accumu-
lation in Sec62k.d. cells, we therefore used a 
higher concentration of the protease inhibi-
tor ALLN (50 μM) to protect preresistin from 
degradation. We clearly observed the accu-
mulation of nontranslocated pRh‑100 in 
Sec62k.d. cells (Figure 4D), consistent with 
the observed translocation defect in pulse-
labeling experiments.

Analysis of polyubiquitination of pre-
prolactin proteins of different chain lengths 
showed the expected correlation between 
SRP-dependent translocation (Figure 4E, 
left) and polyubiquitination (Figure 4E, 
right). The longer proteins, pPLf-163 and 
-194, were strongly polyubiquitinated in 
SRPA5 cells, whereas the shorter protein, 
pPLf-140, was only weakly polyubiquit-
inated, consistent with the interpretation 
that pPLf-140, but not pPLf-164 and -194, 
could use the Sec62-dependent pathway 
efficiently.

In summary, chain length is an impor-
tant criterion for the efficient use of the 
Sec62-dependent translocation pathway. 
Furthermore, the dependence on Sec62 
for efficient translocation increased as chain 
length decreased. Conversely, preproteins 
comprising more than ∼160 amino acids 
could not use the Sec62 pathway effica-
ciously and depended entirely on SRP for 
efficient translocation.

Sec62-dependent translocation occurs 
posttranslationally
If Sec62-dependent translocation represents 
an alternate pathway for preproteins that fail 
to be recognized by SRP during translation, 

it is likely to occur posttranslationally. We took advantage of an as-
say developed to study tail-anchor protein insertion using permea-
bilized HeLa cells (Henderson et  al., 2007; Rabu et  al., 2008). In 
short, the preprotein was synthesized in reticulocyte lysate and re-
covered from the supernatant after pelleting the ribosomes by cen-
trifugation. The preprotein was then incubated with permeabilized 
HeLa cells and cytosol. In the presence of ATP, we saw the appear-
ance of a shorter product, presumably proinsulin, indicating that 
preproinsulin was translocated posttranslationally (Figure 5A, left). 

comprising more than ∼160 amino acids required the SRP pathway 
for efficient translocation, since they could not be translocated effi-
ciently by the Sec62-dependent pathway.

We also included truncated versions of preprolactin (Table 1) 
to assess whether a strongly SRP-dependent preprotein could be-
come SRP-independent upon shortening of the polypeptide chain. 
Indeed, we found that pPLf-140 translocation was efficient in SRαk.d. 
cells (Figure 4B) but was reduced in Sec62k.d. cells (Figure 4A). The 
longer polypeptides, pPLf-163 and pPLf-194, had the inverse phe-

FIGURE 2:  Characterization of Sec62 knockdown in HeLa cells. (A) Western blots of extracts 
from HeLa cells expressing shRNA 62.2 (left) and shRNAs 62.3 and 14 (right). Membranes were 
probed with antibodies against the proteins indicated. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and β-actin, loading controls. 62.2 and 62.3, two different shRNAs 
targeting Sec62 mRNA. Arrow, time point of all following experiments. (B) HeLa cells expressing 
shRNAs (62.3) and the negative control (Luc) were analyzed for cell growth by counting the 
number of live cells manually every 24 h starting from 48 h posttransfection. Error bars, SD. 
(C) G protein expression after infection of Sec62k.d. and control HeLa cells with vesicular 
stomatitis virus. The cells were permeabilized with Triton to reveal the G protein in the secretory 
pathway. Scale bar, 10 μm. (D) Western blots of cell extracts from cells expressing shRNA 62.2 
(left) and shRNAs Sec62.3 and 14 (right) probed with antibodies against the proteins indicated. 
Cal, calnexin. The quantified values varied between 90 and 100% in single-knockdown and 
between 86 and 115% in double-knockdown experiments when normalized to GAPDH and 
compared with control cells.
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CT08 treatment inhibited formation of the 
shorter product, confirming that it repre-
sented the translocated proinsulin (Figure 
5B). Another SRP-independent substrate, 
pPLf-140, also translocated in vitro, whereas 
the SRP-dependent preprotein, pPLf-190, 
did not (Figure 5A, right). Furthermore, sig-
nal sequence processing occurred with 
membranes prepared from SRα k.d. cells and 
with cytosol depleted of h14 (Figure 5, C 
and D), demonstrating that translocation 
was independent of SRP, as expected for 
posttranslational translocation. We then ex-
amined whether posttranslational transloca-
tion of lysozyme C, resistin, and pre-CC2 
(Figure 5E) was Sec62 dependent using per-
meabilized Sec62k.d. cells in the assay. Trans-
location was abolished for all three prepro-
teins studied, demonstrating that the 
observed posttranslational translocation 
was Sec62 dependent. Of note, authentic 
pLC, comprising 148 amino acids (Figure 5E 
and Table 1), was translocated posttransla-
tionally, whereas the h-tagged (h-tag, YPY-
DVPDYAHHHHHH) protein pLCh-164 was 
SRP dependent for translocation in vivo 
(Figure 4, A and B). The results of the in vitro 
translocation assays are consistent with the 
conclusion that the Sec62-dependent trans-
location, which we investigated in mamma-
lian cells, occurs posttranslationally.

Short reporter proteins can be 
coimmunoprecipitated with Sec62
To strengthen further the argument that 
Sec62 or a complex comprising Sec62 is in-
volved in the translocation of short proteins, 
we examined whether a translocation inter-
mediate comprising Rh-100 and Sec62 
could be detected by immunoprecipitation 
experiments. Such an intermediate is ex-
pected to be short-lived, and to increase 
chances of its detection, we treated cells 
with cycloheximide, which, at the concentra-
tion used, slows nascent chain elongation 
fourfold (Lakkaraju et al., 2008). We argued 
that this delay might keep the translocon 
occupied for longer time periods and 
thereby reduce the availability of Sec61 for 
posttranslational translocation.

We transfected cells with the reporter 
plasmid expressing pRh-100 and treated 
them with cycloheximide for 1 h before im-
munoprecipitating the reporter protein from 
cell extracts using the epitope-specific anti–
h-tag antibody. The immunoprecipitates 
were displayed by SDS–PAGE, and the 
upper and lower parts of the membrane re-
vealed with anti-Sec62 and with anti–h-tag 
antibody, respectively. We found that anti-
bodies against the h-tag of pRh-100 pulled 
down specifically Sec62 (Figure 6A, left). In 

FIGURE 3:  SRP-independent translocation depends on Sec62. (A) Protein translocation of 
preproinsulin (pPInf), pre-CC2 (pCC2f), and preprolactin (pPLf) monitored in cells depleted of 
either of h14 and Sec62 individually (lanes 2 and 3) or of h14 and Sec62 simultaneously (lanes 4–7) 
after treatment with MG132 (10 μM) for 8 h. Lane 1, shRNA(Luc). The double-knockdown cells 
were complemented by the expression of G14 (lane 5), G14A5 (lane 6), and Sec62 (lane 7). 
Reporter proteins were revealed with anti-FLAG antibody. PLf*, phosphorylated prolactin in transit 
for secretion. (B) Total cell extracts from the experiment shown in A revealed by Western blotting 
for the proteins indicated. (C) Polyubiquitination of nontranslocated pInf. Western blots of total 
cell extracts prepared from HeLa cells expressing shRNAs 62.3 and 14 and, when indicated, G14 
and G14A5 after treatment with MG132 for 8 h. Cells also expressed HA-tagged ubiquitin. Insulin 
was immunoprecipitated and revealed with anti-FLAG, polyubiquitination of insulin was revealed 
with anti-HA, and fusion proteins in cell extracts were revealed with anti-GFP antibodies.
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mediates of preprolactin do not include 
Sec62 (Figure 6B).

DISCUSSION
Our studies provide evidence for an SRP-in-
dependent but Sec62-dependent post-
translational entry path of signal sequence–
bearing proteins into the ER of mammalian 
cells. The Sec62-dependent posttransla-
tional translocation pathway ensures effi-
cient secretion of preproteins shorter than 
around 160 amino acids in cells with an im-
paired SRP pathway. Hence it provides cells 
with a fail-safe mechanism for efficient trans-
location of preproteins that are targeted in-
efficiently by the SRP due to their small size. 
Around 360 secretory proteins are found 
in the human proteome, comprising fewer 
than ∼160 amino acid residues (Supplemen-
tal Table S1). Many of these proteins are se-
creted by specialized cells in response to 
physiological stimuli requiring a fast adapta-
tion of the cell’s secretory capacity. Sec62-
dependent translocation provides cells with 
the opportunity to regulate secretion of 
small proteins independent of the house-
keeping SRP pathway.

The smallest preproteins we studied, 
pRh-100 and pLCh-100, are most likely pri-
marily dependent on the Sec62 pathway for 
translocation, as suggested by the almost 
50% reduction in translocation in Sec62k.d. 
cells (Figure 4A). Similarly, SRP-dependent 
translocation of preprolactin is reduced to 
∼50% in cells with an impaired SRP pathway 
(Table 1). Slightly larger preproteins, com-
prising up to 160 amino acid residues, can 
apparently use both pathways. For example, 
preproinsulin is translocated either SRP or 
Sec62 dependently in vitro and in vivo 
(Figures 4 and 5E; Okun et al., 1990). How-
ever, their efficient translocation is only 
guaranteed by the posttranslational Sec62-
dependent pathway in vivo. Because the 
translocation efficiencies of pRh-126, pPL-
140, and pInf (152 amino acids) were not 
strictly correlated with chain length in Sec62-
depleted cells, factors other than size, such 
as signal sequence recognition by SRP, 
might influence the choice. Preproinsulin 
has a twofold-lower affinity for SRP than 
does preprolactin (Flanagan et  al., 2003) 
and might therefore use the SRP pathway 

less efficaciously than preprolactin. This could explain its lower 
translocation efficiency in Sec62-depleted cells as compared with 
pPLf-140.

The transition between SRP-dependent and SRP-independent 
translocation is illustrated by the preproteins pLCh-164 and pPLf-
163. They had smaller translocation defects in SRα-depleted cells 
than the longer pPLf protein variants, suggesting that they can still 
use to some extent the posttranslational Sec62-dependent pathway, 
albeit with decreased efficiency. Clearly, the efficient translocation of 

the negative controls, anti-FLAG antibodies, and cell extracts with-
out pRh-100, Sec62 was absent in the immunoprecipitates. We pre-
sumed that Sec62 was coprecipitated with pRh-100. However, the 
precursor and mature forms could not be resolved in this gel. In ad-
dition, we expected only a very small fraction of the protein to be in 
the precursor form in the absence of proteasome inhibitor (see total 
cell extracts, Figure 6A, right). In parallel experiments we used pre-
prolactin as a reporter protein. We could not detect any Sec62 co-
precipitating with preprolactin, suggesting that translocation inter-

FIGURE 4:  Sec62-dependent translocation is efficient for preproteins comprising <160 amino 
acids. Translocation efficiencies (T[%]) of different reporter proteins in HeLa cells with reduced 
cellular levels of Sec62 (A) and SRα (B). C, shRNA(Luc). Pulse-labeled proteins were 
immunoprecipitated with anti-FLAG antibodies, displayed by SDS–PAGE, and visualized by 
phosphoimager. Nontranslocated preproteins were stabilized with MG132 (10 μM) before and 
during labeling. Proteins are named according to their chain length (see Table 1). p, preprotein. 
(C) SRP-dependent translocation of preprolactin proteins of decreasing chain length in HEK 
293T cells. Cells expressed shRNA (14) and, as indicated, G14 and G14A5. Preprotein 
accumulation was monitored by Western blotting of cell extracts harvested after treatment with 
MG132 (10 μM) for 8 h. To resolve the signal sequence–cleaved and uncleaved forms, the 
proteins were displayed on different gels. pPLf and pPLf-194, 12%; pPLf-163 and pPLf-140, 15%. 
(D) Preresistin accumulation in Sec62k.d. cells. Western blots of cell extracts with anti-His 
antibodies. Cells were treated with the protease inhibitor ALLN (50 μM) for 8 h before 
harvesting. (E) Polyubiquitination of preprolactin proteins of different chain length in HeLa cells 
expressed shRNA 14 and, as indicated, G14 and G14A5. Cells also expressed HA-tagged 
ubiquitin. Left, total cell extracts probed with anti-FLAG antibodies to reveal the reporter 
proteins. Right, reporter proteins were immunoprecipitated with anti-FLAG antibodies and 
displayed by SDS–PAGE, and the reporter proteins and ubiquitination were revealed by Western 
blotting with anti-FLAG and anti-HA antibodies, respectively.
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defect in Sec62k.d. cells, since cotranslational translocation is normal 
(this study; Lang et al., 2012), and the cellular levels of other known 
translocation-associated membrane factors are unchanged at the 
time point of the experiments; 2) the defect is specific, as transloca-
tion of small proteins is restored in Sec62k.d. cells by exogenous ex-
pression of Sec62; 3) the small preprotein Rh-100, but not prepro-
lactin, was found in a complex with Sec62 in immunoprecipitation 
experiments; and 4) the homologous protein plays a role in post-
translational translocation in yeast (Deshaies and Schekman, 1989; 
Ng et al., 1996).

The mechanistic role of Sec62 remains to be studied, as does the 
link between the Sec62-dependent pathway described here and the 
two recently identified cytosolic factors that recognize signal se-
quences of short preproteins such as ppcecA. One of the factors, 
calmodulin, interacts in a calcium-dependent manner with signal se-
quences of short nontranslocated precursors to protect them from 
degradation until they translocate posttranslationally (Shao and 
Hegde, 2011a). Calmodulin was previously found to bind Sec61 
(Erdmann et al., 2011), indicating a pathway of delivery to the mem-
brane. The other factor, TRC-40, also binds ppcecA, as well as two 
mammalian proteins, and delivers them to the membrane via the 
TRC-40 receptor WRB (Vilardi et  al., 2011), where translocation 
occurs via Sec61 (Johnson et al., 2012). The Sec62 pathway studied 
here also delivers preproteins to the Sec61 translocon. It is therefore 

the longer preproteins, pPLf and pPLf-194, requires the SRP pathway 
and is independent of Sec62 (Figures 1D and 4, A–C).

Cotranslational translocation becomes inefficient in the absence 
of elongation arrest activity in mammalian cells (Lakkaraju et  al., 
2008), and SRP-dependent targeting is impaired by increasing na-
scent chain length in biochemical experiments (Flanagan et  al., 
2003), implying a size limit of the substrate for efficient transloca-
tion. The apparent limitation in substrate size for efficient transloca-
tion in the SRP and Sec62-dependent pathways provides a rationale 
for the prevalence of the SRP pathway in mammalian cells, since SRP 
has the capacity to keep the substrate short. Furthermore, it sug-
gests that the limitation of substrate size for efficient translocation is 
a characteristic of the translocation apparatus shared by the two 
pathways. Remarkably, the translocation of small preproteins be-
came strongly dependent on the elongation arrest function of SRP 
in the absence of the Sec62-dependent pathway (Figure 3A). For 
these short preproteins, which do not have to be kept short, the 
elongation arrest function might ensure cotranslational targeting by 
preventing termination of protein synthesis.

We do not know whether Sec62 binds directly to preproteins 
during translocation. However, a direct involvement of Sec62 in 
posttranslational translocation of small preproteins is strongly sup-
ported by four arguments: 1) there is no general translocation 

FIGURE 6:  Sec62 can be immunoprecipitated with a short reporter 
protein. HeLa cells were transfected with pRh-100– and pPLf-
expressing plasmids, cells were harvested 25 h later after treatment 
with cycloheximide (3 μg/ml) for 1 h, and protein complexes were 
precipitated with the antibodies indicated. F, anti-FLAG antibody; 
H, anti-His antibody. (A) Immunoprecipitates displayed on a 4–20% 
gradient gel. The upper part of the membrane was revealed with 
anti-Sec62 and the lower part with anti-His antibodies. pRh-100 and 
Rh-100 could not be resolved on this gel. Right, total cell extracts 
displayed on Tris-Tricine gel and 12% PAGE for Rh-100 and Sec62, 
respectively. (B) As in A, but with preprolactin as a reporter protein. 
Protein was revealed with anti-FLAG antibody. PL*, phosphorylated 
form of prolactin; **heavy chain.

FIGURE 5:  Posttranslational translocation in vitro requires Sec62. In 
vitro synthesized 35S-labeled preproteins (Input) were incubated with 
permeabilized HeLa cells, cytosolic extract, and ATP for translocation. 
(A) pPIn (left) and pPLf-190 and pPLf-140 (right) in the presence or 
absence of ATP. Translocation was monitored by signal sequence 
cleavage (lane 3). (B) pPIn translocation with and without CT08. 
(C) pPIn, pCC2 incubated with permeabilized SRα and control HeLa 
cells. (D) pPIn translocation with cytosol from h14k.d. cells. (E) pPIn, 
pLCh, and pRes translocation with permeabilized Sec62k.d. (+) and 
control (–) HeLa cells. The relative translocation efficiencies 
(percentages) as compared with the inputs are shown in parentheses.
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Plasmids for in vivo expression of reporter proteins
The cDNAs for Sec62 (SC118087), resistin (SC113077), and lysozyme 
C (SC125273) were obtained from OriGene. The pre-CC chemokine 
2 cDNA (CC2) was obtained from Open Biosystems (Thermo Biosys-
tems, Huntsville, AL). The plasmids pLCh-164 and pLCh-100 were 
generated by cloning the full-length and truncated versions of 
lysozyme C into pCDNA3 (Invitrogen, Carlsbad, CA) bearing a His 
tag. Full-length and truncated versions of preresistin (pRh-126 and 
pRh-100) were cloned into pCDNA3. The plasmids pCpInf and pCp-
CC2f were obtained by cloning their respective cDNAs into pCK-3f 
vector (Lakkaraju et al., 2008), which harbors a triple FLAG tag at its 
C-terminus. Amplifying the appropriate fragments from the plasmid 
pPL3F expressing preprolactin (Lakkaraju et al., 2008) followed by 
their insertion into pCK-3f for the expression in mammalian cells 
generated clones for the expression of truncated preprolactin (pCp-
PLf-194, pCpPLf-163, pCpPLf-140, pCpPLf-110). The plasmid pCK 
and the plasmid containing the rat insulin coding sequence pIns-
PCR were kind gifts from Didier Picard (University of Geneva, Ge-
neva, Switzerland) and Sandra Wolin (Yale University, New Haven, 
CT), respectively.

Analysis of preproteins
To analyze the accumulation of preproteins, we transfected the re-
porter proteins together with the shRNA-expressing plasmids. At 
64 h posttransfection the cells were treated with 10 μM of MG132 
for 8 h to monitor preprotein accumulation by Western blot. Prere-
sistin was protected from degradation by treating cells with 50 μM 
of ALLN (Calbiochem, La Jolla, CA) for 8 h. Cell lysates were col-
lected and equal amounts loaded onto the SDS–PAGE gels, and 
the proteins were revealed by Western blotting. To analyze the 
accumulation of preproteins in pulse-labeling experiments, we 
transfected cells with the reporter plasmids 24 h before the analy-
sis. The cells were initially treated with 10 μM of MG132 or 50 μM 
of ALLN for resistin for 45 min, followed by starvation in medium 
lacking cysteine and methionine for 30 min. Subsequently, 
cells were labeled using [35S]cysteine/methionine (200 μCi/ml; 
Hartmann Analytic, Braunschweig, Germany) for 5 min, followed 
by lysis and immunoprecipitation.

Immunoprecipitation
For the radiolabeling experiments, the cells were lysed in buffer 
containing 0.1 M Tris-HCl, pH 8, and 1% SDS. The viscous lysate was 
heated at 90°C for 10 min with occasional vortexing until it became 
less viscous. The lysate was now diluted five times into immunopre-
cipitation (IP) buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 
0.1% SDS, 50 mM Tris-HCl, pH 8, 1 mM EDTA, and 1× protease in-
hibitor cocktail; final volume, 1 ml). The labeled proteins were incu-
bated overnight with anti-tag antibodies and immobilized on pro-
tein G–Sepharose beads for 4 h. The immunoprecipitates were 
washed three times for 5 min each, and the beads were suspended 
in SDS–PAGE sample buffer (two times). The samples were heated 
at 65°C for 20 min, and, depending on the size of the protein and 
the preprotein, the samples were migrated on different gels. To 
monitor the proteins smaller than 140 amino acids, the Tris-tricine 
gels (12%T [total percentage concentration of both monomers 
(acrylamide and bisacrylamide)]/3.3%C [percentage concentration 
of bisacrylamide relative to total monomer concentration]) were 
used (Schägger and von Jagow, 1987). Proteins longer than or equal 
to 140 amino acids were migrated on either 12 or 15% Tris-glycine 
gels.

Cell extracts comprising resistin were treated with NEM (Sigma-
Aldrich) in the sample buffer as described (Schneider et al., 1994). 

conceivable that calmodulin and TRC-40 deliver substrate via Sec62 
to the translocon Sec61.

The results in mammalian cells differ from those in yeast in that 
the posttranslational pathway in yeast is efficient for polypeptides of 
any size both in vivo and in vitro (Hansen et al., 1986; Waters et al., 
1986; Deshaies and Schekman, 1989; Ng and Walter, 1994). The 
mammalian translocon lacks homologues of yeast Sec71 and Sec72 
and contains a different set of ER-associated chaperones (Dudek 
et al., 2009). The Sec71 and Sec72 proteins are dispensable in yeast, 
and deletion strains display only conditional translocation defects 
(Feldheim et al., 1993; Feldheim and Schekman, 1994). Yet other 
ER-associated factors may influence translocation and explain why 
mammals handle larger substrates differently from yeast. It also re-
mains to be studied whether selected substrates or specific physio-
logical conditions might increase the efficacy of posttranslational 
translocation of longer polypeptides in mammalian cells. Another 
interesting question for future studies is to understand how small 
membrane proteins cope with inefficient recognition by the SRP. In 
trypanosomes, membrane proteins with cleavable signal sequences 
may use either the SRP-dependent or the Sec71-dependent path-
way (Goldshmidt et al., 2008).

MATERIALS AND METHODS
Cell culture
HeLa cells (CCL-2; American Type Culture Collection, Manassas, VA) 
and HEK 293T cells were grown in DMEM at 37°C supplemented 
with 10% fetal calf serum (Sigma-Aldrich, St. Louis, MO).

RNA interference, transfections, and complementation assays
Expression of shRNAs and complementing proteins was described 
in Lakkaraju et al. (2008). shRNAs against h14 and luciferase were 
described previously (Lakkaraju et al., 2007). shRNAs against Sec62 
were generated by cloning the appropriate sequence complemen-
tary to the target sequence: 5′ GAAAGGAGAGGAAGCTTTA 
(shRNA62.2, position 224 in the coding region) and 5′ GAGCA-
GACTTAAAGTAGCT 3′ (shRNA62.3, position 2175 in 3′ untrans-
lated region) into pSuper.retro.puro vector (OligoEngine, Seattle, 
WA). The target sequences for the shRNAs were chosen using the 
Bioinformatics and Research Computing Web interface at http://
jura.wi.mit.edu/bioc/siRNAext/home.php.

To deplete cells of endogenous proteins, we transfected equal 
numbers of cells with shRNA-expressing plasmids. After 24 h, the 
cells were selected for puromycin resistance for 24 h (3 μg/ml cell 
culture medium). For the complementation of h14k.d. in HeLa cells, 
cells were cotransfected with the plasmids expressing either the fu-
sion protein of GFP and h14 (pG14) or the h14 mutant protein 
h14A5 (pG14A5; Lakkaraju et al., 2008). Cotransfection of the plas-
mid pCMV6-XL5-Sec62 (OriGene, Rockville, MD) complemented 
Sec62-depleted cells. If required, the plasmids of the reporter pro-
teins pPLf, pInf, pLCh-164, pRh-126, and pCC2f and their truncated 
versions were also transfected together with the shRNA-expressing 
plasmids. The protocol for transfections in HEK 293T cells has been 
described (Lakkaraju et al., 2007).

To analyze ubiquitination, the pUb-HA plasmid expressing HA-
tagged ubiquitin was transfected along with the other plasmids. 
MG132 (10 μM) was added for 8 h, the cells were lysed, and the 
pPLf (also the variants of different chain lengths) and pPInF were 
immunoprecipitated using anti-FLAG antibody (M2; Sigma-Aldrich). 
HA-tagged Ub was blotted using anti HA–horseradish peroxidase 
antibodies (11667475001; Roche, Indianapolis, IN). Cotransin 08 
(CT08) was synthesized as described previously (Garrison et  al., 
2005).
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Cell-free transcription and translation
In vitro transcription of pPL, pCC2, and pIn cDNAs was done with 
SP6 RNA polymerase (Promega, Madison, WI) as described previ-
ously (Huck et  al., 2004). The plasmids pSP-BP4 and pSP-insulin 
were linearized with EcoRI before transcription. The cDNA clones of 
resistin and lysozyme C (pCMV6-XL4-res and pCMV6-XL4lysoC, re-
spectively) were obtained from OriGene, linearized simultaneously 
with Xho1 and Xba1, and transcribed using T7 RNA polymerase 
(Promega). The synthetic RNAs were purified using a G50–Sephar-
ose column. To produce truncated variants of preprolactin, stop 
codons were introduced at the desired sites. Proteins were ex-
pressed in rabbit reticulocyte lysate (L4960; Promega). The standard 
translation mix contained 35 μl of reticulocyte lysate, 1 μl of amino 
acid mix (1 mM) lacking methionine and cysteine, 1 μl of RNase in-
hibitor (RNAsin 40 U/μl; Invitrogen), 2 μl of [35S]cysteine/methionine 
(10 μCi/ml; Hartmann Analytic), and 1 μl of RNA (1 μg/μl). Transla-
tion was allowed to proceed at 30°C for 60 min.

Immunofluorescence and VSV infection
Immunofluorescence was performed as described previously 
(Lakkaraju et al., 2007). The coverslips were analyzed using the SP2 
laser scanning confocal microscope (63×/1.4 numerical aperture, 
PlanApo, He/Ne laser). VSV infection in HeLa cells was performed as 
described previously (Le Blanc et al., 2005).

Compilation of small signal sequence–bearing proteins
We downloaded the human Secreted Protein Database (Chen et al., 
2005) and sorted the proteins according to their sizes. The original 
database contains >3000 proteins.

Statistical methods and figure preparation
Error bars in Figure 2B represent the SD: SD= X M n[ ( ) ] / ( )− −∑ 2 1, 
where X is the individual data point, M the mean, and n the number 
of samples. Figures were prepared using Canvas software (ACD 
Systems, Seattle, WA).

The gels were fixed and dried. Visualization and quantification of 
the gels were done using the Bio-Rad phosphoimager (Bio-Rad, 
Hercules, CA). The translocation efficiencies of the samples were 
quantified using the following equation after the background was 
subtracted: T = 100 × translocated protein/(preprotein + translo-
cated protein). In all the experiments the translocation of the control 
sample (C) was set as 100%.

In the pulse-labeling experiments, CT08 (1 μM final concentra-
tion) was present 60 min before and during labeling of cells. For the 
in vitro translocation assays, CT08 (1 μM) was added to the cells for 
30 min before the membrane isolation and also added during the 
translocation assay.

For the immunoprecipitations of complexes comprising sub-
strate and Sec62, cells were transfected with the substrate for 24 h, 
followed by 1-h treatment with cycloheximide (3 μg/ml). The cells 
were lysed using the lysis buffer: 20 mM Tris HCl, 10% glycerol, 
20 mM sodium molybdate, 0.1 mM dithiothreitol, 0.25% Triton 
X-100, and protease inhibitors. The cell lysate was sonicated three 
times for 30 s. The lysate was spun down at 10,000 × g for 5 min, 
and the supernatant was precleared using protein G–Sepharose fol-
lowed by incubation with the antibody overnight and by immobili-
zation on Sepharose beads for 4 h. The immunoprecipitates were 
migrated on 4–20% gradient gels, and the proteins were detected 
by Western blot.

Preparation of semipermeabilized HeLa cells
HeLa cells grown in 10-cm dishes were washed twice with ice-cold 
phosphate-buffered saline (PBS), followed by the extraction of the 
cytosolic content using digitonin (0.015%) for 10 min on ice in KHM 
buffer (110 mM KOAc, 2 mM MgOAc, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid [HEPES], pH 7.2). The cells were fur-
ther washed with HEPES buffer and resuspended in KHM buffer. 
The permeabilized cells served as the source of ER membranes in 
the in vitro translocation assays as described previously (Rabu 
et al., 2008). Each translocation mix consisted of 15 μl of reticulo-
cyte lysate obtained after ultracentrifugation (140,000 × g for 
40 min), 20 μl of the suspended semipermeabilized HeLa cells, and 
15 μl of cytosol. ATP was added at a final concentration of 1 mM. 
Recombinant chaperones Hsp40 and Hsc70 were obtained from 
Stressgen (Enzo Life Sciences, San Diego, CA) and were used at a 
concentration of 2.5 and 1.5 μM, respectively. The translocation 
assay was performed at 30°C for 30 min; the membranes were re-
covered by a brief spin in a tabletop centrifuge and were sus-
pended in the SDS–PAGE sample buffer (2×). The proteins were 
displayed on Tris-tricine gels and visualized by a Bio-Rad phospho-
imager. The low translocation efficiencies are due to inactivation of 
calmodulin in nuclease-treated reticulocyte lysate (Shao and 
Hegde, 2011a).

Antibodies and Western blotting
The anti-Sec62 (dilution 1:500) and the anti-SRα (1:500) antibodies 
were generous gifts from R. Zimmermann (Saarland University, Saar-
brücken, Germany) and Peter Walter (University of California, San 
Francisco, San Francisco, CA), respectively. Anti-SRβ (1:500) anti-
body was purchased from Abcam (Cambridge, MA). Anti-6His anti-
body (Abcam, 1:2000) and anti–glyceraldehyde-3-phosphate dehy-
drogenase antibody (Abcam, 1:1000) were revealed with the Ettan 
DIGE imager (GE Healthcare, Piscataway, NJ) using ECL Plex goat 
anti–rabbit immunoglobulin G (IgG; Cy5) and ECL Plex goat anti–
mouse IgG (Cy3; both GE Healthcare) at the dilutions recommended 
by the supplier. All the other antibodies were described previously 
(Lakkaraju et al., 2008).
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