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Conserved motifs on the cytoplasmic face of the protein
translocation channel are critical for the transition between
resting and active conformations
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The Sec61 complex is the primary cotranslational protein
translocation channel in yeast (Saccharomyces cerevisiae). The
structural transition between the closed inactive conformation
of the Sec61 complex and its open and active conformation is
thought to be promoted by binding of the ribosome nascent-
chain complex to the cytoplasmic surface of the Sec61 complex.
Here, we have analyzed new yeast Sec61 mutants that selectively
interfere with cotranslational translocation across the endo-
plasmic reticulum. We found that a single substitution at the
junction between transmembrane segment TM7 and the L6/7
loop interferes with cotranslational translocation by uncoupling
ribosome binding to the L6/7 loop from the separation of the
lateral gate transmembrane spans. Substitutions replacing basic
residues with acidic residues in the C-terminal tail of Sec61 had
an unanticipated impact upon binding of ribosomes to the Sec61
complex. We found that similar charge-reversal mutations in
the N-terminal tail and in cytoplasmic loop L2/3 did not alter
ribosome binding but interfered with translocation channel gat-
ing. These findings indicated that these segments are important
for the structural transition between the inactive and active con-
formations of the Sec61 complex. In summary our results have
identified additional cytosolic segments of the Sec61 complex
important for promoting the structural transition between the
closed and open conformations of the complex. We conclude
that positively charged residues in multiple cytosolic segments,
as well as bulky hydrophobic residues in the L6/7-TM?7 junc-
tion, are required for cotranslational translocation or integra-
tion of membrane proteins by the Sec61 complex.

Translocation of proteins across the yeast rough endoplas-
mic reticulum (RER)* can occur by cotranslational and post-
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translational pathways that utilize separate targeting and trans-
location machineries. Signal sequences of proteins that are
cotranslationally translocated across the RER are more hydro-
phobic (1, 2) and are recognized by the signal recognition par-
ticle (SRP) as the nascent chain emerges from the polypeptide
exit site on the large ribosomal subunit (3, 4). Targeting of SRP—
ribosome nascent chain (RNC) complexes to the RER is medi-
ated by the interaction between the SRP and the SRP receptor
resulting in selective attachment of the RNC to the protein
translocation channel (5, 6). The yeast Sec61 complex, which is
composed of Sec61p, Sbhlp, and Ssslp, is the primary cotrans-
lational protein translocation channel in yeast (7). Yeast Sshlp,
a homologue of Sec61p, assembles with Sbh2p and Ssslp to
form a nonessential translocation channel that is specific for
the cotranslational pathway (8 —10).

In Saccharomyces cerevisiae, proteins that are translocated
by the posttranslational pathway are thought to be delivered to
the heptameric Sec complex by cytosolic chaperones and alter-
native targeting factors (2, 11, 12). The Sec complex is com-
posed of the Sec61 heterotrimer plus the tetrameric Sec62/
Sec63 complex (7, 13). Sec71p and Sec72p are fungi-specific
subunits of the Sec62/Sec63 complex. The Sec complex, unlike
the Sec61 or Ssh1l complexes, does not bind ribosomes directly
(14). Ssh1p cannot replace Sec61p in the Sec complex (8), hence
overexpression of Sshlp cannot compensate for disruption of
the essential SEC61 gene or suppress the lethality caused by
temperature-sensitive sec61 alleles.

Ribosome profiling experiments using organelle-specific
proximity labeling indicate that the majority of yeast secretome
proteins, including previously identified substrates of the yeast
posttranslational translocation pathway (1, 2), are translated in
the vicinity of the rough endoplasmic reticulum (15). Ribosome
profiling of endoplasmic reticulum (ER)—bound ribosome did
not reveal a difference in distribution for ribosomes translating
integral membrane proteins and secretory proteins in yeast
(16). The latter observations led to the conclusion that yeast
SRP is responsible for ER targeting of virtually all ribosomes

endoplasmic reticulum; OD, optical density; RNC, ribosome nascent chain;
SD, synthetic minimal media containing dextrose; SEG, synthetic minimal
media containing ethanol and glycerol; SR, signal recognition particle
receptor; SRP, signal recognition particle; Ub, ubiquitin; UTA, ubiquitin
translocation assay; YPAD, YPD containing adenine; YPAEG, YP media con-
taining ethanol and glycerol as carbon sources supplemented with ade-
nine; YPD, yeast extract, peptone, dextrose media.
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synthesizing secretome proteins except for the tail-anchored
membrane proteins that are targeted by the Get2 protein (17).
However, rapid inactivation of yeast SRP combined with ER-
specific ribosome profiling indicates that ribosomes synthesiz-
ing SRP-independent substrates remain ER-localized in SRP-
deficient cells (18). In contrast, SRP-dependent secretome
proteins including integral membrane proteins are mistargeted
to the mitochondria in SRP-deficient cells (18).

Sec72p, which contains a tetratricopeptide repeat domain,
can interact with both the cytosolic Hsp70 protein Ssalp and
the ribosome-bound Hsp70 protein Ssb1p (19). Mutagenesis of
the Hsp70-binding sites in Sec72p revealed that these interac-
tions contribute to targeting of nascent carboxypeptidase Y
(CPY) to the Sec complex. Thus, Hsp70 binding to yeast secre-
tome proteins that have less hydrophobic signal sequences may
play a critical role in selective delivery of this class of secretome
proteins to the Sec complex.

Structural insight into the Sec61 complex has been provided
by X-ray crystal structures of archaebacterial SecYEB (20, 21)
and eubacterial SecYEG (22, 23). With respect to ribosome—
Sec61 interactions, the structures show that the L6/7 and L8/9
cytosolic loops project well above the membrane surface. We
had identified mutations in the L6/7 and the L8/9 loops of
Sec61p that are critical for cotranslational protein transloca-
tion. Specifically, point mutations in cytosolic loop 6/7 (R275E)
and loop 8/9 (R406E) of yeast Sec61p cause cotranslational
translocation defects (24). The L8/9 segment is particularly
critical for ribosome binding, as the R406E mutation in yeast
Sec61p causes a complete block in binding of nontranslating
ribosomes (24). Early cryo-EM structures of yeast and mamma-
lian protein translocation complexes revealed three to four
contact sites between the translating ribosome and the cyto-
plasmic face of the protein translocation channel (25, 26). The
two major contact sites (C2 and C4) are near the polypeptide
exit tunnel on the 60S ribosomal subunit and correspond to
interactions between the 26S rRNA with cytoplasmic loops
L6/7 and L8/9 of Sec6la. A more recent higher resolution
structure of an RNC-Sec61 complex confirmed the location of
L6/7 and L8/9 contact sites and revealed a single additional
contact between the ribosome and the N terminus of Sec61y
(27). Thus, the existence of additional contact sites near the N
terminus and C terminus of Sec6la (26) is now questioned.
Notably, the N terminus of Sec61 (residues 1-23) and the
C-terminal 10 residues of Sec61 (residues 467—476) were not
resolved in several RNC-Sec61 complex structures (27, 28), so
the distance between these potentially flexible segments of
Sec61 and the ribosome is uncertain.

We have introduced point mutations that replace conserved
basic residues with acidic residues in several cytoplasmically
exposed segments of Sec6lp to determine whether these
regions of yeast Sec6l are important for the cotranslational
translocation pathway. Charge-reversal substitutions in the
C-terminal tail of Sec61 caused protein translocation defects
and blocked ribosome binding when combined with the sec61
R275E mutation in the L6/7 loop. Although charge-reversal
substitutions in the N terminus and the L2/3 region caused
cotranslational protein translocation defects, these point muta-
tions did not have any impact on ribosome-binding activity.
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Instead, we propose that the N-terminal and L2/L3 mutations
interfere with the transition between the inactive and active
conformations of the Sec61 complex.

Results

Biochemical experiments (29) and more recent cryo-EM
structures (26, 27) indicate that the 26S rRNA provides the
major contact sites for Sec61 on the large ribosomal subunit.
Charge-reversal substitutions in cytoplasmic loops L6/7 and
L8/9 of Sec61 (e.g. R275E in L6/7 and R406E in L8/9) (Fig. 1, A
and B) cause cotranslational translocation defects (24), which
in the case of the sec61 R406E allele can be explained by a com-
plete block in 80S ribosome-binding activity. Despite the
improved resolution of ribosome—Sec61 complex structures, it
is unclear how RNC-Sec61 contacts promote the transition
between the closed and open conformations.

Based on an alignment between the Methanocaldococcus
jannaschii SecY sequence and a collection of 125 diverse
eukaryotic Sec61 sequences (Fig. 1C), we identified conserved
arginine and lysine residues in the N terminus (Arg-5 and Lys-
11) and the C terminus (Lys-464 and Lys-470) of S. cerevisiae
Sec61 (Fig. 1A, residues shown as blue spheres). It should be
noted that a basic amino acid that aligns with S. cerevisiae Lys-
470 is less well-conserved, yet roughly 40% of the Sec61
sequences we examined contain a basic residue in this vicinity
in addition to the conserved basic residue that aligns with Lys-
464. The conformation of the L2/3 loop differs markedly
between the M. jannaschii SecYEB crystal structure and
cryo-EM structures of ribosome—Sec61 complexes (26 -28).
For that reason, we targeted conserved basic residues at the tip
of the L2/L3 loop (Lys-108 Arg-111). We constructed three
plasmids harboring pairs of charge-reversal substitutions
(sec61 R5E K11E, sec61 K464E K470E, and sec61 K108E R111E).

Regardless of the targeting pathway, insertion of the signal
sequence into the signal sequence— binding site depends upon a
partial separation of the lateral gate of the Sec61 complex which
is composed of TM2, TM3, TM7, and TMS8 of Sec61p (20). We
also examined aligned Sec61 sequences at the junction between
the L6/7 loop and TM7 and noticed several invariant bulky
hydrophobic residues (Leu-285, Phe-286, Tyr-287) at this
boundary (Fig. 1C, L6/7-TM?7 junction). The sec61 L285G
mutant was constructed to test whether the enhanced flexibility
expected from a glycine substitution at this site would interfere
with lateral gate opening in response to RNC binding to the
Sec61 complex (Fig. 1B).

Phenotypes of the charge-reversal sec61 mutants

Elimination of the auxiliary Sshl translocation channel
causes a relatively minor decrease in cell growth rate (24). In
contrast, disruption of genes encoding subunits of the SRP or
the signal recognition particle receptor (SR) causes severe
growth defects (30, 31) because of elimination of SRP-SR-—
mediated targeting of RNCs to the Sec61 complex. Conse-
quently, sec61 alleles can be identified which selectively inter-
fere with the cotranslational protein translocation pathway by
screening for mutations that cause growth and translocation
defects in an ssk1A strain (24).
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Figure 1. Location of yeast Sec61p residues selected for mutagenesis. A and B, the M. jannaschii SecYEB channel (A) and lateral gate views (B) are color
coded as follows: SecY (cyan), SecB (yellow), SecE (orange), previously described mutants (magenta), new charge-reversal mutations (blue), and the L285G
mutant (red). Conserved residues (Asn-302 and GIn-129) in the lateral gate polar cluster (36) that are important for channel gating are shown as magenta
spheres. Sec61 residues selected for mutagenesis are mapped onto SecY based upon sequence alignment. The Sec61 R5E mutation is mapped onto M1 of
M. jannashii SecY because S. cerevisiae Sec61 has a six-residue N-terminal extension relative to SecY. Residue numbers in all panels correspond to S. cerevisiae
Sec61. Panels A and B were made using PYMOL v1.3 software and PDB ID 1RHZ. C, sequence logos for the N terminus, L2/3 and L6/TM7 junctions, and the C
terminus of Sec61 were constructed by alignment of 125 diverse eukaryotic Sec61 sequences. Residues are color coded by side chain property; letter height is
proportional to frequency. The M. jannaschiiand S. cerevisiae sequences flank the logo. Arrowheads beneath the sequence logo designate residues selected for
mutagenesis. Sequence logos were made using the website http://weblogo.berkeley.edu/logo.cgi.®

We replaced epitope-tagged Sec61 (Sec61-V5) with the
untagged sec61 mutants using a plasmid shuffle procedure in
yeast strains that either express (SSHI) or do not express
(ssh1A) Sshlp, the pore-forming subunit of the auxiliary
cotranslational protein translocation channel. The resulting
yeast strains were maintained in synthetic media containing
ethanol and glycerol (SEG) prior to conducting growth rate or
protein translocation assays to minimize cellular adaptation to
the Sec61p mutations and to prevent the accumulation of petite
mutants. Yeast strains that lack the Sshlp translocation chan-
nel display a 10-20% decrease in growth rate relative to a WT
strain (8, 10) and are viable at both 30 and 37 °C when cultured
on YPD plates (Fig. 24). As shown previously (24), expression of
the Ssh1p complex suppresses the growth defect of the positive
control strain (sec61 R275E R406E) at both temperatures (Fig.
2A). All four of the new sec61 mutants displayed growth rate
defects that were more severe at 37 °C than at 30 °C in the ssh1A
background. Growth rate defects were comparable to that dis-
played by the previously characterized sec61 R275E R406E
mutant and were fully suppressed by the presence of the Ssh1p
complex (Fig. 24).

The observed growth rate defects are not because of reduced
stable expression of the sec61 mutant protein relative to WT
Sec61lp as protein immunoblots revealed only minor differ-
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ences in Sec61p immunoreactivity between WT and mutant
strains (Fig. S1). We can conclude that the sec61 mutants are
not misfolded as these sec61 alleles are viable at 37 °C in the
absence of the Ssh1p complex unlike the classical temperature-
sensitive sec61-2 allele (8). Secondly, sec61 alleles that have
folding defects (e.g. sec61-2 and sec61-3) show obvious reduc-
tions in Sec61 expression at the permissive temperature (30 °C)
(32, 33), and markedly lower Sec61 expression at the restrictive
temperature because of proteasome-mediated degradation of
Sec61 (32).

Integration of dipeptidylaminopeptidase B (DPAPB) and
translocation of carboxypeptidase Y were monitored to detect
defects in the cotranslational translocation pathway (DPAPB)
and the posttranslational translocation pathway (CPY). The
hydrophobicity of the signal sequence determines the targeting
pathways and the translocation channel (Sec61 heterotrimer
versus Sec complex) for these well-established assay substrates
(1). The cells were transformed with a low-copy plasmid
expressing DPAPB-HA under control of the GAPDH promoter
to facilitate efficient labeling of DPAPB. Cells were shifted from
SEG media into SD media and grown for 4 h prior to pulse
labeling for 7 min with TRAN>°S-Label. Cotranslational inte-
gration of DPAPB into the ER membrane is detected by the
electrophoretic mobility decrease that occurs upon addition of

SASBMB


http://www.jbc.org/cgi/content/full/RA118.004123/DC1
http://weblogo.berkeley.edu/logo.cgi

Sec61-ribosome interactions during protein translocation

A
Sec61 SSH1 (30°0) 37°C) ssh1A (37°C
wt ) P | "4 % -
R275E R406E [ ) o
K108E KIME [ : ® =
K464E K470E I ®
L285G : ®
RSE K11E ®
B RO75E  K108E KAG4E RSE
Sec6t Wt pioeE RIME  K470E 285G ki mw
SSHI 4+ — + — + — + — + — + — ioa
DPAPB = . N I B TT)
pDPAPB = T e -—
60 .
& a0l I i i ' ]E-
= .
£l Pt
& 20|
e %
_t E - * - N
0
4 oW W Yo ow W
geg v L, w
T § A A
Sec61 wt uusl ‘%l & f‘\t/’ @ wt W W o &3 by
SIS Y g L3I~ &£
& £ g & £ £ MW
SSH1 + + + + + 4+ — — — — — — kDa
PICPY = (5 S o o Sl B 5% &0 B o0 B B0
ppCPY =p - B e . . 55
80
S eo- ¥ . .
>
£l fefs
Q.
o

20—£$¥$£¥
0

Figure 2. Ssh1p suppresses growth rate and protein translocation
defects of the Sec61 cytoplasmic loop mutants. A, yeast strains (SSH1 or
ssh1A) that express WT or mutant alleles of Sec61p were maintained in SEG
media prior to spotting onto YPAD plates to evaluate growth at 30 or 37 °C for
2 days. Please note that the spotting order for the second and third dilu-
tions was inverted on the SSHT plate cultured at 37 °C. B, translocation
assays of sec61 mutants in SSH1 or ssh1A strains. Yeast strains were shifted
from SEG media into SD media and cultured for 4 h prior to pulse labeling.
Integration of DPAPB and translocation of CPY was assayed by 7-min pulse
labeling of WT and mutant yeast cells. CPY and DPAPB were immunopre-
cipitated from pulse-labeled cell extracts using CPY and DPAPB specific
antisera. The glycosylated ER forms of CPY (p1) and DPAPB were resolved
from nontranslocated precursors (ppCPY and pDPAPB) by SDS-PAGE. The
percentintegration (DPAPB) or translocation (CPY) is the average of two to
eight determinations, one of which is shown here. Blue (SSH1) and red
(ssh1A) bars represent mean and S.D. with individual data points plotted
as black squares.

seven to eight N-linked oligosaccharides (Fig. 2B). The DPAPB
precursor (pDPAPB) is slightly elevated in the SEC61sshiA
strain, but dramatically elevated in strains that lack Ssh1p and
express a sec61 mutant (Fig. 2B, red error bars). As observed
previously for the sec61 R275E R406E mutant (24), expression
of the Sshlp complex suppresses the translocation defects of
the four new sec61 mutants (Fig. 2B, blue error bars) consistent
with the conclusion that Sshlp is a cotranslational transloca-
tion channel (9, 10).

Translocation of CPY is detected by the addition of four
N-linked oligosaccharides. Even though CPY is translocated
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through the Sec complex, which does not bind ribosomes (29),
CPY translocation is reduced in the sec61 R275E R406E mutant
and in the new sec61 mutants (Fig. 2B, red error bars). Expres-
sion of the Sshlp complex suppresses the CPY translocation
defect for all of the mutants (Fig. 2B, blue error bars), even
though there are multiple lines of evidence that CPY is not
translocated through the Sshlp translocation channel but is
instead exclusively translocated by the Sec complex. Translo-
cation of CPY is completely blocked in yeast strains with non-
conditional mutations in the Sec62/Sec63 complex (sec62-101,
sec63-201), but as shown previously (24) and confirmed here,
the CPY precursor is only slightly elevated in yeast strains lack-
ing Ssh1p. Secondly, when SRP is inactivated (sec65—1 mutant)
(1) or when a subunit of the SRP or SR is depleted (1, 30, 31),
CPY translocation is not inhibited, indicating that CPY trans-
location is not dependent on the SRP targeting pathway. Assays
conducted using the split-ubiquitin system indicate that the
CPY precursor is adjacent to Sec61lp but not Sshlp during
translocation across the ER (9). Thus, as we proposed previ-
ously, the CPY translocation defect occurs by an indirect mech-
anism when cotranslational substrates like DPAPB transiently
accumulate as aggregates in the cytosol (24).

Transient accumulation of cytosolic pDPAPB in ssh1Asec61
mutants

Evidence for cytosolic accumulation of pDPAPB was ob-
tained by protein immunoblotting. Total cell extracts were
resolved by SDS-PAGE to detect the pDPAPB precursor at var-
ious time points after cells were shifted into the SD media (Fig.
3A). Quantification of protein immunoblots showed that max-
imal accumulation of pDPAPB in the sshlAsec61 mutants
occurred 4 — 6 h after shift of the cells into the richer media (Fig.
3B, black bars). Levels of DPAPB precursor declined upon
extended incubation, in most cases dropping below 15%
pDPAPB after 24 h of culture compared with 4% pDPAPB for
the SEC61ssh1A strain (Fig. 3B, gray bars). The decline in cyto-
solic pDPAPB is explained by an increase in the integration
efficiency of DPAPB via a posttranslational pathway (24, 34), a
reduction in total protein synthesis as the cells adapt to the
defect in the cotranslational protein translocation pathway
(35), and we presume by degradation of cytosolic pDPAPB
aggregates. We have not tested whether degradation of the
pDPAPB aggregates is sensitive to proteasome inhibitors. A
second point to note is that the translocation defects for the
sec61 mutants were not additive in terms of accumulation
of cytosolic pDPAPB (Fig. 3B). For example, the maximal
accumulation of pDPAPB for the sec61 R5E R11E K108E
R111E mutant was higher than the value for the sec61 R5E
R11E mutant but lower than the value for the sec61 K108E
R111E mutants. These results indicate that the sec61 muta-
tions impact similar steps in cotranslational translocation,
without causing a complete block in DPAPB integration
when combined.

Ribosome binding to L6/L7 promotes lateral gate separation

The ribosomal contact site in L8/L9 is critical for ribosome
binding to the Sec61 complex (24); contact sites in both L6/7
and L8/9 are necessary for efficient translocation channel gat-
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Figure 3. Transient accumulation of pDPAPB in sec61 mutants cul-
tured in S. D. media. Yeast strains were transferred from SEG media into
liquid SD media and cultured at 30 °C for 0-24 h. A, total cell lysates from
selected strains were resolved by SDS-PAGE to allow protein immunoblot
detection of pDPAPB and DPAPB. B, DPAPB immunoblots including those
displayed in panel A were quantified by densitometry to determine the
maximal percent accumulation of pDPAPB (4 or 6 h time point) and the
percent pDPAPB remaining at the 24 h time point. The quantified values
are the average of two determinations. Error bars designate individual
data points.

ing (34). The polar cluster in the lateral gate (Thr-87, GIn-129,
and Asn-302) in S. cerevisiae links TM2 (Thr-87), TM3 (GIn-
129), and TM7 (Asn-302). Insertion of a signal sequence into
the signal sequence—binding site of Sec61 mandates the sepa-
ration of the hydrogen bond network linking these residues.
The polar cluster regulates lateral gate opening in response to
the hydrophobicity of the signal sequence (36). The sec61
L285G mutant was designed to test whether enhanced flexibil-
ity at the junction between L6/7 and TM7 would interfere with
cotranslational translocation by weakening the structural link
between the ribosome contact site in L6/7 and the lateral gate of
the protein translocation channel. To explore this concept we
constructed sec61 double mutant strains that combine the
L285G mutation with lateral gate polar cluster mutations that
either stabilize the lateral gate (sec61 Q129L, sec61 N302L) and
cause posttranslational protein translocation defects or muta-
tions that destabilize the closed conformation of the lateral gate
(sec61 Q129N, sec61 N302D, sec61 N302E) and act as sec61 prl
alleles to promote translocation of substrates with signal
sequence mutations (36).

Growth of strains that express the single and double sec61
mutants was evaluated in the ssh 1A background by colony dilu-
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Figure 4. Interaction between sec67L285G and lateral gate polar clus-
ter mutations. A, yeast strains that express WT or mutant alleles of Sec61p
in the ssh1A background were maintained in SEG media prior to spotting
onto YPAD plates to evaluate growth at 30 or 37 °C for 3 days. B, translo-
cation assays of sec67 mutants in ssh1A strains. Yeast strains were shifted
from SEG media into SD media and cultured for 4 h prior to pulse labeling.
Integration of DPAPB and translocation of CPY was assayed as in Fig. 2. The
percent integration of DPAPB (upper panel) and translocation of CPY
(lower panel) is the average of two to nine determinations. Horizontal bars
designate mean and S.D.s, with individual data points plotted as black
squares.

PPCPY (%)

tion experiments (Fig. 44). As reported previously (36), the
sec61 lateral gate polar cluster mutations do not cause growth
rate defects at 30 or 37 °C (Fig. 44). When combined with the
L285G mutation, the Q129N and N302D mutations suppressed
the growth rate defect caused by the L285G mutation at both
30° and 37 °C. The N302L and Q129L mutations did not sup-
press the growth rate defect when combined with the L285G
(Fig. 4A).

The sec61 single and double mutants were pulse-labeled
4 h after being shifted from SEG into SD media (Fig. 4B).
Interestingly, the sec61 L285G Q129N, sec61 L285G N302D,
and sec61 1L285G N302E mutants all lacked defects in the
integration of DPAPB and translocation of CPY, indicating
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Figure 5. Translocon gating assays of sec67 mutants. A, Dap2 reporters consist of i) the N-terminal cytoplasmic domain of Dap2p (green, Dap2p,_,o)
followed by the TM span (black, Dap2p;,_4s), i) 49- to 265-residue spacer segments (blue) derived from Dap2p, iii) a Ub domain (red), iv) a 42-residue linker
(cyan) with a processing site (arrowhead) for a Ub-specific protease, and v) a Ura3 reporter domain followed by a triple-HA epitope tag (yellow). Sites for N-linked
glycosylation are indicated. B, cleavage of the Dap2 reporter defines the in vivo kinetics of translocon gating in sec61 mutants. A delay in RNC docking or in
channel gating allows folding of Ub in the cytosol and cleavage of the reporter to generate Ura3-HA. The color code for Dap2 segments is as defined in panel
A. G, in vivo cleavage of the Dap2 reporter in SEC61ssh1A and sec61ssh1A mutant strains after 24 h of growth at 30 °C in SD media was evaluated by pulse
labeling. Labels designate the intact glycosylated (e.g. g49) and cleaved (U-HA) reporter domains. Downward-pointing arrowheads in assays of mutant strains
designate nonglycosylated intact reporters that correspond to cytosolic Dap2 reporter aggregates (10, 34). D and E, spacer-length dependence of Dap2
reporter cleavage (percent cytosolic Ura3-HA) for Sec61 WT (D and E, black squares), sec61 R5E K11E (D, blue circles), sec61 K108E R111E (D, red circles), sec61
K464E K470E (D, cyan squares), sec61 L285G (E, cyan circles), and sec61 L285G Q129N (E, blue squares). Data points in panels D and E are averages of two
experiments one of which is shown in panel C, with error bars designating individual data points. Error bars that are not visible are smaller than the data symbol.

that these prl alleles suppressed the translocation defect
caused by the sec61 L285G mutation. The sec61 N302L and
sec61 Q129L mutants are not defective in the integration of
the cotranslational substrate DPAPB as reported previously
(36). However, these lateral gate stabilization mutations did
not significantly alter the DPAPB integration defect of the
sec61 1L285G mutant. The sec61 L285G N302L and sec61
L285G Q129L double mutants had a defect in CPY translo-
cation that was similar to the parental sec61 N302L and sec61
Q129L mutants.

Translocation channel gating in sec6 1 mutants

The in vivo kinetics of DPAPB integration can be analyzed
using the DAP2 series of ubiquitin (Ub) translocation assay
(UTA) reporters (34, 37). The Dap2 reporters consist of the
N-terminal cytosolic and transmembrane domains of DPAPB
followed by a variable length spacer segment (49 —265 residues)
derived from the luminal domain of DPAPB, Ub, a cleavage site
for a Ub-specific protease, and HA epitope—tagged Ura3p (Fig.
5A). Rapid folding of the Ub domain in the cytosol allows cleav-
age by a Ub-specific protease and release of the cleaved (Ura3-
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HA) reporter segment (Fig. 58). However, if Dap2—RNCs gate
the translocon before the entire Ub domain emerges from the
large ribosomal subunit, the intact reporter will be integrated
into the ER. Mutations in SRP54 (37), SR« (34), and SR3 (10), or
in the ribosome contact sites in L6/7 and L8/9 of Sec61 (34)
retard reaction steps that precede translocon gating leading to
elevated cleavage of the Dap2 series of UTA reporters. As the
sshlA sec61 mutants do not have mutations in the SRP or SR
subunit genes, any delays in translocation of the Dap2 UTA
reporters can be ascribed to defects in the ribosome docking or
translocon gating steps.

The sshiA yeast strains expressing WT and mutant alleles of
Sec61p were shifted from SEG media into SD media and cul-
tured at 30 °C for 24 h prior to pulse labeling. Consequently,
these assays monitor translocon gating by the Dap2 reporters
after the adaptation process is complete as indicated by the
reduced steady state levels of pDPAPB (Fig. 3). The intact gly-
cosylated reporters (e.g. g49) as well as the cleaved Ura3-HA
domain were recovered by immunoprecipitation with the
anti-HA mAb. In SEC61ssh1A cells, Dap2 cleavage decreases as
the spacer length is increased from 49 to 149 residues (Fig. 5,
C-E, black squares), indicating that roughly 90% of Dap2-RNCs
gate the translocon before 270 residues of the reporter emerge
from the large ribosomal subunit (N terminus and TM span (45
AA) + spacer (149 AA) + Ub (76 AA) = 270 residues). Further
increases in spacer length have little impact on Dap2 reporter
cleavage in SEC61 sshiA (Fig. 5D, black squares) with the pla-
teau value (<10% Ura3—HA) for Dap265 cleavage correspond-
ing to the fraction of the reporter that does not enter the
cotranslational integration pathway.

Translocon gating assays of the new sec61 ssh1A mutants
revealed elevated cleavage for all spacer lengths relative to WT
cells (Fig. 5C). Downward pointing arrowheads in Fig. 5C des-
ignate nontranslocated, nonglycosylated intact reporters that
are diagnostic of cytosolic Dap2 reporter aggregates (34). Of the
three new double mutants, the sec61 K464E K470E sshiA
mutant shows the greatest delay in translocation channel gating
and the highest plateau value indicating that roughly 65% of the
Dap2 reporters do not enter the cotranslational targeting path-
way after adaptation (Fig. 5D, cyan squares). The adaptation
process involves increased transcription of genes encoding
cytoplasmic chaperones, and repression of gene products
required for protein synthesis, thereby resulting in a reduced
substrate load for the available protein translocation channels
(35). The elevated plateau value for the sec61 K464E K470E
ssh1A mutant (Fig. 5D, cyan squares) is remarkably similar to
what we had observed previously for the L6/7 (sec61 R275E
ssh1A) and L8/9 (sec61 R406E sshl1A) mutants, also assayed
after adaptation (34). Although the impact of the sec61 R5E
K11E sshiA (Fig. 5, C and D, blue circles) and sec61 K108E
R111E sshiA (Fig. 5, C and D, red circles) is not quite as dra-
matic, these assays indicate that translocon gating is strongly
inhibited, and that the majority (55— 65%) of the Dap2 reporters
do not utilize the cotranslational pathway in these cells. The
translocon gating assay for the sec61 L285G sshlA mutant
showed a broader gating window, and a less well-defined pla-
teau value indicating a delay in channel gating (Fig. 5, C and E,
cyan circles). Although translocon gating by the sec61 L285G
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QI29N ssh1A mutant (Fig. 5, C and E, blue squares) was
improved relative to the sec61 1L.285G sshIA mutant, the prl
mutation did not completely overcome the slow gating activity,
nor did it redirect all of the Dap2-RNCs into a cotranslational
translocation pathway. The sec61 L285G N302D sshIA and
sec61 L285G N302E sshIA mutants were not tested using the
translocon gating assay because of their similar behavior to the
sec61 1.285G Q129N mutant in the pulse-labeling experiments.

Ribosome-binding activity of novel sec61 mutants

The L8/9 loop is particularly important for the stable inter-
action between a ribosome and the protein translocation chan-
nel as a single charge-reversal mutation in Sec61p (R406E) or in
Ssh1p (R411E) is sufficient to block binding of a nontranslating
ribosome to a translocation channel (24, 26). The L6/7 and L8/9
ribosome contact sites are evolutionarily conserved as these
segments mediate contact between the 70S ribosome and Esch-
erichia coli SecYEG (38). WT and mutant yeast Sec61 com-
plexes were purified from strains expressing an affinity-tagged
version of the Sbh1p subunit (His,-FLAG-Sbh1p) of the Sec61
complex. Binding of the purified yeast Sec61 complexes to yeast
ribosomes was evaluated by a centrifugation assay, wherein
detection of bound or free Sec61 complexes in the supernatant
and pellet fractions was achieved by protein immunoblot detec-
tion using anti-FLAG sera to detect Sbhlp. Sec61 complexes
purified from sshIA cells and from the sshIA sec61 R406E
mutant, respectively, served as positive and negative controls
for ribosome-binding activity (Fig. 6). WT Sec61 complexes
remain in the supernatant fraction when ribosomes are absent
but are quantitatively recovered in the pellet fraction when
ribosomes are present in roughly 3-fold excess relative to the
Sec61 complex. As reported previously, Sec61 complexes puri-
fied from the sec61 R406E mutant lack detectable ribosome-
binding activity under these conditions (24). Charge-reversal
substitutions in the N terminus (sec61 R5E KIIE) and in the L2/3
loop (sec61 K108E R111E) did not cause defects in binding of
nontranslating ribosomes even when combined (Fig. 6, upper
panel). The finding that the mutations in the C-terminal tail of
Sec61p (sec61 K464E K470E) did not reduce ribosome binding
(Fig. 6, lower panel) was reminiscent of the previous evidence
that a charge-reversal mutation in L6/7 loop (sec61 R275E) does
not inhibit ribosome-binding activity despite abundant struc-
tural evidence that the L6/7 loop of Sec61 makes direct contact
with the 28S rRNA and eL39 in the large ribosomal subunit
(26 -28). We next asked whether a combination of the L6/7 and
C-terminal point mutations would impact ribosome binding,
and observed that the sec61 R275E K464E K470E complex was
recovered in the supernatant fraction in the presence or
absence of ribosomes indicating that the combination of the
L6/7 and C-terminal mutations block ribosome binding in a
cooperative manner.

Previous reports have indicated the ribosome-Sec61 com-
plex interaction has a high binding affinity (K, ~5 nm) (14, 24,
29, 39). Under the conditions of our standard centrifugation
assay where the ribosomes and Sec61 complexes are present at
40 nM and 13 nM respectively, a 2-fold decrease in ribosome-
binding affinity would not be expected to cause an obvious
reduction in the percentage of Sec61 that cosedimented with
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Figure 6. Ribosome-binding assays of sec6 T mutants. Purified WT and mutant Sec61 heterotrimers in detergent solution were incubated in the presence or
absence of yeast 80S ribosomes prior to centrifugation to separate free Sec61 complexes in the supernatant fraction (S) from ribosome-bound Sec61 com-
plexes in the pellet (P) fraction. Supernatant and pellet fractions were resolved by SDS-PAGE for protein immunoblot analysis using anti-FLAG to detect
Hiss-FLAG-Sbh1p. Each Sec61 preparation was assayed in two or more experiments, one of which is shown here. The vertical lines designate samples from the

same experiment that were electrophoresed on separate gels.

the ribosomes. To address this caveat, additional assays of
the WT, sec61 R406E, sec61 R275E, and sec61 K464E K470E
mutants were conducted using 4-fold lower concentrations of
both 80S ribosomes and purified Sec61 complexes. Using these
altered conditions, we were still unable to detect a ribosome-
binding defect for the sec61 R275E and the sec61 K464E K470E
mutants (data not shown).

Discussion

Analysis of yeast Sec61 cytosolic L6/7 and L8/9 mutants (24)
and the subsequent cryo-EM of ribosome—Sec61 complexes
(26 —28) established that L6/7 and L8/9 form the primary con-
tacts between a translating ribosome and the Sec61 complex. In
this study we identified additional cytosolic segments of Sec61
that are important for promoting the structural transition
between the closed and open conformations of the Sec61 com-
plex. The mutations in the N-terminal segment, L2/L3 loop,
C-terminal segment, and the L285G mutation all caused
cotranslational specific translocation defects based upon the
criteria established previously (24). The new sec61 mutants
could be suppressed by expression of the Ssh1p complex, and
underwent an adaptation process that is exemplified by tran-
sient cytosolic accumulation of pDPAPB when cells are shifted
from poor to rich media. Even after adaptation, the translocon
gating assays revealed that translocation was abnormal, with
the majority of DPAPB integration occurring by a posttransla-
tional translocation pathway.

Our observations are consistent with the view that these new
sec61 point mutations interfere with the transition between the
resting and active conformation of the protein translocation
channel. A structural understanding of this transition has been
obtained by comparing the crystal structure of M. jannaschii
SecYER (20) with cryo-EM derived structures of translating and
nontranslating 80S ribosomes bound to the mammalian Sec61
complex (27, 28). As there are distinct differences between all
three structures, the SecYE structure corresponds to a closed/
resting conformation, Sec61 bound to a nontranslating ribo-
some is thought to be in a primed conformation, whereas Sec61
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bound to a ribosome translating a secretory protein is in an
active or open conformation (27). The new sec6] mutants we
have described here could interfere with the transitions
between the resting, primed, and active states of the transloca-
tion channel or they could somehow interfere with transport of
the nascent polypeptide through the transport pore. The latter
possibility is unlikely because the heptameric Sec complexes
containing the new sec61 alleles are fully functional for post-
translational protein translocation of CPY in cells that express
the auxiliary Ssh1p complex. As summarized earlier, the avail-
able evidence is that CPY is exclusively translocated through
the Sec complex.

Despite the evidence that the L6/7 loop forms one of the
primary contact sites with the large ribosomal subunit, the
sec61 R275E mutation does not prevent ribosome binding.
The sec61 R275E mutation causes a cotranslational protein
translocation defect that is as severe as the sec61 R406E muta-
tion. Here, we found that ribosome binding is blocked when the
R275E mutation is combined with the charge-reversal muta-
tions in the C terminus (sec61 K464E K470E). High-resolution
cryoelectron microscope structures of Sec61-ribosome com-
plexes do not reveal direct contacts between the C terminus of
Sec61 and the ribosome as this segment of Sec6la is either
unresolved (27) or is modeled as an extended chain that bends
back toward the membrane surface (28). Given the apparent
lack of direct contact between the C terminus of Sec61 and the
ribosome in both the primed and active conformations, how
can we account for the impact of the K464E K470E mutations
on cotranslational protein translocation and ribosome-binding
activity? One possibility is that the C terminus of Sec61 contacts
the ribosome transiently during the transition between the
inactive, primed, and active conformations of the Sec61-
ribosome complex. A second possibility is that an interaction
between the L6/7 and L8/9 loops and the ribosome is electro-
statically perturbed by the K464E K470E mutations in the C
terminus of Sec61p, thereby enhancing the negative impact of
the R275E mutation on ribosome binding. A third possibility
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would be that conformational flexibility of the C terminus of
Sec61 is important for function. Further insight into the mech-
anism responsible for the translocation defect of the sec61
K464E K470E mutant might be achieved by structural analysis
of complexes between an 80S ribosome and the mutant Sec61
complex.

The N-terminal 24 residues of Sec61 are not resolved in the
cryo-EM structures of the Sec61-ribosome complex, whereas
the L2/3 loop is more than 15A away from the 60S subunit (27,
28). As such, these sites are very unlikely to contact the ribo-
some at any stage during the translocation reaction. Structures
of the Sec61-inactive ribosome complex indicate that the L2/L3
loop is altered relative to the structure of this loop in the
SecYER crystal structure (20, 27, 28). Therefore, a conforma-
tional change in this loop may be necessary for the transition
between the resting and primed states of the protein transloca-
tion channel. We hypothesize that the charge-reversal substi-
tutions in the L2/L3 loop interfere with this conformational
change resulting in the delay in translocon gating that was
revealed by the UTA reporter assay. The absence of high-reso-
lution structural information about the N terminus of Sec61 in
the ribosome-Sec61 complex suggests that this region is disor-
dered or can adopt multiple conformations, so it is unclear why
the N-terminal charge-reversal substitutions cause a transloca-
tion defect.

The conformation of the L6/7 loop changes markedly
between the resting and primed states (27). As reported by the
Hegde lab (27), the L6/7 loop moves 11A away from the L8/9
loop and rotates by 20 —30A, thereby altering the conformation
of TM7, a lateral gate TM span. The lateral gate polar cluster
residues (GIn-129 in TM3 and Asn-302 in TM7) are within
hydrogen bond distance in the closed conformation of M. jan-
naschii SecY (Glu-122 and Asn-268), but are separated by
roughly 10A in the primed conformation of the Sec61—
ribosome complex. Here, we tested whether a mutation
(L285@G) at the junction between L6/7 and TM7 would cause a
protein translocation defect by weakening the structural link
between the L6/7 loop and TM7. Indeed, the L285G mutation
caused cell growth and protein translocation defects that could
be suppressed by the presence of the Sshlp complex. The
observation that the L285G mutation does not cause a post-
translational translocation defect when incorporated into the
Sec complex suggests that rigidity of the L6/7—TM?7 interface is
less important for gating of the Sec complex, as the movement
of the L6/7 loop is to accommodate the ribosome—nascent
chain complex (27).

The translocon gating defect of the sec61 L285G mutant was
less severe than that displayed by the charge-reversal substitu-
tions, and did not impact as high a percentage of Dap2 chains.
Evidence that the L285G mutation impacts lateral gate opening
was obtained by testing double mutants that combined the
L285G mutation with polar cluster mutations that either stabi-
lize (Q129L or N302L) or destabilize (Q129N, N302D, and
N302E) the lateral gate. The lateral gate point mutants either
suppressed (Q129N, N302D, and N302E) or exacerbated
(Q129L, N302L) the growth rate defect of the L285G mutation.
For the Q129N, N302D, and N302E mutations, the increased
growth rate correlated with a suppression of the protein trans-
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location defect and an increase in the percentage of Dap2
reporter chains that are translocated by the cotranslational
translocation pathway as indicated by the translocon gating
assay of the sec61 L285G Q129N mutant.

Together our results reveal how positively charged residues
in multiple cytosolic segments of Sec61 as well as the L6/7—
TM7 junction are necessary for cotranslational translocation or
integration of membrane proteins by the Sec61 complex. Prior
to this work, there was no experimental evidence that the C
terminus of Sec61 has an impact on protein translocation activ-
ity. Our results have also shed light on the poorly understood
conformational differences of the L2/3 region of Sec61 that are
observed upon comparison of the crystal structure of SecYES
and the cryo-EM structures of Sec61-ribosome and Sec61-RNC
complexes. The analysis of the L285G mutant provides mech-
anistic information linking the changes in conformation of the
L6/7 loop upon RNC binding to the conformational changes
that occur as the Sec61 complex transitions between the closed,
primed, and active states.

Experimental procedures
Plasmid and strain construction

Standard yeast media (YPAD, YPAEG, SD, SEG), supple-
mented as noted, were used for growth and strain selection (40).
To evaluate growth rates, yeast strains were cultured in SEG
media (synthetic media supplemented with adenine, 2% etha-
nol, and 3% glycerol) at 30 °C to mid-log phase. After dilution of
cells to 0.1 OD at 600 nm, 5 ul aliquots of 5-fold serial dilutions
were spotted onto YPAD plates (YP media with adenine and
dextrose) that were incubated at 30 or 37 °C for 2 days.

Oligonucleotides encoding amino acid substitutions were
used as primers together with the template plasmid pBW11
(pRS315 LEU2 SEC61) (41) in recombinant PCR reactions to
produce the sec61 mutant alleles which were subcloned into the
LEU2-marked low-copy plasmid pRS315 (42). The sec61
mutants were characterized in SSHI (RGY402) and sshIA yeast
strains (RGY400) (24). A plasmid shuffle procedure (43) was
used to replace the plasmid pEM324 (pRS316 URA3 SEC61-
V5) with the LEU2-marked plasmids encoding the sec61
mutants. Briefly, RGY400 and RGY402 were transformed with
the pRS315 derivatives encoding mutant sec61 alleles, and Leu™
prototrophs were selected on SD (synthetic defined media with
dextrose) plates supplemented with adenine, tryptophan, and
uracil. Several transformants for each sec61 mutant were
streaked onto plates containing 5-fluoro-orotic acid (5-FOA)
and grown for 2 d at 30 °C to select for colonies that had lost the
pEM324 plasmid. Yeast sec61 mutants were maintained on SEG
media (synthetic minimal media containing 2% ethanol and 3%
glycerol) to select against petite (p-) cells.

Immunoprecipitation of radiolabeled proteins

Yeast strains expressing sec6! mutants were transformed
with the URA3-marked plasmid pDN317 encoding DPAPB-
HA under control of the glyceraldehyde 3-phosphate dehydro-
genase promoter (1, 7, 24). After growth at 30 °C in SEG media
to mid-log phase (0.2 to 0.6 OD at 600 nm) yeast were collected
by centrifugation and resuspended in SD media and grown for
4 h at 30 °C. Yeast cells were collected by centrifugation and

SASBMB



Sec61-ribosome interactions during protein translocation

resuspended in fresh SD media at a density of 6 A,,/ml and
pulse-labeled for 7 min with TRAN-2*S-Label (100 uCi/OD).
Radiolabeling experiments were terminated by dilution of the
culture with an equal volume of ice-cold 20 mm NaNj, followed
by freezing in liquid nitrogen. Rapid lysis of cells with glass
beads and immunoprecipitation of yeast proteins was done as
described (44). Immunoprecipitated proteins were resolved by
SDS-PAGE. Dry gels were exposed to a phosphor screen,
scanned in Typhoon FLA 9000 (GE Healthcare), and quantified
using AlphaEaseFC.

Total protein extracts were prepared as described (45) from
cells after 0 —24 h of growth at 30 °C in SD media. Proteins were
resolved by SDS-PAGE, transferred to PVDF membranes, and
incubated with anti-DPAPB sera. Peroxidase-labeled second
antibodies were visualized using an ECL Western blotting
detection kit (Amersham Biosciences).

Rabbit polyclonal antibodies to yeast CPY and DPAPB were
described previously (24, 46). Rabbit polyclonal antibodies to
yeast Sec61 were described previously (47) and were provided
by Dr. Randy Schekman (University of California, Berkeley).
The mouse mAb to PGK (no. 45920) was obtained from
Thermo Fisher Scientific. The mouse monoclonal anti-HA
antibody (11867423001) was from Roche. The mouse monoclo-
nal anti-DDK (F3165 anti-FLAG M2) was obtained from
Sigma-Aldrich.

Ubiquitin translocation assay (UTA)

The Dap?2 series of UTA reporters (Dap2—49 to -265) has
been described previously (34). Cells expressing Dap2 reporters
were radiolabeled with TRAN®°S-Label as described above.
The intact reporters and the Ura3-HA fragments were immu-
noprecipitated with anti-HA monoclonal antibodies. The dis-
tribution of methionine and cysteine residues in the intact UTA
reporter and the Ura3-HA fragment was determined and the
cleavage percentage was calculated as described (34).

Ribosome binding to purified Sec61 heterotrimers

Ribosomes were isolated from WT yeast as described (24, 48)
and centrifuged through a high-salt sucrose cushion as
described (24) to remove loosely associated proteins. Purifica-
tion of the Sec61 complex was facilitated by construction of a
strain (RGY404) that expresses Hisg-FLAG-Sbhlp (24). The
plasmid shuffle procedure was repeated to allow purification of
the mutant Sec61 complexes from RGY404 derivatives. Sec61
complexes were purified from digitonin-solubilized yeast
microsomes by sequential chromatography on Con-A Sep-
harose, Ni-NTA Agarose, Q Sepharose Fast Flow, and SP
Sepharose Fast Flow as previously described (7, 24). The
cosedimentation assay to measure binding of purified
Sec61p heterotrimers to ribosomes in detergent solution was
performed as described (29). 300 fmol of yeast ribosomes were
preincubated with 100 fmol of purified Sec61 complexes in a
total volume of 7.5 ul. Ribosome—Sec61 complexes were sepa-
rated from free ribosomes by centrifugation. Sec61 complexes
in the pellet and supernatant fractions were detected using anti-
FLAG sera to detect His,-FLAG-Sbh1p.
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Bioinformatics analysis and generation of sequence logos

Eukaryotic Sec61 sequences were retrieved from the NCBI
database by searching for Sec61 and saving no more than a
single sequence from a genus. Sequence logos were constructed
using 125 Sec61 sequences from diverse eukaryotes using the
website http://weblogo.berkeley.edu/logo.cgi.”
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