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Abstract

Many proteins are translocated through the SecY channel in bacteria and archaea, and the related
Sec61 channel in eukaryotes?. The channel has an hourglass shape with a narrow constriction
approximately halfway across the membrane, formed by a pore ring of amino acids2. While the
cytoplasmic cavity of the channel is empty, the extra-cellular cavity is filled with a short helix, the
plug?, which moves out of the way during protein translocation34. The mechanism by which the
channel transports large polypeptides and yet prevents the passage of small molecules, such as
ions or metabolites, has been controversial?>-8, Here, we have addressed this issuein intact E. coli
cells by testing the permeation of small molecules through wild-type and mutant SecY channels,
which are either in the resting state or contain a defined translocating polypeptide chain. In the
resting state, the channel is sealed by both the pore ring and the plug domain. During translocation
the pore ring forms a gasket-like seal around the polypeptide chain, preventing the permeation of
small molecules. The structural conservation of the channel in all organisms suggests a universal
mechanism by which the membrane barrier is maintained during protein translocation.

Bacteria offer a unique opportunity to test the permeation of small molecules through the
protein translocation channel, as the channel is located in the plasma membrane and is
therefore accessible in intact cells. To test the permeability of the resting channel, we
compared E. coli wild-type SecY, expected to be sealed, with a plug-deletion mutant(AP),
which should be constitutively open(Fig. S1); although a new plug may form from
neighboring polypeptide segments?, it likely blocks the channel only transiently8. Wild-type
and AP mutant SecY channels were expressed under an inducible promoter at about the
same level as the endogenous protein (Fig. S2). Expression of the AP mutant caused only a
moderate growth defect (Fig. S2).
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We first studied the permeation of a relatively large(525 Da), uncharged cysteine-modifying
reagent (biotin-PEG,-maleimide(BM); Fig. 1a), which can cross the outer membrane
through porins, but not the inner membranel® (Fig. S1). When BM was added to wild-type
E. coli cells, few proteins were biotinylated(Fig. 1b, lane 5). In contrast, with the AP mutant,
several proteins were strongly modified, particularly a protein of about 30 kDa (Fig. 1b, lane
8). The majority of the modified proteins are located in the cytosol, as demonstrated by cell
fractionation (Fig. 1¢). The extent of modification was about the same after treatment with
the transcription inhibitor rifampicin(Rif)(Fig. 1b, lane 9), which clears all SecY channels of
translocating polypeptides(see Fig. 2c). Thus, permeation of BM occurs primarily through
resting AP channels. We also found that many signal sequence suppressor (prl) SecY
mutants allow the permeation of BM, although to a lesser extent than the AP mutant (Fig.
S3). Channel opening in the absence of a translocation substrate explains why these mutants
translocate proteins with defective or missing signal sequences!1-13,

Next we used osmotic swelling/bursting of cells (Fig. S1) to test the permeability of the
resting SecY channel for xylitol, an uncharged sugar of 152 Da. E. coli cells were converted
into spheroplasts and diluted into an iso-osmotic solution of xylitol. Spheroplasts containing
wild-type SecY channel did not take up xylitol and therefore the turbidity of the sample
changed little over time (Fig. 1d). In contrast, the AP mutant allowed xylitol to permeate,
particularly when the channel was cleared of translocating chains by rifampicin(Fig. 1d).
Finally, we used osmotic swelling/bursting to test the permeation of charged and small (35
Da) CI™ ions. Spheroplasts were diluted into an iso-osmotic solution of KCI in the presence
of valinomycin, an ionophore that allows the K* counterions to directly move through the
lipid bilayer. The data show that wild-type SecY does not conduct CI™ ions, in contrast to
the AP mutant (Fig. 1e). We conclude that the resting wild-type channel is impermeable to
the small molecules tested, and that the plug domain of SecY is required for the seal. It
should be noted that the AP mutant did not allow passage of K* (Fig. S4), Na*, or SO42~
ions (not shown). Thus, in agreement with previous results'*, the open channel still provides
a barrier to some molecules(see Supplementary Discussion), which may explain the
relatively minor growth defect of the AP mutant (Fig. S2).

To study the permeability of the active SecY channel, we developed a method to occupy the
channels in vivo with a defined co-translational translocation intermediate. The model
substrate (NC100) contains 100 amino acids(Fig. 2a), including the signal sequence of
DsbA, which targets it to the signal recognition particle (SRP)-dependent co-translational
translocation pathwayl®, a sequence from an unrelated protein, a myc-tag for detection, and
the SecM-stalling sequencel®-18, After synthesis of the SecM sequence, the ribosome
stallson the mRNA, with the nascent chain associated as peptidyl-tRNA(Fig. 2a). The
construct was synthesized from an inducible promoter in cells expressing the SecY channel
from a constitutive promoter. The insertion of the nascent chain into the channel was
verified by in vivo disulfide crosslinking; addition of an oxidant to the cell culture led to
efficient crosslinking of a single cysteine at position 19 in NC100 to a single cysteine at
position 68 of the plug domain of SecY(SecYggc; Fig. S5). Channel insertion was dependent
on the hydrophobicity of the signal sequence and was strongly reduced in the absence of
SRP (Fig. S6). When the expression of SecY ggc was diminished by changing the start-
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codon, about 70% of SecYggc was crosslinked to NC100, as judged by the reduction of the
non-crosslinked SecY band upon addition of the oxidant (Fig. 2b, lane 2 versus 1;
quantification was confirmed by loading different amounts; lanes 7-9). When NC100
expression was not induced, a lower percentage of SecYggc crosslinked to endogenous
proteins (lane 4 versus 2; white arrowheads); these crosslinks disappeared over time in the
presence of rifampicin(lanes 6 and 11). These results indicate that most of the SecY
molecules can be occupied by NC100. Given the almost 1:1 molar ratio of nascent chain and
SecY, a single SecY copy may be sufficient for cotranslational translocation of a nascent
chain, as proposed before19:20,

We used the new method to ask whether the open SecY channel, represented by the AP
mutant (see Fig. 1), can be blocked for small molecules by NC100. The AP mutant
expressed from a constitutive promoter was leaky for the modification reagent BM, but
induction of NC100 abolished permeation (Fig. 2c, lane 8 versus 7). Inhibition of
transcription by rifampicin released NC100 from ribosomes and restored leakiness for
BM(lane 9). NC100 with a defective signal sequence (RR; two arginines in the hydrophobic
core)did not block BM permeation (lane 10). With wild-type SecY channel, no leakage was
observed, regardless of whether or not NC100 was expressed (lanes 1-5). Thus, the open
pore of the AP mutant is sealed upon binding of the ribosome-nascent chain complex to the
SecY channel.

To test whether the seal is provided by channel insertion of the nascent polypeptide, we
expressed chains of different lengths. Nascent chains of 90 amino acids or longer were
inserted into the SecY channel, as demonstrated by disulfide crosslinking (Fig. 2d). These
chains almost completely blocked the permeation of BM through the AP channel (Figs. 2e
and S7). Some reduction of BM permeability was also observed with chains of 60 to 80
residues, which were not inserted into SecY. These chains are still likely targeted to the
SecY channel, as signal sequence mutants (RR) did not prevent BM permeation. Thus, the
formation of a ribosome-channel junction may provide a barrier for BM, but complete
blockage of permeation requires channel insertion of the nascent chain. Similar results were
obtained when the permeation of xylitol was analyzed by osmotic swelling/bursting of
spheroplasts(Fig. 2f). The permeation of CI™ ions through the AP channel was inhibited only
moderately by short nascent chains(Fig. 2g), but was reduced by ~90% by channel-inserted
nascent chains, although not quite to the level seen with wild-type channel. Chains with a
defective signal sequence did not significantly block CI~ permeation. Consistent with our
observation that short chains do not efficiently block the permeation of the smallest
molecules through the AP channel, the cells grew significantly slower than those expressing
channel-inserted chains (Fig. S8). Wild-type SecY did not cause chain-length dependent
growth behavior (Fig. S8) and it did not allow significant CI~ uptake into spheroplasts
regardless of nascent chain length, even when potentially counteracting pump activity was
abolished by energy depletion (Fig. S9). Collectively, these results show that the nascent
chain itself provides an effective seal. Consistent with this notion, expression of the post-
translational, SecA-dependent substrate proOmpA in the AP mutant significantly reduced
BM permeation, whereas a signal sequence mutant did not (Fig. S10). The level of channel
blockage was lower than with a stalled ribosome-nascent chain complex, probably because
proOmpA only transiently occupies the SecY channel. It should be noted that some CI™
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permeation was observed in vitro with wild-type SecY channel engaged in SecA-mediated
translocation421 (see Supplementary Discussion).

Next we tested whether the specific sequence of the nascent chain inside the channel affects
the permeability for small molecules. We determined that residues ~39 to 60 of NC100 are
inside the central pore (Fig. 2a), based on the observation that the last ~40 residues are
inside the ribosome and residues 19-34 are close to the plug domain on the periplasmic side
of SecY (Fig. S11). We then varied the sequence of the nascent chain inside the SecY
channel, making it more hydrophilic or hydrophobic than the original NC100 sequence, or
replacing parts with stretches of glycines (Fig. S12). All variants completely blocked BM
and xylitol permeation through the AP channel, like the original NC100 chain (Fig. S12; and
data not shown). The more hydrophobic chains were somewhat more potent in blocking CI~
ion permeation (Fig. S12). With wild-type channel, little or no permeation was observed,
regardless of which nascent chain was expressed. Thus, many different sequences of a
translocating polypeptide can block the permeation of small molecules through the pore.

Next we tested the role of SecY’s pore ring in sealing the resting channel. Replacement of
just one of the six isoleucines in the pore by a glycine caused only little BM permeation, but
with increasing number of glycine substitutions the channel became progressively more
leaky (Fig. 3a). Alanine substitutions had less severe effects. BM permeation occurs through
the resting channel, as addition of rifampicin had no effect (Fig. S13a). The pore mutant
channels were also permeable for xylitol (see below) and CI~ ions (Fig. S13b). In addition,
the most severe pore mutants caused a strong growth defect (Fig. S13c); the cells died
immediately after induction of the SecY mutants (Fig. S2). Cell death is likely caused by
dissipation of the membrane potential: flow cytometry using a voltage-sensitive dye showed
that the membrane potential was decreased to about the same extent as seen at 20 uM
concentration of the ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Fig.
S14). Taken together, these results show that the pore ring plays an important role in
maintaining the seal of the resting SecY channel, and that a leaky channel is inconsistent
with cell viability.

Finally, we investigated the role of the pore ring in sealing the active channel. Expression of
NC100 blocked the permeation of BM through even the most severe SecY pore mutants(Fig.
3b, lanes 4 versus 3 and 10 versus 9), while expressing a signal sequence mutant (RR) of
NC100 did not (lanes 6 and 12). On the other hand, the permeation of the smaller molecules
xylitol (Fig. 3c), Cl~ ions (Fig. 3d), or K* ions (Fig. S15) was not prevented by expression
of NC100 in a pore mutant containing three glycines. With a mutant containing only one
glycine in the pore ring, NC100 expression prevented xylitol (Fig. 3e), but not CI~ ions (Fig.
3f) from passing. The high permeability for CI~ ions was maintained regardless of the
sequence inside the SecY channel (Fig. S16). Thus, a translocating channel requires
isoleucines all around the pore ring to prevent small CI~ ions from passing, whereas pore
defects are tolerated for larger molecules (Fig. S1).

Our results show that the wild-type SecY channel is sealed for even the smallest molecules,
both in its resting state and when translocating a polypeptide. A simple model explains how
this is achieved(Fig. 4). In the resting state, the plug is located in the center of Sec,
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interacting with the pore ring residues and sealing the channel(Fig. 4a). During translocation
the plug is displaced, while the pore ring forms a gasket-like seal around the translocating
polypeptide chain to prevent the free flow of ions (Fig. 4b). The translocating chain itself
serves as the major obstacle for small molecules; without it, the open pore allows many
small molecules to pass. Whenever the polypeptide leaves the channel, either towards the
extracellular side following termination of translocation (Fig. 4c), or sideways into lipid
following the arrival of a hydrophobic trans-membrane sequence(Fig. 4d), the plug returns
and re-seals the channel. This mechanism applies to both co-and post-translational
translocation. However, in co-translational translocation, the ribosome-channel junction
appears to provide an additional barrier for somewhat larger molecules, preventing
metabolites and other cytosolic molecules from reaching the channel. Given the sequence
conservation of SecY and Sec61 channels, these principles may be universal. However, in
prokaryotes a tight seal is essential for cell viability, whereas the intracellular endoplasmic
reticulum membrane may tolerate some leakiness?2-24, which may explain why Sec61 pore
mutants in S. cerevisiae have only minor growth defects?°.

METHODS SUMMARY

All strains and plasmids used in this study are listed and described in Supplementary Tables
1 and 2. The subunits of the heterotrimeric SecY complex were expressed either from the
Tet promoter in the pTet vector (Figs. 1, 3a—d), or from the endogenous rplN promoter on
either the pACYC-SecYEG (Figs. 2c, 2e—g, 3e—f) or the pRSY (Figs. 2d) vectors. The latter
also contained the SRP components (Ffh, 4.5S RNA, and FtsY) under their own promoters.
NC100 or its variants were expressed from the arabinose promoter on the separate pBAD-
NC100 plasmid, except in Fig. 2b, where both NC100(from the arabinose promoter)and
SecY (from the rpIN promoter)were expressed from the same plasmid and the SRP
components from another. Except for Fig. 2d, a strain was used in which chromosomal SecY
is tagged at the C-terminus with a calmodulin-binding peptide (CBP). To measure
permeability of BM, cell cultures were incubated with 0.4 mM biotin-PEG,-maleimide,
followed by quenching with 20 mM B-mercaptoethanol and lysis in SDS-sample buffer. For
cell fractionation, cells were converted into spheroplasts by treatment with EDTA/
lysozymein the presence of 18% sucrose. The spheroplasts were lysed by sonication, and the
membranes separated from the cytosol by ultra-centrifugation. To measure permeability for
other small molecules, spheroplasts were diluted 20-fold with iso-osmotic solutions and the
absorbance was followed at 500 nm in a spectrophotometer. To disulfide-crosslink nascent
chains with SecY, 0.25 mM CuPh3 was added directly to the culture, followed by quenching
with 20 mM N-ethylmaleimide and lysis in SDS-sample buffer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Testing the permeability of the resting SecY channel
a, Structure of the modification reagent BM. b, Wild-type(WT) SecY or the AP mutant were

expressed under the inducible Tet promoter. Cells were incubated with BM, and the proteins
separated by SDS-PAGE, followed by blotting with streptavidin-HRP conjugate, with SecY -
antibodies, or with trigger factor (TF)-antibodies (loading control). Where indicated,
rifampicin (Rif) was added before BM. Endogenous SecY was tagged at its C-terminus,
abolishing recognition by SecY antibodies (Fig. S2). p30, a prominent biotinylated protein.
¢, As in b, but after incubation with BM, cells(T)were fractionated into periplasm (P),
membranes (M), and cytosol (C). Fractionation was controlled by immunoblotting for the
indicated marker proteins. MBP, maltose-binding protein, TetR, tetracycline repressor. d,
Spheroplasts were diluted into an iso-osmotic solution of xylitol and the change in turbidity
followed over time. f, As in e, but with dilution into iso-osmotic KCI containing
valinomycin.

Nature. Author manuscript; available in PMC 2011 November 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Park and Rapoport

a c WT-SecYggc AP-SecY
NC100 Si | WTWTWTWT RR WT WTWTWTRR
DsbA signal sequence SecM stalling ignal seq
hydophobic core myc-tag sequence NC100 -+ o+ + -+ o+ o+
Y e — | Rif S o k-
4 151 73 85 101 BM - + + + + - + + + +
Cys19 130
95
mRNA &
I 55
£
T 43
>
&
% 26
Ribosome’ &
17
Cytoplasm (kDa)
a-myc |
g ——
Periplasm TE | e e ] | ey =]
12345 6738910
b d +CuPh3  +CuPh3 - B-ME
NC length S S S
NC100 + + ) oo ) (amino acids) DS SO SRS
Rif 15m 15m th 1h
CuPh3 L L + p————
95 :
a-myc 43
72
xN%i(t:;NA_» b= ™= ] NC
55

a-Secy
43

34

2[3]4]5]6]7][8]9
[ 2 secy [ 100 32| 10062 [ 100 82]100 50 25 [100 97 |

. ..-«

&u-u i nh<%w

a-SecY

% loading (kDa)

Figure 2. Testing the permeability of a translocating SecY channel
a, Schematics of the model nascent chain (NC100) (upper panel)and its insertion into the

SecY channel (lower panel). The indicated cysteines in NC100 and SecY form a disulfide
bridge. Residues 39-60 are inside the channel. b, NC100 with Cys19 was expressed under
an arabinose-inducible promoter together with SecY ggc under the endogenous promoter.
The start-codon of SecYggc was changed from AUG to GUG. Where indicated, cells were
treated with the oxidant copper phenanthroline (CuPh3). Rifampicin(Rif) was added prior to
oxidation for 15 min or 1 hr, as indicated. %SecY, percentage of non-crosslinked SecY. c,
NC100 with either a wild-type(WT) or defective (RR) signal sequence was expressed
together with SecYggc or the AP mutant. Where indicated, cells were pretreated with Rif
before addition of BM. The samples were analyzed by SDS-PAGE, followed by blotting
with streptavidin-HRP conjugate or myc-(detects NC100), SecY-, and TF-antibodies. d,
Nascent chains (NC) of different lengths, all with Cys19, were expressed together with
SecYggc, and crosslinked with CuPh3. The samples were analyzed by SDS-PAGE with or
without prior reduction with f-mercaptoethanol (B-ME), followed by immunoblotting. Red
arrowhead, crosslinked product between SecY and NC-tRNA. e, Nascent chains (NC) of
different lengths with either wild-type(WT-NC) or defective (RR-NC) signal sequence were
expressed together with AP channel. As a control, NC100 synthesis was not induced (-NC).
BM was added to the cells and biotinylated proteins detected by SDS-PAGE, followed by
blotting. The modification of p30 was quantified (error bars, s.d.; n=3). f, As in e, but
spheroplasts were diluted into an iso-osmaotic solution of xylitol and the initial, linear rate of
turbidity decrease was determined (error bars, s.d.; n=3). Spheroplasts were also analyzed
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after treatment with Rif. The AP-SecY/+Rif sample showed an initial lag phase, which was
ignored. g, As in f, but with dilution into iso-osmotic KCI containing valinomycin.
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Figure 3. Permeability in porering mutants
a, Wild-type SecY or pore mutants in which 11e86, 11191, 11e278, or 11e408(1111) were

replaced by Gly or Ala were expressed under the Tet promoter. Cells containing the AP
mutant oran empty vector were also analyzed. After treatment of cells with BM, the samples
were analyzed by SDS-PAGE and blotting with streptavidin-HRP conjugate or SecY-and
TF-antibodies. b, NC100 with wild-type (WT) or defective (RR) signal sequence was
expressed from the inducible arabinose promoter together with SecY pore mutants under the
Tet promoter. Where indicated, rifampicin (Rif) was added before BM. The samples were
analyzed by SDS-PAGE, followed by blotting with streptavidin-HRP conjugate or myc-
(detects NC100), SecY-, and TF-antibodies. Addition of Rif does not clear the mutant
channels of nascent chains (lanes 5 and 11), likely because peptidyltransferase activity is
compromised in these dying cells. ¢, As in b, but spheroplasts containing the GGGI pore
mutant were diluted into an iso-osmotic xylitol solution, and the turbidity change followed
over time. d, As in c, but spheroplasts were diluted into iso-osmotic KCI containing
valinomycin. e, As in ¢, but with the 111G pore mutant under the constitutive promoter with a
GUG start-codon. The cells were treated with Rifor induced for NC100 expression. f, As in
e, but spheroplasts were diluted into iso-osmotic KCI containing valinomycin.
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Figure4. Model for the maintenance of the membrane barrier by the SecY channel
For details, see text.
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