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Protein translocation in Escherichia coli is mediated by the translo-
case that in its minimal form consists of the protein-conducting
channel SecYEG, and the motor protein, SecA. SecYEG forms a
narrow pore in the membrane that allows passage of unfolded
proteins only. Molecular dynamics simulations suggest that the
maximal width of the central pore of SecYEG is limited to 16 Å.
To access the functional size of the SecYEG pore, the precursor
of outer membrane protein A was modified with rigid spherical
tetraarylmethane derivatives of different diameters at a unique
cysteine residue. SecYEG allowed the unrestricted passage of
the precursor of outer membrane protein A conjugates carrying
tetraarylmethanes with diameters up to 18 Å, whereas a 29 Å
sized molecule blocked the translocation pore. Translocation of
the protein-organic molecule hybrids was strictly proton motive
force-dependent and occurred at a single pore. With an average
diameter of an unfolded polypeptide chain of 4–6 Å, the pore ac-
commodates structures of at least 22–24 Å, which is vastly larger
than the predicted maximal width of a single pore by molecular
dynamics simulations.

secretion ∣ Sec-system

In Escherichia coli, about 30% of the proteins synthesized in the
cell accomplish their function outside the cytoplasm. Conse-

quently, these proteins need to be translocated across or
inserted into the inner membrane. The main system involved
in protein translocation and membrane protein insertion is
the Sec translocase with, as central component, a membrane-
embedded protein-conducting pore, the SecYEG complex (also
termed translocon) (1). Most membrane proteins are targeted to
SecYEG as ribosome-bound nascent chains involving the signal
recognition particle (SRP) and the SRP receptor (FtsY). The
ribosome subsequently docks onto the SecYEG complex, and
while chain elongation continues, the newly synthesized mem-
brane protein is threaded into the membrane. The majority
of the secretory proteins (preproteins) are targeted to the mem-
brane in a posttranslational fashion. This involves the molecular
chaperone SecB that transfers the preprotein to the SecYEG-
bound motor protein SecA. SecA utilizes cycles of ATP binding
and hydrolysis to pass the preprotein in a stepwise fashion
through the translocon (2). SecYEG is the integral membrane
heterotrimeric complex (3) and constitutes the translocation
pore. SecY forms the core of this pore. Based on the X-ray
structure of the homologous SecYEβ complex from the archae-
on Methanocaldococcus jannaschii (4), SecY consists of 10 trans-
membrane segments (TMs) that are organized as two halves: the
N-terminal TMs 1–5 and the C-terminal TMs 6–10. The two
halves are hinged by a loop that connects TMs 5 and 6 giving
the overall structure a clamshell-like conformation (5). The
clamshell encompasses a central pore-like structure with a fun-
nel like appearance with, in the middle, a hydrophobic constric-
tion. At the periplasmic face of the membrane this pore is closed

by a reentrance loop (“plug”) that connects TMs 1 with TMs 2.
It has been proposed that the inserting signal sequence of the
preprotein inserts at a lipid exposed lateral gate between
TM2 and TM7 whereupon the clamshell is opened through a
widening of the central constriction and a displacement of
the plug. The SecYEβ complex of M. jannaschii has been crystal-
lized in an idle state in the absence of the SecA motor domain or
the ribosome, and is considered as a resting state, in which the
pore is tightly sealed by the central constriction comprises six
hydrophobic residues and the plug domain (6). The structure
of a SecA–SecYEG complex of Thermotoga maritima suggests
a preopen state of the channel with a major movement of
the lateral gate helices TM7, TM8, and TM5, and a partial dis-
placement of the plug leaving a narrow gap in the lateral gate of
5 Å (7). A recent crosslinking analysis of the lateral gate region
suggested that the lateral gate needs to open up to at least 8 Å
to support protein translocation (8). In membranes, SecYEG
forms higher order oligomers, most notably dimers (9, 10),
and this oligomerization is promoted by SecA and by the ribo-
some. A cryo-EM structure of the ribosome-bound E. coli
SecYEG complex with an inserting membrane protein suggests
that SecYEG binds the ribosome as a dimer with only one of the
pores accommodating the translocating polypeptide chain (11).
A crosslinking analysis of a SecA-associated preprotein translo-
cation intermediate indicates an association with only one of the
two SecYEG monomers (12). Thus far, it is unknown if the
dimeric represents a functional or structural unit. In this respect,
a recent cryo-EM analysis the homologous mammalian and
yeast Sec61p complex indicates the presence of a single pore
bound to the ribosome (13).

A central unresolved question concerns the functional width of
the translocation pore. Molecular dynamics has been employed
to study the plasticity of the pore formed by a SecYEG monomer
(14–16). By pushing virtual soft balls through a single SecY pore,
a maximal functional size of the pore of 16 Å has been suggested
without the need for lateral gate opening (16). On the other hand,
experimental studies with microsomes harboring the eukaryotic
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Sec61 complex indicate a pore diameter of 40–60 Å in the active
state (17). The SecYEG complex seems rather promiscuous as it
can translocate preproteins that are chemically cross-linked to
nonpolypeptide constituents (18, 19). Here, we have employed
a preprotein conjugated to large rigid spherical molecules with
defined molecular dimensions to probe the diameter of the trans-
location pore in its active state. The data indicate that the active
pore diameter by far exceeds the estimate made by the molecular
dynamics simulations of the monomeric pore suggesting a more
complex pore geometry.

Results
Synthesis of Tetraarylmethanes.To access the size exclusion limit of
the protein-conducting pore, organic compounds were synthe-
sized with a precisely defined and systematically increasing size
(Fig. 1 and SI Appendix). The nature of these compounds resem-
bles the methane structure in which the carbon atom carries a sp3
hybridization. In this way, the phenyl and biphenyl groups, which
are used as substituent, are oriented toward the x, y, and z axes
giving the molecule the desired bulkiness and a spherical shape.
Steric hindrance associated with the aromatic rings prevents co-
planarity of the system and gives the desired rigidity. In addition,
each molecule synthesized carries a maleimide group allowing
the formation of a covalent protein-organic compound conjugate
via a single cysteine present in the precursor of OmpA. The size
of the compounds refers to the distance between the apical
hydrogen atoms of the phenyl, biphenyl, and substituted biphenyl
groups. The sizes are: approximately 8.5 Å for 1-(4-trityl-phenyl)
pyrrole-2,5-dione (TAM1), approximately 15 Å for 1-[4-(tris-bi-
phenyl-yl-methyl)phenyl]-pyrrole-2,5-dione (TAM2), approxi-
mately 18 Å for 2-(2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)-N-f4-

½tris-ð40-isopropyl-biphenyl-4-ylÞmethyl�-phenylg-acetamide (Iso-
TAM2) and 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(4-(tris
(4′-methoxybiphenyl-4-yl) methyl)phenyl) acetamide (MeOTAM2),
and approximately 29 Å for 5-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-
1-yl)acetamido)-N1,N3-bis(4-(tris(3′-methoxybiphenyl-4-yl)methyl)
phenyl)isophthalamide (MeOTAM3). Due to the presence of the
aromatic component in the molecules the basic structure of the
molecules has a high hydrophobicity. This hydrophobicity was de-
creased by modification of the diphenyl groups with methyl-oxy
(MeO) groups as shown in MeOTAM2. The rigid conical shaped
molecules conjugated to the preprotein proOmpAhave amolecular
weight of 415.15 (TAM1), 643.25 (TAM2), 849.70 (IsoTAM2),
790.90 (MeOTAM2), and 1608.1 (MeOTAM3), respectively.

Conjugation of proOmpA with Spherical Tetraarylmethanes. The tet-
raarylmethanes maleimide derivates were conjugated to a unique
cysteine of the precursor protein proOmpA (S245C). A position
in the main chain was chosen rather than at the C-terminal end of
proOmpA to assure that the organic molecule passes the pore in
combination with the polypeptide chain, which substantially adds
to size to be translocated. Because the organic compounds are
not readily soluble in water, the compounds were dissolved in an
appropriate organic solvent and subsequently added to proOm-
pA that was denatured in urea. After labeling, the derivatized
proOmpA was precipitated with trichloroacetic acid, washed with
acetone and dissolved in urea buffer. To determine the extent of
labeling, conjugated proteins were reduced with tris-(2-carbox-
yethyl) phosphine (TCEP) and labeled with fluorescein-5-malei-
mide (Fmal). The fluorescence intensity of the conjugated and
subsequently Fmal labeled proOmpA was compared with that
of proOmpA labeled with Fmal only (Fig. S1). The IsoTAM2,
MeOTAM2, andMeOTAM3 derivatives were hardly labeled with
Fmal indicting that conjugation of proOmpA (S245C) with these
compounds was almost 100%. With TAM1 and TAM2 conju-
gated proOmpA an approximately 10% labeling with Fmal was
observed (Fig. S1). However, control experiments with the cystei-
neless proOmpA indicate a 5% of nonspecific labeling with Fmal.
Taking this into account we concluded that for all tetraaryl-
methane maleimide derivatives the degree of labeling of proOm-
pA (S245C) is ≥95%. Except for the largest MeOTAM3 (Fig. 2B),
labeling of proOmpA (S245C) with the other tetraarylmethane
maleimides did not result in a significant change in the mobility
of proOmpA on SDS-PAGE. This is likely due to the small
molecular size of the conjugates (400–800 Da) and because the
derivatization does not affect the overall charge of proOmpA.

Translocation of Tetraarylmethane proOmpA Conjugates by the
SecYEG Complex. The proOmpA conjugates labeled with the dif-
ferent tetraarylmethanes were assayed for translocation using in-
ner membrane vesicles (IMVs) of E. coli strain UH203 containing
overexpressed levels of SecYEG. Translocation assays were per-
formed in the presence and absence of the ionophores nigericin
and valinomycin to assess the role of the proton motive force
(PMF). Under the conditions used unlabeled proOmpA translo-
cated efficiently into the IMVs (Fig. 2A, WT) and translocation
was two- to 2.5-fold stimulated by the PMF (Fig. 2A, −PMF vs.
+PMF, open and filled dots, respectively). In the presence of a
PMF the proOmpA tetraarylmethane conjugates translocated
into UH203 IMVs as efficiently as unlabeled proOmpA as shown
for proOmpA-IsoTAM2 (Fig. 2A, +PMF filled dots), except for
the MeOTAM3-labeled proOmpA that was not translocated
(Fig. 2B). In contrast to the unlabeled proOmpA, the transloca-
tion of the proOmpA tetraarylmethane conjugates was more de-
pendent on the presence of a PMF (Fig. 2A, −PMF vs. +PMF).
The translocation of MeOTAM3-labeled proOmpA was not
restored by the PMF (Fig. 2B). Fig. 2C summarizes this data
showing the translocation rate of the various proOmpA tetraar-

Fig. 1. Overview of the structures of the different tetraarylmethanes used
to label proOmpAS245C. TAM1, 1-(4-trityl-phenyl)pyrrole-2,5-dione; TAM2,
1-[4-(tris-biphenyl-yl-methyl)phenyl]-pyrrole-2,5-dione; IsoTAM2, 2-(2,5-Dioxo-
2,5-dihydro-pyrrol-1-yl)-N-f4-½tris-ð40-isopropyl-biphenyl-4-ylÞmethyl�-phenylg-
acetamide; MeOTAM2, 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(4-(tris(4′-
methoxybiphenyl-4-yl)methyl)phenyl)acetamide; and MeOTAM3, 5-(2-(2,5-di-
oxo-2,5-dihydro-1H-pyrrol-1-yl)acetamido)-N1,N3-bis(4-(tris(3′-methoxybiphenyl-
4-yl)methyl)phenyl)isophthalamide.
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ylmethane conjugates in the presence of the PMF plotted against
the molecular size of the conjugate.

Previous studies have shown that the PMF-dependent translo-
cation of proOmpA is suppressed in the PrlA4 mutant strain (20).
The PrlA4 SecY protein contains two mutations, F286Y and
I408N, where the latter is responsible for the suppressor effect
(21). To determine if the strong PMF-dependent translocation
of the proOmpA tetraarylmethane conjugates is suppressed by
the PrlA4 strain we analyzed the translocation of proOmpA
conjugated with IsoTAM2. Whereas translocation of IsoTAM2-
proOmpA into wild-type IMVs is strongly dependent on the PMF
(Fig. 3A) this PMF dependence is completely relieved with PrlA4
IMVs (Fig. 3B). As shown before for unconjugated proOmpA
(22), translocation of IsoTAM2-proOmpA into PrlA4 IMVs is
more efficient as compared to translocation into wild-type IMVs.

Translocation Arrest by Tetraarylmethane-Conjugated proOmpA. To
determine if the tetraarylmethane conjugate arrests translocation
because of blocking the translocation pore, we performed a trans-
location reaction using saturating concentrations of proOmpA,
IsoTAM2-proOmpA, MeOTAM3, or proOmpA-dihydrofolate

(DHFR). Addition of methotrexate and NADPH to the latter
fusion construct leads to tight folding of the DHFR domain
and results in an arrest in translocation of proOmpA-DHFR
(23). After translocation of the different proteins, IMVs were
recovered by centrifugation through a sucrose cushion and used
in a second translocation reaction using Fmal-proOmpA as sub-
strate. When the first translocation reaction was performed in the
absence of a preprotein, Fmal-proOmpAwas readily translocated
into the IMVs in the second translocation reaction (Fig. 4A,
lane 1). In contrast, IMVs used to translocate proOmpA-DHFR
in the first translocation reaction were unable to translocate
Fmal-proOmpA (lane 4). IMVs used in a translocation reaction
with proOmpA or IsoTAM2-proOmpA showed similar levels
of Fmal-proOmpA translocation as IMVs incubated without a
preprotein (lanes 2 and 3). In contrast, when first MeOTAM3-
proOmpAwas translocated into the IMVs, translocation of Fmal-
proOmpA in a second round of translocation was completely
blocked (Fig. 4B, lane 2). These results indicate that even in the
presence of a PMF, the largest molecule tested; i.e., MeOTAM3
causes a block of the translocation pore.

As translocation of the proOmpA tetraarylmethane derivatives
is strongly dependent on the PMF we investigated this require-
ment in further detail. To this end, IsoTAM2-proOmpA was
translocated into IMVs both in the presence and in the absence
of a PMF. A collapse of the PMF was induced by the addition of
the ionophores valinomycin and nigericin. After the translocation
reaction, reactions performed in the presence of a PMF were sup-
plemented with valinomycin/nigericin and IMVs were recovered
as described above. The reisolated IMVs were used in a second
translocation reaction using Fmal-proOmpA as substrate. Both
IMVs used to translocate IsoTAM2-proOmpA in the absence
and presence of a PMF showed Fmal-proOmpA translocation
(Fig. 4C, lane 3 and 4) with an efficiency comparable to IMVs
that had not been incubated with proOmpA (lane 2). This result
demonstrates that even in the absence of a PMF when transloca-
tion is slow (Fig. 2A), the smaller conjugates do not block the
SecY pore (Fig. 4C).

Translocation by a SecYEG Pore that Is Constrained by a Cross-Linked
Lateral Gate. Tetraarylmethanes are relatively hydrophobic mole-
cules. Therefore, the possibility exists that a large part of these
molecules cross the membrane by sliding along the interface of
the pore and the lipid bilayer, possibly at the lateral gate. To
address this possibility, two strategies were adopted: First, we
synthesized a tetraarylmethane in which the hydrophobic isopro-
pyl groups were replaced by more hydrophilic methoxy groups. In
this way, the outer shell of the molecule is more hydrophilic in
nature thereby minimizing unwanted interactions with the lipid
phase. Like the other conjugates, MeOTAM2-proOmpA was

Fig. 2. Translocation of proOmpA tetraarylmethane depends on the PMF.
The different proOmpA conjugates were diluted into translocation buffer
containing SecA (20 μg∕mL), SecB (32 μg∕mL), ATP (1 mM), and 10 μg IMVs.
At different time intervals the translocation reaction was terminated by
proteinase K treatment on ice. Samples were precipitated with trichloric
acid (TCA) and protease protected material was analyzed by SDS-PAGE and
immunoblotting using a polyclonal antibody against OmpA that recognizes
the C-terminal end of proOmpA. Translocation reactions were performed in
the presence and absence of a PMF. To dissipate the PMF nigericin and vali-
nomycin (1 μM final concentration) was added to the reaction mix. (A) Trans-
location of wild-type proOmpA and the different proOmpA conjugates,
in the presence (Left) and absence (Right) of a PMF. (B) Translocation of
MeOTAM3-proOmpA in the presence and absence of a PMF. (C) Plot of the
translocation rate versus the molecular size of the tetraarylmethane-conju-
gated to proOmpAS245C. Closed dots, +PMF; and open dots, −PMF.

Fig. 3. The SecY PrlA4 mutation relieves the strong PMF-dependent trans-
location of IsoTAM2-proOmpA. Translocation reactions were performed in
the presence (black dots) and absence (white dots) of a PMF (A) with
wild-type IMVs and (B) IMVs derived from the PrlA4 mutant.
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efficiently translocated into the IMVs in the presence of a PMF
(Fig. 2A; MeOTAM2 and Fig. 2C). This indicates that the ob-
served translocation characteristics of the proOmpA tetraaryl-
methane conjugates is due to the size of the tetraarylmethane
and unrelated to their hydrophobicity.

Second, a double cysteine SecYmutant (F286C and S87C) was
used in which the lateral gate of the translocon at the interface of
TM2 and TM7 can be closed by thiol-reactive cross linkers with
different spacer lengths (Fig. 5A) (8) thereby forcing the passage
of the tetraarylmethane through the membrane via the central
hydrophilic pore. As described previously (8), IMVs containing
SecY(S87C/F286C)EG were treated with the oxidizer tetrathio-
nate (NaTT) to link TM2 and TM7 of the lateral gate by means of
a disulfide bond, and by incubation with the cross-linker bis-mal-
eimidoethane (BMOE) that introduces a spacer of approximately
8
´Å between the thiol groups. To determine the extent of cross-

linking, the IMVs were treated with OmpT, an outer membrane
protease that specifically cleaves SecY at the double arginine
motif in the C4 loop. OmpT digestion of SecY that is not treated
with NaTT or BMOE resulted in the formation of a typical
22 kDa N-terminal SecY fragment that can be visualized by

SDS-PAGE and staining with Coomassie brilliant blue R250
(Fig. 5B, lane 3). In contrast, when SecY(S87C/F286C)EG IMVs
were treated with NaTTor BMOE, SecY was cleaved by OmpT
but the N- and C-terminal fragments of SecY remain cojoined
and migrate on SDS-PAGE as a full length SecY protein with
a more fuzzy appearance as compared to nondigested SecY
(Fig. 5B, lanes 4 and 5). As virtually no 22-kDa fragment was de-
tected we conclude that the crosslinking of the two cysteines in
SecY was very efficient. Next, the different cross-linked IMVs
were tested for translocation of the largest conjugated preprotein
that still translocates, IsoTAM2-proOmpA. Translocation of Iso-
TAM2-proOmpA was as efficient as that of Fmal-proOmpA
when reduced SecY(S87C/F286C)EG IMVs were used (Fig. 5C,
lanes 2 and 6). In contrast, with IMVs treated with NaTT, trans-
location of both Fmal-proOmpA and IsoTAM2-proOmpA was
drastically reduced (compare lane 3 vs. 2 and lane 7 vs. 6) to the
levels observed with IMVs containing the native levels of wild-
type SecYEG (8). The BMOE treated IMVs, however, showed
translocation efficiencies for both substrates that are comparable
to that of nontreated IMVs (compare lane 4 vs. 2 and lane 8 vs. 6).
This indicates that translocation of the IsoTAM2 is not hindered
by a cross-linker that fixes the lateral gate formed by TM2 and
TM7, but that still allows opening of the central channel. More-
over, this result suggests that the tetraarylmethane is translocated
via a single pore and that it does not cross the membrane at the
interface of the lateral gate/pore region and lipid bilayer.

Discussion
In this study we investigated the diameter of the active SecYEG
pore. For this purpose, different tetraarylmethanes were synthe-
sized and covalently linked, via a maleimide group, to a unique
cysteine residue at position 245 of the preprotein proOmpA.
The synthesized tetraarylmethanes have spherical dimensions
ranging from 8.5 up to 29 Å (Fig. 1). Due to their rigid structure
they can be used as molecular rulers to access the size of the func-
tional translocation pore. Remarkably, all synthesized tetraaryl-

Fig. 4. Translocation of MeOTAM3-proOmpA blocks the SecYEG pore.
(A) IMVs containing overexpressed levels of SecYEG were used for a translo-
cation reaction in the absence of proOmpA (lane 1), in the presence of wild-
type proOmpA (lane 2), in the presence of IsoTAM2-proOmpA (lane 3), and in
the presence of proOmpA-DHFR kept in its folded state by the addition of
1 mM NADPH and 50 μM methotrexate (lane 4). After 30 min at 37 °C the
vesicles were recovered through a sucrose cushion and used for a second
round of translocation with Fmal-labeled proOmpA. (B) Translocation reac-
tion in the absence of proOmpA (lane 1), in the presence of wild-type proOm-
pA (lane 2), and in the presence of MeOTAM3-proOmpA (lane 3). After
30 min at 37 °C the vesicles were recovered through a sucrose cushion and
used for a second round of translocation with Fmal-labeled proOmpA. All
reactions were performed in the presence of a PMF. Samples were precipi-
tated with TCA and protease protected material was analyzed by SDS-PAGE
and in gel fluorescence. (C) Translocation of isoTAM2-proOmpA was per-
formed with a limiting amount of IMVs in the presence and absence of a
PMF. After 10 min at 37 °C, the reaction was stopped on ice and the PMF
was dissipated in the reactions were translocation was performed in the pre-
sence of a PMF. Subsequently, the IMVs were isolated by centrifugation
through a 0.8 M sucrose cushion and used in a second translocation reaction
using Fmal-labeled proOmpA as substrate. After 10 min at 37 °C the reactions
were stopped by the addition of proteinase K and incubated for 30 min on
ice. Samples were precipitated with TCA and protease protectedmaterial was
analyzed by SDS-PAGE (12% acrylamide) and in gel fluorescence. 10%: 10
percent of the Fmal-labeled proOmpA used in the translocation reaction.

Fig. 5. IsoTAM2-proOmpA is translocated by SecY with a lateral gate that is
constrained by a 8.6 Å cross-linker. (A) Top view (Left) and side view (Right) of
the crystal structure of the M. jannaschii SecYEβ. SecE and SecG are indicated
in green and orange, respectively. TM 2 and 7 that form the lateral gate are
indicated in blue. The red balls indicate the crosslinking sites. (B) OmpT assay
performed on IMVs containing the cysteineless and SecY(F286C/S87C)EG
complex incubated with different chemical cross linkers. In the presence of
sodium tetrathionate (lane 4), or bis-maleimidoethane (lane 5), the OmpT-
treated SecY migrates as the uncleaved protein (lane 2). In the presence
of TCEP, SecY is cleaved (lane 3). The molecular mass standard is indicated
in lane 1. (C) Translocation of Fmal-proOmpA (Left) and IsoTAM2-proOmpA
(Right) into SecY(F286C/S87C)EG IMVs under reducing conditions (lanes 2 and
6), or upon treatment with sodium tetrathionate (lanes 3 and 7), or bis-
maleimidoethane (lanes 4 and 8). As a control, no ATP was added to the
translocation reaction (lanes 1 and 5).
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methanes conjugated to proOmpA were readily translocated into
E. coli IMVs except for the largest molecule MeOTAM3 that has
a molecular dimension of approximately 29 Å. When the size of
the unfolded polypeptide is taken into account, assuming an
extended conformation of 4–6 Å, the overall diameter of the
translocation pore must be at least approximately 22–24 Å. Sur-
prisingly, this exceeds the expected size for a monomeric pore
without a lateral gate opening as determined by molecular
dynamics simulations. To test if these molecules indeed pass
through a single pore and/or whether lateral gate opening is re-
quired, we employed a SecY mutant in which the lateral gate
opening was controlled through the use of a site-specific crosslink
between TM2 and TM7 that together form the lateral exit site (8).
Herein, two unique cysteines were introduced in the lateral gate.
These were chemically cross-linked by oxidation or by the use
of the chemical cross-linker BMOE that separates the thiols
by approximately 8 Å. When the lateral gate was constrained by
oxidation, translocation of both proOmpA and the tetraaryl-
methane conjugates was blocked. However, when the lateral gate
was cross-linked with BMOE, translocation occurred unrest-
ricted. In addition, the large proOmpA-MeOTAM3 blocked the
pore for subsequent rounds of translocation, whereas the smaller
IsoTAM2 did not. Therefore, we conclude that the translocation
pore can accommodate relatively large structures, which indicates
a more complex pore geometry than previously suggested by
molecular dynamics simulations (16).

To exclude the possibility that the hydrophobic nature of the
tetraarylmethanes influences the translocation of the conjugates
we decreased the hydrophobicity of the tetraarylmethane (Iso-
TAM2) by substituting each aromatic unit with a methyl-oxy
group (MeOTAM2). The translocation kinetics of this proOmpA
derivative was nearly indistinguishable from that of the other
tetraarylmethanes indicating that hydrophobicity is not a major
factor (Fig. 2B). As translocation of the proOmpA derivatives
was also undisturbed with a SecYEG complex containing a fixed
lateral gate, an interface translocation model of the tetraryl-
methane molecules can be ruled out. Rather, the additional space
provided by the opened lateral gate may contribute to the size of
the active pore. The experimentally determined pore size of ap-
proximately 22–24 Å will be closed to the maximal pore diameter,
as a further expansion of the tetraarylmethane sphere to 29 Å
arrested translocation. This size is substantially smaller than the
previously size of approximately 40–60 Å based on fluorescent
quenching techniques (17). In this respect, the recent structure
of SecYEG from T. maritima with SecA bound in an intermediate
state of ATP-hydrolysis shows in comparison to the M. jannaschii
SecYEβ structure, a partial opening of the lateral gate region
around TM2 and TM7/8 (7) that points at a more complex pore
geometry possibly including an opened lateral gate as an exten-
sion of the central pore.

Another characteristic feature of the translocation of proOm-
pA derivatized with tetraarylmethanes is the much stronger
PMF-dependence than of wild-type proOmpA. Our data support
the hypothesis that the PMF modulates the opening or even the
width of the pore during translocation (20, 24). To further inves-
tigate the strong PMF-dependent translocation of proOmpA tet-
raarylmethane derivatives, translocation of proOmpA-IsoTAM2
was investigated with IMVs containing the PrlA4 mutant of SecY.
The SecYEG pore of this mutant is thought to be in a relaxed
state, probably because of a destabilization of the closed state
(25). In IMVs containing the Prl4 mutant, translocation of
proOmpA-IsoTAM2 indeed is independent of the PMF. Also, the
translocation kinetics of proOmpA-IsoTAM2 into PrlA4 IMVs
is increased as compared to wild-type IMVs as shown previously
for wild-type preproteins.

Summarizing, our data suggest a high plasticity of the SecYEG
translocation pore that can accommodate large nonpolypeptide
moieties. Importantly, the data suggest that the lateral gate open-
ing contributes to the functional pore size and that the PMFmod-
ulates the width of the translocation pore.

Materials and Methods
Materials. SecA (26) and SecB (27) were purified as described. IMVs with
overexpressed levels of SecYEG were obtained from E. coli strain UH203
transformed with pET610 (28). IMVs containing overexpressed levels of
SecY(F286C/S87C) were obtained from E. coli strain SF100 transformed with
pFE-SecY16 plasmid (8). OmpT was expressed from plasmid pND9 in strain
SF100 and expressed under its own temperature sensitive promoter (29).
The proOmpA cysteine mutant S245C was constructed with the QuickChange
site-directed mutagenesis kit (Stratagene) using pET2345 containing the
cysteineless proOmpA as a template (30). Primers used introduced in addition
a silent MluI cutting site for cloning purposes: S245C forward primer, ccgaccg-
cat cggttgtgac gcgtacaacc agggtctg; S245C reverse primer, cagaccctgg
ttgtacgcgt cacaaccgat gcggtcgg. The introduced mutations were confirmed
by sequencing. ProOmpA(S245C) was purified as described previously (30)
and further referred to as proOmpA.

Crosslinking of Lateral Gate. IMVs containing SecY(S87C/F286C)EG were iso-
lated as previously described (8). IMVs (1 mg of protein∕mL) were incubated
for 30 min at 37 °C with Na2S2O8 or BMOE at a final concentration of 1 mM
and 300 μM respectively. To test the efficiency of the crosslinking IMVs were
treated with 1 mg∕mL OmpT in 50 mM Tris/HCl pH 7, 0.1% Triton X100 for
30 min at 37 °C. Samples were analyzed by SDS-PAGE gel (12% acrylamide),
and Coomassie brilliant blue staining.

Tetraarylmethane Synthesis, proOmpA Labeling, and Translocation Assays. See
SI Appendix.
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