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Extracellular secretion of proteins via the type II or general secretion pathway in gram-negative bacteria
requires the assistance of at least 12 gene products that are thought to form a complex apparatus through
which secreted proteins are translocated. Although this apparatus is specifically required only for the outer
membrane translocation step during transport across the bacterial cell envelope, it is believed to span both
membranes. The EpsE, EpsL, and EpsM proteins of the type II apparatus in Vibrio cholerae are thought to form
a trimolecular complex that is required to either control the opening and closing of the secretion pore or to
transduce energy to the site of outer membrane translocation. EpsL is likely to play an important role in this
relay by interacting with both the cytoplasmic EpsE protein and the cytoplasmic membrane protein EpsM,
which is predominantly exposed on the periplasmic side of the membrane. We have now extended this model
and mapped the separate regions within EpsL that contain the EpsE and EpsM binding domains. By taking
advantage of the species specificity of the type II pathway, we have used chimeric proteins composed of EpsL
and its homologue, ExeL, from Aeromonas hydrophila together with either EpsE or its Aeromonas homologue,
ExeE, to complement the secretion defect in both epsL and exeL mutant strains. These studies have mapped the
species-specific EpsE binding site to the N-terminal cytoplasmic region between residues 57 and 216 of EpsL.
In addition, the species-specific EpsM binding site was mapped to the C-terminal half of EpsL by coimmu-
noprecipitation of EpsM with different EpsL-ExeL chimeras. This site is present in the region between amino

acids 216 and 296, which contains the predicted membrane-spanning segment of EpsL.

Extracellular secretion in gram-negative bacteria requires
complex systems that transport the secreted proteins across the
cell envelope. Although a number of pathways have evolved
for this purpose, the general secretion pathway (GSP) appears
to be the most widely distributed and has been discovered in
both animal and plant pathogens, including Vibrio cholerae,
Aeromonas hydrophila, Pseudomonas aeruginosa, and Erwinia
chrysanthemi (10, 13, 14, 36, 42). This pathway is required only
for the outer membrane translocation step, since translocation
across the cytoplasmic membrane appears to be assisted by the
Sec system, and mutations in GSP genes result in the accumu-
lation of folded proteins in the periplasm (for a review, see
reference 29). The secretion apparatus must be very specific,
since a limited number of proteins are secreted and resident
periplasmic proteins, that are smaller than some of the se-
creted proteins, do not escape into the extracellular environ-
ment. In addition, secretion also appears to be host specific in
that most species cannot secrete proteins from a closely related
species and cross-complementation of mutations by genes
from another species is very limited (6, 10, 17, 21, 34). Protein-
protein interactions are therefore likely to play a major role
during the secretion process. There must be very precise and
highly stoichiometric interactions not only between the differ-
ent components of the apparatus but also between these com-
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ponents and the proteins to be secreted. The secreted proteins
must interact with one or more components of this apparatus
during their transport, and these interactions are likely respon-
sible for the molecular recognition of a specific, as yet uniden-
tified, secretion signal on the folded proteins destined for ex-
port (7, 33).

Twelve to 16 GSP proteins are required for outer membrane
translocation (30). The majority of these components are not
synthesized with classical N-terminal signal sequences and ap-
pear to be inner membrane proteins, despite the fact that they
are specifically involved in transport of secreted proteins from
the periplasm to the extracellular environment (3, 32, 35, 41).
The GspG-K proteins resemble prepilin subunits of the type
IV class and are processed by prepilin peptidase, which is itself
encoded by the gsp operon in a number of bacteria (24-26).
The GspD protein does contain an N-terminal signal sequence
and has been shown to be an outer membrane protein (9).
Studies have shown that the GspD homolog of P. aeruginosa,
XcepQ, the pIV protein of fI phage, the YscC protein of the
Yersinia enterocolitica type 111 pathway, and the PilQ protein of
P. aeruginosa all form large, multimeric complexes which are
thought to form the secretion port through which the sub-
strates of these various pathways pass (2, 16, 18). These con-
clusions were strengthened by the recent results from the lab-
oratories of Pugsley and Russel showing that PulD and the
phage pIV protein form ion-conducting channels in planar
lipid bilayers (19, 23).

In V. cholerae, extracellular secretion is assisted by the eps
genes and the prepilin peptidase gene vepD (20, 27, 36, 37, 38).
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The eps genes encode components of the Eps secretion appa-
ratus that spans both membranes. The vepD gene product is
thought to be required for the formation of this apparatus,
since it has been predicted to process the prepilin-like protein
EpsG (36) and shown to process the prepilin-like protein Epsl
(20). Mutations in the vepD and eps genes result in defects in
outer membrane translocation of several proteins, including
the principal virulence factor cholera toxin and protease. In
addition, the biogenesis of the outer membrane protein OmpU
is affected. Inactivation of the vepD gene also results in de-
creased ability to colonize infant mice (20).

Initial characterization of the Eps components revealed that
EpsE is a cytoplasmic protein containing an ATP-binding mo-
tif that is required for its activity (34). Subcellular fractionation
and immunoblot analysis have shown that EpsE interacts with
the integral cytoplasmic membrane protein EpsL, which results
in stabilization and membrane association of EpsE (34). Ad-
ditional support for interaction between proteins E and L came
from studies of these proteins in P. aeruginosa and E. crysan-
themi, were it was shown that overproduction of the L protein
inhibits secretion and concomitant overproduction of the E
protein relieves this inhibition (1, 31). Coimmunoprecipitation
experiments have shown that EpsL, in turn, interacts with
another cytoplasmic membrane protein, EpsM (35). This latter
interaction appears to stabilize EpsL and increase the amount
of EpsE in the membrane, suggesting that EpsM may induce a
conformational change within EpsL that results in increased
affinity for EpsE. Purified EpsE demonstrates autophosphor-
ylation activity, suggesting that it is a protein kinase that may
regulate the extracellular secretion process (34). The interac-
tion of the EpsE-EpsL-EpsM trimolecular complex with the
rest of the secretion apparatus may result in transmembrane
signaling that opens the secretory channel or pore, permitting
extracellular proteins to cross the outer membrane. If, on the
other hand, EpsE is an ATPase and the demonstrated in
vitro autophosphorylation activity of EpsE is only an inter-
mediate step in the ATPase activity, EpsL and EpsM could
possibly transduce energy from EpsE and the cytoplasmic
membrane to the site of outer membrane translocation (35).

Based on hydrophobicity plots and the positive-inside rule, it
is likely that the transmembrane domain of EpsL spans resi-
dues 254 to 271 with the N terminus of EpsL facing the cyto-
plasm and the C terminus exposed to the periplasmic space
(43). This is in good agreement with the topologies of the two
EpsL homologues OutL and XcpY, whose transmembrane
domains have been mapped by fusion protein analysis to the
corresponding hydrophobic regions in these two proteins (3,
12). It is likely that the cytoplasmic N terminus of EpsL inter-
acts with EpsE, since EpsL is responsible for membrane asso-
ciation of EpsE, which is otherwise a soluble cytoplasmic pro-
tein (34). Preliminary results suggest that protein E binds
within the first 248 residues of protein L, since an N-terminal
OutL fragment spanning residues 1 to 248 inhibits secretion
when overexpressed in wild-type (wt) E. crysanthemi and this
inhibition can be suppressed by the concomitant overexpres-
sion of OutE (31). Binding to EpsM most likely occurs via the
transmembrane and/or periplasmic domain of EpsL, since hy-
drophobicity plots of EpsM suggest that this protein is pre-
dominantly exposed on the periplasmic face of the cytoplasmic
membrane and the transmembrane domain spans residues 26
to 42 (unpublished data). To test these hypotheses, regions
were exchanged between EpsL and the homologous ExeL pro-
tein from A. hydrophila and EpsL-ExeL chimeras with altered
specificity were constructed. These chimeras were used to
identify and map both the EpsE and EpsM binding domains to
specific regions of EpsL by complementation analysis in V.
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cholerae and A. hydrophila and by coimmunoprecipitation ex-
periments with anti-EpsL and anti-EpsM antibodies.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1.

Construction of fusion proteins. PCR fragments containing different portions
of epsL or exeL were introduced into the appropriate sites of exeL in pRJ84.1 or
epsL in pMS49, respectively, in order to make in-frame translational fusions
between EpsL and ExeL. The resulting plasmids were conjugated from appro-
priate E. coli strains into wt V. cholerae TRH7000, V. cholerae epsL mutant Mut
8, wt A. hydrophila Ah65, and A. hydrophila exeL mutant 89A and assayed for
complementation or inhibition of secretion as previously described (34).

Immunoprecipitation. Triton X-100-soluble extracts of E. coli strain BL21
(DE3) expressing epsM from pMMB532 and wt epsL or different chimeras under
noninducing conditions were subjected to immunoprecipitation with anti-EpsL
or anti-EpsM antibodies as previously described (35). The precipitated material
was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting using biotinylated anti-EpsL immunoglobulin
G (IgG) and horseradish peroxidase-conjugated streptavidin. Peroxidase activity
was visualized with the Supersignal chemiluminescent substrate (Pierce).

Toxin assays. The amount of toxin in culture supernatants and cell lysates of
V. cholerae cells was determined by GM1 enzyme-linked immunosorbent assay as
described previously (34). Aerolysin activity was assayed in cell lysates and
culture supernatants of A. hydrophila cells as previously described (15, 34).

RESULTS

We have previously demonstrated that EpsL is present in the
cytoplasmic membrane of V. cholerae and that it is involved in
the membrane association and stabilization of EpsE (34, 35).
In addition, EpsL was shown to interact with another cytoplas-
mic membrane protein, EpsM, and this interaction appears to
stabilize both EpsL and EpsM and protect them from proteo-
lytic degradation (34, 35). In order to identify the EpsE and
EpsM binding domains within EpsL, a protein hybrid approach
was used in which regions of EpsL and ExeL from A. hydro-
phila were exchanged. The chimeras were then analyzed for
the ability to interact with the EpsE and EpsM proteins.

Species-specific complementation of secretion-defective mu-
tants. Prior to the construction of different EpsL-ExeL hybrids,
the abilities of EpsL and ExeL to functionally replace each
other were tested. epsL and exeL mutants of V. cholerae and A.
hydrophila, respectively, were analyzed for extracellular secre-
tion of their respective toxins in the absence and presence of
plasmid-encoded epsL and exeL (Table 2). The amounts of
cholera toxin and aerolysin present in the growth medium and
periplasm were determined, and secretion was calculated as a
percentage of the total toxin produced. Only EpsL could re-
store secretion in the epsL mutant, and only ExeL could com-
plement the secretion defect in the exeL mutant. These results
indicated that the function of protein L is species specific. In
these experiments, complementation of the secretion defect
was obtained in both species by the basal low-level expression
of the L genes from the plasmid without the addition of iso-
propyl-B-p-thiogalactopyranoside (IPTG). However, when the
L proteins were overproduced by the addition of IPTG, the
ability of the L proteins to complement the mutants was pre-
vented (data not shown). In addition, overexpression of plas-
mid-encoded epsL (using IPTG at 0.02 mM or a higher con-
centration) in the wt V. cholerae strain also resulted in
inhibition of secretion, suggesting that the function of the
secretion apparatus is sensitive to unbalanced levels of its com-
ponents (Table 3). For comparison, the EpsL level in the epsL
mutant expressing plasmid-encoded epsL in the absence or
presence of IPTG and wt V. cholerae expressing endogenous
and plasmid-encoded epsL after IPTG addition is shown in Fig.
1. Just as in P. aeruginosa and E. chrysanthemi (1, 31), overex-
pression of epsE alone rescued the secretion defect (data not
shown). Since the GspE proteins alone can relieve the inhibi-



744 SANDKVIST ET AL.

TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid Relevant characteristics Reference
Or source
E. coli strains
MC1061 F~ lac 4
BL21(DE3) F~ ompT (rz~ my~) prophage \ carrying T7 RNA polymerase gene 39
V. cholerae strains
TRH7000 El Tor; A(ctxAB), wild type with respect to extracellular protein secretion 11
Mut8 TRH7000 with Km" insertion in epsL gene 34
A. hydrophila strains
Ah65 Wild type 4
89A Km" insertion in exeL gene This study
Plasmids
pMMB207, pMMB208 Broad-host-range cloning vectors; Cm" 8, 22
pMMB532 epsM in pT7-5 This study
pMS49 epsL in pMMB208 This study
pMSS55 exelL154epsL in pMMB208 This study
pMS56 epsL154exel. in pMMB208 This study
pMS57 exel.216epsL in pMMB208 This study
pMS59 exeL57epsL in pMMB208 This study
pMS60 epsL296exel. in pMMB208 This study
pMS73 epsL57exeL in pMMB208 This study
pMS74 exel.296epsL in pMMB208 This study
pMS77 epsE epsL in pMMB208 This study
pMS79 epsE exel.296epsL in pMMB208 This study
pMS92 epsL216exel in pMMB208 This study
pMS96 exeE exel154epsL in pMMB208 This study
pMS97 exeE exel.216epsL in pMMB208 This study
pMS98 epsE epsL154exel. in pMMB208 This study
pMS99 epsE epsL216exel. in pMMB208 This study
pMS100 epsE epsL296exel. in pMMB208 This study
pMS101 exeE exel.296epsL in pMMB208 This study
pRJI84.1 exel. in pMMB208 This study
pT7-5 T7 RNA polymerase promoter ¢10, Ap" 40
pWD600 etxA etxB (E. coli heat-labile enterotoxin A and B subunit genes), Tc" 5

tory effect of overproduced GspL proteins, these data suggest
that the dominant-negative effect of GspL overproduction re-
sults primarily from the titration of GspE.

Identification of species-specific regions within the L pro-
tein. The recognition that EpsL and ExeL could only support
secretion in their original hosts gave us the opportunity to map
the region(s) involved in species specificity by segment swap-
ping. Chimeric genes were constructed by PCR and expressed
in the epsL and exel. mutants of V. cholerae and A. hydrophila
(Fig. 2A). Replacement of the N-terminal 57 amino acids or
the C-terminal 107 residues of EpsL with ExeL residues to
create ExeL57EpsL and EpsL296Exel. did not diminish the
activity of EpsL (Fig. 2A). These results suggest that neither
the extreme N terminus nor the C terminus of EpsL is involved
in species-specific protein-protein interactions in V. cholerae.
However, replacement of the N-terminal 154 or the C-terminal
187 residues of EpsL in ExeL154EpsL and EpsL216ExeL pro-
duced proteins that could no longer complement the secretion
defect in the epsL mutant strain (Fig. 2A). It appears, there-
fore, that an internal portion spanning residues 57 through 296
of EpsL determines species specificity and may contain the
regions that interact with the rest of the secretion machinery,
including the EpsE and EpsM proteins. The results obtained
with the same chimeras in the A. hydrophila exeL mutant com-
plemented those obtained with V. cholerae. In the exeL mutant,
the ExeL protein with its first 57 residues replaced with EpsL
residues was functional and could restore aerolysin secretion

(Fig. 2A). The ExeL.296EpsL fusion could support a low level
of secretion but was not able to restore secretion to wt levels,
as was the case with the reverse chimera EpsL296ExeL in V.
cholerae.

In order to map the region within EpsL involved in species-
specific protein-protein interactions more precisely, we ana-
lyzed the different EpsL-ExeL chimeras for the ability to in-
hibit secretion when overproduced (Table 3). First of all, we
observed that the chimeras ExeL57EpsL and EpsL296ExeL,
which are functional in V. cholerae, behaved similarly to wt
EpsL, in that they also exhibited a dominant negative effect
when overproduced in wt V. cholerae. Likewise, the nonfunc-
tional chimeras Exel296EpsL, EpsL57Exel, and EpsL154
ExeL did not interfere with secretion, suggesting that they have

TABLE 2. Species-specific complementation by EpsL and ExeL

Plasmid-encoded Secretion of toxin (% of total)”

protein V. cholerae epsL mutant A. hydrophila exel. mutant
None 7 2
EpsL 72 2
ExeL 11 88

“ Secretion of enterotoxin in V. cholerae and aerolysin in A. hydrophila was
monitored in the absence or presence of plasmid-encoded epsL or exeL without
IPTG induction.
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TABLE 3. Effect of EpsL chimera overexpression on
secretion in wt V. cholerae

Secretion of toxin

Plasmid-encoded in wt V. cholerae

protein® (% of total)
INODIC.....viiiiite ettt 85
EPSL ettt 5
ExeL57EpsL...... . 30
ExeL154EpsL.... . 6
ExeL.216EpsL.... .. 26
ExeL296EpsL.... . 80
EpsL296ExeL.... . 10
EpsL216ExeL.... .18
EpsL154ExeL.... . 86
EpsL57ExeL...... .. 85
EXCL ..ot 80

“Induced with 0.1 mM IPTG.

lost the capability to functionally interact with both the EpsE
and EpsM proteins (Table 3). In contrast, overexpression of
the nonfunctional chimeras ExeL154EpsL, Exe. 216EpsL, and
EpsL216ExeL did inhibit secretion in the wt strain, suggesting
that these chimeras retain the ability to interact with either
EpsE or EpsM but not the ability to interact with both. There-
fore, while these chimeras cannot complement the secretion
defect, they can act as dominant negative inhibitors of secre-
tion by titrating out one of the components of the secretion
apparatus. For example, if the chimeras have an intact EpsE
binding site, then the inhibition might be similar to that ob-
served with the wt EpsL protein and when overproduced, these
chimeras would remove EpsE from the secretion apparatus,
thus rendering it nonfunctional. Alternatively, if the EpsE
binding region is not intact but the chimeras are still able to
interact with EpsM, the insertion of these hybrids into the
secretion apparatus would prevent the formation of a func-
tional EpsE-EpsL complex by forming an EpsL-EpsM complex
to which EpsE could not bind. If this interpretation is correct,
then these latter chimeras should provide excellent reagents
for the identification of the two potential sites of interaction
for EpsE and EpsM within the EpsL segment between residues
57 and 296. Based on the results obtained by overexpression of
the chimeras, it is possible that one site is present between
residues 57 and 216 and the other is present between amino
acids 216 and 296. Finally, consistent with the data obtained
with V. cholerae, analysis of the chimeras in wt A. hydrophila
gave very similar results (data not shown), with the exception of
ExeL216EpsL, which did not inhibit secretion.

Mapping of the EpsE binding domain within EpsL. Hydrop-
athy plots suggest that EpsL is a cytoplasmic membrane pro-
tein which has one membrane-spanning region its C-terminal
half (residues 254 to 271). This segment is preceded by posi-
tively charged amino acids, which, according to the positive-
inside rule (43), suggests that the N-terminal two-thirds of this
protein is located on the cytoplasmic side of the inner mem-
brane whereas the C terminus is periplasmic. This has been
confirmed by membrane topology analysis of fusion proteins
composed of the EpsL homologues OutL and XcpY and either
B-lactamase or alkaline phosphatase (3, 12). If EpsE associates
with the cytoplasmic membrane via interaction with EpsL only
on the cytoplasmic face of the membrane, it suggests that the
N-terminal two-thirds of EpsL contains the region that inter-
acts with EpsE. On the other hand, if portions of EpsE are
embedded in the cytoplasmic membrane, then other regions of
EpsL could be involved in the membrane association of EpsE.
To identify the region within EpsL that interacts with the EpsE
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protein, the nonfunctional Exel.154EpsL, ExeL216EpsL, and
ExeL296EpsL proteins were analyzed for the ability to restore
secretion in the presence of ExeE in the V. cholerae epsL
mutant (Fig. 2A). The addition of ExeE could not restore
secretion in the presence of ExeL154EpsL or ExeL296EpsL,
but secretion could be obtained in the presence of Exel.216
EpsL. This suggests that Exe.216EpsL both contains an intact
ExeE binding domain and is able to interact functionally with
the rest of the Eps apparatus. Thus, the reason the Exel.216
EpsL chimera cannot complement the secretion defect in the
epsL mutant in the absence of ExeE is that it has lost its EpsE
binding domain. Since ExeL57EpsL can replace wt EpsL and
support secretion in the presence of EpsE and since Exel.216
EpsL can restore secretion in the epsL mutant in the presence
of ExeE, this strongly suggests that the species-specific protein
E binding site is located between cytoplasmic residues 57 and
216 of EpsL. The fact that ExeL154EpsL did not function in
the presence of either EpsE or ExeE suggests that the site of
fusion in this chimera is likely to be within the EpsE protein
binding domain and, thus, disrupts the association of either
protein EpsE or ExeE with this hybrid. Furthermore, these
data also suggest that the reason ExeL296EpsL was not func-
tional with either protein EpsE or ExeE is likely the inability of
this chimera to interact with another component of the appa-
ratus, possibly the EpsM protein (see below). Also, consistent
with this is the inability of ExeL296EpsL to inhibit secretion in
the wt V. cholerae strain, since our data suggest that this chi-
mera has lost its binding sites for both EpsE and EpsM. The
results obtained with the reverse chimeras in Aeromonas in the
presence of epsE were entirely consistent with the Vibrio re-
sults (Fig. 2A). In this strain background, the chimera EpsL216
ExeL was functional in the presence of EpsE while EpsL296
ExeL could not support secretion. Finally, a small increase in
secretion was obtained in the presence of EpsE and EpsL154
ExeL, supporting the suggestion that the protein E binding site
is close to position 154.

Mapping of the EpsM binding domain within EpsL. We
next wanted to determine if the second region of EpsL in-
volved in species-specific protein-protein interactions could
contain the EpsM binding site. We had previously found that
EpsL and EpsM form a stable complex that can be coimmu-
noprecipitated. We also observed that this complex formation
does not require other Eps components and can occur in E.
coli (35). Therefore, in order to analyze the EpsL-EpsM inter-

rMUt-lrWt-l
pMS49 - + + - 4+
IPTG - - 4+ -+

47—
o8 — EpsL

32—
12345

FIG. 1. Levels of EpsL production in mutant and wt strains of V. cholerae
containing a plasmid expressing epsL. Triton X-100 extracts of epsL mutant
(lanes 1 to 3) and wt V. cholerae (lanes 4 and 5) expressing plasmid-encoded epsL
were subjected to SDS-PAGE and immunoblot analysis with anti-EpsL antibod-
ies. Lanes: 1, Mut8 (epsL mutant); 2, Mut8/pMS49; 3, Mut8/pMS49 grown in the
presence of 0.1 mM IPTG; 4, TRH7000 (wt); 5, TRH7000/pMS49 grown in the
presence of 0.1 mM IPTG. The values on the left show the positions of molecular
size markers (in kilodaltons).
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J. BACTERIOL.

Secretion
(percent of total)
Vibrio Aeromonas
epsL mutant exel mutant
A. + ExeE + EpsE
EpsL —————| 7 2
ExeLS7EpsL [ 82 2
ExeLI54EpsL [ 9 10 2
ExeL216EpsL | ] 7 6 )
ExeL296EpsL [ — | e | 9 9 18
EpsL296ExcL I | 67 2
EpsL216Excl NG ] 5 275
EpsL154ExcL [ — ] 5 218
EpsL57Exel NN = ] 11 98
ExeL [ — | 11 88
Cytoplasm o Periplasm
Inner membrane
B.

EpsL | E

| Scale 400 aa

W v e——

FIG. 2. Effects of various EpsL-ExeL chimeras on secretion. (A) Schematic representation of EpsL, ExeL, and EpsL-ExeL chimeras and their effects on secretion
in the V. cholerae epsL mutant in the absence and presence of exeE and the A. hydrophila exeL mutant in the absence and presence of epsE. Secretion is presented as
a percentage of the total toxin produced in cultures grown without IPTG induction. (B) The wt EpsL protein, in which the species-specific EpsE and EpsM binding

domains are shown as cross-hatched boxes. aa, amino acids.

action only, the different chimeras were expressed in E. coli
strain BL21(DE3) in the presence of epsM. The cells were
subjected to Triton X-100 extraction, followed by immunopre-
cipitation with either anti-EpsL or anti-EpsM antibodies. The
precipitated samples were then analyzed by SDS-PAGE and
immunoblotting with biotinylated anti-EpsL IgG as described
previously (35) (Fig. 3). Only chimeras containing EpsL se-
quences at the C terminus could be analyzed in this manner,
since the anti-EpsL antibodies only recognize this region of
EpsL. Hybrids containing portions of ExeL at the C terminus
were thus not precipitated or detected. Nonetheless, we found
that anti-EpsL antibodies could precipitate wt EpsL, as well
as ExeL.57EpsL, ExeL154EpsL, Exel.216EpsL, and Exel.296
EpsL (Fig. 3). On the other hand, in the presence of EpsM,
anti-EpsM could precipitate all of the chimeras except
ExeL296EpsL, suggesting that this hybrid has lost its ability to
interact with EpsM. Replacement of the region between resi-
dues 216 and 296 of EpsL appears to have resulted in loss of
stable EpsM interaction. This is consistent with the inability of
this chimera to inhibit secretion in the wt V. cholerae strain,
while all of the other chimeras that contain N-terminal por-
tions of ExeL are able to prevent secretion when overpro-
duced. It is also consistent with the ability of hybrid ExeL.216
EpsL but not ExeL296EpsL to restore secretion in the epsL
mutant in the presence of ExeE. These results indicate that
chimera Exel.216EpsL must interact properly with EpsM. Al-
though we could not determine if EpsL296ExeL can be coim-
munoprecipitated with EpsM due to the specificity of the anti-
EpsL antibody, this chimera must be able to functionally
interact with EpsM, since it can restore secretion to wt levels in
the epsL mutant. It appears, therefore, that residues N termi-
nal to position 216 and C terminal to position 296 are not
required for species-specific EpsM interactions.

DISCUSSION

In order to understand the mechanism of secretion and
characterize the organization of the GSP apparatus in V. chol-
erae, we have continued to dissect the relevant interactions
between the individual Eps components. These interactions

— aEpsL IP —

or

— oEpsM IP—

P ﬂ9¢6@4§

62—
47-‘-—.-- oS ™.
32—

1 2 3 4 5 1 2 3 4 5

FIG. 3. Mapping of the EpsM binding domain. Triton X-100 extracts of
E. coli BL21(DE3) producing EpsM and either wt EpsL or different EpsL-ExeL.
chimeras were immunoprecipitated with either anti-EpsL (aEpsL IP) or anti-
EpsM («EpsM IP) antibodies. Samples were subjected to SDS-PAGE and im-
munoblot analysis with biotinylated anti-EpsL IgG and horseradish peroxidase-
coupled streptavidin. Lanes: 1, EpsL; 2, ExeL57EpsL; 3, ExeL.154EpsL; 4, Exel 216
EpsL; 5, ExeL.296EpsL. The values on the left show the positions of molecular
size markers (in kilodaltons).
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are thought to be highly stoichiometric, since overproduction
of some of the components interferes with the function of the
secretion apparatus. For instance, overproduction of protein L
results in inhibition of secretion and concomitant overproduc-
tion of protein E relieves this inhibitory effect (references 1
and 31 and our present study). This suggests that the dominant
negative effect of protein L overproduction results primarily
from the titration of protein E. Another example of a domi-
nant negative effect on secretion comes from studies of Pugsley
and colleagues, who found that when the prepilin-like protein
PulG was overproduced, secretion was likewise inhibited (28).
In this study, we have extended the analysis of the V. chol-
erae Eps and A. hydrophila Exe apparatus and the EpsE-EpsL-
EpsM trimolecular complex by mapping the regions within the
EpsL protein that are involved in interactions with EpsE and
EpsM. Because the EpsL protein from V. cholerae and ExeL
from A. hydrophila cannot replace each other, we have been
able to map protein-protein interacting domains within protein
EpsL and ExeL by constructing and analyzing different EpsL-
ExeL chimeras. This type of analysis has been fruitful previ-
ously when domains important for protein-protein interactions
within EpsE were analyzed (34). In this study, segment swap-
ping was useful for the analysis of protein-protein interacting
domains between the EpsL protein and both the EpsE and
EpsM proteins. However, it should be noted that in these
experiments we have only mapped species-specific interactions
and there may be additional sites of contact between these
components. Other experiments are required to determine
whether additional contacts exist between these proteins.
EpsE is a soluble cytoplasmic protein in the absence of
EpsL. However, in the presence of EpsL, EpsE is associated
with the membrane, and therefore it is likely that the region of
EpsL that is located on the cytoplasmic side of the membrane
is responsible for this function (34). Recent results obtained by
Py and colleagues (31) support this hypothesis. When a trun-
cated form of the EpsL. homologue OutL containing cytoplas-
mic residues 1 to 248 was overexpressed, secretion was inhib-
ited. The inhibition of secretion could be suppressed by the
concomitant overexpression of OutE, suggesting that the E
binding domain is most likely present within the cytoplasmic
domain of the L protein. In this study, we have extended the
analysis of the EpsE-EpsL interaction and mapped the species-
specific EpsE binding region further to the N-terminal portion
of EpsL, between residues 57 and 216. However, as discussed
above, other sites within EpsL may also be involved in EpsE
interactions. The result obtained with one of the chimeras,
ExeL296EpsL in A. hydrophila, supports this latter hypothesis,
since expression of this chimera in the A. hydrophila mutant
only partially restores secretion (18% of the wt level) while the
reverse chimera EpsL296ExeL appears to fully restore secre-
tion in the V. cholerae epsL. mutant. The reduced secretion
level may be due to misfolding of Exel.296EpsL, or alterna-
tively, the site of fusion in this chimera is close to a region that
is involved in species-specific interactions. Interestingly, when
wt EpsE is coproduced with this chimera in the A. hydrophila
mutant, the level of secretion is increased to approximately
55% (data not shown), suggesting that there is a second site of
interaction for protein E. ExeE appears to discriminate be-
tween this site in EpsL and ExeL, while EpsE may be more
promiscuous and can interact with this site in both EpsL and
ExeL. This observation is consistent with those made in an
earlier study of EpsE (34). In that study, we showed that while
ExeE could not function and replace EpsE in V. cholerae, EpsE
could replace ExeE in A. hydrophila. These results suggest
there is an additional site of interaction between proteins E
and L that extends past residue 296. If this is the case, the EpsE
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FIG. 4. Model of species-specific protein-protein interactions within the
EpsE-EpsL-EpsM complex. EpsL spans the cytoplasmic membrane with the N
terminus exposed on the cytoplasmic side and the C terminus present in the
periplasm. EpsL is responsible for membrane association of EpsE, and the
species-specific interaction between these components occurs via their N termini
on the cytoplasmic side of the membrane. Another species-specific contact exists
between the membrane-spanning regions of EpsL and EpsM. EpsM is predom-
inantly exposed on the periplasmic side of the membrane.

Outer Membrane

protein must also interact with the periplasmic domain of EpsL
and it is therefore possible that protein EpsE spans the mem-
brane. Alternatively, EpsE may only transiently interact with
the periplasmic domain of EpsL during its membrane inser-
tion, where this region of EpsL may be involved in inserting
EpsE into the membrane and then releasing it at some stage.
Further analysis has to be done to confirm this observation.

EpsM appears to interact predominantly with the C-termi-
nal domain of EpsL. It is likely that the species-specific region
of interaction resides between residues 216 and 296. The basis
for this conclusion is as follows. (i) ExeL216EpsL, but not
ExeL296ExeL, could be coimmunoprecipitated with EpsM. (ii)
ExeL216EpsL was functional and restored secretion in the V.
cholerae epsL mutant in the presence of ExeE, suggesting that
the EpsM binding site is intact in this chimera. (iii) EpsL296
ExeL could replace EpsL in V. cholerae and restore secretion.
Because the membrane-spanning region is thought to include
residues 254 to 271, it is likely that EpsM and EpsL interact
with each other in the cytoplasmic membrane. As discussed for
the EpsE binding site, there may also be additional sites of
interaction between EpsL and EpsM. An additional site of
interaction could be present within the periplasmic domains of
EpsL and EpsM, since both proteins contain periplasmic C-
terminal tails that consist of more than 100 residues. However,
it is also possible that the periplasmic domain of EpsL is not
involved in the interaction with EpsM and might, instead, serve
other functions. It may be required for the stability and/or
oligomerization of protein L, as was suggested by Py and col-
leagues (31).

In conclusion, we have mapped the species-specific EpsE
and EpsM binding domains to two separate sites within EpsL.
At least one important species-specific interaction with EpsE
occurs via the cytoplasmic region of EpsL. The species-specific
EpsM binding site is localized to the C-terminal half of EpsL
that contains the transmembrane segment (Fig. 2B and 4).
Furthermore, the suggestion that EpsL connects EpsE with
EpsM and the rest of the secretion apparatus has been
strengthened (Fig. 4). Since the EpsL binding sites for EpsE
and EpsM are close but do not overlap, there is a possibility
that these proteins also interact with each other. Further anal-
ysis must be performed in order to determine whether there
are any interactions between these two components.
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