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Broad-speci®city ef¯ux pumps have been implicated in multidrug-resist-
ant strains of Pseudomonas aeruginosa and other Gram-negative bacteria.
Most Gram-negative pumps of clinical relevance have three components,
an inner membrane transporter, an outer membrane channel protein, and
a periplasmic protein, which together coordinate ef¯ux from the cyto-
plasmic membrane across the outer membrane through an unknown
mechanism. The periplasmic ef¯ux proteins (PEPs) and outer membrane
ef¯ux proteins (OEPs) are not obviously related to proteins of known
structure, and understanding the structure and function of these proteins
has been hindered by the dif®culty of obtaining reasonable multiple
alignments. We present a general strategy for the alignment and structure
prediction of protein families with low mutual sequence similarity using
the PEP and OEP families as detailed examples. Gibbs sampling, hidden
Markov models, and other analysis techniques were used to locate
motifs, generate multiple alignments, and assign PEP or OEP function to
hypothetical proteins in several species. We also developed an automated
procedure which combines multiple alignments with structure prediction
algorithms in order to identify conserved structural features in protein
families. This process was used to identify a probable a-helical hairpin in
the PEP family and was applied to the detection of transmembrane
b-strands in OEPs. We also show that all OEPs contain a large tandem
duplication, and demonstrate that the OEP family is unlikely to adopt a
porin fold, in contrast to previous predictions.
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Introduction

The emergence of drug-resistant strains of bac-
teria is a signi®cant and growing human health
problem. Active ef¯ux pumps with broad speci-
®city are involved in the intrinsic and acquired
resistance of Pseudomonas aeruginosa, Escherichia
coli, and other pathogens (reviewed by Nikaido,
1998). The ef¯ux pumps known to contribute to
clinically relevant resistance in Gram-negative bac-
ing author:

smic ef¯ux protein;
n; IEP, inner
ultiple alignment of
ol; TM,
t; HMM, hidden
teria share a common, three-component organiz-
ation. The inner membrane components of these
pumps are translocases of three families: resist-
ance-nodulation-division (RND; Saier et al., 1994),
major facilitator (Grif®th et al., 1992; Marger &
Saier, 1993), and the family of ATP-binding cas-
sette (ABC) transporters (reviewed by Binet et al.,
1997). The inner membrane transporters function
with periplasmic accessory proteins, sometimes
called ``membrane fusion proteins'' (Dinh et al.,
1994), and outer membrane proteins to facilitate
sec-independent, direct passage from the cytoplasm
into the external medium of a variety of substrates,
including proteins, oligosaccharides, small mol-
ecules, and large cations (Binet & Wandersman,
1995; Dinh et al., 1994; LeÂtoffeÂ et al., 1996). Here,
we shall refer to the components of these tripartite
ef¯ux pumps simply as inner membrane ef¯ux
proteins (IEPs), periplasmic ef¯ux proteins (PEPs),
# 1999 Academic Press



696 Conserved Structural Features of Divergent Protein Families
and outer membrane ef¯ux proteins (OEPs).
Understanding the mechanism of these export
complexes is the ®rst step towards identifying
structural targets for drug design and eventually
overcoming this form of multidrug resistance.

The periplasmic ef¯ux protein provides the con-
nection between the inner and outer membrane
components of the ef¯ux pump. Many PEPs, such
as the hemolysin translocator accessory protein
HlyD (Felmlee et al., 1985), have a stretch of hydro-
phobic residues near the N terminus believed to
span the cytoplasmic membrane (SchuÈ lein et al.,
1992). Others, like AcrA and AcrE of E. coli (Ma
et al., 1993) and MexA of P. aeruginosa (Poole et al.,
1993) have a lipoprotein modi®cation signal and
are likely to insert in the cytoplasmic membrane
via an attached lipid moiety (Dinh et al., 1994;
Seiffer et al., 1993). PEPs appear to form trimers
(Thanabalu et al., 1998), and have been shown to
interact speci®cally with OEPs (Akatsuka et al.,
1997; Binet & Wandersman, 1995; Hwang et al.,
1997; LeÂtoffeÂ et al., 1996).

The outer membrane ef¯ux proteins, reviewed
by Paulsen et al. (1997), are often found in the
same gene clusters as the IEPs and PEPs. Some
OEP genes, however, such as tolC of E. coli
(Morona et al., 1983), are not in the same operon as
PEPs and IEPs and may associate with several
different IEP-PEP complexes (Nikaido, 1998). Per-
haps the most widely studied OEP, TolC is a mul-
tifunctional protein involved in organic solvent
tolerance, export of a-hemolysin, and uptake of
colicin (Aono et al., 1998; Fath et al., 1991;
Wandersman & Delepelaire, 1990; Webster, 1991).
TolC appears to interact directly with the periplas-
mic ef¯ux protein HlyD, but only in the presence
of the IEP (SchloÈr et al., 1997). The assembled struc-
ture of TolC is also believed to be trimeric
(Koronakis et al., 1997), and the protein forms oli-
gomeric ion-permeable pores in reconstituted
bilayers (Benz et al., 1993). The TolC family of
OEPs has recently been predicted to adopt a b-bar-
rel structure similar to that of outer membrane por-
ins (Koronakis et al., 1997; Paulsen et al., 1997).

The poor sequence conservation of the PEP and
OEP families has largely prevented prior functional
interpretation of their sequence data. For instance,
in the only previous systematic analysis of OEPs,
no common sequence motif could be found for the
family (Paulsen et al., 1997). Several different algor-
ithms designed to locate subtle sequence signals
(Lawrence et al., 1993; Neuwald & Green, 1994;
Neuwald et al., 1995) were used to discover motifs
common to each family, which were used in turn
to guide the creation of larger protein alignments
using hidden Markov models (HMMs; Eddy, 1996)
and PSI-BLAST (Altschul et al., 1997). An accurate
sequence alignment for a diverse family of proteins
is a powerful tool for functional and structural
analysis, since conserved residues are most likely
to be important to the common structure and func-
tion. To maximize the utility of the PEP and OEP
alignments, we developed an automated procedure
which identi®es conserved structural or other
sequence properties given an input multiple align-
ment. We used the MAPF (multiple alignment of
protein features) program in coordination with a
variety of algorithms to predict the locations of
transmembrane b-strands in the OEPs and in
families of porins as controls. MAPF was also
employed in three-dimensional fold prediction of a
150-residue PEP domain which may include an
antiparallel coiled coil. We suggest that this helical
hairpin may be involved in the formation of a mul-
timeric assembly of PEP and OEP helices in the
periplasm. HMM representations of PEP and OEP
alignments were used to identify new ef¯ux
pumps in Aquifex aeolicus and Synechocystis, and a
potential PEP homologue in Bacillus subtilis,
demonstrating that this ef¯ux mechanism is not
limited to Gram-negative bacteria. The strategy
and analysis techniques presented here are appli-
cable to other protein families whose sequences
have diverged into the twilight zone of sequence
identity or for which no homologue with known
structure is available.

Results and Discussion

Periplasmic efflux proteins

Identification of a conserved coiled-coil probability
pattern and a tandemly repeated motif in PEPs

Although relatively few coiled-coil proteins have
been discovered in prokaryotes, coiled coils are
believed to be present in some periplasmic protein
domains (Engel et al., 1992; McLachlan, 1978; Scott
et al., 1993). Thus, the occurrence of coiled coils in
the PEP family (previously predicted for several
PEPs; Pimenta et al., 1996) would not be surprising.
We systematically examined all known PEPs for
regions likely to form coiled coils with the COILS
algorithm (Lupas et al., 1991) and found that
almost all have a high probability of containing
coiled coils. The typical PEP coiled-coil signature is
centrally located in the primary sequence and has
2-fold symmetry: two regions of high coiled-coil
probability of approximately equal length (four to
®ve heptad repeats) separated by a gap of ®ve to
ten residues (Figure 1).

To ®nd other sequence patterns common to
PEPs, we used an iterative motif-detection and
re®nement procedure employing Gibbs sampling
(Lawrence et al., 1993; Neuwald et al., 1995) and
depth-®rst search (Neuwald & Green, 1994) strat-
egies (see Materials and Methods). This procedure
identi®ed a single, high-scoring motif occurring in
two copies (MN and MC) in all PEPs, separated by
60-300 residues. Intriguingly, MN and MC are typi-
cally positioned at each end of the coiled-coil pat-
tern discussed above, within a few residues of the
region of high coiled-coil probability.

The procedure also identi®ed two copies of the
MN/MC motif in biotin carboxyl carrier proteins
and in the lipoyl domains of 2-oxo acid dehydro-



Figure 1. The probability of forming coiled coils as a
function of residue number is shown for ®ve PEPs
implicated in multidrug resistance in P. aeruginosa and
E. coli. The graphs were generated by the COILS pro-
gram with a window of 28 residues (Lupas et al., 1991).
A 21-residue window is used for MexA, which more
clearly shows the central gap, concurrent with a break
in the heptad register.
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genases (reviewed by Berg & de Kok, 1997). These
protein domains, in eukaryotes and bacteria, trans-
fer a covalently attached lipoyl or biotinyl moiety
between enzymatic components. Blocks of simi-
larity between the lipoyl/biotinyl domains and
some PEPs have been reported previously
(Neuwald et al., 1997). The method presented here
con®rms the homology between the families, but
also reveals that the homologous region represents
two copies of a single motif, present in both the
PEP and lipoyl/biotinyl families. This is consistent
with the previous observation of weak sequence
similarity between the N and C-terminal halves of
the lipoyl domain (Spencer et al., 1984). An align-
ment of these repeated segments including gaps is
shown in Figure 2.

Structure of the PEP motif

The structures of several lipoyl and related
domains have been solved by NMR and X-ray
crystallography, including the lipoyl domains of
the dihydrolipoyl acetyltransferase components of
pyruvate dehydrogenase complexes in Bacillus
stearothermophilus (Dardel et al., 1993), Azotobacter
vinelandii (Berg et al., 1997), and E. coli (Green et al.,
1995), and the biotinyl domain of acetyl-CoA car-
boxylase in E. coli (Athappilly & Hendrickson,
1995). The fold common to these domains is a ¯at-
tened b-barrel, or barrel-sandwich hybrid (Chothia
& Murzin, 1993). Each copy of the PEP motif in the
domain represents a three-b-strand ``hammer-
head''-shaped structure (Athappilly &
Hendrickson, 1995) plus an N-terminal fourth
strand. The two motif-containing peptides interlock
to form a small, globular domain (Figure 3) with 2-
fold quasi-symmetry (Dardel et al., 1993). The con-
served lipoyl-lysine residue lies in a turn between
the two motifs and is not present in PEPs, signify-
ing a different function for the lipoyl domain in
PEPs.

PEP multiple alignment

Using the motif-detection results and previous
structure-based alignments of lipoyl/biotinyl
domains (Athappilly & Hendrickson, 1995; Berg
et al., 1996), a combined motif alignment of the
lipoyl and PEP families including gaps was created
(Figure 2). The same residues are conserved in the
combined alignment as in separate alignments of
each family. Moreover, these residues correspond
to structurally important features of the lipoyl
domain: the conserved glycine residues are found
in tight bends in the peptide backbone, the proline
residue marks the ®rst turn of the motif, and the
conserved hydrophobic residues pack into a well-
de®ned core (Berg et al., 1996; Dardel et al., 1993).
Further, the consistency of the conserved residue
pattern and the uniformity of solved lipoyl domain
structures has led to general agreement that all
lipoyl domains, despite their poor overall residue
conservation, have a similar fold. Since each PEP
motif contains a complete half-set of lipoyl domain
structural features, each motif segment should
adopt half of the lipoyl domain fold.

A phylogenetic distance analysis (Galtier et al.,
1996) was performed on the MN and MC motifs of
PEPs and lipoyl domains. Although the N-terminal
motifs from PEPs and lipoyl domains tend to clus-
ter together, the trend is weak, making the evol-
utionary relationship between these half-domains
uncertain. For example, we cannot say with cer-
tainty that MN of the PEP family is more closely
related to MN of the lipoyl family than it is to MC



Figure 2. Multiple alignment of sequences with highest scoring matches to the PEP motif, after close homologues
have been removed. The 15 PEP and ten lipoyl-biotinyl sequences with the highest scoring matches to the PEP motif
(P-value 4 0.0002) are shown with SWISS-PROT (Bairoch & Boeckmann, 1991) or GenBank (Benson et al., 1993) iden-
ti®ers. Sequence positions are indicated at each end of the motif. MN and MC are shown for each sequence (indicated
as N and C), and two lipoyl domain sequences from Azotobacter vinelandii with known three-dimensional structures
are also included. Black-shaded residues are identical in >50 % of the sequences; gray-shaded residues are similar in
>50 % of the sequences. The secondary structure of the motif (from odp2 azovi) is shown below the alignment and
labeled as in Figure 3. CLUSTAL W and Megalign (DNASTAR Inc.) were used to make the ®nal alignment including
gaps, which are not explicitly identi®ed by the motif-detection algorithms. A few adjustments were made by hand
after inspection and superposition of solved three-dimensional structures using the InsightII software package
(Biosym/MSI), in order to align residues with the same structural role.
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of the lipoyl family. Thus, a combined alignment
of the MN �MC regions with a full lipoyl domain
is speculative, since a full lipoyl domain could also
be constructed from two half domains in an inter-
molecular fold (e.g. MN �MN), as discussed below.

The low degree of sequence similarity of PEPs
(often <25 % identical with one another), has
meant that previous alignments contained only a
few closely related family members (e.g. Saier et al.,
1994), contained incorrectly aligned sequences
(Dinh et al., 1994), or were limited to the lipoyl
region (Neuwald et al., 1997). The repetitive nature
and variable length of the central coiled-coil region
also contributes to the dif®culty of whole-protein
PEP alignment. Fragmentary alignments of smaller
PEP subfamilies can also be found in the Pfam 2.1
database (Sonnhammer et al., 1997; B 6656, B 1036,
and B 144). A motif representing HlyD and its



Figure 3. Lipoyl domain structure from A. vinelandii
pyruvate dehydrogenase (Berg et al., 1997), showing that
the domain fold comprises two, interlocking PEP-motif
sequences. b-Strands from N-terminal (cyan) and
C-terminal (blue) motif-containing regions are indicated
with numbered arrows. The conserved lysine residue
(K39) lies in a loop between motif regions. Structural
coordinates were obtained from the Brookhaven data-
base (Bernstein et al., 1977). The Figure was created with
MOLSCRIPT (Kraulis, 1991).
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close relatives is present in the PROSITE database
(Bairoch et al., 1997; PS00543); it is not common to
all PEPs and lies C-terminal to MC. Preliminary
alignments were made for this work using CLUS-
TAL W (Thompson et al., 1994), but these were
sensitive to input parameters and did not consist-
ently maintain the motif alignments found by
Figure 4. HMM alignment of the coiled-coil region betw
where the predicted a and d positions of the heptad repeat
residues is also observed at several f positions (black squar
integer multiples of seven residues, and the length differenc
exact alignment positions of the seven-residue gaps on each
tive similarity of the heptad register. The last b-strand of MN
Gibbs sampling. Most PEPs could be aligned
together using PSI-BLAST, but the alignments con-
tained an extremely large number of gaps and
were poor in the coiled-coil region. Using the
Gibbs motifs as a guide, reasonable PSI-BLAST
alignments were eventually obtained by separating
the PEPs into two subfamilies, one containing
MexC with a shorter coiled-coil region and one
containing HlyD with a longer coiled-coil region.
Final, separate alignments of these two subfamilies
were constructed from the PSI-BLAST output
using hidden Markov model representations. The
aligned coiled-coil regions of several proteins from
the MexC alignment are shown in Figure 4.

Circular dichroism spectroscopy of PEP peptides

MN and MC peptides from a representative PEP,
MexC of P. aeruginosa, were selected for synthesis
and circular dichroism (CD) spectroscopy in order
to determine whether they adopt secondary struc-
ture consistent with the predicted fold. MexC
associates with the inner membrane transporter
MexD and the outer membrane ef¯ux protein OprJ
to form a multidrug export complex, which is over-
expressed in strains resistant to chloramphenicol,
erythromycin, tetracycline, quinolones, and cefpir-
om (MicheÂa-Hamzehpour et al., 1995; Poole et al.,
1996). The MexC peptides, residues 64-95 and 172-
208, completely span the conserved motif
(Figure 2). At 0.1-0.7 mg/ml in 20 mM sodium
phosphate buffer, these peptides showed little
ordered structure. At concentrations higher than
1 mg/ml the peptides tended to cluster, preventing
interpretation of spectra. However, in the presence
of 20 % tri¯uoroethanol (TFE), both peptides exhib-
ited concentration-independent structure with high
b-content (b-sheet � b-turn � 84 % and 71 % for
MN and MC, respectively, at 0.3 mg/ml; see
Figure 5). This indicates that the peptides preferen-
tially adopt a b-like fold, in agreement with their
role in the lipoyl domain. Low concentrations of
TFE (430 %) have been shown to promote peptide
conformations consistent with the structure they
een MN and MC for several PEPs of the RND family,
have been shaded. A preference for small, hydrophobic
es). The lengths of the PEP coiled-coil regions differ by
es are symmetric across the central aligned region. The
side of the central block are uncertain, given the repeti-
and the ®rst b-strand of MC are also indicated.



Figure 5. Mean residue ellipticity of MN and MC pep-
tides from MexC of P. aeruginosa, at a concentration of
0.3 mg/ml in 20 mM sodium phosphate buffer and 20 %
TFE. Data were collected in 0.5 nm steps over ten separ-
ate scans and averaged over bins of 1 nm width.
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adopt in full proteins (Behrends et al., 1997), and
while b-sheet regions do not always display
b-structure as free peptides, a b-signature for a
peptide in TFE generally corresponds to b-struc-
ture in the native protein. At high TFE concen-
trations (550 %) both peptides showed increased
a-helix content, particularly the MC peptide, which
became 51 % a-helical in 60 % TFE.

Prediction of an a-helical hairpin

The PEP multiple alignment was employed in
conjunction with coiled-coil prediction by the
MAPF program (discussed in detail below) to
reveal a 2-fold symmetry of coiled-coil and PEP-
lipoyl motifs (Figures 4 and 6(a)). This symmetry
suggests that the PEP molecule could simply fold
back on itself at the gap between helical regions,
forming an a-helical hairpin and a lipoyl domain
fold from the MN and MC segments (Figure 6(b),
top). Sequences from the a-hairpins of solved struc-
tures, such as those of bacterial seryl tRNA synthe-
tases (Cusack et al., 1990; Fujinaga et al., 1993), also
have a predicted region of high coiled-coil prob-
ability bisected by a short stretch of low prob-
ability. This antiparallel fold model is further
supported by the observation that the paired
coiled-coil regions of most PEPs are of similar
length, and that among different PEPs the lengths
of the regions frequently differ by integer multiples
of seven. Moreover, these length differences are
2-fold symmetric across the center of the coiled-coil
region (Figure 4), suggesting that the two helices
interact. Also supporting a hairpin model is the
observation that a mutation in the HlyB inner
membrane pump can be suppressed by a C-term-
inal mutation of HlyD (SchloÈr et al., 1997). This
places both ends of the proposed PEP hairpin near
the inner membrane. Some PEPs with longer heli-
cal regions, like HlyD of E. coli, do not have clearly
symmetrical coiled-coil probabilities and could
have additional helices between MN and MC.

Alternative PEP fold models

As mentioned above, it is also possible that
lipoyl domains are formed by intermolecular
association of PEPs, and that the intervening heli-
cal region forms a longer coiled coil instead of a
hairpin. These possibilities were further investi-
gated by constructing homology models for this
PEP region. As seen in Figure 6(b), the topological
connection between the coiled-coil and lipoyl
domains differs for models with parallel and anti-
parallel coiled-coil orientations. The reason for the
difference is that the symmetry of the lipoyl
domain fold is antiparallel, i.e. MN and MC enter
from opposite sides of the domain. Thus, a parallel,
intermolecular fold requires a linker between the
coiled-coil and lipoyl modules if they are to be
formed simultaneously (Figure 6(b), bottom). This
is in con¯ict with the predicted extent of the coiled
coil in most PEPs to within a few residues of MN

and MC (e.g. two to three residues on each side for
MexC), and strengthens the case for an antiparallel
fold, either an intramolecular hairpin or an
extended, antiparallel homodimer. These are essen-
tially the same fold, since the latter would adopt
the same coiled-coil-to-lipoyl con®guration as
shown in Figure 6(b) (top). If it is assumed that all
PEP molecules involved in channel assembly are
anchored to the cytoplasmic membrane, then a
hairpin is the most plausible antiparallel fold, since
both MN and MC must be near the membrane.

Models of PEP function

It is known for some ef¯ux pumps that IEP-PEP-
OEP complexes are formed only in the presence of
substrate, and that the assembly appears to be
ordered: substrate binds IEP, which binds PEP,
which binds OEP (LeÂtoffeÂ et al., 1996). Some IEP-
PEP complexes can also form in the absence of sub-
strate, but do not interact with the OEP without
bound substrate (Thanabalu et al., 1998). Since no
exported substrate escapes into the periplasm
(Gray et al., 1989; Koronakis et al., 1989), two very
general models of complex formation and function
have been proposed: either the inner and outer
membranes are brought into close apposition for
substrate transfer, or the substrate crosses the peri-
plasm through a closed channel (Holland et al.,
1990). It is also known that the PEP region which
we predict to form a coiled coil is required for
hemolysin export in E. coli, since deletion of a por-
tion of this region or substitution with a similar
sequence abolishes export (SchloÈr et al., 1997).
Below, we discuss these two hypothetical models
of ef¯ux pump assembly, where the proposed
structure of the PEP is taken into account.

In the ®rst model, by association with the OEP
or outer membrane, the PEP brings the inner mem-
brane pump into close apposition with the OEP for



Figure 6. (a) Primary structure map of sequence anal-
ysis results for the 15 PEP sequences of Figure 2, show-
ing the predicted locations of PEP motifs (cyan and
blue), transmembrane helices (Hofmann & Stoffel, 1993;
green coils), and lipoprotein attachment sites (green cir-
cles). Red helices represent regions with continuous
coiled-coil probability >0.50 (window � 28), and yellow
helices correspond to continuous regions of 14 residues
or more with probability 0.25-0.50 for a 28-residue win-
dow, or >0.50 for a 21-residue window. The sequences
are centered between MN and MC and grouped by motif
spacing; some are truncated at the ends. (b) Intramole-
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substrate transfer. The formation of the a-hairpin
and intramolecular lipoyl domain is one possible
mechanism for closing the distance between mem-
branes in this model (Figure 6(c), top). Such a
model also provides a mechanism for the proposal
that substrate extrusion occurs at regions of close
membrane apposition (Holland et al., 1990), or the
``membrane adhesion sites'' observed by Bayer
(1991).

The second model of PEP function posits that
PEPs form part of a substrate channel connecting
the two membranes. The outer membrane ef¯ux
protein TolC is believed to have a substantial peri-
plasmic domain (Koronakis et al., 1997), which
may also contain coiled coils (discussed below)
and could interact with the coiled coils of the PEP
HlyD to form the channel. Such a channel could
incorporate the a-hairpin as a part of the channel,
or the OEP could interact with hairpin helices that
have been ``opened'' by substrate binding
(Figure 6(c), bottom). This conformational change
is consistent with an increase in protease accessibil-
ity in HlyD upon substrate binding, measured by
Thanabalu et al. (1998). The dissociation of MC to
participate in the interaction with OEP helices is
also consistent with the CD data showing that MC
cular (top) and intermolecular (bottom) models of lipoyl
domain and coiled-coil structure, shown next to the
lipoyl domain of A. vinelandii pyruvate dehydrogenase
in the same lipoyl domain orientation (center). The MN

(cyan) and MC (blue) regions of MexC, as well as the
two MexC segments with coiled-coil probability >0.6
(red, labeled N and C), were aligned (as in Figure 2 and
by heptad register) and ®t to the conformation of appro-
priate lipoyl (Berg et al., 1997), antiparallel coiled-coil
(Fujinaga et al., 1993), and parallel coiled-coil (O'Shea
et al., 1991) structures using the Insight II-Homology
package (Biosym/MSI). Residues between the coiled-coil
regions and lipoyl motifs (gray) were assigned a loop
conformation and energy-minimized (200 steps steepest-
descent). Three residues from the MexC coiled-coil
region were added to each of the connecting loops of
the intermolecular model (magenta, indicated by
arrows), to bridge the distance across the domain with-
out unnatural bond lengths. The intermolecular model
shows the MN to MN pairing only. The Figure was cre-
ated with MOLSCRIPT. (c) Two hypothetical, schematic
models of PEP function, assuming intramolecular for-
mation of the lipoyl domain. In one model (top) two
coiled-coil regions (red) and two lipoyl half-domains
(MN in cyan, MC in blue) associate in each PEP to clamp
together the IEP and OEP. The PEP molecule bends at
the gap between the coiled-coil regions, contacts the tri-
meric OEP via a C-terminal domain, and is anchored to
the inner membrane by a hydrophobic, N-terminal helix
(green). A second model (bottom) shows that the PEP
helices could instead form part of a trans-periplasmic
channel, either in a hairpin conformation or in an
extended conformation, perhaps in response to confor-
mational changes in the IEP which disrupt the lipoyl
domain. Only two PEP molecules are shown for clarity,
although HlyD appears to be trimeric in crosslinking
experiments (Thanabalu et al., 1998).
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of MexC has a partly helical character in solution.
Also indicating that the PEP coiled coils may form
part of a larger helical assembly, either by trimeri-
zation or by interaction with OEPs, is residue simi-
larity at the f position of the PEP heptad repeat
(Figure 4), which is located opposite the hydro-
phobic packing faces of the helices. Finally, data-
base searches with hidden Markov models
(discussed below) found a likely PEP-family pro-
tein in Bacillus subtilis, which has no outer mem-
brane. This suggests that the PEP molecule has a
function which does not require contact with the
OEP. One possible function is to coordinate sub-
strate transport across the peptidoglycan layer,
which is present in both Gram-negative and Gram-
positive bacteria.

A very different role for the lipoyl domain in
PEPs has been proposed by Neuwald et al. (1997),
based on the lipoyl-PEP homology, in which the
sequence between MN and MC binds and swings
the substrate from one membrane to the next, ana-
logous to the mechanism by which lipoyl domains
may convey lipoyl groups between enzymatic
components. However, as we have shown, this
intervening region consists almost entirely of
sequence predicted to form coiled coils, suggesting
a structural role rather than functions such as sub-
strate binding and translocation. Moreover, pre-
vious studies of ATP-binding cassette exporters
Figure 7. Sequence logo display (Schneider & Stephens, 1
alignments of 56 sequences representing 28 OEPs. Residue
for the ®rst repeated motif (a), corresponding to residues
shown in (b), where the global substitutions IVM! L, E!
reduced alphabet allows the hydrophobic positions
These substitutions are also used to display the second m
355-429 of TolC. Many of the OEPs have high coiled-coil p
itions of the heptad repeat are indicated below the horizon
phobic residues (purple). All d positions in both motifs s
N-terminal heptads of the ®rst motif (shown in parenthese
predicted to form coiled coils.
indicate that the IEP alone is responsible for sub-
strate speci®city (Akatsuka et al., 1997; Binet &
Wandersman, 1995).

Outer membrane efflux proteins

OEP motifs and alignment: OEPs have a
tandem repeat

For the OEP family we employed a similar strat-
egy of ®nding common sequence motifs, using the
motifs to locate new family members and guide
construction of a multiple alignment, and then
using the multiple alignment to identify common
structural features. Although OEP sequences are
highly divergent, two subtle but signi®cant motifs
were found by iterative use of Gibbs sampling
algorithms. Each of these motifs uniquely de®nes
the OEP family; i.e. there are no high-scoring
matches for these motifs to non-OEPs in the data-
base.

The ®rst motif is found in two copies in all OEPs
and is terminated by the pattern ��Px�x�, where
� is hydrophobic, P is a proline residue, and x is a
position of lower residue similarity (Figure 7(a)
and (b)). The central part of this motif has a heptad
repeat pattern suggestive of coiled-coil structure,
with alanine residues favored at the d positions. A
second motif is also found in two copies in every
990) for the two highest scoring OEP motifs, made from
information content at each sequence position is shown
27-68 and 233-274 of mature TolC. The same motif is
D, and R! K have been made in the alignment. This

of the heptad repeat to be seen more easily.
otif (c), which represents the regions from 137-211 and
robabilities for these two motif regions. Predicted a pos-
tal axis; these tend to have a high proportion of hydro-
how a preference for alanine residues, except the two
s). Only in some OEP sequences are these 14 residues



Figure 8. Secondary structure prediction for an align-
ment of 34 OEPs, including OEPs identi®ed here. The
alignment of OEPs was separated into N and C-terminal
groups and submitted to the PHD neural-network pre-
diction server. One N-terminal sequence (g2314661) with
a 48-residue insert at alignment position 65 was
removed for display purposes. Prediction reliability
from zero to 9 is indicated, and predicted helices are
labeled. A reliability score of 9 corresponds to prediction
accuracy >96 %, although the method is presumably less
accurate for membrane proteins (Rost & Sander, 1993).
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OEP (Figure 7(c)). This motif contains two heptad-
repeat regions ¯anking a central, conserved G(x5)D
pattern. A strong preference for small residues,
generally alanine, is again observed at the d pos-
itions in the second region of heptad repeats. The
coiled-coil-forming potential of these sequences is
discussed further below. The two motifs of Figure 7
are tandemly repeated in all OEP sequences,
suggesting that they have arisen from a duplication
event. Importantly, this also suggests that the two
halves of OEP molecules have similar three-dimen-
sional structures. Tandem sequence similarity has
been observed for three closely related OEPs in
prior studies (Gross, 1995), but could not be
detected in TolC with the same method, and has
not been observed previously to be a general fea-
ture of OEPs. There are also no PROSITE, PRINTS
(Attwood et al., 1994), or Pfam (2.1) motifs which
represent the OEP family as a whole, although the
Pfam database contains an entry (B 1036) which
aligns C-terminal fragments of 11 OEPs closely
related to TolC.

OEP multiple alignment

A whole protein alignment of 39 members of the
OEP family was made with an iterative alignment-
building process involving PSI-BLAST, HMMs, and
the tandemly repeated OEP motifs (see Materials
and Methods). Careful choice of parameters was
required, since the default parameters of PSI-
BLAST lead to inclusion of repetitive helical pro-
teins such as tropomyosin within a few iterations.
The alignment stretches from just beyond the
N-terminal signal cleavage site of TolC at residue
25 to the conserved glycine residue at TolC resi-
due 429, near the C terminus of most OEPs. An
alignment of the tandemly repeated N and C-
terminal halves of OEP sequences was also made
in the same way. The tandem repeat corresponds
approximately to TolC sequences 35-210 and
241-429.

Phylogenetic analysis of the tandem repeat
revealed that among Gram-negative bacteria, the
N-terminal halves are more closely related to one
another than to the C-terminal halves and vice
versa. Among more distant relatives such as Aqui-
fex and Synechocystis, the relationships are not as
clear. The N-terminal half of an OEP from Syne-
chocystis, for example, shares higher sequence
similarity with the C-terminal domain from the
same protein than with the N-terminal domain
from any other protein in the multiple alignment.
Multiple duplication events, horizontal transfer,
and concerted evolution are among the possible
interpretations of these data.

Combining multiple alignment and
structure prediction

An alignment of highly divergent proteins with
a common function is a rich source of information,
since any vestigial sequence similarity must be
important to the structure and mechanism of the
family. In addition to identifying conserved indi-
vidual residues like the glycine and proline resi-
dues mentioned above, one can look for other
conserved characteristics of the alignment. We ®rst
used the OEP alignments to ®nd regions predicted
to conserve secondary structure with the PHD pro-
gram (Rost & Sander, 1993). Each half-alignment of
the tandem repeat was run separately, and the out-
put shows six strongly predicted a-helical regions,
and several likely loops (Figure 8). The loop
prediction is particularly strong for sequences
between helices h1 and h2, and between h3 and
h10. Surprisingly, very little b-structure is pre-
dicted; the most prominent peaks are tandemly
repeated and located C-terminal to h1/h10 and
N-terminal to h2/h20. These results are discussed
further below.

In principle, any protein sequence property can
be calculated for all proteins in an alignment and
the results combined to improve prediction power.
This idea is used by the PHD program and other
secondary structure prediction methods (Barton
et al., 1991; Crawford et al., 1987; Levin et al., 1993;
Salamov & Solovyev, 1995; Zvelebil et al., 1987). To
extend this principle beyond secondary structure
prediction, the MAPF program was developed.
MAPF is automated and general, taking as its
input a multiple alignment and a list of structural
prediction algorithms to be performed. Each algor-
ithm is performed on each aligned sequence and
synchronized with the multiple alignment. The
MAPF output is thus an aligned set of structural
predictions for each prediction algorithm. The
average of each prediction function over the family
is also calculated, such that the contribution of



Figure 9. Coiled-coil probability for the OprN protein
(KoÈhler et al., 1997), an OEP in P. aeruginosa, shown for
three different window lengths, where the eight putative
coiled coils have been labeled. This example shows the
tandem repeat of OEP sequences and the uniform size
of the predicted helices.
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each protein to the average is weighted to remove
bias from highly similar sequences. Programs for
secondary structure prediction, coiled-coil predic-
tion, and for other sequence characteristics indica-
tive of transmembrane (TM) b-strands were
included in MAPF for analysis of the OEP family.
Figure 10(a) (leg
OEPs contain coiled coils

Since the OEP family appeared to contain a large
proportion of helical structure, and since a heptad
repeat pattern was evident in the motifs common
to the family, we looked for potential coiled coils
in the multiple alignment using MAPF and the
COILS program. High coiled-coil probability was
found in the sequences of each of the six OEP
helices identi®ed by secondary structure predic-
tion. Putative helices h2 and h20 are generally sub-
divided into two distinct coiled-coil probability
peaks. This means there are eight possible coiled-
coil sections, four from each half of the tandem
repeat structure, which is clearly perceptible in the
coiled-coil predictions (Figure 9). At least one
member of the OEP alignment has coiled-coil prob-
ability 50.95 for each of the eight potential coiled-
coil segments, although some segments are more
strongly predicted than others (Table 1). The strong
consensus prediction for h2b, h3, h20a, and h20b
makes a coiled-coil or helical bundle structure
extremely likely for these regions. Sequences repre-
senting these four helices also scored highly as
coiled coils using the PAIRCOIL program, which is
believed to have a lower false-positive rate (Berger
et al., 1995). On the basis of these data, we con-
clude that at least four of the eight helical sections
end overleaf)



Figure 10. (a) Transmembrane b-strand prediction for the maltoporin family. MAPF output is shown for an input
alignment of seven maltoporin family members. Weighted alignment averages of nine predictors hypothesized to cor-
relate or anticorrelate with transmembrane b structure are shown, along with the numbered positions of the b-strands
of E. coli maltoporin (1mpr). Two of the strands are split due to alignment gaps. Chou-Fasman turn probability, turn
prediction, and b propensity (Chou & Fasman, 1978), hydrophobicity (Kyte & Doolittle, 1982), amphipathicity
(Eisenberg et al., 1984), porin membrane preference (Gromiha et al., 1997), percentage similarity, insertions/deletions
(indels), and gap positions were incorporated into the combined predictor (combination). See Materials and Methods
for details. The ``indel'' measurement is the minimum number of insertions or deletions observed at each position.
Gray bars represent combination function values above 0.65 over a continuous span of more than six consecutive resi-
dues. The percentage of aromatic residues is also shown for each alignment position, since these are often found at
the membrane surface of porin b-strands (Kreusch et al., 1994). The Figure was generated by MAPF using the plotting
program GNUPLOT. (b) MAPF output and candidate TM b-strands for outer membrane ef¯ux proteins. Shaded in
gray are regions which match the criteria used for porin TM b-strand prediction as in (a). Four of these regions (dark
gray) are symmetric with respect to the tandem repeat (see the text for discussion). The input to MAPF used for this
Figure was a set of 13 OEPs closely related to TolC of E. coli and OprJ of P. aeruginosa. The same set of structural pre-
dictors was used as in (a), with the addition of coiled-coil probability (window � 21). Putative helices are labeled,
and the percentage of aromatic residues in the alignment is shown for reference.
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are highly likely to adopt a coiled-coil-like struc-
ture. A solid case can also be made for h30 based
on sequence similarity with h3. Coiled coil for-
mation is less certain for h2a, which is less similar
to h20a than the other tandemly repeated helix
pairs are to one another. Putative helices h1 and
h10 also have fewer representatives with high
coiled-coil probability, in part due to the conserved
proline residues at the ends of the helical regions
(Figure 7).

The drop in coiled-coil probability between h2a
and h2b (and between h20a and h20b) observed for
many OEP sequences is generally coincident with
a shift in the register of the heptad repeat by omis-
sion of three residues. This conserved stutter is
consistent with ``x-layer'' or ``da-layer'' packing
arrangements which decrease the extent of super-
coiling and are often found in helical bundles
(Lupas, 1996a; Lupas et al., 1995). Thus, the break
in coiled-coil probability observed here may not
indicate a break in helical structure, particularly
since it does not coincide with an increase in loop
probability (Figure 8), a decrease in sequence
conservation, or an increase in alignment gaps.



Table 1. The numbers of OEPs in a multiple alignment
of 34 OEPs which have coiled-coil probabilities above
0.95, 0.70, and 0.50 (for COILS window 21 or 28) within
each predicted helical region

Predicted helix P 5 0.95 P 5 0.70 P 5 0.50

h1 2 7 7
h2a 2 5 8
h2b 6 11 14
h3 8 16 22
h10 2 12 14
h20a 5 14 16
h20b 4 7 12
h30 1 4 6
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A second region of the alignment between pre-
dicted coiled coils h2b and h3 (and between h20b
and h30) also has a conserved spacing between
heptad repeats, corresponding to a deletion of four
residues. Although this heptad break is predicted
to form a loop, the coiled-coil structure could con-
tinue across the break instead, forming a ``stam-
mer'' (Brown et al., 1996). This theoretical packing
arrangement also involves an x-layer, in which
residues from opposing coils point directly at one
another, requiring a very small residue. At this x-
layer position in the OEP alignment is a highly
conserved glycine residue (Figure 7(c)), consistent
with this hypothesis. Thus, it is also a possibility
that h2a-h2b-h3 and h20a-h20b-h30 are capable of
forming contiguous coiled coils over 100 residues
in length.

Although all of the putative OEP helices contain
a distinct heptad repeat, the pattern is not the
canonical leucine-zipper signature found in most
two-stranded, parallel coiled coils. The aligned
sequences display a clear preference for alanine in
the d position of the heptad repeat. The presence of
alanine in the hydrophobic core appears to pro-
mote an antiparallel orientation in tetrameric coiled
coils, to create packing layers of the type Leu-Ala-
Leu-Ala as opposed to Ala-Ala-Ala-Ala and Leu-
Leu-Leu-Leu (Monera et al., 1996). Further, alanine
in the d position has been theorized to correlate
with the type of antiparallel four-helix bundle
found in the structure of the Rop protein (Banner
et al., 1987; Gernert et al., 1995). These consider-
ations suggest that an antiparallel orientation may
be favored for some of the OEP helices. It can also
be seen in Figures 9 and 10(b) that the predicted
coiled-coil regions have approximately the same
length, about 25-30 residues. The uniform size of
the coiled-coil regions reinforces the suggestion
that some or all of them may associate in a larger
helical bundle or multimeric coiled-coil assembly.
This could also explain why the coiled-coil predic-
tions are not uniformly high for all members of the
family, since the COILS program does not always
detect higher order coiled-coil associations. OEP
helices could also form transient complexes with
PEP helices for substrate ef¯ux, as we proposed
above. Another candidate for interaction with TolC
helices is the TolA protein, which has a periplasmic
helical domain (Levengood et al., 1991) with a high
probability of coiled-coil formation.

Prediction of porin transmembrane b-strands
using MAPF

TolC has been predicted by others to form a
porin-like b-barrel (Koronakis et al., 1997; Paulsen
et al., 1997), in apparent con¯ict with the secondary
structure and coiled-coil predictions for the OEP
family described here. To help resolve this con¯ict,
we applied the MAPF sequence analysis method to
the task of identifying transmembrane b-strands.
We trained the method on families of known por-
ins and subsequently applied it to the OEPs. Our
goals were twofold: to test whether TolC and its
relatives have sequence characteristics typical of
porins, and to identify potential transmembrane b-
strands in the OEP alignment.

TM b-strands are more dif®cult to identify than
TM a-helices, since a b-strand can cross the mem-
brane in as few as six residues, and only a few of
these may be non-polar. Sequence characteristics
such as hydrophobicity, amphipathicity, secondary
structure, and sequence identity have been used
previously to predict TM strands, as have conjunc-
tions of these criteria (Fischbarg et al., 1994;
Gromiha et al., 1997; Jeanteur et al., 1991) and neur-
al networks (Diederichs et al., 1998). The method
presented here was developed, trained, and tested
on multiple alignments of three porin families com-
prising 29 proteins. One member of each family
has a known structure: OmpF from E. coli (Cowan
et al., 1992), maltoporin from E. coli (Schirmer et al.,
1995), and porin from Rhodopseudomonas blastica
(Kreusch et al., 1994). The alignments were gener-
ated automatically using PSI-BLAST and hidden
Markov models in the same way as for the OEPs
(without knowledge of the structures) and given as
input to MAPF, along with algorithms for nine
relevant sequence characteristics or prediction
methods. MAPF generates separate alignments of
each sequence characteristic as well as a plot show-
ing weighted averages of all characteristics
together. An example of the latter for the malto-
porin family (Figure 10(a)), shows that alignment-
averaged functions of residue similarity and
b-structure correlate well with known TM
b-strands, as expected, whereas alignment gaps
and turn predictions are strongly anticorrelated
with TM strands.

To see if these individual functions could be
combined into a more accurate predictor of TM
b-structure, a cross-validation procedure was then
used to weight each predictor in proportion to its
accuracy in each of the three families and add
them to create a combined predictor function (see
Materials and Methods). The correlation coef®cient
between the combined predictor and the actual
structure was greater than any of the individual
predictors for each family, demonstrating that
combining structural criteria can improve predic-
tion accuracy. Further, when a simple threshold
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was applied to the combination function, such that
continuous regions of more than six residues with
values >0.65 are predicted to be TM b-strand, this
resulted in correct assignment of 77 % of the resi-
dues from maltoporin (see Figure 10(a)), 73 % for
OmpF, and 78 % for R. blastica porin. The average
prediction accuracy of 76 % for these three protein
families is higher than that of other described
methods (Paul & Rosenbusch, 1985; Stoorvogel
et al., 1991; Vogel & JaÈhnig, 1986; Gromiha et al.
1997; Gromiha & Ponnuswamy, 1993). The only
computational methods reporting equal or higher
accuracy (of which we are aware) either include
the test protein in the training procedure
(Ponnuswamy & Gromiha, 1993) or use only a
single test protein which has signi®cant sequence
similarity to one of the training proteins
(E-value � 9 eÿ10 by BLAST search of PDB;
Gromiha et al., 1997). In contrast, the three test por-
ins used in our cross-validation procedure have
no signi®cant sequence similarity to one another
(E-values > 1).

The false positive residues overpredicted by the
combination function are found mostly in internal
loops of the barrel structure which adopt an
extended conformation but do not cross the mem-
brane. Residues 130-144 of the maltoporin align-
ment, for instance, are incorrectly predicted to be
in a TM segment (Figure 10(a)). These residues,
which have many of the characteristics of TM
b-strands, form a highly conserved loop which
packs into the porin channel to constrict the pore.
Most false negatives occur at the extracellular ends
of TM b-strands and may be due to the fact that
residues were counted as TM b if they participated
in b-barrel hydrogen bonds in the crystal struc-
tures. Since some hydrogen-bonded strands extend
out of the membrane, a few extracellular b-strand
residues may not have transmembrane sequence
characteristics and would thus have lower combi-
nation function values. Other false negatives result
from the automated alignment procedure which
can occasionally insert a gap between residues of
the same TM segment (e.g. strand 13 of
Figure 10(a)).

Recently, several new structures of porin-like,
b-barrel proteins have been solved, including
E. coli proteins FhuA (Ferguson et al., 1998), FepA
(Buchanan et al., 1999), and OmpA (Pautsch &
Schulz, 1998), which have 22, 22, and eight trans-
membrane b-strands, respectively. As an additional
test of the prediction method, alignments of these
families were also submitted to the MAPF pro-
gram, using average weights from the three porin
families in the training set. However, unlike the
training set porins, each of these proteins has an
additional domain lacking TM b-strands. In par-
ticular, nearly half of the residues in OmpA form a
periplasmic domain at the C terminus, which is
more strongly conserved and has a higher average
hydrophobicity than the OmpA transmembrane
domain. Using the same criteria as for the porin
families tested above, the prediction accuracy for
the FhuA, FepA, and OmpA families was 74 %,
73 %, and 57 %, respectively. The lower score for
the OmpA family results from false positive pre-
dictions in the C-terminal domain. If the analysis is
performed on the OmpA transmembrane domain
only, the accuracy improves to 81 %. Accuracy for
the FhuA and FepA predictions also increases when
analyzing only their transmembrane domains, to
77 % and 79 %, respectively. Thus, although the
method is clearly biased toward highly conserved,
hydrophobic regions, it performs well on outer
membrane domains which are substantially larger
or smaller than the porins in the training set.

Prediction of transmembrane b-strands for OEPs

The same method for predicting porin b-strands
was then applied to multiple alignments of the
OEPs, using predictor weights derived from the
three porin families. The MAPF output showed
regions of the alignment with many of the charac-
teristic features of TM b-strands, but the combined
predictor function which was found to be useful in
the porin-like proteins did not contain many well-
de®ned peaks. The major difference in the combi-
nation function appeared to be due to the pre-
dicted OEP coiled-coil regions. These do not have
many gaps or predicted turns, and have fairly uni-
form sequence characteristics, which led to a rela-
tively high, ¯at combination function over the
length of each predicted helix. Since the training
set was composed of porins which do not contain
coiled coils or long helices, this result might have
been anticipated. Given that coiled coils and TM
b-strands are mutually exclusive structures, we
incorporated coiled-coil prediction into the combi-
nation function, using a weight equal to that of the
``gaps'' feature. The resulting MAPF output
(Figure 10(b)) reveals persistent and substantive
differences from the porin results. In particular, the
strength and frequency of predicted turns in OEPs
is much lower, the number of aromatic residues is
lower, and there are many fewer peaks in the b-
strand prediction and TM-b combined predictor
functions. Moreover, predicted b-segments of the
porin alignments generally appeared in pairs,
representing two TM strands and a periplasmic
turn (Figure 10(a)). Similar patterns are not
observed in the OEP family combined predictor.

Despite these differences, several regions of the
OEP alignment, generally adjacent to the putative
helices described above, show strong indications of
TM b-structure. Region 4 of Figure 10(b), for
instance, is highly hydrophobic, amphipathic, has
strong beta prediction, is void of gaps and turn
predictions, has a high degree of residue similarity,
and has a correspondingly high combination func-
tion. Several candidate b-strands, including strand
4, also have conserved aromatic residues near their
membrane borders, often observed in porin struc-
tures. In addition, candidate strands 1 and 2 have
homologous sequences to segments 3 and 4,
respectively, a consequence of the tandem repeat.
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These four regions were also assigned a relatively
high probability of b-structure by the PHD pro-
gram (Figure 8) and are the most likely TM
strands.

In general, the two halves of the OEP tandem
repeat appear to share most structural character-
istics, supporting the claim that they have similar
structures. The tandemly repeated features include
predicted helices and coiled coils, two candidate b-
strands, several conserved aromatic residues, and
patterns of high and low turn probability. Ideally,
the tandem repeat provides two independent data
sets which can be compared to improve structural
predictions. Predictions of b-strands in only one
half of the tandem repeat are probably less reliable
than strand predictions at identical positions in
both halves. For example, the region between h20b
and h30 has conserved features typical of TM b-
strands, but the symmetric section between h2b
and h3 is much less hydrophobic and has many
predicted turns. The characteristics of the sequence
between h2a and h2b are also different in each half
of the repeat, including a more prominent gap in
coiled-coil probability for the N-terminal half. It is
not clear whether these differences re¯ect vari-
ations in the folded structure of the two halves, or
merely re¯ect asymmetries in packing arrange-
ment, interaction with the membrane, or inter-
action with other proteins. Two other regions of
high combination function, located N-terminal to
h20a and C-terminal to h30 are also potential TM b-
strands, although they do not have strong predic-
tions in both repeats. The candidate strand N-term-
inal to h1 lies outside the tandem repeat.

Most of the candidate TM b-strands indicated by
the MAPF procedure contain 12 or fewer residues
and probably represent single b-strands. Pairs of
b-strands in porins tend to span 15-30 residues or
more (see Figure 10(a)). Extra b-strands could be
formed by N or C-terminal residues outside of the
alignment, and one or two additional b-strands
could be present between the tandem repeats
(between h3 and h10) where the alignment is least
certain. Likewise, some sequence regions with
large combination function may not be TM
b-strands, but may instead be internally packing
loops, which as we have noted share many of the
sequence features of TM b-strands. Further, the
procedure used here was trained to identify porin-
Table 2. Distribution of secondary structure
OEP alignments in comparison to alignments

Family Proteins % a-

OEP 33
OEP (N-term only) 33
OEP (C-term only) 33
Porin (R. blastica) 5
Maltoporin 7
OmpF 17
like b-strands and may not apply if the fold of the
OEP family is signi®cantly different.

Interpretation for OEP structure

There are several reasons to believe that OEPs
are porins. They reside in the outer membrane,
have transport functions, and can serve as phage
receptors, all like porins. TolC also forms pores in
arti®cial bilayers which can be blocked by the
addition of polypeptides (Benz et al., 1993), and
appears to be a trimer by gel ®ltration and electron
microscopy (Koronakis et al., 1997). However, the
evidence presented here indicates that while these
proteins have several regions which have sequence
characteristics of TM b-strands, OEPs are unlikely
to adopt the 16-18 strand b-barrel fold observed
for porins. First of all, the combined predictor
function for OEPs does not show the distinct, two-
peak regions of probable TM b-structure seen in all
six porin-like families. In addition, secondary struc-
ture predictions show that the OEP structure is
apparently dominated by a-helices. The secondary
structure of porins, in comparison, is predicted
(correctly) to be dominated by b-strands and loops
(Table 2). Further, OEPs are highly likely to contain
coiled coils, whereas none of the 29 porins from
the three aligned families has coiled-coil prob-
ability above 0.06 for any residue (window 28).
Thus, while it is possible that OEPs have a TM
b-barrel composed of a small number of strands
(perhaps similar to OmpA), it is unlikely that there
is a continuous sequence region forming this
domain, as is the case for OmpA and the porins.

Another clear difference between OEPs and por-
ins is evident in the distribution of gaps in the
alignments. It is unusual for highly divergent pro-
tein sequences to share a long sequence motif with-
out gaps such as we observe in the OEP family
(Figures 7 and 10). The porin family alignments, in
contrast, tend to have gaps interspersed regularly
between positions of adjacent b-strands, despite
the families being more closely related than OEPs.
While this could mean that the lengths of OEP
loops are highly conserved, a more likely interpret-
ation is that there are many fewer loops in the OEP
fold, and that individual secondary structural
elements are composed of larger numbers of resi-
dues, what one would expect for helices. This
interpretation is also supported by the contrast in
types predicted by the PHD server for
of three porin families

helix % b-strand % Loop

61.4 3.8 34.8
62.7 2.2 35.1
68.9 6.2 24.8
12.1 40.0 47.9
9.7 23.0 67.3
5.6 30.7 63.7



Table 3. PEP and OEP homologues identi®ed by HMM
search (E < 0.01), which are annotated as putative or
hypothetical proteins in the SWISS-PROT and GenBank
(NR) databases

Species GenBank ID

PEP Aquifex aeolicus 2982989
2983555
2983499
2984016

Haemophilus influenzae 1573913
Helicobacter pylori 2314660
Escherichia coli 1789900

1789637
1787013
1790024
1790012

Synechocystis sp. 1651721
1001690
1653651
1652466

Sphingomonas sp. 1314576
Coxiella burnetii 3248942
Bacillus subtilis 2635842

OEP Aquifex aeolicus 2983286
2983760
2983554
2983579
2983607

Borrelia burgdorferi 2688031
Haemophilus influenzae 1574800

1574302
Helicobacter pylori 2314661

2313728
Synechocystis sp. 1653357
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the number of predicted turns for the two families.
Moreover, unlike all known porin structures, TolC
appears to have a substantial periplasmic domain
by electron microscopy of two-dimensional crystals
(Koronakis et al., 1997). We propose that this
domain is formed in part from helices, in a coiled-
coil or helical bundle structure, and speculate that
these helices interact with PEP helices to form a
trans-periplasmic channel.

Finally, we investigated the possibility that por-
ins and OEPs may be evolutionarily related by
looking for sequence similarity with Gibbs
sampling and other methods described above. No
signi®cant motifs were found linking the two
families, indicating that any sequence relationship
is very distant. We also did not ®nd evidence that
porin sequences have tandem symmetry, which
might also be expected if they share the same fold
with OEPs.

Thus far, only two classes of integral membrane
proteins have been observed by crystallography:
helical bundles and b-barrel proteins (von Heijne,
1997). As we have shown, TolC and its relatives
have characteristics of both classes of proteins, pre-
venting straightforward classi®cation as either
type. The large fraction of helices predicted with a
high degree of con®dence, combined with several
likely TM b-strands, suggests that OEPs adopt a
mixed a/b fold unlike any outer membrane pro-
tein of known structure. Since the hydrophobic
regions of the OEP family are typically less than 20
residues long (Figure 10(b)), the transmembrane
segments of OEPs are likely to be b-strands rather
than a-helices. However, to test whether any of the
predicted helices might be involved in spanning
the membrane, MAPF was used to identify hydro-
phobic and polar faces of each helix in the multiple
alignment (data not shown). The putative helices
h2a, h2b, h20a, h20b, and h10 are consistently
amphipathic, and could theoretically reside in the
membrane as part of a helical bundle, with polar
faces away from the membrane. This would be
highly unusual, however, since transmembrane
helices are typically hydrophobic on all sides and
are thought to be individually stable in the mem-
brane (Hunt et al., 1997). It is more likely that these
helices pack against other parts of the ef¯ux pump
structure or lie parallel with the membrane surface,
rather than crossing it. Perhaps the most likely
transmembrane helix is the region between h2a
and h2b, which on average is apolar at all heptad
positions. If, as discussed previously, h2a and h2b
form a continuous helix connected by a stutter in
the heptad register, then it is possible that the cen-
ter section of h2 could span the outer membrane as
a helix. However, this sequence region is also a
strong TM b-strand candidate (Figure 10(b)). The
transmembrane topology of the TolC protein is
currently being investigated using a novel site-
speci®c proteolysis technique in conjunction with
the theoretical methods presented here (Ehrmann
et al., 1997; M. Mondigler et al., unpublished
results).
HMM search for new PEP and OEP
family members

The efflux pumps are polyphyletic

Final alignments of the two protein families
were also used to assess how widespread this tri-
partite ef¯ux system is among bacteria. Since the
PEP and OEP alignments contain some gaps, it is
more appropriate to search for new family mem-
bers with pro®le hidden Markov models than with
simple weight matrices which do not incorporate
gaps as effectively. HMMs were built from the
PEP/lipoyl motif (Figure 2), and from an align-
ment of PEPs comprising two lipoyl half-domains
and the intervening coiled coil. Searching with
these HMMs against the non-redundant (NR) pro-
tein database and completed bacterial genomes
allowed several hypothetical proteins to be added
to the PEP family (Table 3). These include four
each from Synechocystis and A. aeolicus, indicating
that cyanobacteria and two-membrane hydrogeno-
bacteria have similar ef¯ux mechanisms. A puta-
tive PEP could also be con®rmed in the spirochete
Treponema pallidum, and new PEPs were also ident-
i®ed in Haemophilus in¯uenzae, Helicobacter pylori,
E. coli, Sphingomonas, and Coxiella burnetii.

Surprisingly, a signi®cant match (E � 0.0018) to
the second PEP hidden Markov model was found
in the genome of the Gram-positive bacterium
B. subtilis. This hypothetical protein (g2635842) had
strong matches to the MN motif and to the coiled-



Figure 11. Alignment of a puta-
tive Gram-positive PEP homologue
from B. subtilis (g2635842) with the
most similar protein among known
Gram-negative PEPs (g2983757
from A. aeolicus). The two proteins
are 42 % similar over 284 residues.
Predicted MN and MC lipoyl-fold
regions are in cyan and blue,
respectively, with matches to the
three conserved lipoyl glycine resi-
dues in black boldface. Residues
with probability > 0.995 of coiled-
coil formation (COILS window 28)
are in red.
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coil region, but the alignment to MC was poor. The
most similar previously identi®ed PEP family
member is from A. aeolicus (see Figure 11). Sub-
sequent searches of the NR database using PSI-
BLAST showed that homologues of g2635842 occur
in Streptococcus crista (TptB), Enterococcus faecalis
(BacG), Lactobacillus sake (SapE), and another in
B. subtilis (g2633806). The three named proteins are
putative components of ABC transport complexes
(Axelsson & Holck, 1995; Correia et al., 1997;
Tomita et al., 1997). All four of these proteins also
have clear ®rst lipoyl motifs (MN) and are immedi-
ately followed by regions with a high probability
(>0.9) of forming coiled coils. The sequences fol-
lowing the coiled-coil sections are consistent with
second lipoyl (MC) motifs, although many are
missing one or more of the conserved glycine resi-
dues. It is therefore probable that Gram-positive
bacteria have ef¯ux pumps which contain PEP-like
proteins with lipoyl-coiled-coil structural modules.
It follows that the function of this module may not
be solely to connect inner and outer membranes of
two-membrane bacteria, but may also be to interact
with the inner membrane transporter to guide pas-
sage across the peptidoglycan layer.

HMMs were also created for N-terminal and
C-terminal alignments of OEPs, and for a com-
bined alignment of the N and C-terminal tandem
repeats. Searches with these HMMs identi®ed new
OEP family members in Synechocystis, A. aeolicus,
H. in¯uenzae, and H. pylori, as well as in Borrelia
burgdorferi. No signi®cant OEP or PEP matches
were found in eukaryotic sequences, and as
expected, no high-scoring OEP motifs were found
in Gram-positive sequences.

Detection of database sequence errors

A ®nal use of the alignment process and HMM
search we have described is the detection of frame-
shift or other sequencing errors in database
sequences. Several protein sequences were ident-
i®ed which strongly matched part of an OEP or
PEP motif, but were missing another part of the
motif. In many cases, when the nucleotide
sequences for these genes were examined, the
sequence match to the motif continued in another
reading frame, indicating a probable error in the
deposited sequence.

For example, a portion of the N-terminal OEP
motif of Figure 7(a) is missing from the sequence
for FusA of Burkholderia cepacia (Utsumi et al.,
1991). Scanning the nucleotide sequence with the
program BLASTX (NCBI) shows that the rest of
the motif for FusA is found upstream in a different
reading frame. Likewise, the deposited sequence
for YohG of E. coli has its N terminus in the middle
of the same OEP motif. Sequence similarity to
other OEPs continues upstream of YohG into the
sequence for hypothetical protein YohH, and
includes the ®rst conserved proline residue of the
motif and a likely export signal sequence. Combin-
ing the two open reading frames, starting at the
second methionine residue of YohH yields an OEP
sequence which contains all motifs and aligns well
with the family. Finally, the sequence reported for
the outer membrane ef¯ux protein AprF in Pseudo-
monas ¯uorescens (Liao & McCallus, 1998) is 42 %
identical with AprF from P. aeruginosa over 257
residues, but curiously has several 20-40 residue
sections with nearly 90 % identity. Examination of
the nucleotide sequence reveals that the most likely
protein sequence is scattered among the three 50-30
reading frames. Introduction of 13 frameshifts
would yield a protein sequence which is 84 % iden-
tical with P. aeruginosa AprF over a much longer
sequence span (473 residues).

Conclusion

We have described a series of techniques for
sequence analysis and structure prediction in
highly divergent protein families, focusing on
two families involved in multidrug resistance in
Gram-negative bacteria. Building up multiple
alignments from shorter motifs, we have made
highly accurate whole-protein alignments of the
PEP and OEP families, and used these alignments
for structure prediction. For the PEP family, we
identi®ed a 2-fold symmetric region of high
coiled-coil probability, ¯anked by two halves of a
lipoyl domain. CD spectroscopy showed that
lipoyl domain peptides from MexC preferentially
adopt a b-conformation, and we suggest that the
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intervening helical region could form an a-helical
hairpin to unite the two lipoyl domain halves.
The PEP helices, in a closed, antiparallel form, or
in an open, extended form, could interact with
the OEP periplasmic domain to create a trans-
periplasmic channel.

For the OEP family, motifs were found contain-
ing conserved glycine, proline, aspartate, and
hydrophobic residues likely to be important to the
common structure and function of these proteins.
The arrangement of the motifs suggested a tan-
dem-repeat structure, which was con®rmed by
multiple alignment and by the demonstration that
structural properties of the sequences, such as sec-
ondary structure and coiled-coil propensity, are
also tandemly repeated. A computational method
(MAPF) was developed to automate the identi®-
cation of conserved structural features of protein
families. MAPF was ®rst applied to the prediction
of transmembrane b-strands in porins and shown
to be an improvement over existing methods.
Application of MAPF to the OEP family revealed
regions of the OEP alignment likely to form trans-
membrane b-strands and coiled coils. These obser-
vations led to the prediction that OEPs constitute a
structural class of proteins unlike outer membrane
proteins of known structure, in contrast with pre-
vious predictions. By searching the protein data-
base with hidden Markov models, this class was
shown to be polyphyletic, including representa-
tives from the cyanobacteria and hydrogenobacter-
ia. The PEP family was also extended to these
species and shown to include homologues in sev-
eral species of Gram-positive bacteria. We hope
these insights into the structural features of bac-
terial ef¯ux pumps will encourage further research
into overcoming this form of multidrug resistance
in bacteria. It is also our hope that these or similar
methods for generating accurate multiple align-
ments and making maximum use of their inherent
structural information will become a routine comp-
lement to protein experiments and to the annota-
tion of new genomes.

Materials and Methods

Motif detection

Starting sets of known PEP and OEP family mem-
bers were obtained from the literature (Dinh et al.,
1994; LeÂtoffeÂ et al., 1996; Paulsen et al., 1996, 1997).
The PURGE procedure (Neuwald et al., 1995) with
threshold score 200 was then used to remove highly
similar sequences in order to avoid bias. To estimate
the number of signi®cant motifs and their sequence
lengths, the ASSET algorithm (Neuwald & Green,
1994) was used. Output motif alignments were com-
pared as weight matrices against protein sequence
databases (Bairoch & Boeckmann, 1991; Bleasby &
Wootton, 1990) with the SCAN algorithm (Neuwald
et al., 1995) to identify family members overlooked in
the starting set. These were added, and the procedure
repeated with PURGE threshold 150. Once the
approximate length of the motif was established by
ASSET, the Gibbs Motif Sampler (Neuwald et al.,
1995) was used to re®ne the alignment and determine
the number of occurrences per input sequence. To
further address the question of how many motif sites
occur in each protein, the Gibbs Site Sampler
(Lawrence et al., 1993) was used to look for ®xed
numbers of sites in each sequence. The Gibbs Site
Sampler was particularly useful for identifying regions
where gaps were required, since it could extract
lower-scoring motif copies which had insertions or
deletions relative to the main motif. A computer pro-
gram which groups together several Gibbs sampling
techniques is now publicly available (Neuwald et al.,
1997), but was not used for this work.

Coiled coils were predicted using the COILS algor-
ithm (Lupas, 1996b; Lupas et al., 1991), which was run
on all studied sequences, using 21 and 28-residue win-
dows and the MTIDK matrix. Results were checked for
consistency with predictions with increased weight (2.5-
fold) on the a and d positions of the heptad repeat, and
with predictions of the PAIRCOIL program (Berger et al.,
1995). The MAPF program was used to align and visual-
ize coiled-coil predictions with respect to multiple align-
ments of PEP and OEP families.

Multiple alignment and detection of
remote homologues

To build protein alignments longer than the identi®ed
motifs and which included gaps, we used the iterated
BLAST algorithm PSI-BLAST as a ®rst step (Altschul
et al., 1997). Starting from single PEP and OEP
sequences, multiple alignments were constructed by
iterative search of the NR protein database. Parameters
were adjusted to avoid inclusion of false positives (typi-
cally myosin and other coiled coil containing proteins) in
the search matrices, although this required exclusion of
many true positives. True and false positives were
judged primarily by the presence or absence of the signa-
ture motifs identi®ed by Gibbs sampling. A few gaps
were removed from the N and C termini of the PSI-
BLAST output alignments and from poorly aligned,
highly divergent regions using the program SEAVIEW
(Galtier et al., 1996). The alignments were then converted
to hidden Markov models and the sequences realigned
using either HMMER 1.8.4 (for maltoporin, R. blastica
porin and OmpF alignments) or HMMER 2.0 (for all
other alignments and HMM searches; Eddy, 1996,
http://hmmer.wustl.edu). Finally, the re®ned motif
alignments were scanned against the database using
HMM representations. Matches were considered signi®-
cant if they had estimated E-values <0.01, were aligned
across all motif regions, and had coiled-coil patterns
similar to those of known family members. Highly simi-
lar sequences (>90 % identity) were removed from the
multiple alignments before structure prediction analysis.
Alignments of OEP and PEP families are available at
http://arep.med.harvard.edu.

Phylogeny

Phylogenetic analyses were performed using
Phylo win (Galtier et al., 1996). The neighbor-joining
method was used with 200 bootstrap replicates, shuf¯ing
the sequence order before each replicate. PAM distance
and percentage identity were used on separate trials to
cluster 60 PEP motifs from 30 protein sequences, incor-
porating 38 alignment positions. The two distance
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measures gave nearly identical results. For the OEP cal-
culation, 68 motifs (34 protein sequences) of 174 align-
ment positions were compared using percentage identity
as the distance measure.

CD spectroscopy

N-terminal and C-terminal peptides of MexC protein
(>95 % pure) were obtained from the Biological Chem-
istry and Molecular Pharmacology Biopolymers Facility
at Harvard Medical School. Peptide samples of concen-
tration 0.1-2 mg/ml in 20 mM sodium phosphate buffer
(pH 7.0), with a range of TFE concentrations from 0-60 %
(v/v), were scanned from 185-240 nm (step size 0.5 nm,
averaging time one second) in an Aviv 62DS CD spec-
trometer at 25�C. All samples were passed through a
Millipore 0.22 mm spin column before measurement.
Cells of path-length 1.0 mm and 0.1 mm were used, and
the buffer spectrum was subtracted from the data, aver-
aged over ®ve to 15 scans. Secondary structure estimates
were derived from the spectra using the ridge regression
algorithm by Provencher & GloÈckner (1981), with a 16
protein reference set. Results were checked for consist-
ency with reference sets including poly(L-glutamate) and
denatured proteins, since the inclusion of denatured pro-
teins can assist in discriminating between sheet and ran-
dom coil (Venyaminov et al., 1993).

bbb-Strand prediction

Structure prediction programs in C or Perl were
obtained from cited authors or downloaded from public
repositories and organized into Perl subroutines. New
code was written for several prediction functions. Test-
set alignments for the porins were created using the
methods described above for the PEP and OEP families.
These alignments were not corrected using knowledge of
the solved structures in order to provide an accurate test
of the method for families of unknown structure. Each
porin family served as the test set for training sets com-
posed of the other two families. Contributions from each
structural predictor to the combination function were
weighted by the correlation coef®cient between the pre-
diction and the actual positions of TM b-strands, aver-
aged over the training sets. All three porin families were
used as the training set for the OEP combination func-
tion. The b-sheet periodicity angle used to calculate
hydrophobic moment (amphipathicity) was 160 �. A win-
dow of seven residues was used to smooth the beta,
hydrophobicity, amphipathicity, and membrane prefer-
ence functions. Beta and membrane preference functions
were scaled to have minima at 0 and maxima at 1. Simi-
larity was de®ned according to the following residue
groups: RKH, ED, AST, G, C, P, NQ, ILVM, WFY. The
turn prediction threshold was 0.000075 for the product
of four consecutive turn probability values (see Chou &
Fasman, 1978). Contributions of each protein to the aver-
age function for each predictor were divided by the aver-
age percentage identity of that protein to the others in
the alignment in order to counteract the bias from simi-
lar proteins. Output plots for each selected predictor, as
well as a plot showing them all in combination, were
generated automatically by MAPF using the program
GNUPLOT. Computational analysis and molecular mod-
eling were performed on a Silicon Graphics Octane
workstation. MAPF code for b-strand prediction is avail-
able at http://arep.med.harvard.edu.
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