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A driving force in the evolution of a microorganism is the
ability to colonize a niche. A vertebrate organism represents a
unique niche, but to an infecting microbe it is simply an envi-
ronment to be exploited. Many pathogens explore yet another
opportunity—the intracellular environment. The chlamydiae
are obligate intracellular pathogens that have established a
unique niche within the host cell. As a group their approach
has been successful; chlamydiae cause a variety of diseases in
animal species at virtually every phylogenetic level. Chlamydia
trachomatis and C. pneumoniae are the most significant human
pathogens. C. trachomatis is the leading cause of preventable
blindness worldwide and the most common sexually trans-
mitted bacterial species (43a, 45). C. pneumoniae causes 10%
to 20% of community-acquired pneumonia worldwide and has
recently been associated with coronary atherosclerosis (29)
and possibly other conditions (18). The major determinants
of chlamydial pathogenesis are complicated and unclear at
present. Apparently, the chlamydiae are not acutely toxigenic,
and in many cases infection is asymptomatic and persistent.
Serious chlamydial disease is a function of several processes
including the ability to attach and grow within target cells,
mechanisms of dissemination and persistence, directed remod-
eling of the intracellular environment, and the nature of the
immune response to infection (6).

The chlamydiae undergo a developmental cycle unique
among prokaryotes. Following uptake, chlamydiae develop
and grow within an intracellular vacuole, called an inclusion,
that is distinct from all identified parasitophorous vacuoles.
The inclusion membrane is devoid of host cell markers, but
lipid markers traffic to the inclusion and suggest a functional
interaction with the Golgi apparatus (16). Within the inclusion,
chlamydiae undergo a complex developmental cycle composed
of functional and structurally distinct forms. The elementary
body (EB) is infectious but is metabolically inactive and cannot
replicate. This form differentiates upon infection into the non-
infectious reticulate body (RB), a larger pleomorphic bacte-
rium that is metabolically active and multiplies. Chlamydiae
produce a group-specific lipopolysaccharide (LPS) determi-
nant that is conserved within the genus (7). All chlamydiae
encode an abundant protein termed the major outer mem-
brane protein (MOMP, or OmpA) that is surface exposed in C.
psittaci and C. trachomatis (9, 20) and is the major determinant
for serologic classification of chlamydial isolates (47). Disul-
fide-mediated cross-linking of two major developmentally reg-

ulated cysteine-rich proteins results in a rigid lattice, which is
apparently necessary for structural integrity (19), as the EB
lacks detectable peptidoglycan (PG). Many of the genes in-
volved in these processes were cloned and identified using
conventional means: by homology, via expression libraries, and
through functional complementation analysis. But in this sys-
tem still lacking a generally available transformation tech-
nique, there are many aspects of the chlamydial infectious
process and developmental cycle that remain unclear.

Completion of the sequences of six chlamydial genomes
(Table 1), with others soon to follow, has complemented and
expanded much of the information acquired in the pregenomic
era (46). The primary descriptions of these genome sequences
(25, 46) provide thorough and valuable analyses of the differ-
ent genomes, including much information not covered here.
The purpose of this review is to examine the role of the solved
genome sequences in our understanding of four model groups
of chlamydial proteins. Two of the protein groups, inclusion
membrane (Inc) proteins and the polymorphic membrane pro-
teins (Pmp proteins), are, at present, unique to the chlamydiae.
Two other groups, the proteins involved in PG synthesis and
the chlamydial type III secretion apparatus, represent pro-
cesses that are present in other organisms. While the four
groups of proteins are distinct and unrelated, each represents
one aspect of the unique nature of chlamydiae. We address
how decoding the genome has expanded our early perspective
of these organisms and also point out in each case what ques-
tions the genome sequences cannot directly answer.

Inc PROTEINS

Proteins localized to the chlamydial inclusion membrane
were initially identified in C. psittaci, during studies designed to
examine differences in serologic responses between infected
animals and those immunized with formalin-fixed EB (43).
Three gene products were identified in this fashion, IncA,
IncB, and IncC (2, 42). Antisera against each Inc protein spe-
cifically labels the chlamydial inclusion membrane. Scidmore-
Carlson et al. (44) have recently used antisera directed at a
membrane fraction from C. trachomatis-infected cells to iden-
tify a chromosomal fragment that encodes four novel C. tra-
chomatis Inc proteins (IncD to IncG). As a group these distinct
proteins do not share significant identity with one another or
with any genes within the sequence databases. However, each
possesses a unique bilobed hydrophobic domain of 50 to 80
amino acids (Fig. 1). This profile is striking, particularly in light
of the absence of any significant conservation of primary amino
acid sequence. The function of these proteins within the inclu-
sion membrane remains unclear.

The completion of the C. trachomatis and C. pneumoniae
genome sequences allowed a unique approach to the identifi-
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cation of additional Inc proteins. First, the sequences were
quickly used to locate, by similarity, open reading frames
(ORFs) encoding IncA, IncB, and IncC. After their identifi-
cation, antisera were produced against the predicted C. tracho-
matis and C. pneumoniae IncA proteins, and these antisera
were used to demonstrate that IncA from each species is lo-
calized to the inclusion membrane (1, 3). These data also
demonstrated that Inc proteins are not unique to C. psittaci.

Further searching for novel Inc proteins was complicated by
their general lack of primary sequence identity but facilitated
by the unique bilobed hydrophobic domain. Bannantine et al.
(1) used this motif as a marker for the identification of candi-
date Inc (C-Inc) proteins in C. trachomatis. The entire C.

trachomatis genome was searched for ORFs encoding proteins
with this secondary structural pattern. Surprisingly, over 40
candidate Inc sequences that contained a similar profile were
identified. This finding was in contrast to a parallel screen of
the Mycobacterium tuberculosis genome, in which none of 587
unidentified ORFs encoded a protein with the characteristic
pattern. While each candidate Inc protein shares the hydro-
phobic domain, as a group they do not share sequence identity
nor do they have apparent orthologs in the sequence data-
bases, outside of the chlamydiae. Within C. trachomatis there
exists some evidence of gene duplication (ORFs CT228 and
CT229), but in general the rule is lack of identity between
different Incs, even those clustered tightly in the genome. In

FIG. 1. Analysis of predicted hydrophilicity profiles for several known and candidate Inc proteins. In each profile the horizontal axis shows amino acid position and
the y axis is relative hydrophilicity. These profiles were produced using a Kyte-Doolittle algorithm with a window of 7 (30). Scale for hydrophilicity is shown for C. psittaci
IncA (panel A) and applies to all profiles. (A) Predicted hydrophilicity of four chlamydial Inc proteins. Note that in each there is a large bilobed hydrophobic domain
(boxed regions). This domain is found in each known Inc protein. (B) ORFs present on contig 3.5 of the C. trachomatis genome. Within this contig are 10 genes encoding
candidate Inc proteins. Three of these proteins (IncC, CT223p, CT229p) have been shown to reside in the chlamydial inclusion membrane. Note that eight of these
sequences (CT222 to CT229) are contiguous and may represent an operon. The hydrophilicity profiles of the eight tandem candidate Inc proteins are shown below the
contig. Only two of these sequences, CT228 and CT229, encode proteins that share significant identity at the amino acid level.

TABLE 1. Basic characteristics of sequenced chlamydial genomesa

Organism Strain Genome size
(bp)

Predicted no. of
coding sequences

Accession
no. URL address Reference

C. trachomatis
Serovar D D/UW-3/Cx 1,042,519 894 AE001273 http://chlamydia-www.berkeley.edu:4231/ 46
Serovar L2 L2/434/Bu NAb NA NA http://chlamydia-www.berkeley.edu:4231/ NA
Biovar MoPn Nigg 1,069,412 924 AE002160 http://www.tigr.org/tdb/CMR/btc/htmls/SplashPage.html 40

C. pneumoniae CWL029 1,230,230 1,052 AE001363 http://chlamydia-www.berkeley.edu:4231/ 25
AR39 1,229,853 1,052 AE002161 http://www.tigr.org/tdb/CMR/bcp/htmls/SplashPage.html 40

C. psittaci GPIC NA NA NA http://www.tigr.org/tdb/mdb/mdb.html NA

a The gene designations used within this minireview for unnamed ORFs and their predicted proteins are consistent with those used in the Chlamydia Genome Project
website (http://chlamydia-www.berkeley.edu:4231/) for C. trachomatis serovar D and C. pneumoniae CWL029.

b NA, not available.
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some cases these clusters involve several inc genes. An example
of this is found on contig 3.5 of the C. trachomatis genome,
where 10 different inc genes are located (Fig. 1B). Eight of
these (CT222 to CT229) are sequential. Two of these candi-
date Inc proteins (CT223p and CT229p) have been localized to
the chlamydial inclusion membrane (1). These inc clusters are
suggestive of an operon structure, and there is evidence with
two different clusters that tandem inc genes are cotranscribed
(2, 44).

Although the data from known Inc proteins suggested the
hydrophobicity motif was a flag for localization to the inclusion
membrane, this remained to be formally tested. This problem
was approached by producing specific antibody to six purified
recombinant candidate Incs selected from the C. trachomatis
genome database. One of these genes (CT233) shared identity
with C. psittaci IncC, but the remainder (CT223, CT229,
CT288, CT442, and CT484) were chosen solely based on the
presence of the hydrophobicity motif. These antisera were
subsequently tested in immunofluorescence microscopy to de-
termine if the antisera labeled the inclusion membrane within
infected cells. Five of the six proteins tested were shown to
localize to the inclusion membrane (1). Therefore, the pres-
ence of this characteristic hydrophobicity domain appears to
be a marker for inclusion membrane localization, although this
seems to not be universal. The localization of a protein to the
inclusion membrane therefore needs to be confirmed experi-
mentally for each candidate protein. The role of the hydro-
phobic domains in the biology of the Inc proteins remains
elusive. The motif may facilitate transport of these proteins to
the inclusion membrane or possibly stabilize the proteins once
they are delivered there. Perhaps this domain serves as a in-
ternal chaperone for targeting through the type III secretion
system, as discussed below.

The completion of the C. pneumoniae CWL029 genome
allowed a search of this database and, surprisingly, an even
larger collection of C-Incs are encoded by this species. In
several cases there are clear orthologs between C. trachomatis
and C. pneumoniae (25), but over half of the C-Inc sequences
from each species do not share significant similarity with se-
quences in the other. The C. pneumoniae genome also provides
evidence of expanded use of candidate inc duplication relative
to that seen in C. trachomatis. An example of this apparent
duplication is C. trachomatis candidate inc CT358 which is
homologous to several closely linked ORFs in C. pneumoniae
(CPn367, CPn369, and CPn370; contig 5.1) (1). These three
ORFs encode predicted proteins that contain the characteristic
hydrophobicity motif. However, one additional ORF, C. pneu-
moniae CPn107, encodes a protein that shares identity with
each of these C-Incs but lacks the hydrophobic domain. Ex-
periments are in progress to determine the location of each of
these proteins within infected cells.

Functional data that complement the genomic analyses of
Inc proteins are only beginning to accumulate. Currently,
IncA, IncF, and IncG from C. trachomatis (17) and IncA from
C. psittaci (41) are known to be exposed at the cytoplasmic
surface of the inclusion. Very recent data demonstrate that
IncA from C. trachomatis participates in homotypic vesicle
fusion events between different C. trachomatis inclusions (17).
There are a myriad of possible functions for the diverse col-
lection of Inc proteins, such as participation in inclusion de-
velopment, avoidance of lysosomal targeting, nutrient acquisi-
tion, and possibly signaling associated with EB-to-RB-to-EB
transitions, to name a few. This is an emerging and challenging
area of research that may provide answers to important ques-
tions regarding chlamydia-host cell vesicular interactions.

Perhaps the most significant concept that has been intro-

duced by these genomic analyses is that the inclusion mem-
brane, an environment in which no host cell protein marker
has been identified, is apparently decorated with a large array
of distinct, largely unrelated, chlamydial proteins. Eleven dis-
tinct proteins have been localized to the inclusion membrane
and it is likely there are more. The lack of sequence identity
among the known Incs, as well as their lack of identity with
known proteins in the databases, slows progress in the analysis
of Inc protein function. However, it is intriguing to envision a
collection of Inc proteins that are all in contact with the cyto-
plasm of the infected cell, each serving a unique role in the
interaction between the inclusion and the host cytosol.

The diverse Inc proteins encoded by each genome also in-
troduce questions relating to evolutionary biology. How were
these unique gene products selected for localization to the
inclusion membrane? What is the basis for their sequence
diversity? There may be a gene duplication/mutagenesis mech-
anism that adds new inc genes within a genome or possibly a
mechanism for random insertion of a (presently cryptic) sig-
nature nucleotide sequence encoding the characteristic hydro-
phobicity profile. Proteins that acquire this tag may subse-
quently be transported to the inclusion membrane. In either
case, if the localization of this protein to the inclusion mem-
brane environment offers a selective advantage, the mutant
would survive and the mutation would be propagated. Unfor-
tunately, the very low level of primary sequence identity among
most C-Incs does not provide support for any model and this
remains an open question.

Pmp PROTEINS

The completed chlamydial genomes were also important for
providing insight to the large family of Pmp proteins. Like the
Inc proteins, these large, antigenic molecules were initially
identified in C. psittaci using an antibody-based screening pro-
cess. Two sets of two tandem genes each were identified by
Longbottom et al. (33) from an expression library of an ovine
abortion strain of C. psittaci. These genes encode proteins with
sizes of 90 or 91 kDa, and the overall similarity of the predicted
proteins is above 82%. Two of the predicted proteins are
identical.

As the C. trachomatis and C. pneumoniae genomes were
completed it became clear that the pmp genes comprised a
complex family. C. trachomatis encodes nine different Pmp
proteins and the family is expanded in C. pneumoniae to 21
candidate pmp genes or gene fragments (15, 46). Like the Inc
proteins, the Pmp family as a whole is grouped not on the basis
of primary sequence identity. In this family the common thread
is a pair of signature tetrapeptide motifs repeated multiple
times in each protein in the family. These tetrapeptide se-
quences tend to alternate and are clustered toward the amino
half of the Pmp proteins. The two sequences GGA(L, V, I) and
FXXN are repeated more frequently in the Pmp sequences
than in the rest of the genome and, with few notable excep-
tions, far higher than that seen in the protein sequence data-
bases. For example, PmpA of C. trachomatis is a 106-kDa
protein with 6 copies of GGAI and 14 copies of FXXN. Over-
all, the Pmp proteins average 7 GGA(L, V, I) motifs and
approximately 12 FXXN motifs. In contrast, only three other
proteins have been identified in which the GGAI sequence is
repeated more than three times, and in these proteins the
FXXN motif is also repeated. Each of the nonchlamydial pro-
teins that possess multiple copies of these tetrapeptide repeats
are thought to be involved in adherence to mammalian tissues.
As some Pmps have been localized to the chlamydial cell
surface (26, 32), roles in adhesion, molecular transport, signal-
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