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Genomic DNA libraries were constructed for Chlamydia trachomatis serovars B and C by using BamHI
fragments, and recombinants that contained the major outer membrane protein (ompl) gene for each serovar
were identified and sequenced. Comparisons between these gene sequences and the gene from serovar L2
demonstrated fewer base pair differences between serovars L2 and B than between L2 and C; this finding is
consistent with the serologic and antigenic relationships among these serovars. The translated amino acid
sequence for the major outer membrane proteins (MOMPs) contained the same number of amino acids for
serovars L2 and B, whereas the serovar C MOMP contained three additional amino acids. The antigenic
diversity of the chlamydial MOMP was reflected in four sequence-variable domains, and two of these domains
were candidates for the putative type-specific antigenic determinant. The molecular basis of ompl gene
diversity among C. trachomatis serovars was observed to be clustered nucleotide substitutions for closely related
serovars and insertions or deletions for distantly related serovars.

Chlamydia trachomatis is a procaryote that is the cause of
a wide spectrum of human diseases affecting hundreds of
millions of people worldwide. The most notable diseases are
trachoma, a blinding eye disease, and genitourinary tract
diseases that often result in sterility (7). Chlamydiae are
obligate intracellular bacteria that have a unique biphasic
growth cycle which facilitates their survival in two discon-
tinuous habitats. The major outer membrane protein
(MOMP) of chlamydiae is one of the principal cell wall
surface components that is responsible for the structural
integrity of the extracellular infectious elementary body and
the developmental conversion to the plastic and fragile
intracellular reticulate body (8). This protein also has pore-
forming capabilities that permit exchange of nutrients for the
reticulate body form (2). The structural and porin functions
of the MOMP are mediated by disulfide bond interactions
within and between MOMP molecules and other compo-
nents (16).

Surface components of chlamydiae are presumed to mod-
ulate the essential biological events of attachment, induced
phagocytosis, inhibition of phagolysosomal fusion, infectiv-
ity, toxicity, and the host immune responses that contribute
to immunity and pathogenesis (21). The immunodominant
MOMP has been implicated in some of these important
functions, primarily by association of many of these pro-
cesses with a type-specific antigen. The predominant type-
specific determinant for chlamydiae has been attributed to
the MOMP by using monospecific (4) and monoclonal (25,
27) antibodies.

C. trachomatis has been extensively characterized sero-
logically, with more than 15 serovars defined by polyvalent
antisera (28) and monoclonal antibodies (29). Monoclonal
antibody specificities to MOMP define species-, subspecies-,
and type-specific determinants; thus, the MOMP represents
a serological matrix of epitopes such that a single molecule
possesses both constant and variable domains (25). The
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serological relationships separate the serovars into C- and
B-complex groups. Within each group, the serovars can be
arranged in a hierarchy of antigenic complexity (28). In
addition to these antigenic variations among serovars, the
MOMP molecular weights differ among serovars. Notably,
the MOMPs of B-complex serovars have lower molecular
weights than those of the C-complex serovars (15).
To address the molecular basis ofMOMP antigenic diver-

sity and the structural and functional elements of this mul-
tifaceted protein, we have compared the MOMP genes from
three serovars: serovar L2 and serovar B, which are closely
related antigenically, and serovar C, which is the most
distantly related. Sequence comparisons among these proto-
type serovars provided insights into the structural and func-
tional mechanisms of these components as well as the
potential genetic mechanisms that account for the antigenic
diversities among these organisms.

MATERIALS AND METHODS
Bacterial strains. C. trachomatis B/TW5/OT and

C/TW3/OT have been described previously (11) and were
kindly provided by C.-C. Kuo and S.-P. Wang of the
University of Washington. Bacteriophage X1059 and its host
strain Escherichia coli Q359 (10), the bacteriophage
Xgtll/L2/33 recombinant (23), and the pUC plasmids and
M13 phage systems have been described previously (13).

Construction of genomic libraries for C. trachomatis
serovars B and C. DNA from each of the C. trachomatis
serovars was isolated as previously described (23). Standard
procedures were used for enzymatic reactions and for isola-
tion of A phage DNA (12). Chlamydial genomic DNA was
digested with BamHI, ligated into X1059 DNA, and pack-
aged into phage by using commercially prepared extracts
(Amersham Corp., Arlington Heights, Ill.). Recombinant
phage were plated on E. coli Q359 for screening (10).

Screening of recombinant phage. The X phage gtll/L2/33
was digested with EcoRI, and the chlamydial insert DNA
was subcloned into pUC18. The resulting clone was desig-

3879



3880 STEPHENS ET AL.

p 9.2

I0*
AidG-

B r le + -eiwt.s ss______________
glo

5SOO le9
Amr

3.0 2.0

i \ ' ''

1D

FIG. 1. Endonuclease restriction map of -9.2-kilobase BamfII fragments from serovars L2, B, and C. Fragments are illustrated 5' to 3'
and aligned with the common 3' EcoRI sites. ~, MOMP gene ORF. The sequencing strategy has been previously described (24). Brackets
with asterisk beneath each map show constructions used for sequencing. bp, Base pairs.

nated pCt33, and this clone was used as the substrate for
nick translation. X 1059 recombinants were plated and over-
laid with nitrocellulose disks, and the disks were probed with
pCt33 at 60°C as previously described (12). Two or three
clones fQr each serovar were mapped by restriction endonu-
clease analysis and Southern blotting as previously de-
scribed (24).
DNA sequencing. The sequencing strategy used for

serovars B and C was the same as that employed for the
MOMP gene for serovar L2 (omplL2) as previously de-
scribed (24). Briefly, overlapping restriction endonuclease
fragments from representative X1059 clones for each serovar
were gel purified and ligated into pUC18, M13 mpl8, and
M13 mpl9 (13). The pUC recombinants were used for
cross-hybridization evaluations, and the M13 clones were

sequenced by the dideoxy chain termination method (13, 20)
by using oligonucleotide primers for extended sequence.
Sequence discrepancies between complementary strands
were rectified by synthesizing oligonucleotide primers adja-
cent to the region in question and resequencing. Oligonucle-
otide primers were synthesized by using phosphoramite
chemistry as previously described (30).

RESULTS

Cloning and mapping ofMOMP genes. In a previous study,
the chlamydial DNA insert from a Xgtll recombinant
(gtll/L2/33) that expresses a 3-galactosidase fusion protein
representing the carboxyl-terminal portion of serovar L2
MOMP was used to probe Southern blots of chlamydial
genomic DNA. This probe hybridized to an approximately
9-kilobase BamHI fragment from each of the serovars Li, B,
and C (23). Recently, Stephens et al. (24) determined the

DNA sequence for the structural gene for serovar L2 MOMP
by locating the gene with the Agtll recombinant. We used
the same approach to identify the MOMP genes for serovars
B and C. Briefly, the insert obtained from the Agtll recom-

binant or, in some experiments, that obtained from the pCt33
subclone was used to probe X1059 libraries constructed from
BamHI-digested genomic DNA obtained from serovars B
and C. DNA was prepared from several identified plaques
representative of each serovar and mapped with restriction
endonucleases (Fig. 1). The restriction endonuclease maps
were verified by generating subclones of two or three frag-
ments for each serovar in pUC18, and predicted cross-
hybridizations between clones were observed in Southern
blots (data not shown). The MOMP gene for serovar L2 has
been designated omplL2 (24); thus, the genes for serovars B
and C have been designated omplB and omplC, respec-
tively.
DNA sequence. Overlapping fragments were cloned into

M13 mpl8 and M13 mpl9 and sequenced (Fig. 1). Although
the entire 3.1-kilobase BamHI-EcoRI fragment has been
sequenced for serovar L2 (24), the sequences for serovars B
and C were extended approximately 100 base pairs 5' and 3'
to the MOMP gene open reading frame (ORF). Figure 2
shows the differences in ORF sequences of omplB and
omplC as compared with the omplL2 ORF sequence.
The ompl gene sequence for serovar B was identical to

that of L2 except for 70 nucleotide changes. Sequences 5' to
the ORFs were identical for all three serovars except for an

extra base (cytosine) for serovars B and C between a

putative promoter sequence and the Shine-Dalgarno comple-
mentarity (22) (Fig. 2). The sequence for omplC had more
than 70 nucleotide differences as compared with omplL2
and omplB, with, significantly, three codon insertions.
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L2 TAATTATACAAT-TTAGAGGTAAGA ATG AAA AAA CTC TTG AAA TCG GTA TTA GTG TTT GCC GCT TTG AGT TCT GCT TCC TCC TTG CAA GCT CTG
-22Met Lys Lys Leu Leu Lys Ser Val Leu Val P6Ie Ala Ala Leu Ser Ser Ala Ser Ser Leu Gln Ala LeU 1

B C A
C C A

L2 CCT GTG GGG AAT CCT GCT GAA CCA AGC CTT ATG ATC GAC GGA ATT CTA TGG GAA GGT TTC GGC GGA GAT CCT TGC GAT CCT TGC ACC ACT
Pro Val Gly Asn Pro Ala Glu PrQ Ser Leu Met Ile Asp Gly Ile Leu Trp Glu Gly Phe Gly Gly Asp Pro Cys Asp Pro Cys Thr Thr 31

B G
C G T

L2 TGG TGT GAC GCT ATC AGC ATG CGT ATG GGT TAC TAT GGT GAC TTT GTT TTC GAC CGT GTT TTG CAA ACA GAT GTG AAT AAA GAA TTC CAA
Trp Cys Asp Ala Ile Ser Met Arg Met Gly Tyr Tyr Gly Asp Phe Val Phe Asp Arg Val Leu Gln Thr Asp Val Asn Lys Glu Phe Gln 61

B GT C A
Val Lys

C G T C A A T T G
Val Lys

L2 ATG GGT GCC AAG CCT ACA ACT .---- GCT ACA GGC MT GCT GCA GCT CCA TCC ACT TGT ACA GCA AGA GAG MT CCT GCT TAC GGC CGA
Met Gly Ala Lys Pro Thr Thr. Ala Thr Gly Asn Ala Ala Ala Pro Ser Thr Cys Thr Ala Arg Glu Asn Pro Ala Tyr Gly Arg 91

B ... .- A T CT
... ... Thr Val Leu

C A G GC T C AGC GAT TA G TTA CAA AAC A A A TA AAC GTT T CGT CCA C T AA
Ala Ser Asp Val Ala Leu Gln Asn Asp Thr Thr Asn Val Pro Lys

L2 CAT ATG CAG GAT GCT GAG ATG TTT ACA AAT GCT GCT TAC ATG GCA TTG AAT ATT TGG GAT CGT TTT GAT GTA TTC TGT ACA TTA GGA GCC
His Met Gln Asp Ala Glu Met Phe Thr Asn Ala Ala Tyr Met Ala Leu Asn Ile Trp Asp Arg Phe Asp Val Phe Cys Thr Leu Gly Ala 121

B C G C C
Cys

C C A A G C A C T G A

L2 ACC AGT GGA TAT CTT AAA GGA AAT TCA GCA TCT TTC MC TTA GTT GGC TTA TTC GGA GAT AAT GAG AAC CAT GCT ACA GTT TCA GAT AGT
Thr Ser Gly Tyr Leu Lys Gly Asn Ser Ala Ser Phe Asn Leu Val Gly Leu Phe Gly Asp Asn Glu Asn His A14 Thr Val Ser Asp Ser 151

B T T C C C T T T G G A GA A A G
Ser Asn Gln Thr Lys Asn Gly

C T CC T T A C T T C A ACA A ACA C.A TC T GC T MT ACA GCG
Thr Thr Lys Thr Gln Ser Ser Ser Phe Asn Thr Ala

L2 AAG CTT GTA CCA AAT ATG AGC TTA GAT CAA TCT GTT GTT GAG TTG TAT ACA GAT ACT ACT TTT GCT TGG AGT GCT GGA GCT CGT GCA GCT
Lys Leu Val Pro Asn Met Ser Leu Asp Gln Ser Val Val Glu Leu Tyr Thr Asp Thr Thr Phe Ala Trp Ser Ala Gly Ala Arg Ala Ala 181

B GC T G G TC C G
Ala Phe Ala Val

C A T T C CT GCT GA G G G C T T A C C C TA T
Ile Thr Ala Asn Glu Ala Ile Asn Val

L2 TTG TGG GAA TGT GGA TGC GCG ACT TTA GGC GCT TCT TTC CAA TAC GCT CAA TCC AAG CCT AAA GTC GM GAA TTA AAC GTT CTC TGT AAC
Leu Trp Glu Cys Gly Cys Ala Thr Leu Gly Ala Ser Phe Gln Tyr Ala Gln Ser Lys Pro Lys Val Glu Glu Leu Asn Val Leu Cys Asn 211

B T A A T T A A C T
C C C G T A G A T T A A G T T T

L2 GCA GCT GAG TTT ACT ATC AAT AAG CCT AAA GGA TAT GTA GGG CAA GAA TTC CCT CTT GAT CTT AAA GCA GGA ACA GAT GGT GTG ACA GGA
Ala Ala Glu Phe Thr Ile Asn Lys Pro Lys Gly Tyr Val Gly Gln Glu Phe Pro Leu Asp Leu Lys Ala Gly Thr Asp Glv Val Thr Gly 241

B A T A G T A G G C C C
Lys Leu Thr Aia Ala

C T C A T G T GCG T A A A CC A C C G
Ser Ala Asn Ile Thr Glu Ala Ala

L2 ACT AAG CAT GCC TCT ATT GAT TAC CAT GAA TGG CAA GCA AGT TTA GCT CTC TCT TAC AGA CTG AAT ATG TTC ACT CCC TAC ATT GGA GTT
Thr Lys Asp Ala Ser Ile Asp Tyr His Glu Trp Gln Ala Ser Leu Ala Leu Ser Tyr Arg Leu Asn Met Phe Thr Pro Tyr Ile Gly Val 271

B T T
C C G T A T

L2 AAA TGG TCT CGA GCA AGT TTT GAT GCA GAC ACG ATT CGT ATT GCT CAG CCG AAG TCA GCT ACA ACT GTC TTT GAT GTT ACC ACT CTG MAC
Lys Trp Ser Arg Ala Ser Phe Asp Ala Asp Thr Ile Arg Ile Ala Gln Pro Lys Ser Ala Thr Thr Val Phe Asp Val Thr Thr Leu Asn 301

B C CGAG A
Glu Ile

C A T C C C T A TG GA G A A G C T A
Vt1 Leu Glu Ala Ile Leu

L2 CCA ACT ATT GCT GGA GCT GGC GAT GTG AAA GCT AGC GCA GAG GGT *- CAG CTC GGA GAT ACC ATG CAA ATC GTT TCC TTG CAA TTG MC
Pro Thr Ile Ala Gly Ala Gly Asp Val Lys Ala Ser Ala Glu Gly Gln Leu Gly Asp Thr Met Gln Ile Val Ser Leu Gln Leu Asn 331

B A *- C C
Thr

C G C C T AAA A AG GTC T GC G ACC A AAC G A G CT A G
Lys Ser Val Ser Ala Gly Thr Asp Asn Glu Ala

L2 AAG ATG AAA TCT AGA AAA TCT TGC GGT ATT GCA GTA GGA ACA ACT ATT GTG GAT GCA GAC AAA TAC GCA GTT ACA GTT GAG ACT CGC TTG
Lvs Met Lys Ser Arg Lys Ser Cys Gly Ile Ala Val Gly Thr Thr Ile Val Asp Ala Asp Lys Tyr Ala Val Thr Val Glu Thr Arg Leu 361

B
C G A G

Ala
L2 ATC GAT GAG AGA GCT GCT CAC GTA AAT GCA CAA TTC CGC TTC TAA TTAATTGTATAATTTTGTTM

Ile Asp Glu Arg Ala Ala His Val Asn Ala Gln Phe Arg Phe STOP 375 STOP STOP
B
C A G *STOP A A G

FIG. 2. DNA and translated amino acid sequences for the complete MOMP of serovars L2, B, and C. Sequences for B and C were identical
to those for L2 (24) except for the differences noted.
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FIG. 3. Frequency and distribution of nucleotide and amino acid differences for omplB and omplC as compared with omplL2. Each line

represents one nucleotide or amino acid change from the omplL2 sequence. B, Differences for serovar B; C, differences for serovar C.
Shaded areas delineate variable sequence (VS) domains.

When the additonal codons were arbitrarily aligned for
maximum homology within these heterogeneous segments,
the serovar C gene had 216 nucleotide differences as com-
pared with L2; nevertheless, only 30 of these base pair
changes were identical to serovar B changes from serovar L2
(Fig. 2).
Amino acid sequence. The inferred amino acid sequence of

each of the ompl ORFs was translated from the DNA
sequences. The first 54 amino acids in each of the three
serovars were identical. Nano et al. have determined the 26
amino-terminal amino acids by Edman degradation of puri-
fied L2J434/Bu MOMP (14). The first 21 amino acids of their
sequence matched translated amino acid residues 23 through
44; thus, the MOMP has a 22-amino-acid leader or signal
sequence for translocation of the protein through the outer
membrane (Fig. 2). The ORF for omplL2 and omplB
encoded 394 amino acids, or 372 amino acids with the
22-amino-acid signal sequence removed. Thus, the calcu-
lated MOMP molecular weight for serovars L2 and B was
40,282 without the signal sequence, and this agreed with
estimates of 39,500 to 40,500 obtained by polyacrylamide gel
electrophoresis (3, 15). The omplC gene encoded three
additional amino acids with a calculated molecular weight of
40,607 (without the signal sequence), which was less than the
polyacrylamide gel electrophoresis estimates of 41,000 to
44,000 molecular weight (3, 15). In our assessments, the
molecular weight of serovar C MOMP was approximately
1,000 higher than that of serovar L2 MOMP as judged by
polyacrylamide gel electrophoresis (data not shown).
There was a notable homogeneous distribution of charged

and hydrophobic amino acids; thus, the chlamydial MOMP
is similar in this respect to other porin proteins such as
OmpF of E. coli (6). Cysteine residues have been shown to
be structurally (8, 16) and functionally (2) important for the
MOMP, and comparison of the three sequences demon-
strated that there were seven conserved cysteine residues,
although serovar L2 had a total of nine cysteine residues and
serovars B and C had eight.

Diversity of MOMP genes. Comparison of the three DNA
sequences revealed relatively few nucleotide differences
between serovars L2 and B, with only one triple- and six
double-base-pair changes within codons. Furthermore, most
of the nucleotide changes occurred in the third base position
of a codon, which did not result in an amino acid change.

Serovar C had many more multiple nucleotide changes
within codons and, notably, three additional codons. It was
interesting, however, that serovars C and B shared many of
the same mutational events, with 43% of the nucleotide
changes in serovar B being identical to changes observed in
serovar C (Fig. 2).
The frequency of nucleotide and amino acid changes is

illustrated in Fig. 3. Long stretches were relatively invariant,
and most of the resulting changes in amino acids in these
regions were conservative. However, there were four do-
mains that demonstrated the most nucleotide divergence and
often resulted in nonconservative amino acid substitutions
(Fig. 3). Since many of these changes may translate into the
antigenic polymorphisms observed among these serovars, it
was reasoned that comparisons of the hydrophilicity profiles
used for the prediction of antigenic determinants, as refined
by Hopp and Woods (9), would also reflect nonconservative
amino acid changes that may be important for the observed
antigenic diversity. Conversely, conserved areas could be
identified that may be essential to the structure and function
of these proteins.
The hydrophilicity profile for serovar L2 MOMP displayed

two prominent peaks; however, these fell within conserved
domains of the molecule and are unlikely candidates to
account for antigenic diversity (Fig. 4). The type-specific

I 2 2 4
2 -

0-2

Sequence Position

FIG. 4. Hydrophilicity plot for serovar L2 MOMP sequence.
Mean hexapeptide antigenicity values are plotted over the median
amino acid sequence position from which they were calculated (9).
Numbered bars delineate the sequence-variable domains repre-
sented in Fig. 3.
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determinants are remarkably immunogenic (3, 28); thus,
sequences that account for the antigenic diversity of chla-
mydiae might be expected to be characterized by hydrophilic
regions that are also represented by differences in the
profiles of each of the serovars. Variable segment 2 between
mean sequence positions 136 and 144 and variable segment 4
between positions 288 and 291 showed considerable differ-
ences among all three serovars, and these segments were
hydrophilic (data not shown). In contrast, the marked differ-
ences observed within variable segments 1 and 3 resulted in
relatively hydrophobic segments for at least one of the
serovars.

DISCUSSION

The serologic and antigenic relationships among serovars
L2, B, and C were reflected in the level of DNA homology
between their respective ompl genes. Serovar C is the most
antigenically distant and complex of the three serovars (28);
hence, these comparisons span the limits of divergence
among all the C. trachomatis serovars, and also show the
finer differences between closely related serovars. There
were 70 base pair differences between serovars L2 and B,
whereas the serovar C gene had over 200 base pair differ-
ences when compared with L2. Although the two trachoma-
causing serovars, B and C, shared many of the same
mutations, serovars L2 and C shared equivalent numbers of
singular DNA homologies. Thus, within this structural gene
serovar C appears to be as evolutionarily distant from B as
serovar C is from L2.
The translated amino acid sequence provided information

concerning the potential structural and functional elements
of the MOMP, and the comparisons of the three serovars
highlighted the conserved and divergent domains proposed
from antigenic (25) and structural (4) studies. The first 60
amino acids were highly conserved, and the MOMP amino
terminus identified by Nano et al. (14) coincided with amino
acid 23. Thus, the MOMP has a 22-amino-acid leader or
signal sequence. The conserved nature of this portion of the
chlamydial MOMP, as these sequences are found in both
procaryotes and eucaryotes (18), suggests that each of the
MOMPs is processed similarly and that they would share a
common amino terminus. Consequently, we designated the
amino-terminal amino acid of the processed protein as
residue 1 and the initial methionine as residue -22.
The calculated molecular weights ofMOMP from serovars

L2 and B were the same and correlated with estimates
obtained by polyacrylamide gel electrophoresis. The three
additional amino acids found in the serovar C sequence may
be insufficient to account for the higher molecular weight
observed for serovar C MOMP by polyacrylamide gel elec-
trophoresis. Since the number of amino acid residues may
not account for the discrepancy in molecular weight evalu-
ations, other factors could be considered. One possibility is
the stable interaction of MOMP with lipid or carbohydrate
moieties.
The distributions of charged, polar, and hydrophobic

residues were similar in that there were no long linear
stretches of any of these groups. The even distribution of
charged and polar residues and the lack-of an alpha-helical
hydrophobic segment long enough to span a membrane are
compatible with the structures of integral membrane porin
proteins (17). Disulfide bonds play an essential role in
maintaining the structural integrity of the infectious elemen-
tary body. Such integrity is necessary for survival in, an
extracellular habitat by an organism that lacks peptidoglycan

(1). Additionally, there is evidence that MOMP is capable of
forming membrane pores; however, unlike the activity of
porins studied in other systems, this porin activity is
uniquely mediated and possibly regulated by disulfide inter-
actions (2). Three participating cysteine residues may be
sufficient for these activities (2); however, the observation
that there were seven conserved cysteine residues suggests
that each of these residues participates. Thus, the MOMP
has the capacity for a number of disulfide-mediated interac-
tions with itself and other components.
The molecular basis for the antigenic diversity among C.

trachomatis serovars should be reflected in comparisons of
amino acid sequences of the immunodominant MOMP. To
initiate this evaluation, we chose three serovars (L2, B, and
C) that, based upon their antigenic relationships, are repre-
sentative and exemplify the spectrum of antigenic related-
ness within the species. Serovars L2 and B are members of
the B-complex group and are quite closely related antigeni-
cally, despite the fact that L2 also represents a biovar
separate from the trachoma biovar represented by serovars
B and C. Sequence comparisons between ompl genes for
serovars L2 and B should reflect potential type-specific
regions as well as the antigenic commonalities between these
serovars that can be demonstrated by the reactivity patterns
of subspecies-specific monoclonal antibodies (25). Serovar C
is the prototype for the C-complex group and is the most
antigenically divergent serovar (28). Thus, ompl sequence
comparisons of serovar C with serovars L2 and B should
reflect type-specific regions as well as define the maximum
potential differences likely to be encountered within the
structural constraints of the MOMP, thereby delineating
common domains which are probably essential for the struc-
tural and functional properties shared by all C. trachomatis
strains.
The frequency of nucleotide and amino acid changes in

ompl genes for all three serovars (Fig. 3) illustrates five
constant domains of the MOMP that are separated by four
sequence-variable domains. The four variable domains also
demonstrated divergence in the hydrophilicity comparisons,
which highlighted nonconserved amino acid substitutions.
The seven conserved cysteine residues each mapped within
the conserved domains; this finding lends support for their
essential participation in MOMP functions. It is of interest
that the most silent regions are observed at the 5' and 3' ends
of the gene (Fig. 3); thus, it is these regions where homolo-
gies may be found to Chlamydia psittaci ompl genes (23).
The other conserved regions among the variable segments
display considerably more nucleotide changes; however,
these did not translate into significant amino acid changes
(Fig. 3). The even linear distribution and alternation of
variable and conserved domains were remarkable and may
relate to the structural symmetry observed for this protein
(5).
The molecular basis of genetic variation among C. tracho-

matis serovars is founded in clustered base substitutions for
closely related serovars (i.e., L2 and B) and insertions or
deletions for distantly related serovars. The molecular mech-
anisms that account for the development of ompl gene-
variable domains fall into two categories. The differences
between L2 and B are most easily explained as the result of
an accumulation of point mutations. For example, of the 70
base pair differences between omplL2 and omplB, there
was only one triple-base-pair mutation and six double-base-
pair mutations within codons. The development of the
C-complex gene was a much more radical departure,
wherein three regions bear no sequence relationship to the

VOL. 169, 1987
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other two serovars. The coding sequence for the string of
amino acids 69 to 85 (Fig. 2) within variable segment 1 had
virtually no homology to sequences in serovars L2 or B, and
this string had two additional codons. The linear string of
amino acids 141 to 151 in variable segment 2 shared no amino
acid homology with either serovar L2 or serovar B and
displayed 30 of 33 base changes. Like the coding sequence of
variable segment 1, the coding sequence for the string of
amino acids at positions 307 to 318 in variable segment 4 had
one additional codon, and depending on where this was
aligned, this string shared a maximum of two homologous
amino acids. In contrast, the changes that comprised vari-
able segment 3 consisted of single base changes within
codons.
The contrast between point mutations observed for vari-

able segment 3 and the virtually complete changes within
variable segments 1, 2, and 4 suggests that the latter resulted
from dramatic molecular events such as recombination.
Whether these changes are immunologically driven and the
roles such changes play in pathogenesis remain obscure, but
like other parasite systems that utilize antigenic variation for
their survival in the mammalian host, these changes may be
related to type-specific domains that function in a similar
fashion. Indeed, the trachoma-causing strains display
marked antigenic diversity, and infections by these strains
are usually limited to mucosal surfaces where they are
exposed to extracellular host immune mechanisms when
they must reinfect new host cells during each growth cycle.
In contrast, the lymphogranuloma venereum biovar consists
of only three serovars; these are invasive, readily capable of
cell-to-cell transmission, and causative of primarily systemic
infections, and hence they can avoid constant exposure to
extracellular host defenses. Teleologically, because of the
different host defense milieus, type-specific changes may
provide a selective advantage at the level of the microbial
population in the niche that trachoma strains have chosen.
An understanding of these components may now be tested in
a more direct fashion by mapping of antigenic domains with
monoclonal antibodies and testing these domains for immu-
nological and biological activity.

Type-specific determinants have been shown to be impor-
tant for induction of immunity both in animal models and in
human vaccine trials (21). Inspection of the amino acid
sequences demonstrated that there were four candidates
represented by each of the sequence-variable domains that
may account for type-specific antigenicity. Preliminary cal-
culations of MOMP secondary structure predict p-turn po-
tential for each of these segments, which can be a marker for
antigenic segments (26). Nevertheless, of the four, variable
segment 2 in the amino-terminal half of MOMP and variable
segment 4 in the carboxyl-terminal half of MOMP were the
most promising candidates for type-specific antigens, since
each of these segments displayed hydrophilic singularities
for each serovar. Variable segment 2 had the highest degree
of turn and loop potential, and this potential could be
stabilized by the conserved cysteine residues 117 and 185
that flank this segment. A 67-amino-acid disulfide loop that
may stabilize serovar-specific determinants is reminiscent of
structures observed in other systems such as gonococcal
pilus antigen (19). Expression of these unique segments and
assessment of their binding to monoclonal antibodies, as
well as the specificity of antibody response elicited by
immunization, should define these characteristics. Indeed,
preliminary evaluation with type-specific and species-
specific monoclonal antibody probes located these determi-
nants to amino- and carboxyl-terminal domains respectively.

The MOMP is not only a complex antigen and potent
immunogen but also a structural protein that interacts with
other outer membrane proteins through disulfide bonds
which may provide structural integrity to an organism that
lacks peptidoglycan (1). It is also a porin protein whose
activity is uniquely mediated by disulfide bonds (2). The
ompl sequence comparisons between serovars have delim-
ited sequence-variable domains and conserved domains.
These sequence data should help consolidate the functional
and structural concepts proposed for MOMP and provide a
basis for modeling the significant secondary, tertiary, and
quaternary interactions of this protein.
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