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The amino acid sequences of major outer membrane proteins (MOMPs) from Chlamydia trachomatis
serovars A, B, C, Li, and L2 are predominantly conserved but have four variable domains (VDs) in which
major neutralizing and serotyping antigenic determinants are located. Because these MOMP VDs are primarily
responsible for antigenic differences between serovars and are associated with important immunological and
biological properties, we undertook studies focused on defining these sequences within the MOMPs of all 15 C.
trachomatis serovars. We used oligonucleotide primer extension sequencing of MOMP mRNA to determine the
nucleotide and deduced amino acid sequences of the four MOMP VDs of the 15 C. trachomatis serovars.

Comparative amino acid sequence homologies of all four domains separated the serovars into three groups:
group 1, serovars B, Ba, D, E, Li, and L2; group 2, serovars G and F; and group 3, serovars A, C, H, I, J,
K, and L3. Hydrophilicity and charge values for each domain were determined. The MOMP VDs of given
serovars with the greatest total hydrophilicity and charge values were found to be the location of antigenic
determinants recognized by MOMP-specific monoclonal antibodies. These findings should be useful for
predicting MOMP antigenic determinants and testing the antigenic properties of these VDs by using synthetic
peptides corresponding to each MOMP VD. The potential usefulness of the VD sequence information is
discussed in relation to the development of defined synthetic peptides and oligonucleotides that may be used to
develop new serological and diagnostic assays for C. trachomatis infections.

Chlamydia trachomatis isolates occur as 15 distinct sero-
vars. On the basis of serological relatedness, these 15
serovars are divided into three serogroups: B (serovars B,
Ba, D, E, Li, and L2), intermediate (serovars F, G, K, and
L3), and C (serovars A, C, H, I, and J). The antigen that
confers serovar and serogroup specificities to chlamydiae is
the major outer membrane protein (MOMP) (2, 4, 15).
Protective immunity developed during chlamydial ocular
infection is thought to be directed at serovar and serogroup
MOMP determinants (5). These determinants are therefore
considered to be potential target antigens for the develop-
ment of a subunit or recombinant C. trachomatis vaccine
(20).
The genes encoding the MOMPs of C. trachomatis sero-

vars A, B, C, Li, and L2 have recently been cloned and
sequenced (1, 11, 13, 14). Comparative analysis of their
amino acid sequences showed that the MOMP genes encode
highly conserved protein structures that contain four evenly
spaced domains whose sequences vary among the different
serovars. The locations of these variable domains (VDs) in
the MOMP amino acid sequences are: VDI, residues 64 to
83; VDII, residues 139 to 160; VDIII, residues 224 to 237;
and VDIV, residues 288 to 317. Epitope mapping has shown
that three domains (VDI,-II, and -IV) contain contiguous
antigenic determinants that elicit the formation of either
serovar, subspecies- (MOMP determinants common to three
or more serovars within a serogroup), serogroup-, or spe-
cies-specific antibodies (1, 16). VDI and VDII, which show
the greatest amount of interserogroup sequence variation,
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are the locations of serovar-specific determinants. VDIV,
the largest of the domains, is located near the C terminus of
the protein and is the location of subspecies-, serogroup-,
and a highly conserved species-specific antigenic determi-
nant. Antigenic determinants have not been mapped to
VDIII, the smallest and least variable domain of MOMP
genes.
VDI, -II, and -IV protrude toward the external environ-

ment at the chlamydial surface, as shown by their suscepti-
bility to cleavage by trypsin (17) and accessibility to anti-
body binding (20). Tryptic cleavage in both VDII and -IV,
but not within VDIV alone, decreases chlamydial attach-
ment to HeLa cells, which suggests that these domains, or
conformational MOMP structures that are dependent on the
integrity of these domains, may function as a chlamydial
ligand (17). Because the structures of MOMP VDs have
important immunological and biological functions, we under-
took to determine the sequences of the four VDs for all 15 C.
trachomatis serovars.

MATERIALS AND METHODS

Chlamydiae. The following C. trachomatis serovars were
used: A/Har-13, B/TW-5/OT, BaIAP-2, C/TW-3/OT, D/UW-
3/Cx, E/Bour, F/IC-Cal-13, G/UW-57/Cx, H/UW-4/Cx, I/
UW-12/Ur, J/UW-36/Cx, K/UW-31/Cx, LGV/L1-440, LGV/
L2-434, and LGV/L3-404. Serovars A, E, and F were
obtained from the American Type Culture Collection, Rock-
ville, Md. All other serovars were obtained from Cho-Chou
Kuo, Department of Pathobiology, University of Washing-
ton, Seattle. All serovars used were immunotyped by the
microimmunofluorescence procedure (18) in the laboratory
of San-Pin Wang, University of Washington.
RNA extraction. Approximately 2 x 108 HeLa 229 cells
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1042 YUAN ET AL.

TABLE 1. Oligonucleotides used in primer extension mRNA sequencing of C. trachomatis MOMP VDs

Oligonucleotide Oligonucleotide sequence Serovars and their VDs sequenced witholigonucleotide primers

BP-1 5'-ATCCCAAATATTCAATGCCAT-3' VDI of B, Ba, D, E, G, Li, and L2
CP-1 ATCCCAGATATTTAATGCCAT VDI of A, C, H, I, J, K, and L3
FP-1 ATCCCAAATATTCAATGTCAT VDI of F and G
BFP-2 TCCACATTCCCACAAAGCTGC VDII of B, Ba, D, E, F, G, Li, and L2
CP-2 CCCACATT CCC AGAGAGCTGC VDII of A, C, H, I, J, K, and L3
BP-3 TCTGTAAGAGAGAGCTAAACT VDIII of B, Ba, D, E, Li, and L2
CP-3 AGTGAACATATTTAATCTGTA VDIII of A, C, H, I, J, K, and L3
FP-3 AGTGAACATATTGAGTCTGTA VDIII of F and G
P-4-1 AATACCGC AAGATT TTCTAGA VDIV of A, B, Ba, C, D, E, F, H, I, J,

K, Li, and L2
P-4-2 TCCTACT GCAATACCGCAAGA VDIV of L3 and Ga
P-4-3 TTTTCTAGATTTCATCTTGTT VDIV of ja

a Not done for other serovars.

grown in stationary culture were infected with each chla-
mydial serovar. Infected HeLa cells were removed from
culture flasks with trypsin at 24 h postinfection for serovars
Li, L2, and L3 and at 36 h postinfection for all other
serovars. Trypsinized infected cell suspensions were pooled,
centrifuged, and washed twice in cold (4°C) 0.02 M sodium
phosphate-0.15 M NaCl, pH 7.2. Cells were lysed in 5 ml of
cold 4 M guanidine isothiocyanate lysis buffer (3). The
suspension was gently refluxed through an 18-gauge needle
15 to 20 times to shear the DNA. Total RNA was extracted
twice with hot acidic phenol (65°C, pH 5.0), followed by two
extractions with chloroform-isoamyl alcohol (24:1, vol/vol).
The RNAs were precipitated with 2 vol of cold ethanol
(-20°C), washed once with cold 75% ethanol, and evapo-
rated to dryness in a Speed-Vac (Bachofer, Reutlingen,
Federal Republic of Germany). The RNAs were suspended
in glass-distilled water at a concentration of 20 to 40 mg/ml
and stored at -70°C.

Synthetic oligonucleotides. Oligonucleotides (21-mers)
complementary to the plus-strand MOMP DNAs flanking the
3' end of each VD were synthesized by using a SAM1
automated synthesis instrument (Biosearch, San Rafael,
Calif.) by the N-methylimidazole phosphotriester method (6)
according to the directions of the manufacturer. Deblocked
oligonucleotides were evaporated to dryness in a Speed-
Vac. They were then dissolved in distilled water at a
concentration of 10 to 30 mg/ml and stored at -20°C.
Oligonucleotides were constructed according to the se-
quences of A, B, C, L2 (1, 13, 16), and F (Y.-X. Zhang,
unpublished data) MOMP genes. The MOMP gene se-
quences relevant to this work and the locations of the
sequences in the MOMP genes to which synthetic oligonu-
cleotides were constructed are shown in Fig. 1. Each oligo-
nucleotide number, oligonucleotide sequence, and MOMP
serovar and VD for which the oligonucleotide was used for
primer extension mRNA sequencing are summarized in
Table 1.

Primer extension and DNA sequencing. The dideoxynucle-
otide chain termination method of Sanger et al. (12) modified
for the use of reverse transcriptase and RNA templates as
described by Lane et al. (9) was used for sequence deter-
minations. Oligonucleotides were 5'-end labeled with[iy-32P]
dATP (3,000 Ci/mmol; Dupont, NEN Research Products,
Boston, Mass.), using T4 polynucleotide kinase (10,000
U/ml; New England BioLabs, Beverly, Mass.) as described
by Maniatis et al. (10). Labeled oligonucleotides were iso-
lated on Sephadex G-25 columns (Boehringer Mannheim
Biochemicals, Indianapolis, Ind.). Oligonucleotide primers

were hybridized to MOMP mRNA templates in 12.5 [lI of
reaction mixture containing 2.5 ,ul of Sx annealing buffer
(250 mM Tris hydrochloride, 300 mM NaCl, 50 mM dithio-
threitol, 5 mM EDTA, pH 8.3), 7.5 RI of total RNA (3 to 10
pRg/lil), and 2.5 RI of kinased primer (2 to 2.5 '*M). The
mixtures were heated at 90°C for 3 min, centrifuged, and
then allowed to cool slowly over 30 min to 45°C. A 2-pul
volume of the hybridized mixture was then added to each of
four tubes containing 3 pA of reaction mixture (250 mM Tris
hydrochloride [pH 8.3], 300 mM NaCl, 50 mM dithiothreitol,
30 mM MgCl2, 2 mM deoxynucleotides 0.4 mM dideoxynu-
cleotide triphosphates, 0.6 to 0.8 U of avian myeloblastosis
virus reverse transcriptase per pA [20,000 U/ml; Pharmacia
Fine Chemicals, Piscataway, N.J.]). The mixtures were
incubated at 45°C for 40 min. The reactions were stopped by
evaporation to dryness in a Speed-Vac. Samples were sus-
pended in 3 pA of 100% formamide containing 0.8% xylene
cyanol and 0.8% bromophenol blue and heated at 95°C for 3
min- immediately before the sequencing gels were loaded.
Samples were separated on 8% polyacrylamide gels. The
gels were fixed with methanol, dried, and then subjected to
autoradiography.

RESULTS

Primer extension of MOMP mRNA and DNA sequencing
of VDs. With oligonucleotide primers constructed to the
desired MOMP gene sequence (Fig. 1), the VD-encoding
portions of MOMP mRNA were easily sequenced. Figure 2
shows a representative sequence gel for MOMP VDII of
serovars B and A when oligonucleotides BFP-2 and CP-2
were used as primers. The mRNA-derived MOMP se-
quences are identical to previously published genomic DNA
sequences for MOMP VDII of these two serovars (Fig. 1),
thereby demonstrating both the feasibility and accuracy of
this sequencing method.

Sequence analysis and characteristics of MOMP VDs. The
synthetic oligonucleotides used for sequencing the MOMP
VDs of all 15 C. trachomatis serovars are described in Table
1. Locations of the complementary sequences in the MOMP
genes of serovars B, L2, A, C, and F are shown in Fig. 1. All
oligonucleotides were 21-mers and were complementary to
conserved nucleotide sequences 40 to 60 nucleotides down-
stream (3') from the VD to be sequenced. Interserogroup but
not intraserogroup nucleotide variation occurs within these
regions; therefore, oligonucleotides complementary to sero-
group-specific MOMP sequences were constructed and used
to sequence VDs of serovars within a given serogroup. The

INFECT. IMMUN.
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FIG. 2. Sequencing of serovar B and A MOMP VDII by primer extension ofMOMP mRNA. Total RNA was isolated from HeLa 229 cells
infected with serovars B and A and annealed to kinased oligonucleotides BFP-2 and CP-2 (Table 1), respectively. The oligonucleotides were
identified to MOMP gene sequences that are 50 nucleotides downstream 3' of VDII. The RNA templates were transcribed with reverse
transcriptase, and the sequences of the transcribed DNAs were determined by the dideoxynucleotide chain termination method.
Audioradiographs were read to depict plus-strand MOMP DNA sequences. Nucleotide numbers shown for each MOMP are the beginning and
end of the sequence encoding VDII of each protein. Results are representative of sequencing results obtained for VDs of all other serovars.
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(A)
229 256 315

B
Ba
D
E
Li
L2

F
G

GATGTGAATAAAGAATTCCAAATGGGT
...........................

................. T..G........TG

................................S....................... -......

...........................I

GATGTGAATAAAGAGTTTGAAATGGGCI
...........................

C GATGTGAATAAAGAATTTCAGATGGGA
A ...........................
H ...........................
I ...........................
J ...........................
K ...........................
L3 .C..A.T

(B)
460 481 546

AATCCTGCTTACGGCCGACATATGCAG
...........................

...........................

...........................

..................

...........................

AACCCTGCATATGGCAAGCATATGCAA

AATCCCGCTTATGGCAAACACATGCAA
...........................

...........................

...........................

...........................

...........................

...........................

564

AATTTAGTGGGGTTATTCGGA
.....................

.T..A..G..T...

.T..A..G..T...
.....T ...........

.. .. .. ... .. .. .

AACTTAGTTGGGTTATTCGGC1
.....................

C AACTTAGTTGGATTATTCGGA
A .....................
H .....................
I .....................
J .....................
K .....................
L3 .....................

GTTGTTGAGTTGTATACA
.................

........................ .... AC.T.. ...

..................

..................

GTGGTTGAGCTTTATATA
.................

................ .

................ .

.................

................

..A.C.

FIG. 3. Nucleotide sequences of VDI (A), -II (B), -III (C), and -IV (D) of the MOMPs of the 15 C. trachomatis serovars. Boxed regions
identify each of the four VDs. Serovar B, F, and C MOMP sequences were used as prototypes for comparative sequence analysis. Nucleotide
positions shown are for serovar B MOMP. Exact nucleotide positions for other MOMP VD sequences differ slightly because of insertions or

deletions within VDs.

40- to 60-nucleotide distance between the VD to be se-
quenced and its downstream oligonucleotide primer was
necessary to produce high-resolution sequences of the VDs.
The nucleotide and deduced amino acid sequences of the

four VDs of all 15 C. trachomatis serovars obtained by
MOMP mRNA sequencing are shown in Fig. 3 and 4.
MOMP VDs of serovars B, F, and C were used as prototype
sequences for comparative analyses of VDs of serovars
within the B, intermediate, and C serogroups, respectively.
Comparative analyses of the nucleotide and amino acid
sequences of the four VDs for each C. trachomatis serovar
are presented below.
VDI was found to contain 60 nucleotides encoding 20

amino acids for all serogroup B serovars, 66 nucleotides
encoding 22 amino acids for serovars K, and L3 and all
serogroup C serovars, and 63 nucleotides encoding 21 amino
acids for serovars F and G. The nucleotide sequences ofVDI
regions of MOMPs from serogroup B serovars were highly
conserved, with three to five substitutions per serovar in
comparison with the serovar B prototype sequence. The
deduced amino acid sequence of VDI of serogroup B sero-
vars was also conserved, with only two to four substitutions
per serovar; most of the substitutions occur within a 12-
amino-acid region (residues 68 to 79) that resides in the
central portion of the domain. In contrast, serovars in
serogroup C and serovars K and L3 showed greater nucle-
otide and amino acid variation within VDI. In comparison
with results for VDI of serovar C, the other serogroup C

serovars showed one to nine nucleotide substitutions that
result in zero to four amino acid changes. Again, most of the
substitutions occurred in the central region of the domain.
VDI regions of serovars F and G were identical in their
nucleotide and amino acid sequences.
VDII contained 63 nucleotides encoding 21 amino acids in

the MOMPs of serovars D, E, Li, F, and G. VDII of the
remaining 10 serovars had 66 nucleotides encoding 22 amino
acids. Comparison of the MOMPs of all serovars showed
that VDII had more sequence variation than did VDI. In
comparison with serovar B, other serogroup B serovars had
between 2 to 19 nucleotide substitutions resulting in 2 to 8
amino acid changes. The least amount of variation occurred
between serovars B and Ba, in which there were two
nucleotide substitutions that each resulted in an amino acid
substitution. Most of the amino acid substitutions occurred
within an eight-amino-acid region in the central part of the
domain (residues 144 to 151). VDII of serogroup C serovars
also showed considerable sequence variation, with four to
eight nucleotide substitutions resulting in three to six amino
acid changes. A similar amount of variation was found in
VDII sequences between serovars F and G of the interme-
diate serogroup. In comparison with serovar F VDII se-

quences, the sequence of serovar G VDII had 6 nucleotide
substitutions resulting in 3 amino acid changes.
VDIII was the smallest and least variable domain among

the serovars. It contained 42 nucleotides encoding 14 amino
acids. The VDIII sequences of serovars A, H, J, and L3

342

VDI -

---GCCAAGCCTACAACTACTACAGGCAATGCTGTAGCTCCATCCACTCTTACA---GCAAGAGAG
.--.G. AC.--

.--. GA. AG.C.....
---.A. G.AC.A.-

.-.G. C. TG.--
.-.G. C. TG.--

GAGGCTTTAGCCGGAGCTTCTGGGAATACGACCTCTACTCTTTCAAAATTG---GTAGAACGAACG
. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .. . .. . .. . . . . . . . . . .. ................................................--

GCGGCGCCTACTACCAGCGATGTAGCAGGCTTACAAAACGATCCAACAACAAACGTTGCTCGTCCA
................................. G. . G .. . .GT.G .. T . . . .C. .

...... .G..... C....
................ AG..........G. T.
.....................................................T.
............................................ A.T
..C.A.AC..G..TC .T.

B
Ba
D
E
Li
L2

F
G

VDI I
AATAATGAGAACCAGACTAAAGTTTCAAATGGTGCGTTTGTACCAAATATGAGCTTAGATCAATCT
.............................. A..A.
G. ... A.T. .A.AA.CG ..CAA.GCG.AGT.T---............ T.
G. ... A.T. .A.GC.CG ..CAA ..CGAA.T.T---..
G. . A.T. .A.GC.CG ..CAA.. G.A. . T-.T.
G.G... C. G. .A. .AA.C.

GATGGTGTAAACGCCACGAAACCT---GCTGCAGATAGTATTCCTAACGTGCAGTTAAATCAGTCT
.A.. .... .....ACA..............................

ACAAAAACACAATCTTCTAGCTTTAATACAGCGAAGCTTATTCCTAACACTGCTTTGAATGAAGCT
.G..G..........TA. .G ...G.G. .C.

.A.GAT.. G... CG....
.A..G.........G................

.G........T..........T.T...C.
.A.AG.7T...G.G..CG....

...............A...A. G....C.

INFECT. IMMUN.
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736
VDIII

777

AAGGAGTTGCCTCTTGATCTTACAGCAGGAACAGATGCTGCG
........................ .................

........ .T.................................
C.A. .A.C.. CA. .C.T. T.A...
........ ............

C.A. .A.C..A. G. .T.

..A. GIC.A..A..C. CA..C..........I.

GCCCAGCCGAGG
........A.

GCTCAGCCTAAA
............

............

............

............

............

* ...........

GCGGAATTTCCACTTAATATTACCGCAGGAACAGAAGCTGCG
...............................G

...............................G

............... T................

...............................G

.T.................

...............................G

were identical to each other. Serovars D, Li, and F had
sequences identical to each other, differing from that of
serovar B by three amino acid substitutions. The remaining
serovars had variation in VDIII that does not group serovars
into serogroups.
VDIV was the largest domain, containing 96 nucleotides

encoding 32 amino acids in serovars A and I and all sero-

group B serovars and 99 nucleotides encoding 33 amino
acids for the remaining serovars. This domain could be
separated into three distinct regions on the basis of sequence
homology: (i) the N-terminal region (residues 288 to 295), (ii)
the central region (residues 296 to 306), and (iii) the C-
terminal region (residues 307 to 317). Within serogroup B,
serovars B and Ba had identical amino acid sequences in the
N-terminal regions, as did serovars D and E. There were
three amino acid substitutions between serovars B and Ba
and serovars D and E. Serovars Li and L2 contained one
and two, respectively, additional amino acid substitutions in
this region. Within serogroup C, serovars C, H, I, J, and K
had identical sequences in this region of VDIV. Serovar L3

contained a single amino acid substitution. Serovar A had
the most variable sequence in this region, containing four
sequence substitutions in comparison with the prototype
serovar C sequence. Serovars F and G differed by two amino
acids within this region.
The central region of VDIV was the most highly con-

served sequence among the VDs of the chlamydial serovars.
A nine-amino-acid sequence (TTLNPTIAG) was found in all
serovars except K, which contained a threonine instead of
an alanine at residue 303. The central sequence (Asn-
Pro-Thr) in VDIV was present in all 15 serovars.

The C-terminal region of VDIV was highly conserved
among the serogroup B serovars. In contrast, this region of
VDIV in C-complex serovars showed a significant amount of
amino acid variation, although the amino acid compositions
were similar, being predominately S, T, E, and A. Serovars
F and G differed by three amino acid residues in this region.

Inter- and intraserogroup amino acid homologies ofMOMP
VDs. The percentage of amino acid homology and the total
number of amino acid substitutions for the VDs of each
serovar are shown in Table 2. The C. trachomatis serovars

could be separated into three groups on the basis of the
amino acid homologies of their VDs. Group 1 consisted of
serovars B, Ba, D, E, Li, and L2; group 2 consisted of
serovars F and G; and group 3 consisted of serovars A, C,
H, I, J, K, and L3. Intergroup VD amino acid homology was

between 33 and 46%. Intragroup VD amino acid homology
was between 74 and 94% for groups 1 and 3 and 85% for
group 2. Therefore, classification of C. trachomatis isolates
on the basis of MOMP VD amino acid homology correlates
extremely well with immunotyping classification using
MOMP-specific monoclonal antibodies (19). The exception
is that immunotyping with monoclonal antibodies places
serovars K and L3 within the intermediate serogroup (sero-
vars F and G), whereas VD amino acid homology shows that
serovars K and L3 are more closely related to serovars

within serogroup C.
Hydrophilicity and charge values of MOMP VDs. Major

antigenic sites that elicit the formation of protective serotyp-
ing antibodies have been mapped to VDI, VDII, and VDIV
of the MOMPs of serovars A, B, C, and L2 (1). However,
the antigenic properties of the VDs of other serovars have

(C)
724

GGGTATGTAGGT
.............................
..A.....G
............

..A .....G

B
Ba
D
E
Li
L2

F
G

C
A
H
I
J
K
L3

7789

ACAGGAACTAAG
............
............

.. G..C. .A

GGATATGTTGGG
............

............

............

............

ACAGGGACTAAG

(D)
916 928

GCTCAGCCGAAG
............

.A.A..A

.A.A..A
..ACA A

B
Ba
D
E
Ll
L2

F
G

C
A
H
I
J
K
L3

1017

VDIV
TCAGCCGAGACTATCTTTGATGTTACCACTCTGAACCCAACTATTGCTGGAGCTGGCGATGTGAAAACTAGCGCA---GAGGGTCAGCTCGGA

.....TACAG .... T. AC. G.T.... .G ---..

.....TACAG. AC. G.T. ... ---..
.T .. TACAG. AC.....G....G.TGA .---..
.....TACA...G.................... G..... ..................

TTGGTAACACCTGTTGTAGATATTACAACCCTTAACCCAACTATTGCAGGATGCGGCAGTGTAGCTGGAGCTAACACGGAAGGACAGATATCT
... .C..A...................TC.C. T.

TTGGCTGAAGCAATCTTGGATGTCACTACTCTGAACCCGACTATCGCTGGTAAAGGAAGTGTGGTCTCTGCCGGAACCGATAACGAACTGGCT
...... .C..G. AC. A. C.C. ... T. C.---. .....

................................A. C.....C. G. .....G......... CT.G.
.A ...C................C....... ... .C.---- A.

................................ A. C. C. G..T. G...A.C.
................................ A........C...A. ... GC. .T G.
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FIG. 4. Deduced amino acid sequences of VDI (A), -II (B), -III (C), and -IV (D) of the MOMPs of the 15 C. trachomatis serovars. Boxed
regions identify each of the four VDs. Serovar B, F, and C MOMP amino acid sequences were used as prototypes for comparative sequence

analysis.

not been described. We are interested in defining the anti-
genic properties of these domains, since we believe that this
is necessary to the logical design of a chlamydial subunit
vaccine. Because the immunogenicity of protein determi-
nants is largely influenced by both hydrophilicity and charge
(8), we analyzed the MOMP VDs of all chlamydial serovars
for these properties to select sequences to be synthesized
and tested as immunogens to define the antigenic character-
istics of individual VDs. The number of charged amino acids
and the hydrophilicity values (8) of sequences within each
MOMP VD for all 15 serovars are shown in Table 3. The
VDs had a broad range of both hydrophilicity and charge
values. VDI of serovars in serogroup B had an average

hydrophilicity value of 4.47 and contained an average of 2
positive charges and 1.3 negative charges. VDII of this group
had an average hydrophilicity value of 6.95 and contained an

average of 1.35 positive charges and 3.2 negative charges.

VDII of serovars within serogroup B would be predicated to
have the greater immunogenic potential. Indeed, epitope-
mapping studies have located immunodominant serovar-

specific epitopes in VDII for both serovar B and serovar L2
(Table 4). In contrast, the VDI regions of the MOMP
serogroup C serovars were more hydrophilic and charged
than were the VDII regions. The average hydrophilicity for
VDI was 5.3, with 1.4 positive and 2.7 negative charges,
whereas the hydrophilicity value for VDII was 2.7, with 2
positive and 0.7 negative charges. These data suggest that
VDI of C-complex serovars has a greater immunogenic
potential than does VDII. Interestingly, the epitope recog-
nized by monoclonal antibody A-20 (1), which is specific for
serovar A MOMP, was mapped to VDI (Table 4). Similar to
results for serogroup C, the MOMP VDI of the intermediate
serovars F and G was more hydrophilic and charged than
was VDII. The MOMPs of several serovars (D, E, and H)
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TABLE 2. Comparative amino acid homologies of MOMP VDs of the 15 C. trachomatis serovarsa

B Ba D E Li L2 F G C A H I J K L3

B lOb 94.2 80.2 76.7 77.9 77.9 43.7 42.5 38.2 40.9 40.4 43.2 42.7 42.7 41.6
C)C (5) (17) (20) (19) (19) (49) (50) (55) (52) (53) (50) (51) (51) (52)

Ba 100 77.9 76.7 76.7 76.7 43.7 43.7 37.1 39.8 39.3 42 41.6 41.6 40.4
0) (19) (20) (20) (20) (49) (49) (56) (53) (54) (51) (52) (52) (53)

D 100 82.4 85.9 76.7 44.8 43.7 38.2 42.7 39.3 42 41.6 40.4 41.6
(0) (15) (12) (20) (48) (49) (55) (51) (54) (51) (52) (53) (52)

E 100 82.4 76 39.1 43.7 40.4 43.2 40.4 42 43.8 41.6 43.8
(0) (15) (21) (53) (49) (53) (50) (53) (51) (50) (52) (50)

Li 100 77.3 44.8 44.8 40.4 43.2 42.7 44.3 46.1 41.6 42.7
\(0) (20) (48) (48) (53) (50) (51) (49) (48) (52) (51)

L2 \ 00 40.2 42.5 36 39.8 39.3 42 40.4 38.2 43.8
\ 0) (2) (50) (57) (53) (54) (51) (53) (55) (50)

F \ 10 85.1 34.8 37.5 36 34.1 37.1 32.6 39.3
(0) (13) (58) (55) (57) (58) (56) (60) (54)

G \ 00 39.3 40.9 38.2 37.5 40.4 36 43.8
\(°) (54) (52) (55) (55) (53) (57) (50)

C \ 100 77.5 83.1 86.4 88.8 85.4 85.4-
>() (20) (15) (12) (10) (13) (13)

A \ 100 74.2 81.8 84.3 75.3 79.8
\(0) (23) (16) (14) (22) (18)

H \ 100 83 86.5 83.1 83.1
\(0) (15) (12) (15) (15)

I 100 87.6 81.8 86.4
\0) (11) (16) (12)

J \ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~10086.5 87.6
\(0) (12) (11)

K \ 100 80.9
\(0) (17)

L3 100

aAmino acid sequences of all four VDs were used for calculating homologies.
b Percent homology.
c Number of amino acid substitutions.

TABLE 3. Hydrophilicity values and charges of C. trachomatis MOMP VDs

VDIV
VDI VDII VDIII

Serovar N' end Middle C' end

Basic' AcidiCb HVc Basic Acidic HV Basic Acidic HV Basic Acidic HV Basic Acidic HV Basic Acidic HV

L2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

B 2
Ba 2
D 2
E 2
Li 2
L2 2
Avgd 2

1 +1.8 1 2 +1.8 1 3 +4.3 1 2 2.6 0 0 -5.1 1 3 +7.6
1 +2.8 1 2 +2.2 1 3 +5.1 1 2 +2.6 0 0 -5.1 1 3 +7.6
2 +8.8 2 4 +9.7 1 3 +3.6 1 1 +0.2 0 0 -5.1 1 3 +7.3
2 +6.4 1 3 +7.8 0 2 -3.8 1 1 +0.2 0 0 -5.1 1 3 +7.5
1 +3.5 2 4 +12.5 1 3 +3.6 1 1 -1.9 0 0 -5.1 1 3 +7.9
1 +3.5 1 4 +7.7 1 3 +3.7 1 1 -0.5 0 0 -5.1 1 3 +7.5
1.3 +4.47 1.35 3.2 +6.95 0.8 2.8 +2.75 1 1.3 +0.53 0 0 -5.1 1 3 +7.57

F 2 2 +3.5 1 2 +2.1 1 3 +3.6 1 2 -2.5 0 0 -5.1 0 2 +1.3
G 2 2 +3.5 0 2 0 0 2 -2.8 2 1 +1.9 0 0 -5.1 0 2 +0.6
Avge 2 2 +3.5 0.5 2 +1.05 0.5 2.5 +4.4 1.5 1.5 -0.3 0 0 -5.1 0 2 +0.95

C 1 2 +1.5 2 1 -0.3 0 2 -2.7 1 2 +1.1 0 0 -5.1 1 3 +6.6
A 2 3 +5.9 1 1 -3.1 0 3 +0.1 2 1 +3.0 0 0 -5.1 1 3 +6.6
H 2 3 +8.8 4 1 +5.7 0 3 +0.1 1 2 +1.1 0 0 -5.1 1 3 +6.6
I 2 3 +7.0 2 0 -0.1 0 3 -1.2 1 2 +1.1 0 0 -5.2 1 3 +6.6
J 1 2 +1.5 1 0 -7.4 0 3 +0.1 1 2 +1.1 0 0 -5.1 1 3 +6.6
K 1 3 +6.5 2 2 +0.1 0 3 -0.9 1 2 +1.1 0 0 -5.0 1 3 +7.3
L3 1 3 +6.2 2 0 -3.6 0 3 +0.1 1 2 +1.4 0 0 -5.1 1 3 +7.3
Avg1 1.4 2.7 +5.3 2 0.7 -1.24 0 2.9 -0.63 1.1 1.9 +1.4 0 0 -5.1 1 3 +6.8

a Total number of histidines, arginines, and lysines.
b Total number of aspartic acids and glutamic acids.
HV, Hydrophilicity value assigned by Hopp and Woods (8).

d Average charge and hydrophilicity value for serogroup B.
Average charge and hydrophilicity value for the intermediate serogroup.

f Average charge and hydrophilicity value for serogroup C.
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TABLE 4. Charge and hydrophilicity value of epitopes on MOMPs mapped by monoclonal antibodies

Monoclonal Sequence of epitopea No. of amino acids Hydrophilicity Location of epitope
antibody Basic Acidic value

A-20 D-V-A-G-L-E-K-D-P-V 1 3 +4.1 A, VDI
L21-45 D-N-E-N-H-A-T-V-S-D-S-K-L-V 2 3 +6.8 L2, VDII
B-B6 N-N-E-N-Q-T-K-V-S-N-G-A-F-V 1 1 +0.9 B, VDII
B-B5 P-T-I-A-G-A-G-D-V-K-T-S-A-E-G 1 2 +3.8 B VDIV C terminus
L21-5 A-E-G-Q-L-G 0 1 +0.9 B and L2, VDIV C terminus
L21-10 T-T-L-N-P-T-I-A-G 0 0 -5.1 VDIV of all serovars except K
a As determined by lambda gtll epitope mapping (1).

contained both VDI and VDII which were extremely hydro-
philic and charged, which suggests that in MOMPs of these
serovars both domains may be immunogenic.
Although antigenic sites have not yet been mapped to

VDIII of MOMP, its hydrophilicity and charge values impli-
cate this domain as a potential immunogenic site.
VDIV was divided into three regions, N terminal (residues

284 to 295), central (residues 296 to 306), and C terminal
(residues 307 to 317), and the hydrophilicity and charge for
each region were calculated independently. This domain
showed a consistent pattern of hydrophilicity and charge in
each region for each MOMP of all serovars. The N-terminal
region was charged but is weakly hydrophilic; the central
region was consistently uncharged and hydrophobic; and the
C-terminal region was both highly charged and hydrophilic
except for serovars F and G, which had only moderate
charge and hydrophilicity values in this region of VDIV. On
the basis of these values, the C-terminal end ofVDIV has the
greatest immunogenic potential. The immunogenicity of this
region is supported, at least in part, by the fact that the
serogroup B-specific MOMP epitope recognized by mono-
clonal antibody L21-5 (Table 4) mapped to this region of
VDIV. The single exception in correlating hydrophilicity and
charge with known MOMP antigenic determinants was the
species-specific MOMP epitope recognized by monoclonal
antibody L21-10. This epitope was located in the central
region of VDIV (TTLNPTIAG) and was uncharged and
strongly hydrophobic (-5.1).

DISCUSSION

We have used primer extension mRNA sequencing to
determine the nucleotide and predicted amino acid se-
quences of the four MOMP VDs of the 15 C. trachomatis
serovars. This technique was rapid and required minimal
amounts of total RNA; 35 jig of RNA isolated from chlamy-
dia-infected HeLa cells was needed to sequence all four
MOMP VDs for a given serovar. This technique circum-
vented the more standard and laborious approach of molec-
ular cloning and direct DNA sequencing of the MOMP
gene(s).
The amino acid homologies among the MOMP VDs of all

15 serovars separated them into three groups. Group 1
contained serovars B, Ba, D, E, Li, and L2; group 2
contained serovars F and G; and group 3 contained serovars
A, C, H, I, J, K, and L3. This classification, based on VD
sequence homology, is in good agreement with the serolog-
ical classification of these strains by using polyclonal anti-
sera or monoclonal antibodies. Historically, by microimmu-
nofluorescence with polyclonal mouse sera, serovars K and
L3 were placed within serogroup C (7). More recently, by
immunotyping with monoclonal antibodies specific to
MOMP, serovars K and L3 have been classified within the

intermediate serogroup (19). Our data, based on MOMP VD
amino acid homology, clearly place serovars K and L3
within serogroup C.
The VDs are hydrophilic and charged, consistent with

these sequences being associated with the chlamydial cell
surface and having potential antigenic sites (1). Indeed, the
antigenic properties and surface association of some MOMP
VDs of a limited number of serovars have recently been
reported. Stephens et al. (16) used antisera prepared against
synthetic peptides corresponding to MOMP VDs to map and
define antigenic properties associated with VDII and -IV.
They showed that serovar-specific determinants were lo-
cated in VDII of the MOMPs of serovars B, C, and L2,
whereas a highly conserved species-specific MOMP deter-
minant mapped to VDIV. Baehr et al. (1), using a lambda
gtll epitope-mapping procedure, showed that the serovar-
specific MOMP epitope for serovars A and L2 mapped to
VDI and -II, respectively, whereas subspecies-, serogroup-,
and species-specific epitopes mapped to VDIV. The latter
group of investigators concluded that VDI, VDII, and por-
tions of VDIV protruded from the chlamydial cell surface on
the basis of both the ability of these domains to bind
monoclonal antibodies and their susceptibility to proteolysis
by trypsin. From these limited epitope-mapping data, it
appears that serovar-specific determinants reside in MOMP
VDI or VDII or both, whereas common or serogroup-
specific MOMP antigenic determinants reside in VDIV.
Because these conclusions are based on data from a limited
number of serovars, it is not known whether MOMP VDs of
other serovars present similar antigenic properties and sur-
face topographies. For example, our data show that suffi-
cient amino acid sequence heterogeneity occurs in VDIV,
especially among serovars within serogroup C, to yield se-
quences which may elicit type-specific antibody responses.
Furthermore, although VDIII is clearly a potential immuno-
genic region, the antigenic properties of this domain are
currently unknown, since neither monoclonal nor polyclonal
antibodies have been mapped to this region. The sequence
information reported here will be useful in developing re-
agents capable of more thoroughly defining the antigenic
properties and surface topography of MOMP VDs. For
example, it is now possible to synthesize peptides analogous
to each MOMP VD for all serovars. Polyclonal or monoclo-
nal antibodies generated against these peptides can be used
for both defining the antigenic properties of these domains
and determining their immunoaccessibility at the chlamydial
surface of a single C. trachomatis serovar. This information
will provide a more accurate description of the antigenic
topography of MOMP VDs than has been possible by using
antibodies specific for MOMP VDs of two different serovars
(1).
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Knowledge of the nucleotide and the amino acid se-
quences of the VDs of the MOMPs from all serovars may
lead to the development of specific reagents to be used to
study immunity to chlamydial infections. Synthetic peptides
analogous to specific VD sequences could be used to exam-
ine the molecular specificity of the immune response of the
host during chlamydial infection. This information would
provide a necessary and rational approach for the selection
ofMOMP antigenic determinants to be used in the construc-
tion of a subunit or recombinant chlamydial vaccine.
The sequence information reported here may also prove

useful for production of reagents and methodologies that are
applicable to development of new diagnostic tests for C.
trachomatis infections. For example, synthetic peptides
analogous to the serovar-specific MOMP antigenic determi-
nants may be used as antigens in serological assays to both
diagnose and serotype the infecting chlamydial organism. In
addition, peptides analogous to VD sequences can be used
as immunogens to prepare monospecific polyclonal antibod-
ies or monoclonal antibodies which can be used to identify
the infecting serovar in either smears of clinical specimens or
cell cultures of chlamydial isolates. Alternatively, the nucle-
otide sequences with VDI and -II are sufficiently different
among all serovars to allow construction of serovar-specific
synthetic oligonucleotides. Labeled with appropriate re-
porter molecules, these oligonucleotides could be used to
develop nonimmunological probes capable of both detecting
and typing C. trachomatis organisms.
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