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DNA from Chlamydia trachomatis serovars L3, C, and E corresponding to the open reading frames of the
60-kDa protein and of a putative 15-kDa protein was sequenced. The open reading frames coding for the
60-kDa protein had 1,641 bp in the three serovars. Compared with the L3 serovar, there were 9 and 11 amino
acid changes in the C and E serovars, respectively. The open reading frames corresponding to the putative
15-kDa protein had 450, 456, and 453 bp for the L3, C, and E serovars, respectively. When compared with the
L3 serovar, the C and E serovars had 14 and 16 amino acid differences, respectively.

Three Cys-rich proteins with molecular weights of 60,000,
40,000, and 12,000 have been identified in the outer mem-
brane of the elementary bodies (EBs) of Chlamydia tracho-
matis (4, 6, 11). The 40-kDa major outer membrane protein
accounts for approximately 60% of the weight of the outer
membrane and is acidic, with a pl ranging from 5.3 to 5.5 (4).
This protein is a strong immunogen for humans and other
mammals, and its molecular and antigenic structure has been
extensively characterized (3, 7, 22). The 60-kDa protein
appears as a doublet in the lymphogranuloma venereum
(LGV) biovar, whereas only a single band has been detected
in the trachoma biovar (4). This protein has a neutral
isoelectric point (pI 7.3 to 7.7) in the trachoma biovar and
contains a net positive charge (pl 8.5 to 9.0) in the LGV
group (4). The 60-kDa protein is also strongly immunogenic
(24), but all of the antigenic sites so far characterized with
monoclonal antibodies have species specificity, suggesting
that this protein is well conserved among C. trachomatis
isolates (14-16). Little is known about the 12-kDa protein,
although several proteins with apparent molecular sizes
ranging from 9 to 18 kDa have been thought to correspond to
this protein (5, 9, 12, 13, 27). In this report, we present the
complete DNA sequence of the 60-kDa protein and of a
putative 15-kDa protein of the L3, C, and E serovars. Our
findings support the evidence for the highly conserved
nature of the 60-kDa protein within each biovar. In addition,
these results show significant structural variability in the
putative 15-kDa protein between the LGV and trachoma
biovars and indicate that this putative protein does not
correspond to the 12- or 18-kDa protein.

Chlamydia EBs were purified with Renografin 76 (E. R.
Squibb and Sons, Inc., Princeton, N.J.) as outlined by
Caldwell et al. (6). The DNA from C. trachomatis L3
purified EBs was extracted, sonicated, and ligated to EcoRI
linkers, and a library was constructed in Agtll cleaved with
EcoRI (7). The recombinant library was screened in Esche-
richia coli Y1090 (r~ m*; Promega Biotec, Madison, Wis.)
with serum from a rabbit hyperimmunized with C. tracho-
matis L3 EBs (7). One recombinant, Agt11/L.3/c9, was fur-
ther characterized for this study (Fig. 1). The PstI library
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was constructed by partially cleaving L3 DNA with PstI,
ligating it with PstI-cleaved pBluescript SK™~ (Stratagene,
La Jolla, Calif.), and transforming E. coli XL1-Blue (Strat-
agene) with the ligation product. The PsrI library was
screened by using Agt11/L3/c9 DNA labeled with 3?P. The
Pstl clone, P4, was prepared for sequencing by overlapping
deletions made with the Exomung kit (Stratagene). DNA
extracted from purified EBs of the L3, C, and E serovars
was used for the polymerase chain reaction (PCR). The
oligonucleotides TCGGTCGACATAACAATTTCTACCCG
ATGG and TCATTGGGTCTGATCCACCAG were con-
structed on a DNA synthesizer (model 8600; Biosearch Inc.,
Burlington, Mass.) and were used to amplify the 5’ and 3’
ends of the chlamydial DNA corresponding to the 60- and
15-kDa open reading frames (ORFs) (2, 9, 25). Other oligo-
nucleotides complementary to internal regions were synthe-
sized to amplify specific sections of the DNA. PCR condi-
tions have been previously described (19, 20). The PCR
products were sequenced after cloning into pBluescript
SK™. The DNA was sequenced by the [**SIdATP dideoxy
nucleotide chain termination method on both strands from
two different clones with synthesized oligonucleotides as
primers (21). When there was a discrepancy between the two
clones, due to a mutation arising from the PCR, a third clone
was sequenced. The DNA sequences of the L3, C, and E
serovars were analyzed on a Macintosh computer (Apple
Computer Inc., Cupertino, Calif.) with the MacVector soft-
ware package (International Biotechnologies, Inc., New
Haven, Conn.).

The strategy for cloning the DNA coding for the 60- and
15-kDa ORFs and the genetic map of this region are shown
in Fig. 1. The DNA sequences and the computer-derived
amino acid sequences of the 60-kDa proteins of C. tracho-
matis serovars L3, C, and E are shown in Fig. 2A. The DNA
sequence of the L3 serovar is identical to that of the L1 and
L2 serovars previously published by Clarke et al. (9) and
Allen and Stephens (2), respectively. The PCR product
sequenced had a 35-bp segment of DNA in front of the first
Met of the 60-kDa ORF. The ORFs of all three serovars had
a total of 1,641 bp, starting with a Met codon and terminating
with a single stop codon. The calculated molecular weights
of the 547-amino-acid 60-kDa proteins of the L3, C, and E
serovars were 58,777, 58,675, and 58,703, respectively (Ta-
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FIG. 1. Diagram of the cloning strategy for the 60- and 15-kDa ORFs of C. trachomatis serovars L3, C, and E. The Agt11/L.3/c9 original
clone was detected with rabbit immune serum to L3 from an L3 DNA library cloned in Agtll. The P4 clone was isolated from a Ps:I library
by using the Agt11/L3/c9 DNA as a probe. The rest of the L3 DNA and the complete DNA fragments of the C and E serovars were obtained
after amplification by the PCR with primers located upstream from the 60-kDa ORF and at the end of the ORF of the 15-kDa protein (arrows).

Abbreviations: P, promoter; ST, stem-loop.

ble 1). According to the findings of Allen and Stephens (2),
the 60-kDa protein of the LGV serovars is posttranslation-
ally processed at two cleavage sites that account for the
doublet observed by gel electrophoresis. The signal peptides
are 22 and 40 amino acids in length, thus yielding mature
proteins 525 and 507 amino acids in length, respectively
(Table 1). In contrast, the trachoma serovars have a single
signal peptide of 40 amino acids. Two amino acid substitu-
tions at positions 33 (Phe to Ser) and 34 (Ile to Leu) occurred
in the signal peptide of the trachoma serovars in comparison
with the LGV serovars. When the molecular structures of
the processed 60-kDa proteins of the biovar trachoma sero-
vars C and E were compared with that of the L3 serovar, the
following changes were found (Table 1; Fig. 2A). The C
serovar had 10 bp changes and the E serovar had 13 bp
changes relative to the LGV serovars. These resulted in a
total of 7 amino acid changes in the C serovar and 9 amino
acid changes in the E serovar. Seven of these changes were
the same for the two trachoma serovars, and two were
unique to the E serovar. All seven changes common to the C
and E serovars were also present in the B serovar (1, 25).
The B serovar had one additional unique substitution rela-
tive to the L3 serovar (Ile instead of Val at position 233)
according to Watson et al. (25) (isolate Jali 20/0T) but not
according to Allen et al. (1) (isolate B/Tw-5/OT). Three of
the seven common changes were from a Lys in the LGV
serovars to a Glu in the trachoma serovars and resulted in a
significant change in the pls of these proteins. The calculated
pls were 8.93, 6.84, and 6.84 for the L3, C, and E serovars,
respectively (Table 1). There was a total of 24 Cys residues
in the 60-kDa protein, mainly located in the center of the
protein in two groups of 8 residues at positions 187 to 225
(Cys-1) and between residues 411 and 455 (Cys-2). Computer
analysis of the complete ORF indicated that the signal
peptide was hydrophobic, whereas the region corresponding
to the first 50 residues in the N terminus was highly hydro-
philic, likely surface exposed, and potentially moderately
antigenic. Both Cys-rich regions were mostly hydrophobic.

A second ORF, 450 bp in length, in the L3 serovar was
found to code for a putative sulfur-rich protein with four Cys
residues and four Met residues, starting with a Met and
ending with two stop codons (Fig. 2B). The calculated
molecular weight was 15,835 and the pI was 5.08 for the L3

putative protein. Similar ORFs were also found in the C and
E serovars. Comparison of the three DNA sequences indi-
cated that there were 14 bp changes in the C serovar and 17
bp changes in the E serovar relative to the L3 serovar. In
addition, the E serovar contained one extra codon and the C
serovar had 6 bp more than the L3. When compared with the
L3 serovar, these changes resulted in 16 different amino
acids for the E serovar and 14 different amino acids for the C
serovar. Of these changes, 12 were common to the C and E
serovars and 3 were unique to the E serovar. Among the
common substitutions two Met residues of L3 were replaced
by Ile residues in the C and E serovars. The changes
between the trachoma and the LGV biovars, although not
particularly clustered, tended to be located in the center of
the molecule, with the N and the C termini being well
conserved. These amino acid changes resulted in molecular
weights of 16,131 and 16,018 for the C and E serovars,
respectively. However, both ORFs had the same estimated
pl of 5.11.

The intergenic region between the 60- and 15-kDa ORFs of
the L3, C, and E serovars had a total of 177 bp (Fig. 2B). At
25 bp downstream from the stop codon of the 60-kDa protein
there was a Rho-independent transcriptional terminator with
a stem of 10 bp, a 1-bp mismatch and a 4-nucleotide loop (AG
= —=22.6 kcal [ca. —94.6 kJ}/mol) (23). The stem was
followed by seven T’s in the L3 and E serovars and by eight
T’s in the C serovar sequence. Twelve base pairs down-
stream from the T’s there was a run of eight A’s interrupted
by a T that could potentially form a second loop with the
cluster of T's (AG = 0 kcal/mol). In the L3 serovar a
Rho-independent terminator was located 72 bp downstream
from the second stop codon of the 15-kDa protein with a
perfectly matched 10-bp stem and a 4-nucleotide loop (AG =
—24.0 kcal [ca. —116 kJ]/mol), followed by a run of 6 T’s
interrupted by 1 A.

Several differences have been found at the molecular level
between the Chlamydia trachoma and the LGV biovars. For
example, we determined by restriction endonuclease analy-
sis DNA cleavage patterns that could differentiate between
the two biovars (17, 18). Batteiger et al. (4) also showed
significant pl differences between the 60-kDa proteins of the
two biovars. In spite of these changes we have shown here
that the 60-kDa protein is well conserved in C. trachomatis.
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GGA GTT
Gly val
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CAT ATG IGC GTA GTA GAT
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G
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CCT
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Arg Asn Val Val

AGA ACA ATT

His Arg Thr Ile

GTA ACA ACT GTG
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GTG AAG AGC
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Thr
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TTC
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Thr

Leu
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Leu
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Glu
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AGT
Ser

Asn

Gly

Val

cGe
Arg

AAA
Lys

Lys

GAA
Glu

Val
280

GTG
Val

Val

Ser

IGT
Cys
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Gln

TTT
Phe
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Thr

GTG
Val

GCG AGT TTA
Ala Ser Leu
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ACT
Thr
50

TCT CAT AAA
Ser His Lys

ccr
Pro

AAA CAG GAT
Lys Gln Asp

GGA TCT CCC TAT
Gly Ser Pro Tyr

GAT CCA GCG
Asp Pro Ala
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cCcT
Pro

CTT AAA GAA
Leu Lys Glu

CAA
Gln

GAA GGC CCA
Glu Gly Pro

AAT
Asn

CCT GTT CCG
Pro Val Pro
250 A

A

TTT IGT CCG
Phe Cys Pro

CCT IGC GTA
Pro Cys Val

TTG
Leu

CGA GAT GTC

Arg Asp Val
350

AAA
Lys
380

GAA CTG AAT
Glu Leu Asn

GAC IGT GGT ACT
Asp Cys Gly Thr

GTA GGA GAA AAT
Val Gly Glu Asn

CCT GTA TCC TTC
Pro Val Ser Phe
480

TCT GTA ACA TTG
Ser Val Thr Leu

CAC ATC TAT TAA
His Ile Tyr +

TTT GCTVABC

Phe Ala Ser Gly

AGC AAA AAA GCA
Ser Lys Lys Ala

TCT IGC TTT GGC
Ser Cys Phe Gly
90

CCT GTT GAA ATT
Pro Val Glu Ile
120 A

Ile

A

Ile

ACA ACT CCT

Thr Thr Pro Thr

GGT IGC IGC TTT
Gly Cys Cys Phe

GAG AAT GCT IGT
Glu Asn Ala Cys
220

GAT
Asp

AGT TAC
Ser Tyr
G

Gly

G

Gly

GCT
Ala

CTT AAA CGT GGT
Leu Lys Arg Gly

CAA GTA AGT ATT
Gln Val Ser Ile
320

GTC
Val

GTT AAA GAC
Val Lys Asp
G

Glu
G
Glu

cCcT
Pro

GGA GAG TCT
Gly Glu Ser

IGT ACT TCT IGC
Cys Thr Ser Cys
420

ACT GTT TAC CGT
Thr Val Tyr Arg
0

TCT GGA CCA ACT
Ser Gly Pro Thr

AAA GCA GTA TCA
Lys Ala Val Ser

FIG. 2. DNA sequences and computer-translated amino acid sequences of the C. trachomatis L3, C, and E serovars. (A) The 60-kDa
proteins, including the 5'-flanking sequences. The cleavage sites for the two signal peptides are marked with arrowheads. (B) The putative
15-kDa proteins, including the 5’- and 3’-flanking sequences. Potential stem-loop structures are marked by arrows, and the potential
transcription start point is indicated by an arrowhead. The putative ribosome binding sites, the —10 and —35 regions, and the Cys and Met

residues are underlined.
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Ile Thr Leu
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Ala Ile Pro Ala Ile Val Gly Cys Val Asn Ile Cys Val Gly Ile Leu Ser Met Glu Gly Tyr Cys Ser Pro Glu
T

80 A 90 c

Ile His
c

His

120 130

289 AGA TGG AGC TTA IGT AAG AAG GTA TTA AAG GCT TCA GAA GAT ATC ATC GAT GAT GGG CAG ATA AAC AAC TCT AAT AAA GTG TTT ACT GAT GAG AGG TTG
Arg Trp Ser Leu Cys Lys Lys Val Leu Lys Ala Ser Glu Asp Ile Ile Asp Asp Gly Gln Ile Asn Asn Ser Asn Lys Val Phe Thr Asp Glu Arg Leu
T 100 A 110
Ile Thr '
T A
Ile Thr
388 AAT GCC ATA GGT GGG GTA GTG GAA TCT CTA TCT AGA AGA AAT AGT CTG GTG GAT CAG ACC CAA TGA TAA GAGATTGCTC TATAGGCAAA AGATGATAGC
Asn Ala Ile Gly Gly Val Val Glu Ser Leu Ser Arg Arg Asn Ser Leu Val Asp Gln Thr Gln * *
G A A 140 150
Met Asp
A
Asp
487

GGCAGTTTTT ATGGATGATC TGCTGACAGA TGATGTATGG Wﬂw‘r TTTATTGAGC TGGAGTTT

FIG. 2—Continued

The DNA sequences of the three LGV serovars so far
characterized are identical, and the numbers of residue
changes in the trachoma biovar represent less than 1% of the
total protein, although they result in a significant difference
in the pl of this protein between isolates of the two biovars
(4). Interestingly, within the trachoma biovar the three
serovars so far sequenced, B, C, and E, shared most of the
changes. At this point, we do not know whether the unique
changes in the serovars are specific for that particular
serovar or are the result of random mutations occurring in
individual isolates. DNA sequences of multiple isolates will
have to be analyzed to answer this question. The changes
appear to be greater among biovars than among serovars,

and the differences among the trachoma serovars in the B
and C complex do not appear to be consistent. In the
Cys-2-rich region of the 60-kDa protein there is a neutral
hydropathic area with a very strong possibility of a B-turn
that includes the motif Cys-Gly-Thr-Cys (amino acids 414
through 417). A homologous sequence, Cys-Gly-Pro-Cys, is
found in the active site of E. coli thioredoxin, an enzyme
with disulfide isomerase activity; it also serves as an electron
donor for ribonucleotide reductase (10). The likelihood that
an enzymatic mechanism is responsible for the crosslinking
of the outer membrane proteins of C. trachomatis has been
proposed (15).

In 1987, Newhall (14) described three low-molecular-

TABLE 1. Amino acid composition of the 60-kDa protein

Signal No. of amino acid residues
polypeptide . No. of
Serovar  (no. of Nonpolar Polar Acidic Basic Calculated Estimated amino
: mol wt pl N

amino acids

acids) Ala Val Leu Ile Pro Met Phe Trp Gly Ser Thr Cys Tyr Asn Gln Asp Glu Lys Arg His
L3 +40 42 72 27 23 29 7 13 S 34 42 S5 24 12 25 16 24 29 38 22 8 58,777 9.00 547
-22 38 69 25 21 29 6 11 S 34 40 S3 24 12 24 16 24 29 37 20 8 56,387 8.70 525
—40 37 67 24 19 29 S5 10 S5 33 36 51 24 12 23 16 24 27 37 20 8 54,519 8.93 507
C +40 42 71 28 23 29 6 12 S 35 42 S6 24 12 24 16 25 32 35 22 8 58,675 7.38 547
—-40 37 66 24 20 29 4 10 S 34 35 52 24 12 22 16 25 30 34 20 8 54,477 6.84 507
E +40 42 71 29 24 28 6 12 S 35 42 S5 24 12 24 16 25 32 35 22 8 58,703 7.38 547
—-40 37 66 25 21 28 4 10 S 34 35 51 24 12 22 16 25 30 34 20 8 54,505 6.84 507
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weight Cys-rich proteins in C. trachomatis. Two of them,
the 10- and 12.5-kDa proteins, were heavily labeled with
[**SICys, whereas the 15-kDa protein appeared to be only
moderately labeled. The 12-kDa protein was found by Bat-
teiger et al. (4) to have a larger molecular mass (12,500
versus 12,000 Da) and a lower pl (5.4 versus 6.9) in the LGV
biovar when compared with those of the trachoma biovar.
DNA sequence analysis by Clarke et al. (9) demonstrated the
presence of a 450-bp ORF potentially coding for a 15,818-Da
protein downstream from the 60-kDa protein in the L1 (440)
strain (Fig. 1). We have now found the same structural
organization for the C. trachomatis L3, C, and E serovars.
Clarke et al. (9) thought that this ORF corresponded to the
12-kDa Cys-rich outer membrane protein and to the 14- to
15-kDa protein described by Zhang et al. (27). However,
recently, Lambden et al. (13) described a 9-kDa protein from
the L1 serovar with 88 amino acids and 13 Cys residues
located upstream from the 60-kDa protein (Fig. 1) and
suggested that this protein may correspond to the 12-kDa
Cys-rich protein. Furthermore, sequencing of the 9-kDa
ORF of the B serovar demonstrated the presence of two
amino acid changes that resulted in a higher predicted pl
value (7.61) than the equivalent for the L1 serovar (pl 6.02)
(8). Allen et al. (1) have further substantiated, by using
monoclonal and polyclonal antibodies and in vitro expres-
sion in E. coli, that the 9-kDa protein corresponds to the
12-kDa outer membrane protein. The differences between
the calculated and the observed mobilities in gels of this
protein were ascribed by Allen et al. to posttranslational
modification occurring in vivo. Finally, based on the reac-
tivity of monoclonal antibodies, Newhall (14) suggested that
the 15-kDa Cys-rich protein corresponded to the 18-kDa
eukaryotic binding protein (26). DNA sequence analysis of
the 18-kDa protein by Kaul et al. (12) showed a 162-amino-
acid ORF with two Cys residues and no significant homology
to the 15-kDa protein described here. In summary, the
putative 15-kDa protein described by Clarke et al. (9) and by
us here probably corresponds to the 15-kDa Cys-rich protein
found by Newhall (14) but not to the 12- and 18-kDa proteins
characterized by others.

EMBL accession numbers are X54388, X54389, and
X54390 for C. trachomatis TW-3, Bour, and 404, respec-
tively.

This study was supported in part by Public Health Service grant
A1-26807 from the National Institute of Allergy and Infectious
Diseases.
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