
Vol. 59, No. 3INFECTION AND IMMUNITY, Mar. 1991, p. 1141-1147
0019-9567/91/031141-07$02.00/0
Copyright C) 1991, American Society for Microbiology
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Antigenic determinants were identified from seven chlamydial major outer membrane proteins by using
overlapping hexapeptides and polyclonal antisera. Sixty-one determinants were detected, and 30 were surface
exposed on the native organisms. The two negatively charged residues, aspartic acid and glutamic acid, were
found most often in determinants. Thirteen antigenic sites were further characterized by alanine substitution.
Differences in fine specificities of these linear determinants were observed in alanine substitution profiles. Five
determinants had adjacent critical residues, while eight had critical residues alternated with noncritical
residues. Complete replacement analysis of two antigenic determinants provided more detailed information for
elucidating the structural basis of the specificity of antigen-antibody interaction and suggested a correlation
between sequence conservation and tolerance to amino acid substitution for antigenic sites subject to intense
immune selection pressure.

The major outer membrane protein (MOMP) of Chlamydia
trachomatis is a transmembrane protein which is speculated
to have four surface-exposed regions and five transmembra-
nous segments (4, 16). The four surface-exposed regions
contain virtually the entire amino acid sequence variation
noted among different C. trachomatis serologic variants (4,
18). The sequence-variable regions are also the major sites of
antigenicity (21, 22). Several of these epitopes elicit neutral-
izing antibodies as assayed both in cell cultures and in animal
models (14, 19, 20). The interesting immunological features
of this protein make it attractive for detailed antigenic
characterization.

Antigenic sites can be divided into two structural catego-
ries: sequence-continuous and sequence-discontinuous epi-
topes (5). The best way to characterize antigenic sites and to
study antigen-antibody (Ag-Ab) interaction is by X-ray crys-
tallography. X-ray crystallographic studies have resolved
the three-dimensional structure of a number of Ag-Ab com-
plexes and shown that epitopes occupy areas of about 600 to
700 A and are composed of 15 to 22 amino acid residues (1,
2, 6, 7, 15). The antigen-Fab combining site interface is
characterized by exclusion of water, high complementarity
of fit, and hydrogen bond formation (15). A smaller subset of
five to six contacting amino acid residues contributes the
majority of binding energy, with the remaining residues
providing complementarity (13). Critical amino acids can be
assembled from distant regions in the primary sequence or
be sequential in the primary sequence as in surface-exposed
loops seen with lysozyme (7). Thus, interacting residues
constituting an antigenic determinant might be detectable
with synthetic peptides as long as the synthetic peptides
cover all the critical residues (3) and have proper folding
(10). Compared with the difficulties inherent in the produc-
tion of large numbers of single-site protein mutants and the
complexity of detailed X-ray studies, peptide synthesis is a
relative simple way to carry out studies of this type.
We previously employed solid-phase peptide synthesis, as

described by Geysen et al. (9), to comprehensively map

* Corresponding author.

antigenic sites on MOMPs from two different C. trachomatis
serovars (21, 22). We now extend analysis to five additional
C. trachomatis serovars. MOMP was chosen as a model
system for systematic antigenic analysis for two reasons: (i)
antigenic structural analysis of MOMPs might provide infor-
mation relevant to vaccine development, and (ii) the region-
ally discrete segments of antigenicity are an interesting
system in which to correlate sequence variation with anti-
genic variation. These antigenic determinants contain seg-
ments of amino acid conservation and variation and can
serve as a useful model for study of the specificity of Ag-Ab
interactions.

MATERIALS AND METHODS

Polyclonal antiserum production. Antisera to elementary
bodies from C. trachomatis serovars A (clinical isolate in our
own laboratory, isolated from the eye of a child with ocular
trachoma and which we designate as UM1/OT), H (UW43/
Cx), I (UW12/Ur), J (UW36/Cx), and L2 (434/Bu) were
raised in New Zealand White female rabbits (weight, 2 to 2.5
kg) (Roger Tessier, St. Pierre-Jolys, Manitoba, Canada) as
previously described (22). Two rabbits were immunized with
each C. trachomatis serovar. Antisera to serovar B and C
elementary bodies were previously produced (21, 22).

Synthesis of support-coupled peptides. Peptides were syn-
thesized on solid polyethylene rods by using a commercially
available kit (Cambridge Research Biochemicals, Cam-
bridge, United Kingdom) (9) as described previously (22).
Successful synthesis was ensured by the simultaneous syn-
thesis of positive and negative control pins and the compar-
ison of the reactivity with test monoclonal antibodies to pins
supplied by the manufacturer on which control peptides had
been synthesized. Three control hexapeptides (ACDEFG,
HIKLMN, and PQRSTV) containing difficult coupling resi-
dues were synthesized with each synthesis schedule and
subjected to amino acid analysis to evaluate the success of
the synthesis. Peptide sets of three types were synthesized.
The first consisted of all possible overlapping peptides in a
length of 6-mer, homologous with the amino acid sequences
of entire serovar A MOMP (375 residues), entire serovar L2
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MOMP (372 residues), and regions covering four sequence-
variable domains (VDs) from serovar H, I, and J MOMPs
(18). The second type of peptide set comprised alanine-
substituted analogs of the parent peptide which differed from
the parent by a single alanine substitution at each position.
The third peptide set comprised peptides in which each
residue was sequentially replaced with each of the 19 alter-
native amino acids.

Detection by ELISA of antibody binding to rod-coupled
peptides. The three sets of immobilized peptides were as-
sayed by enzyme-linked immunosorbent assay (ELISA)
with appropriate antisera as described earlier (22). The
results were expressed in optical density (OD) values at 405
nm for the first set of overlapping hexapeptides, and for the
second and third sets of peptides OD values were further
calculated as percentages of the parent control peptides. The
solid-phase peptides were reused after the rods were freed of
bound antibody by sonication for 30 min at 60°C in a solution
containing 1% sodium dodecyl sulfate, 0.1% 2-mercaptoeth-
anol, and 0.1 M sodium phosphate (pH 7.2).

Absorption of rabbit antisera. Aliquots of antisera used for
the first set of overlapping hexapeptides were also absorbed
with native organisms from homologous serovars before
assay. Comparison of the bindings of nonabsorbed and
absorbed antisera allowed determination of surface-exposed
epitopes on the native organism (22).

RESULTS

Mapping antigenic determinants of MOMPs with overlap-
ping hexapeptides. Complete overlapping hexapeptides cov-
ering the entire MOMP sequences or regions of MOMP
sequences were used to determine peptide-antibody interac-
tions in peptide ELISA. The hexapeptide immunoreactivity
is shown in Fig. 1. Most of the detectable antigenic sites
were localized within the four VDs of MOMPs irrespective
of the origin of the MOMP sequence. Only three exceptions
were found. Peptide 94 in the constant region of serovar B
MOMP and peptides 210 and 212 in constant regions of
serovar L2 MOMP were found to react with corresponding
antisera. All four VDs were not equally immunoreactive.
Peptides from VDI and VDIV were generally most immu-
noreactive, although VDI of serovar B MOMP was an
exception.
Because of their immunodominance, we focused attention

on the four VDs of MOMPs. Since the hexapeptides com-
pletely overlap with a single amino acid shift, we determined
critical residues for each antigenic site. To better differen-
tiate adjacent antigenic determinants, we used individual
antiserum as well as pooled antisera to map overlapping
hexapeptide sets. Antigenic determinants mapped within the
four VDs from all seven tested MOMPs are listed in Table 1.
A total of 61 different antigenic determinants were identified
in the 28 regions of MOMPs. Antigenic determinants ranged
from two to six residues in length, with an average of five
residues. Thirty determinants were antibody accessible on
the surface of native organisms, as determined by absorption
experiments. Generally the determinants in VDI, VDIII, and
VDIV C termini of C serogroup MOMPs are surface ex-
posed, whereas the determinants in VDII and VDIV N
termini of B serogroup MOMPs are surface exposed. Sero-
var L2 MOMP has the most surface-exposed determinants.
A total of 615 amino acids are included in the analyzed
sequences, and 218 of the amino acids were found in an
antigenic determinant at least once. The frequency of ap-
pearance for a given amino acid in the antigenic determinant
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FIG. 1. Profiles of antigenic responses of serovar A, B, C, H, I,

J, and L2 MOMPs (as indicated in the figure) as a function of
corresponding hexapeptides. For comparison, results for serovar B
and C MOMPs published previously (21, 22) were also included in
this figure. Pooled antisera (at equal ratios) from seven rabbits for
serovar B MOMP, five rabbits for C MOMP, and two rabbits for A,
H, I, J, and L2 MOMPs were used. All antisera were used at a
dilution of 1:200. Regions corresponding to four sequence-variable
domains in MOMPs are indicated above the figure. Along the y axis,
ELISA absorbance (in OD values) is displayed. Hexapeptides
numbered at their first residue position in corresponding MOMPs
are shown along the x axis. All MOMP sequences with different
numbers of residues are aligned to match their maximum homology,
and peptides covering the four variable domains from serovar H, I,

and J MOMPs are aligned to corresponding regions of serovar C
MOMP (18).

relative to its overall frequency in the four VDs was calcu-
lated according to a Chou-Fasman calculation of residue
frequency appearing in secondary structure of a protein
(data not shown). Residues found to occur most often in the
antigenic region, relative to their overall occurrence in the
sequences, were the negatively charged, hydrophilic amino
acids aspartic acid and glutamic acid, the aromatic amino
acid phenylalanine, and neutral amino acids, including the
polar residues serine and asparagine and the hydrophobic
residues isoleucine and valine. Those occurring least often
were two positively charged amino acids, lysine and argin-
ine, and the neutral amino acids proline and alanine. Not
analyzed were tryptophan, tyrosine, cysteine, histidine, and
methionine, because their overall occurrence in the se-
quences was too infrequent. The relative frequency of amino
acid appearance varied by only fivefold, and thus, even the
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TABLE 1. Antigenic determinants identified in MOMP segmentsa

R,A
R2A
RP5C
R,C,

R,C

R,H

R2H

R,I
R2I

R3B

RAl2
RP2J

AAPTDVAGmEKDPVANVARP

AAVVAGQNDVAWlNJVARP

AAINANDKPKN VARP

AAPVrKDVAGLENDFI-NvARP

AKPVTTNAVAPSTLTARE

AKPTTATGNAAAPSTCTARE

AAFMDVAGLQNDMINVARP

TKTQSFDTANIVPNTALNQA

lXFNT KTAUl3NTALNEA

R2H TTCKSSDFNTAKLVnNRA
R,I A

TKTQASSFNTANLFPNTALNQA

R2B NNENQGAVNGAFVPNMSLDQS
R2L2 DNENHATVSDSKLVPNMSLDQS
R,L

R,C,

RIH,

RJ,

R,4L
R,A
RP2A
R2A

R,C
R,C
RP5CR,C
R,H
RP2H

R?2

R,l
RP21

R,J
R2J

R,B
RP6B

R,L2
RPL2

AEFDLDrrAGTEAA
AEFDLNITAGTEAA
AEFDLDITAGTEAA

ASE&AGTEAA

AEFnDFAGTAA
KELULDLTAGDAA
QEFPLDLKAGTDGV
LAK?IDITI1.NTIAGKGTVVSSAENELA

LAEAU.DVTlNPFnAGKGSVVSAGTDNELA

LAEAJWDVTI2t4FIAGKGOVVASGSDNDLA

LAEAILvT1U7MAGKGTVVS&A&UA

lAETILDVfTIPNFTAGKGDVVASGSENDLA

S_

SAlT9FVFAGAGDVKASEGLG

QdoA

VDI of A MOMP

VDI of C MOMP

VDI of H MOMP

VDI of I MOMP

VDI of B MOMP

VDI of MOMP

VDI of J MOMP

VDI of A MOMP

VDII of C MOMP

VDU of H MOMP

VDH of I MOMP

VDH of J MOMP

VDII of 8 MOMP
VDD of MOMP

VDDI of MOMP

VDmI of C MOMP

VDm of H MOMP

VDm of I MOM?
VDUi of MOMP
VDH of B MOMP

VDM of LA MOMP

VDIV of A MOMP

VDIV of C MOMP

VDIV of H MOMP

VDIV of I MOMP

VDIV of J MOMP

VDIV of B MOM?

VDIV of L, MOMP

a Sequences from four VDs of all seven scanned MOMPs. Residues
composing the minimum antigenic determinant are underlined, and sequences

which are surface exposed on native organisms are marked with stars above
the corresponding residues. All antisera were raised with the whole organisms
of corresponding serovars, and individual rabbit serum (for example, R2L2
represents antiserum from rabbit number 2 immunized with serovar L2
organisms) as well as pooled serum (for example, RP2L2 represents pooled
serum from two rabbits immunized with serovar L2 organisms) was used at a

1:200 dilution in peptide ELISA. Only the antigenic determinants identically
recognized by all of the individual sera are underlined along with pooled
antiserum.

least frequently found amino acid still played a key role in
some antigenic determinants.

Analysis of antigenic determinants by using alanine-substi-
tuted analogs. Thirteen antigenic sites identified by overlap-
ping hexapeptides as sequence continuous and unique at the
amino acid level were selected from Table 1 to generate

complete series of alanine substitution analogs. Each posi-
tion was separately replaced with alanine. Fine specificity
differences among these antigenic determinants were ob-
served. Eight determinants were found to have their critical
residues alternated by alanine-replaceable amino acids
within the bounds of the antigenic determinant. Five deter-
minants had their critical residues adjacent to each other.
Typical results for critical residue-adjacent sites are shown
in Fig. 2, and results for critical residue-separated sites are
shown in Fig. 3. R,H antiserum required DAADL residues
for binding in the overlapping hexapeptide profile (Fig. 2A).
With alanine substitution analogs (Fig. 2B), only the first
aspartic acid was critical for R,H binding; when this aspartic
acid was substituted with alanine, binding decreased to
<10% of that of the parent peptide. Whether the two central
alanines are required for R,H binding is unknown, since
substitutions to these residues were not generated. R21
antiserum required EFPLD for binding as identified by
overlapping hexapeptides (Fig. 2C). Alanine substitution
analog profiles indicated that only FPLD are required for R21
antibody binding. Overall, both antigenic determinants
(DAADL and EFPLD) are sequence continuous in overlap-
ping hexapeptide and alanine substitution analog profiles,
although fewer residues were identified as critical by the
alanine substitution analog analysis.

Figure 3 shows examples of critical residue-separated
determinants characterized by alanine substitution analog
analysis. By overlapping hexapeptides, the critical residues
for R,C antiserum binding are residues DPT (Fig. 3A; Table
1). Alanine substitution analogs of peptide LQNDPTTN
revealed the same general determinant region covering DPT,
as identified by overlapping hexapeptides, but with a signif-
icantly more detailed profile (Fig. 3B). Substituting the
proline residue of the antigenic determinant with an alanine
residue did not alter the ability of the antibody to recognize
the analog, indicating that the proline residue serves as a
spacer in the determinant. Side chains of aspartic acid and
threonine may determine the specificity of the peptide-
antibody interaction, since substitution of either of these two
residues with alanine completely eliminated binding. R5C
antiserum recognizes antigenic determinant AGTD in an
overlapping hexapeptide profile (Fig. 3C). In alanine substi-
tution profiles, threonine was replaceable with alanine with-
out influencing binding, whereas substitution of glycine
significantly decreased binding (30% of control) and substi-
tution of aspartic acid completely eliminated binding (Fig.
3D). Aspartic acid and glycine are the key amino acids in this
antigenic determinant, whereas threonine functions as a
spacer. Whether alanine is important in this antigenic deter-
minant was not determined since substitution was not made
(Fig. 3D). R5C3 antiserum recognizes antigenic determinant
ITAGTE (Fig. 3E). Figure 3F shows the alanine substitution
analog analysis of this determinant. Substitution of glycine
with alanine completely eliminated binding, and substitution
of isoleucine, threonine (position 3), and glutamic acid
significantly decreased binding. The second threonine at
position 6 is replaceable with alanine without reducing
binding. These observations indicate that isoleucine at posi-
tion 2, threonine at position 3, glycine at position 5, and
glutamic acid at position 7 are all important for antibody
binding, whereas threonine at position 5 is not required. The
role of alanine at position 4 in binding in this determinant is
not known, since substitution of this residue was not per-
formed. The R5C antiserum requires six residues for binding
to KGSVVS (Fig. 3G). By alanine substitution analysis,
lysine at position 1, the two serines at positions 3 and 6, and
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FIG. 2. Overlapping hexapeptide (A and C) and alanine substitution analog (B and D) profiles for determinant DAADL with antiserum R,H
(A and B) and for determinant EFDLD with antiserum R21 (C and D). Overlapping hexapeptides are indicated with their first residues along
the x axes, and the binding affinities of antibody to hexapeptides are expressed as OD values displayed along the y axes (A and C). The values
displayed along y axes of panels B and D represent the percent binding of analogs relative to the parent peptide. All antisera were used at
a 1:200 dilution.

the valine at position 5 were replaceable with alanine.
Glycine at position 2 and the valine at position 4 were not
substitutable. Therefore, the specificity of this determinant
is mainly determined by glycine at position 2 and valine at
position 4.
Complete substitution analysis of two antigenic determi-

nants. To define with greater precision the role of individual
amino acids in each antigenic determinant, complete amino
acid replacement analogs were synthesized for two selected
antigenic determinants. One antigenic site demonstrated
marked amino acid variation among different C. trachomatis
serovars, and the other demonstrated marked amino acid
conservation. Each analog differs in sequence from its
parent peptide by a single amino acid change. All possible
analogs were synthesized by substituting the 19 different
amino acids at each position. All analogs of the two antigenic
determinants were separately tested for binding by antise-
rum homologous to the parent sequence. R21 antibody
recognizes antigenic determinant DVAGL in the overlapping
hexapeptide profile (Fig. 4A). The origin of this determinant
is VDI of serovar I MOMP. This region is sequence variable
among different chlamydial serovars (Table 1). A complete
replacement set for the 7-mer peptide which includes the
5-mer antigenic determinant DVAGL in the middle was

synthesized (Fig. 4B). The N-terminal lysine (K) and C-ter-
minal glutamic acid (E) are substitutable with most amino
acids; however, histidine and lysine cannot substitute for
glutamic acid. This was expected, since these residues were

not critical for the antibody binding, as shown in overlapping
hexapeptide profiles (Fig. 4A). Residue leucine at position 6
is also replaceable with most of the other 19 amino acids,
except with proline, glycine, alanine, lysine, and aspartic
acid. Residues DVAG are highly specific and not substitut-
able with any other amino acid, except asparagine substitut-
ing for the aspartic acid at position 2. Overall, this antigenic
determinant has its critical residues adjacent to each other,

and residues in the determinant are highly intolerant to
substitution.
The second antigenic site chosen for complete replace-

ment study is LNPTI (Fig. SB). This site is conserved among
all C. trachomatis MOMP sequences. Antibody R,A recog-
nizes NPTI as critical residues in the overlapping hexapep-
tide profile (Fig. SA). The N-terminal leucine (L) is replace-
able with any other amino acid except histidine, which was

expected since the L was not critical to R,A binding. Proline
at position 3 could be replaced with most of other amino
acids, except with histidine and lysine. Substitution of
asparagine at position 2, threonine at position 4, and isoleu-
cine at position 5 was much more limited because only the
aromatic amino acids phenylalanine, tryptophan, and ty-
rosine substituted for asparagine; serine substituted for
threonine; and phenylalanine, leucine, valine, and tyrosine
substituted for isoleucine. Antigenic determinant LNPTI has
its critical residues in a sequence-discontinuous array, al-
though within a short region, and it is more tolerant to amino
acid replacement than is determinant DVAGL.

DISCUSSION

The location and characterization of sequential (continu-
ous) epitopes have been simplified by the development of
techniques for rapid, concurrent synthesis of large numbers
of peptides in a reuseable and convenient format for direct
testing by ELISA (9, 22). We previously employed this
technology to comprehensively scan the antigenicity of
chlamydial MOMPs from two serovars (21, 22). In the
present study, we used this same technique to comprehen-
sively define additional antigenic determinants on MOMPs,
to correlate sequence information with antigenic variation
and conservation, and to study the specificity of Ag-Ab
interactions. We found that the immunogenicity of this
membrane protein is mainly located within the four se-
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FIG. 3. Profiles of overlapping hexapeptide (A, C, E, and G) and alanine substitution (B, D, F, and H) analysis of four antigenic
determinants: antigenic determinant DPT with antiserum R,C (A and B), AGTD with R5C (C and D), ITAGTE with R5C3 (E and F), and
KGSVVS with R5C (G and H). Details are described in the legend to Fig. 2.

TKDVAGLENDP

quence-variable regions. This observation supports the con-

cept that amino acid variability in this protein is due to
selective pressure imposed by the immune system. It was
also observed in many other proteins that surface-exposed
regions with great sequence variability are generally more
immunogenic. Complete overlapping hexapeptides covering
the four VDs from seven different MOMPs (a total of 28
sequences) were assayed with rabbit antisera to identify the
corresponding antigenic determinants. Among the identified
61 antigenic sites, the determinant length ranged from two to
six residues with an average of five residues, although the
maximum length was limited to six residues because
hexapeptides were used. However, our observation is simi-
lar to what Appel et al. (3) found in the antigenicity study of
oncogene products. The absorption experiments revealed
distinctly different distribution patterns of surface-exposed
determinants among MOMPs from different serovar. Gener-
ally, B serogroup MOMPs have VDII and N-terminal re-
gions of VDIV surface exposed, whereas C serogroup MO-
MPs have VDI, VDIII, and C-terminal regions of VDIV
surface exposed. The LGV serovar L2 has the most surface-
exposed regions, which might correlate with its high immu-
nogenicity and invasiveness. These results may be important
in selecting a vaccine candidate sequence, since the surface
exposure of epitopes on the native organisms is a prerequi-
site for designing neutralizing antigenic targets. A total of
615 amino acids in 28 sequences were analyzed, and 218
amino acids were found to occur at least once in antigenic
determinants. The two negatively charged residues aspartic
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minant and key binding residues for peptide KDVAGLE. (A) Over-
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DVAGL; (B) individual substitution analogs of peptide KDVAGLE in
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FIG. 5. Systematic approach for identifying the antigenic deter-
minant and key binding residues for the peptide LNPTI with
antiserum R,A. Figures are shown in the same pattern described in
the legend to Fig. 4.

acid and glutamic acid and the neutral residue serine ap-

peared most often in the determinant regions. The two
positively charged residues lysine and arginine and the
neutral residues alanine and proline were found least often.
Since the sample size in our study is limited, we cannot
exclude the potential importance of less-common residues in
constituting antigenic sites. Interestingly, Geysen et al. (8)
had a similar finding in an independent system. They found
that the highest overall propensity factor belongs to glutamic
acid, whereas arginine has the lowest frequency of appearing
in antigenic sites.
We used alanine substitution analogs to characterize anti-

genic determinants. Alanine has one methyl group as its side
chain and does not exhibit preference with respect to the
surface or interior location in a protein. Substituting alanine
for each residue of the original peptide will maintain the main
chain structure while minimizing potential conformational
changes in the new analogs. Overlapping hexapeptide pro-

files showed that all 61 antigenic determinants were se-

quence-continuous determinants, in which each residue ap-
peared to be essential to binding (Table 1). Alanine
substitution analogs of 13 selected antigenic determinants
produced different profiles, in which some residues could be
replaced by alanine without loss of antibody recognition
(Fig. 2 to 5). This suggests that amino acid residues at these
positions may be necessary only to maintain the overall
spacing and that the side chains of residues in these positions
are neither specific nor strongly involved in antibody bind-
ing. Replacement of other residues in antigenic determinants
with alanine resulted in complete loss of antibody binding.
These results suggest that nonsubstitutable residues are very
specific to antibody binding. Alanine substitution profiles
provided finer resolution of antigenic determinants than did
complete overlapping hexapeptide profiles.
Two types of antigenic determinants were identified with

alanine substitution analog analysis. Five of 13 determinants
had their critical residues in a sequence-continuous format;

examples are determinant DAADL with antiserum R,H and
determinant EFPLD with R21 (Fig. 2). Eight antigenic deter-
minants had critical residues alternated with substitutable
residues. Examples are DPT, AGTD, ITAGTE, and KGS
VVS (Fig. 3). Therefore, alanine substitution provided a
much more detailed analysis of antigenic epitopes than did
overlapping peptides.
Two immunodominant epitopes were subject to complete

amino acid replacement study. One (KDVAGLE) is from
VDI of C. trachomatis serovar I MOMP, and another
(TTLNPTIAG) is conserved in VDIV from all C. trachoma-
tis serovars. Complete replacement analysis for both deter-
minants showed that the replacement of residues outside the
antigenic determinant as defined by overlapping hexapep-
tides failed to alter antibody recognition (12). In the antigenic
determinant DVAGL, the C-terminal leucine was the least
specific residue for peptide-antibody interaction, since 12 of
19 other amino acids could substitute for leucine without
significantly affecting binding activity (Fig. 4B). However,
leucine still remained important for antibody R21 binding to
this antigenic determinant, since the hexapeptide TKDVAG
missing leucine failed to bind antiserum R21 (Fig. 4A). This
suggests that leucine may serve as a spacer for the peptide-
antibody interaction. Conservative replacement of aspartic
acid with asparagine resulted in analogs that retained about
80% of their binding ability, which suggests that the size and
shape rather than the charge of the aspartic acid side chain
contribute to the specificity of Ag-Ab interaction. Residues
valine, alanine, and glycine are extremely specific in this
antigenic determinant, since no other amino acid could
substitute without reducing binding activity. Overall, this
antigenic determinant has its critical residues adjacent to
each other and consists mainly of small residues.

Determinant NPTI was generally less specific than
DVAGL since each residue in this determinant could be
replaced with several other residues. Proline was the least
specific residue in this determinant since it could be substi-
tuted by any amino acid except the two positively charged
residues, histidine and lysine. Proline may function as a
spacer rather than offering specificity. Asparagine could be
replaced with the three aromatic acids, phenylalanine, tryp-
tophan, and tyrosine. It is unclear why aromatic residues
rather than structurally similar residues such as aspartic acid
could substitute asparagine without loss of binding ability.
Perhaps this peptide-antibody interaction is dominated by
hydrophobic forces. Threonine is only tolerant to conserva-
tive replacement with serine, which suggests that hydrogen
bond formation by the threonine side chain might contribute
to the specificity of the peptide-antibody interaction. Isoleu-
cine could be replaced with the aromatic residues phenylal-
anine and tyrosine, again suggesting the dominance of hy-
drophobic forces in the peptide-antibody interaction.
Isoleucine could be also replaced with the other two
branched side chain residues leucine and valine, which
suggests the importance of the rigidity of the isoleucine side
chain in maintaining binding. Overall, complete replacement
analysis revealed that antigenic determinant NPTI has its
critical residues alternated by replaceable spacer residues.
Hydrogen bond and hydrophobic interaction may be the
main factors determining this peptide-antibody interaction
specificity.
When comparing complete replacement profiles of deter-

minant DVAGL with those of determinant NPTI, it is
apparent that both determinants consist of small residues
with a motif of rigid residues (V, I, or L) plus a small
nonpolar residue plus a proline or glycine in which charge
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formation may be less important than hydrogen bond forma-
tion and hydrophobic interactions in maintaining the pep-
tide-antibody binding. Yet complete replacement profiles of
these two determinants are distinctly different. DVAGL has
its critical residues in a continuous sequence and is highly
sensitive to substitutions, whereas NPTI has its critical
residues distributed discontinuously and is more tolerant to
residue substitutions. This suggests that there may be a
correlation between sequence conservation and tolerance to
amino acid substitution, since the highly conserved (con-
served among only 15 C. trachomatis serovars) NPTI is
much more tolerant to amino acid substitution than the
relatively less conserved DVAGL determinant (conserved
among only 4 serovars). This potentially explains the para-
doxical observation of the high immunogenicity of the NPITI
epitope despite its limited sequence diversification. Even
within the determinant DVAGL, a correlation between
substitution tolerance and amino acid conservation was
observed. D and L are conserved among the seven serovars
and are tolerant to at least some substitution, whereas V, A,
and G are less conserved (with V found in six serovars and
A and G found in five serovars) and are completely intolerant
to substitution. Conservation of amino acid sequence in
surface-exposed regions of MOMP seems to correlate with
tolerance to amino acid substitution in antigenic analysis. As
the degree of conservation grows, the sequence is more
tolerant to substitution. The significance of this correlation is
as yet unknown, but it may have evolutionary significance.
Tolerant, conserved antigenic sequences may represent an-
cestral MOMP sequences nonselectable by the immune
system; intolerant variable sequences may represent junior
sequences more recently selected by the immune system.
However, more sequences in a wider range of systems need
to be analyzed in similar ways in order to confirm our
hypothesis.
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