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Enzymes and Protein
Markers

Anti-Free Prostate-specific Antigen Monoclonal
Antibody Epitopes Defined by Mimotopes and
Molecular Modeling
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Background: Prostate-specific antigen (PSA) is an im-
portant marker for the diagnosis and management of
prostate cancer, and the free PSA/total PSA ratio has
been shown to be efficient for distinguishing prostate
cancer from benign prostatic hyperplasia. We report
here the characterization of seven mouse monoclonal
antibodies (mAbs) and the partial localization of two
conformational epitopes identified by anti-free PSA
mAbs.

Methods: The mAbs were studied by competition and
sandwich assays, and the epitope localization of the two
anti-free PSA mAbs (6C8D8 and 5D3D11) was per-
formed using phage displayed peptide libraries and
molecular modeling,.

Results: The seven mAbs were classified into three
groups according to their recognition specificities and
their ability to inhibit the enzymatic activity of PSA and
the formation of PSA-a;-antichymotrypsin (ACT) com-
plex. Among the anti-free PSA mAb group, 6C8D8
recognized the phage displayed peptide RKLRPHWLH-
FHPVAYV, two parts of which presented similarities
with two regions distant on the PSA sequence but
joined in the tridimensional structure. mAb 5D3D11
recognized the peptide DTPYPWGWLLDEGYD, which
is similar to a PSA region located on the board of the
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groove containing the PSA enzymatic site. Both epitopes
were located in the theoretical ACT binding site de-
scribed previously. Moreover, these mAbs were able to
inhibit the enzymatic activity of PSA.

Conclusions: These epitope localizations are in agree-
ment with the ability of both mAbs to inhibit enzymatic
activity and ACT fixation. The results presented here
could bring information for the generation of clinically
relevant PSA assays.

© 1999 American Association for Clinical Chemistry

Prostate-specific antigen (PSA),* a 237-amino acid glyco-
protein (33 kDa) that belongs to the kallikrein serine
protease family (1), is produced in the secretory epithe-
lium of the prostate gland. PSA, also called human
glandular kallikrein 3 (2), is released physiologically from
the prostate into seminal fluid at concentrations of 0.2-5
g/L (3), whereas in the serum of healthy males, PSA was
found in concentrations lower than 2.5 pug/L (4). During
prostate cancer, PSA enters into the circulation, leading to
increased PSA concentrations in the blood (5). Therefore,
the measurement of serum PSA appears to be an impor-
tant marker for the diagnosis and management of prostate
cancer. PSA increases in serum can also be seen in patients
with bacterial prostatitis or benign prostatic hyperplasia
(BPH).

PSA exists in serum in different molecular forms that
can be measured separately and contribute to discrimina-
tion between BPH and prostate cancer. In serum, PSA
forms stable complexes with several extracellular protease

4 Nonstandard abbreviations: PSA, prostate-specific antigen; BPH, benign
prostatic hyperplasia; ACT, «;-antichymotrypsin; A2M, a,-macroglobulin;
f-PSA, free PSA; t-PSA, total PSA; mAb, monoclonal antibody; PBS, phosphate-
buffered saline; PBS-T, PBS-Tween 20; BSA, bovine serum albumin; TBS,
Tris-buffered saline; and TBS-T, TBS-Tween 20.
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inhibitors, predominantly «;-antichymotrypsin (ACT)
and ay,-macroglobulin (A2M), referred as serpins. This
causes the inactivation of the chymotrypsin-like activity
of PSA (6). PSA-ACT is the predominant immunoreactive
form in serum and can be detected in substantial amounts
(7). The conditions commonly used in laboratory and
commercial immunoassays do not permit the detection of
PSA-A2M because PSA is completely encompassed in the
720-kDa A2M molecule. However, the PSA-A2M complex
can be measured by the use of immunological methods as
described by Espana et al. (8). Nevertheless, although the
concentrations of A2M and ACT in the blood are suffi-
cient to complex most of the PSA, there is a small
immunoreactive fraction that represents free PSA (f-PSA).
f-PSA may be an altered form that has lost its ability to
bind serum inhibitors (9).

Several studies have shown that the ratio of {-PSA to
total PSA (t-PSA; i.e., free + ACT-bound PSA) is lower in
prostate cancer patients than in BPH patients (9, 10).
Furthermore, clinical studies have confirmed the effi-
ciency of using this ratio to distinguish prostate cancer
from BPH patients, particularly in the diagnostic gray
zone of 4-10 ug/L, where PSA concentrations overlap for
cancer and non-cancer diseases (11-14). However, one of
the major problems is related to the specificity of the
anti-PSA antibodies used in the current PSA commercial
reagents (15). These antibodies should not cross-react
with anti-hK2 antibodies, directed against human kal-
likrein 2, a protein homologous to PSA (16). Moreover,
antibodies specific for t-PSA should recognize f-PSA as
well as ACT-bound PSA on an equimolar basis.

To develop immunoassays for a differential diagnosis
between prostate cancer and BPH, we raised anti-PSA
mouse monoclonal antibodies (mAbs) and mapped their
epitopes. We report here the characterization of three
anti-f-PSA and four anti-t-PSA mAbs that facilitate the
localization of antigenic determinants on the PSA mole-
cule that discriminate either f-PSA or PSA-ACT and thus
aid the selection of specific mAbs. We studied two non-
overlapping epitopes specifically recognized by two anti-
f-PSA mAbs, using phage displayed peptide library tech-
nology. We used molecular modeling to localize these
epitopes on the tridimensional representation of the PSA
molecule, described previously by Villoutreix et al. (17).

Materials and Methods
BIOLOGICAL MATERIAL
The PSA used in this study was of seminal origin and was
supplied by Scipac. ACT and PSA-ACT complex were
obtained from Scripps Laboratories.

mAbs

BALB/c JYco female mice, ages 4—6 weeks (IFFA Credo)
were immunized by intraperitoneal injection with 15 ug
of purified PSA emulsified with an equal volume of
Freund’s complete adjuvant, followed by five injections
with incomplete adjuvant every 2 weeks. Four days after

the last injection, spleen cells were harvested and fused
according to Kohler and Milstein (18,19) with the Sp
2/0-Ag14 mouse myeloma cell line. After the cells were
grown for 12-14 days, the culture supernatants were
screened with an ELISA in which the solid phase was
coated with the antigen used for immunization. Positive
colonies were subcloned twice by limiting dilution. As-
citic fluids were obtained from mice primed with a 0.5-mL
intraperitoneal injection of Pristane and then injected with
10° hybridoma cells. IgG antibodies were purified on a
Protein A-Sepharose 4FF column, according to the in-
structions of the manufacturer (Pharmacia).

BIOTINYLATION OF mAbs

Purified mAbs were biotinylated using sulfo-NHS-
LC-biotin (Merck), according to the method of Gretch
et al. (20).

ELISA CHARACTERIZATION OF ANTI-PSA mAbs

Nunc 96-well plates (Nunc) were coated with 100 uL of 1
mg/L PSA or PSA-ACT complex in 0.05 mol/L carbonate
buffer, pH 9.6. After incubation overnight at room tem-
perature, the plates were washed three times with phos-
phate-buffered saline (PBS; 50 mmol/L phosphate buffer,
pH 7.2, 150 mmol /L NaCl) containing 0.5 mL/L Tween 20
(PBS-T), and blocked for 1 h at 37 °C with PBS containing
10 g/L lyophilized milk extract. After the plates were
washed a second time with PBS-T, 100 uL of ascitic fluid
supernatant diluted 1:10 to 1:10° in PBS-T was added and
incubated for 1 h at 37 °C. The plates were washed with
PBS-T, and 100 pL of alkaline phosphatase-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch Labora-
tories) was added at a 1:2000 dilution in PBS-T containing
10 g/L bovine serum albumin (BSA; Sigma). The plates
were incubated for 1 h at 37 °C and then washed again
with PBS-T. The substrate, a solution of p-nitrophenyl-
phosphate (Sigma), was added for 30 min. Enzymatic
activity was blocked with 1 mol/L NaOH, and the absor-
bance was measured at 405 nm with an ELISA plate
reader (bioMérieux).

EQUIMOLARITY OF RECOGNITION OF f-PSA AND
PSA-ACT

The equimolarity of f-PSA and PSA-ACT recognition was
determined in a sandwich assay by use of the mAb to be
studied and a goat anti-PSA polyclonal antibody. ELISA
plates were coated with 100 uL of goat anti-mouse IgG
(Jackson ImmunoResearch) at a 1:2000 dilution in 0.05
mol/L carbonate buffer, pH 9.6. After incubation over-
night at room temperature, the plates were washed three
times with PBS-T and blocked for 1 h at 37 °C as described
above. The plates were washed with PBS-T, and 100 uL of
ascitic fluid supernatant diluted 1:10 to 1:10° in PBS-T was
added and incubated for 1 h at 37 °C. After the plates
were washed with PBS-T, 100-uL aliquots of mixtures
containing different ratios of PSA and PSA-ACT (10:90,
50:50, or 90:10) at a final PSA concentration of 1 mg/L
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were added and incubated for 1 h at 37 °C. The plates
were washed and then incubated with an alkaline phos-
phatase-conjugated goat anti-PSA polyclonal antibody
(Scantibodies Laboratories) at a 1:200 dilution in PBS-T
containing 10 g/L BSA for 1 h at 37 °C. The plates were
then washed, developed, and read as described above.
The mAb recognition was considered equimolar if the
assay gave the same molar response for f-PSA and PSA-
ACT.

SODIUM DODECYL SULFATE-POLYACRYLAMIDE GEL
ELECTROPHORESIS AND WESTERN BLOTTING

PSA and PSA-ACT were separated on 12% sodium dode-
cyl sulfate-polyacrylamide gels as described by Laemmli
(21). Samples were denatured before electrophoresis non-
reducing conditions (with Laemmli buffer) or under re-
ducing conditions (with Laemmli buffer containing 140
mmol/L B-mercaptoethanol). After separation, the pro-
teins were transferred to polyvinylidene fluoride mem-
branes (Millipore), according to the method of Towbin et
al. (22), and blocked with 50 g/L nonfat milk in Tris-
buffered saline (TBS; 20 mmol/ L Tris, pH 7.5, 500
mmol/L NaCl) for 2 h at room temperature. Anti-PSA
mAbs diluted to a final concentration of 10 mg/L in
TBS-milk containing 0.5 mL/L Tween 20 (TBS-T-milk)
were incubated with the membranes overnight at 4 °C.
The membranes were then washed three times with TBS-T
and incubated with alkaline phosphatase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch) at a 1:5000
dilution in TBS-T-milk (1 h, room temperature). After the
membranes were washed twice with TBS-T and once with
borate buffer (31.5 mmol/L borate, pH 9.7, 10 mmol/L
MgSQ,), the staining was developed by incubating the
membranes 2 min with substrate solution (0.5 g/L
B-naphthyl acid phosphate and 0.5 g/L tetrazotized o-
dianisidine in borate buffer). The membranes were then
rinsed with distilled water and dried at 37 °C.

EVALUATION OF KINETIC CONSTANTS OF mAbs

The binding of mAbs to PSA was measured by BlAcore
analysis with the Fab’ forms of the mAbs to avoid the
experimental and computational problems associated
with the use of bidendate ligands, which has been de-
scribed previously (23,24). All experiments were per-
formed on a BIAcore 1000 instrument (Pharmacia Biosen-
sor), according to the manufacturer’s instructions. PSA
was immobilized via the primary amine groups as de-
scribed previously (25), using N-hydroxysuccinimide/N-
ethyl-N'(3-diethylaminopropyl)carbodiimide coupling re-
agents, to a final resonance value of 294 resonance units.
HEPES-buffered saline [10 mmol/L HEPES, pH 7.4, 150
mmol/L NaCl, 3.4 mmol/L EDTA, 0.05 mL/L P20 (Phar-
macia)] was used as the running buffer at a flow rate of 5
uL/min. Each Fab’ form of a mAb was diluted to 0.7-435
nmol/L in buffer. After injection, the flow of the running
buffer was established to allow observation of the disso-
ciation of bound PSA. The association and dissociation

rates of each mAb were determined using BIAevaluation,
Ver. 2.1 (Pharmacia Biosensor), according to methods
described previously (26). The affinity was calculated as
follows: K, = association rate (k,)/dissociation rate (k),
and expressed in L/mol.

COMPETITIVE ELISA FOR mAbs

ELISA plates were coated with 100 uL of 2 mg/L PSA in
0.1 mol/L carbonate buffer, pH 8.3. After incubation for
2 h at 37 °C, the plates were washed four times with PBS-T
and blocked for 2 h at 37 °C with PBS containing 100
mL/L goat serum (PBS-goat serum). The plates were
washed with PBS-T, and 100 uL of the first native anti-
PSA mAb at a concentration of 50 mg/L in PBS-T-goat
serum was added and incubated for 2 h at 37 °C. After the
plates were again washed with PBS-T, 100 uL of the
second biotinylated anti-PSA mAb diluted to 2-100 ug/L
in PBS-T-goat serum was added and incubated for 2 h at
37 °C. The plates were washed with PBS-T, and 100 uL of
peroxidase-conjugated streptavidin (Jackson Immuno-
Research) was added at a 1:5000 dilution in PBS-T-goat
serum. The plates were incubated for 1 h at 37 °C and then
washed with PBS-T. The plates were developed using a
commercial color kit (bioMérieux) containing o-phenyl-
enediamine and hydrogen peroxide. After a 10-min incu-
bation, the reaction was stopped with H,SO,, and the
plates were read at 492 nm with an ELISA plate reader.
The values were expressed as the mean absorbance values
of triplicate measurements.

SANDWICH ASSAYS

Sandwich assays experiments were performed using an
automated quantitative enzyme-linked fluorescent assay
developed on the VIDAS analyzer (bioMérieux) (27, 28).
The two-step capture/tag test relies on two mAbs, the
second one being labeled with alkaline phosphatase as
described previously (29).

PHAGE PENTADECAPEPTIDE LIBRARIES

Two filamentous pentadecapeptide phage libraries were
kindly provided by Prof. George Smith, Division of Bio-
logical Sciences, University of Missouri, Columbia, MO
(30). The libraries were constructed as follows.

The 15merVIII library was constructed in vector f88—4.
A 330-bp noncoding region of fd-tet was replaced with a
synthetic version of the major coat protein gene VIIIL.
Thus, 15merVIII had two VIII genes in the same genome,
of which one was wild-type and the other the foreign
15-mer residues. The numbers of primary clones and
transductant clones amplified were 2 X 10° and 2.2 X 10'2,
respectively. The concentration of phage particles was 1 X
10" virions /L.

The 15merlll library was constructed in vector fUSES.
This vector differs from fd-tet in having two Sfil sites
along with a frameshift mutation engineered into gene III
just downstream of the signal sequence. The library was
constructed by splicing degenerate oligonucleotide inserts
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into the Sfil sites. The inserts restored the reading frame,
leading to a recombinant gene-III protein (plIl) that was
incorporated as a ring of five molecules at one tip of the
virion. The numbers of primary clones and transductant
clones amplified were 2 X 10° and 3.2 X 10", respectively.
The concentration of phage particles was 1 X 10"
virions/L.

AFFINITY PURIFICATION OF THE PHAGES

Biopannings of phages were performed according to
published protocols (30-32) with some modifications.
The screening of the two libraries was performed using
the same protocol. Briefly, 10 ug of biotinylated anti-f-
PSA IgG was coupled to 35-mm polystyrene Petri dishes
(Falcon) coated with 10 ug of streptavidin. The dish was
incubated overnight at 4 °C and washed six times with
TBS-T. In the first round of biopanning, 10'? phages from
the initial library were allowed to react with the dish-
bound IgG for 4 h at 4 °C while the plate was rocking. The
unbound phages were removed by repetitive washes with
TBS-T. The bound phages were then eluted from the dish
with 0.1 mol/L HCI, pH 2.2, containing 1 g/L BSA and 0.1
g/L phenol red and were amplified by infecting Esche-
richia coli K91 Kan cells, as described previously (31). In
the second, third, and fourth rounds of biopanning, 20%
of the amplified phages from the preceding round were
preincubated with 100, 10, and 1 nmol/L, respectively, of
the biotinylated anti-f-PSA mAb overnight at 4 °C before
being added to the 35-mm polystyrene Petri dish coated
with 10 ug of streptavidin. The procedure was then
identical to the first round.

CLONE SELECTION

Phage eluates from the last round of biopanning were
cloned as described previously (30, 31) and propagated in
overnight cultures (1.7 mL) of infected K91 Kan cells.
After the cells were removed, phages from the superna-
tants were precipitated twice with polyethylene glycol
and then dissolved in 200 uL of TBS as reported previ-
ously (30).

DNA SEQUENCING

Single-stranded DNA was prepared from the purified
phages as described by Sambrook et al. (33). The nucleo-
tide sequences of the gene VIII or gene III inserts were
determined according to the modified method of Sanger
et al. (34) with an Applied Biosystems DNA sequencer
(Model 373A; Perkin-Elmer), using the Taq DyeDeoxy™
Terminator Cycle Sequencing Ready kit (Perkin-Elmer).
Cycle sequencing was performed with either the primer 5’
HO-TGAAGAGAGTCAAAAGCAGC-OH 3" or the
primer 5" HO-CCCTCATAGTTAGCGTAACG-OH 3’ cor-
responding, respectively, to either the wild-type phage f1
gene VIII sequence or the fUSE5 gene III sequence. The
amino acid sequence was deduced from the nucleotide
sequence.

ELISA USING SUPERNATANT PHAGES

The plates were coated with 100 pL of native anti-f-PSA
mAD (used for screening the library) at a concentration of
10 mg/L in PBS by incubation for 2 h at 37 °C and washed
four times with TBS-T. The plates were then blocked with
TBS containing 10 g/L BSA for 2 h at 37 °C and washed
with TBS-T, after which 100 uL of supernatant containing
phages diluted in TBS was added to the wells. After the
plates were incubated overnight at 4 °C, unbound phages
were removed by four washes with TBS-T. Bound phages
were detected in a sandwich assay with 100 uL of a
biotinylated sheep antibody to M13 phage (5Prime —
3Prime) at a 1:5000 dilution in TBS-T-BSA for 2 h at
37 °C, and a peroxidase-conjugated streptavidin (Jackson
ImmunoResearch) at a 1:5000 dilution in TBS-T-BSA for
1 h at 37°C. The plates were developed and read as
described above. The values were the mean absorbance
values of triplicate measurements.

SEQUENCE ANALYSIS

The amino acid sequences of peptides and PSA were
compared by use of the MacVector, Ver. 4.5 software
(Kodak). Basically, the regions of highest similarity were
detected with the LFASTA program, which tentatively
searches for best local identities (35). The PSA sequence
was obtained from the literature (36,37). Some of the
highest hits are indicated in Fig. 3.

MOLECULAR DISPLAY

The tridimensional structure of PSA was obtained from
the Protein Data Bank (PDB code, 1PFA.PDB). The visu-
alization of the molecule was performed with the help of
the RASMOL program (38). The putative conformational
epitopes were investigated on the basis of the proximity
of their amino acids and on immunological data.

PEPTIDE SYNTHESIS

Peptide synthesis was carried out as described previously
(39). Biotinylation of peptides was selectively performed
at the N-terminal end after deprotection of the last cou-
pled amino acid fluorenyl methyloxycarbonyl group ac-
cording to Deibel et al. (40).

ASSAYS WITH SYNTHETIC PEPTIDES

ELISA plates were coated with 100 uwL of 10 mg/L native
5D3D11 or 6C8D8 in PBS. After incubation overnight at
4 °C, the plates were washed four times with PBS-T and
blocked for 2 h at 37 °C with PBS-goat serum. The plates
were washed with PBS-T, and 100 uL of PSA diluted to
0.02-1 mg/L in PBS-T-goat serum was added and incu-
bated 2 h at 37 °C. The plates were washed with PBS-T,
and 100 pL of biotinylated peptide diluted to 10-100
mg/L in PBS-T-goat serum was added. The plates were
washed with PBS-T, incubated with peroxidase-conju-
gated streptavidin, developed, and read as described
above. The values were expressed as the mean absorbance
values of triplicate measurements, and the standard de-
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viation was calculated. The inhibition of peptide binding
to its corresponding mAb by PSA was calculated as
follows: 1 — (absorbance obtained in the presence of
PSA /absorbance obtained in the absence of PSA), and
expressed as a percentage.

DETERMINATION OF PSA ENZYMATIC ACTIVITY

The PSA enzymatic activity was determined by hydroly-
sis of the substrate MeO-Suc-Arg-Pro-Tyr-pNA - HCI (S-
2586; Chromogenix AB) at the final concentration of 5
mmol/L in 50 mmol/L Tris-HCl, pH 7.8, 0.1 mol/L NaCl
(6). Hydrolysis was measured at 405 nm in an ultraviolet
recording spectrophotometer (Beckman DU62). All reac-
tions were performed at 37 °C and initiated by the addi-
tion of 5 ug of PSA. The absorbance was monitored for
30 min.

INHIBITION OF PSA-ACT COMPLEX FORMATION BY
ANTI-f-PSA mAbs

ELISA plates were coated with 100 uL of 5 mg/L native
anti-t-PSA mAb in PBS for 2 h of incubation at 37 °C and
blocked with PBS-goat serum as described above. The
plates were then washed four times with PBS-T, and 100
pL of 1 mg/L PSA in PBS-T-goat serum was added. After
incubation overnight at 4 °C, the plates were washed four
times with PBS-T, and 100 uL of 10 mg/L native anti-f-
PSA mAb in PBS-T-goat serum was added and incubated
for 15 min at 37 °C. After the plates were washed with
PBS-T, 1 mg/L ACT in PBS-T-goat serum was added and
incubated for 2 h at 37 °C. The plates were washed with
PBS-T, and 100 pL of a 1:2000 dilution of rabbit anti-
human ACT (Dako) in PBS-T-goat serum was added.
After incubation for 2 h at 37 °C, the plates were washed
with PBS-T, and 100 uL of a 1:5000 dilution of peroxidase-
conjugated goat anti-rabbit IgG (Jackson Immuno-
Research) in PBS-T-goat serum was added. The plates
were incubated for 1 h at 37 °C and then washed with
PBS-T before being developed and read as described
above. The values were expressed as the mean absorbance
values of triplicate measurements. For each anti-t-PSA
mAb-captured PSA, the complex formation in the absence

of the second mAb corresponded to a relative 100%
calibrator calculated as follows: mean absorbance ob-
tained in the presence of ACT — mean absorbance ob-
tained in the absence of ACT. This formula allowed the
subtraction of the background attributable to the cross-
reactivity between the anti-rabbit mAb and mouse mAbs.
In the presence of a second mAb, the residual complex
formation was determined using the same calculation and
expressed as a percentage of the relative 100% calibrator.
The assay was performed in the presence of goat serum as
diluent. The possible presence of goat-serpin complexes
that could interfere with the formation of the PSA-human
ACT complex was ruled out by verification that the goat
serum had no effect on the PSA proteolytic activity,
determined as described above.

Results

CHARACTERIZATION OF ANTI-PSA mAbs

Seven anti-PSA mAbs were characterized for their speci-
ficity against the different forms of PSA. The affinity
constants of the Fab’ forms of these mAbs against PSA,
measured by the biosensor technology, ranged from 6 X
10% to 8 X 10° L/mol, except for 5D3D11, the affinity of
which was <107 L/mol. As shown in Table 1, three mAbs
bound only to f-PSA and thus could be considered as
anti-f-PSA-specific, whereas four mAbs recognized both
f-PSA and PSA-ACT. None of the tested mAbs were able
to recognize ACT alone: the four anti-t-PSA mAbs that
bound to PSA-ACT were specifically directed against
PSA. However, when tested in sandwich assays with
various ratios of PSA and PSA-ACT, only two of these
mAbs (5D5A5 and 11E5C6) recognized PSA and PSA-
ACT in equimolar amounts, whereas 5C10D9 and 7F2F2
bound more strongly to f-PSA than to PSA-ACT. Western
blot experiments showed that under reducing conditions,
PSA was not recognized by the three anti-f-PSA mAbs,
indicating that the PSA three-dimensional structure main-
tained by five disulfide bridges was necessary for the
antigen-mAb interaction. On the other hand, the four
anti-t-PSA mAbs still recognized PSA under the same
conditions. However, after limited proteolysis of PSA by

Table 1. Characterization of anti-PSA mAbs.

ELISA recognition against?

mAb PSA PSA-ACT ACT
6C8D8 ++ - -
5D3D11 ++ - -
12E6H9 ++ - -
5C10D9 ++ + -
TF2F2 ++ + -
5D5A5 ++ ++ -
11E5C6 ++ ++ -

Western blot recognition against”

Reduced PSA

Affinity constant®
against PSA, L/mol

6 x 108
<107
2 X 10°
ND
1 % 10°
8 x 10°
2 x 10°

Nonreduced PSA
- +

+ o+ o+
+ 4+ + + +

+

+

2 Specificity of anti-PSA mAbs was determined by ELISA as described in Materials and Methods. Equimolar recognition of f-PSA and PSA-ACT was determined in
sandwich assays with various ratios of PSA and PSA-ACT as described in Materials and Methods.

b Immunoreactivity of anti-PSA mAbs against PSA under reduced or nonreduced conditions was determined by Western blot as described in Materials and Methods.

¢ Affinity constants of mAbs against PSA were determined by BlAcore analysis as described in Materials and Methods.
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Table 2. Competition? of mAbs with themselves.

Inhibition of binding of second mAb,” %

Second biotinylated mAb

First mAb 6C8D8 5D3D11 12E6H9 5C10D9 7F2F2 5D5A5 11E5C6
6C8D8 68 5 62 12 20 0° 6
5D3D11 0° 68 0° 0° 0° 13 3
12E6H9 83 75 64 17 48 0° 0°
5C10D9 0° 0° 63 90 73 19 11
TF2F2 89 0° 84 51 78 0° 9
5D5A5 0° 0° 0° 96 0° 87 74
11E5C6 0° 0° 0° 0° 0° 32 87

2 ELISA was performed as described in Materials and Methods with the seven mAbs described in Table 1.

> The inhibition percentage was calculated as follows: {1 — [(@bsorbancemapi+mape — @DSOIDANCELAL1 +control buffer)/(BDSODANCE ontrol buffer+mab2 —

absorbance )]} X 100.

mAb1+control buffer’

¢ For percentages less than 0%, the first mAb increased the fixation of the second.

trypsin, a-chymotrypsin, clostripain, or V8 protease, the
resulting PSA proteolytic fragments were not immuno-
reactive as evidenced by Western blot analysis under reduc-
ing as well as nonreducing conditions (data not shown).
Furthermore, as had also been observed by Piironen et al.
(41) with their own mAbs, these mAbs were not able to
recognize overlapping 9-mer peptides reproducing the lin-
ear PSA sequence (data not shown). Thus, these mAbs could
also bind to a conformational epitope not destroyed when
PSA was reduced in a-helix or B-layers.

COMPLEMENTARITY OF mAbs

According to competition experiments (Table 2) and sand-
wich assays (Table 3) using different mAb couples,
6C8D8, 5D3D11, and 12E6H9 did not inhibit the binding
of 5D5A5 and 11E5C6. Thus, these different mAbs could
represent two nonoverlapping groups of epitopes.
Among the anti-f-PSA mAbs, the 6C8D8 and 12E6H9
epitopes appeared close to each other but different from
the 5D3D11 epitope. Among the anti-t-PSA mAbs, 5D5A5
and 11E5C6 seemed to be similar but not identical.
However, on the basis of their respective patterns of
complementarity and competition, 5C10D9 and 7F2F2
were different from any of the other mAbs.

DETERMINATION OF 6C8D8 EPITOPE BY USE OF PHAGE
DISPLAYED PEPTIDE LIBRARIES

The mAb 6C8D8 (anti-f-PSA IgG) was used for screening
the 15merlll phage library. After four rounds of biopan-
ning, 72 clones of phages were isolated, their DNA was
sequenced, and the motif amino acid sequences were
deduced. As shown in Table 4, the isolated clones were
separated into four groups. Group A contained the major
selected motif (RKLRPHWLHFHPVAYV), found with a
frequency of 49%, and six peptides (clones A2 to A7) that
differed from RKLRPHWLHFHPVAV by only a few
amino acids. Group B contained the second major selected
motif (RNVPPIENDVYRIAF) as well as another homolo-
gous peptide (clone B2). Group C represented a 5X
selected motif (WKWRHRIPLQLAAGR). In the last
group, 18 motifs were selected only once and did not
present any similarity with peptides from the other
groups. Thus, these motifs were no longer studied.
Phages displaying the same motif were pooled, and each
motif was tested by ELISA for its immunoreactivity with
6C8D8 (Fig. 1). The highest signal of positivity (absor-
bance of 2.090) was obtained with the major motif of
group A clones (RKLRPHWLHFHPVAYV), whereas the

Table 3. Complementarity of mAbs.?

Second alkaline phosphatase-conjugated mAb

First mAb 6C8D8 5D3D11 12E6H9 5C10D9 7F2F2 5D5A5 11E5C6
6C8D8 - + - - - +++ +++
5D3D11 ++ - + ++ ++ +++ +++
12E6H9 + + — + — 44+ 44+
5C10D9 ++ ++ + — + — 4+ 4+
TF2F2 + ++ - + - +++ +++
5D5A5 +++ +++ +++ — +++ - —
11E5C6 +4++ +++ +4+ +44 +4++ + -

2 Enzyme-linked fluorescent assay was performed using VIDAS technology (bioMérieux) with the seven mAbs described in Table 1.

b Binding of the second mAb: +++, strong; ++, good; +, weak; —, no binding.
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Table 4. Clones isolated by screening the 15merlll phage
displayed peptide library with 6C8D8 (anti-f-PSA mAb).
Name of clone

Amino acid sequence No. of clones

Al RPKLRPHWLHFHPVAYV 35 0of 72
A2 RKKRRHWIHFHPVAYV 10of 72
A3 RKLRPHRLYFHPEGV 10of 72
A4 WKLRPHRLHFHRVAV 10of 72
A5 RKRRLHRLHYHRAAG 10of 72
A6 RKVRPHWIDFHPVAYV 10of 72
A7 RKFRRHNLYGHPERE 10of 72
B1 RNVPPIFNDVYRIAF 7 of 72
B2 RNVLLICIDGYWSAF 10of 72
c1 WKWRHRIPLQLAAGR 50f 72
1-18° 18 of 72
Total 72 of 72

2 Amino acid homologies within group A are underlined.
b Clones with no amino acid homologies with groups of clones A, B, or C, and
found in only one example.

signal was lower with the seven other group A motifs
(0.955 < absorbance < 1.770).

DETERMINATION OF 5D3D11 EPITOPE BY USE OF PHAGE
DISPLAYED PEPTIDE LIBRARIES

The mAb 5D3D11 (anti-f-PSA IgG) was used for screening
the 15merVIII phage library, using the same approach.
After four rounds of biopanning, 36 clones of phages were
isolated, their DNA was sequenced, and the motif amino
acid sequences were deduced (Table 5). Three motifs
(clones 1, 2, and 3) were found in several examples (5, 3,
and 2 clones each, respectively). Other motifs were found
in only one example and did not display any similarity
with the previous motifs. Phages displaying the same
motif were pooled, and each different motif was tested by
ELISA for its immunoreactivity with 5D3D11 (Fig. 2). The
motif that gave the highest signal of positivity was clone
2 (DTPYPWGWLLDEGYD; absorbance, 1.622), although

2500 t
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Agy o X 1000
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500 +

™ T2 A1

A2 A3 A4 A5 A6 A7 B1 B2 Ct

Clones

Fig. 1. Immunoreactivity of clones selected with 6C8D8.

Phage clones, described in Table 4, were diluted to the final concentration of
3.2 X 10*2 phages/L. The ELISA procedure was performed as described in
Materials and Methods. Clones T1 and T2, used as negative controls, are
phages displaying nonrelevant peptides (DRYLPINGVSMFGVP and TIRSVD) on
the plll protein (15merlll or 6merlll).

Table 5. Clones isolated by screening the 15merVill phage
displayed peptide library with 5D3D11 (anti-f-PSA mAb).
Name of clone

Amino acid sequence No. of clones

1 RGTQEWTELWVSFRA 5 of 36
2 DTPYPWGWLLDEGYD 3 of 36
3 MPVSRLCIELDWCPP 2 of 36
4 WPPPGFNTPPFGSNP 1 of 36
5 SHRHPGVCNSTRPIC 1 of 36
6 YSFYALRGSGRRLVM 1 of 36
7-29° 23 of 36
TOTAL 36 of 36

@ Clones with no amino acid homology with other motifs and found in only one
example.

it was selected only three times. Other motifs, including
clone 1, the frequency selection of which was higher, were
recognized to a lower extent (absorbance <0.647).

RELATIONSHIP BETWEEN RKLRPHWLHFHPVAV AND PSA

The motif RKLRPHWLHFHPVAV (Table 4, clone Al),
specifically recognized by 6C8D8, was compared with the
PSA sequence. In Western blot experiments performed
under reducing conditions (Table 1), 6C8D8 did not bind
to PSA, indicating that the 6C8D8 epitope was conforma-
tional. As shown in Fig. 3, two regions of this sequence
presented some similarities with PSA. The first region
(RKLRP, residues 1-5) was similar to either PSA sequence
R85-P89 or K145-Q148. The second region (H-FHP, res-
idues 6-12) was similar to the PSA sequence R53-P59.
Molecular modeling of the PSA molecule allowed us to
visualize the localization of the different PSA homologous
regions of RKLRPHWLHFHPVAYV, as shown in Fig. 4A.
This representation indicates that PSA sequence R53-P59
is joined to PSA sequence K145-Q148, but is distant from
the PSA sequence R85-P89. Thus, both the K145-Q148
and R53-P59 sequences could be parts of this conforma-
tional epitope. The other selected motifs (Table 4, clones
Bl, B2, and C) were also compared with the PSA se-
quence. Motif B1 did not share any homology with PSA.
Two amino acid residues of motif B2 (VL) were found in
three inaccessible regions of PSA, as well as three amino
acid residues of motif C (AGR), which were found to be
identical with the inaccessible PSA sequence A175-R177.

RELATIONSHIP BETWEEN DTPYPWGWLLDEGYD AND PSA

The motif DTPYPWGWLLDEGYD (Table 5, clone 2),
specifically recognized by 5D3D11, was compared with
the PSA sequence. As shown in Fig. 3, only one region of
this sequence shared similarity with PSA (PYPWGW,
residues 3-8), although this region was similar to three
PSA regions (S11-W14, Y129-W133, and S204-G206).
However, molecular modeling of the PSA molecule al-
lowed us to distinguish them (Fig. 4B). Indeed, S11-W14
and Y129-W133 were located inside the PSA molecule,
and thus would not be accessible to mAb recognition,
whereas 5204 -G206 was located very near the active site.
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Fig. 2. Immunoreactivity of clones selected with 5D3D11.

Phage clones, described in Table 5, were diluted to the final concentration of 1.6 X 10%% phage/L. The ELISA procedure was performed as described in Materials and
Methods. Clone T, used as negative control, is a phage from the 15VIlimer phage library, displaying a nonrelevant peptide (NACYVDLFLGASVCP).

Moreover, the motif WPPPGFNTPPFGSNP, also selected
with mAb 5D3D11 (Table 5, clone 4) and corresponding to
the second highest signal of positivity (0.687), contains a
four-residue motif homologous to this PSA region (WPPPG-
FNTPPFGSNP is similar to the S204-E208 PSA sequence).

ASSAYS WITH SYNTHETIC PEPTIDES
The two mimotopes (RKLRPHWLHFHPVAV and DT-
PYPWGWLLDEGYD) were reproduced as biotinylated

synthetic peptides. These biotinylated peptides, coated on
the solid phase via streptavidin, were not recognized by
their corresponding mAbs (data not shown). On the
contrary, the biotinylated peptide bound to the corre-
sponding mAb coated on the solid phase. These results
suggested that the presentation of the mimotope was as
critical as the presentation of PSA for the antigen-anti-
body interaction. However, the binding of RKLRPHWL-
HFHPVAYV to 6C8D8, as well as the binding of DTPYP-
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Fig. 3. Amino acid similarity between PSA and selected motifs.

Motif 1 corresponds to RKLRPHWLHFHPVAYV, specifically recognized by the anti--PSA mAb 6C8D8; regions A(l) and A(ll) correspond to the two possibilities for similarity
of RKLRP (residues 1-5 of motif 1) with PSA; region B corresponds to the HWLHFHP (residues 6-12 of motif 1) similarity with PSA. Motif 2 corresponds to
DTPYPWGWLLDEGYD, specifically recognized by the anti--PSA mAb 5D3D11; regions (1), (Il), and (lll) correspond to the three possibilities for similarity of PYPWGW

(residues 3-8 of motif 2) with PSA.
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Fig. 4. Molecular modeling of PSA and 6C8D8-5D3D11 epitopes.

PSA appears as a globular protein with a groove containing the active site with the catalytic triad, necessary for the serine protease activity, composed of H41 (green),
D96 (blue), and S189 (red). This representation of the PSA molecule allowed us to visualize the localization of the different PSA regions similar to RKLRPHWLHFHPVAV
(Fig. 5A) or to DTPYPWGWLLDEGYD (Fig. 5B). (A), the PSA sequence R53-E60, similar to region B of RKLRPHWLHFHPVAV (as shown in Fig. 3), is yellow. The K145-Q148
PSA sequence, which was the first possibility of similarity with region A of RKLRPHWLHFHPVAV (as shown in Fig. 3), is pink and is located near the yellow region defined
above. The PSA sequence R85-P89, which was the second possibility of similarity with the region A, is blue and is located in the edge of the groove. (B),
DTPYPWGWLLDEGYD contained one region similar to three PSA regions. S11-W14 and Y129-W133 were located inside the PSA molecule and are not presented,

whereas S204-G206 (pink) appears to be very near the active site.

WGWLLDEGYD to 5D3D11, could be inhibited by
increasing amounts of PSA (Fig. 5).

INHIBITION OF ENZYMATIC ACTIVITY BY

ANTI-PSA mAbs

The three mAbs specific for f-PSA (6C8DS8, 12E6H9, and
5D3D11) and the four anti-t-PSA mAbs (5C10D9, 7F2F2,

>

30%

25%

5%

Inhibition of peptide binding to 6C8D8
(%)
o
2

00/0 4 - — - - -
0 0.02 0.2 1

PSA concentration (mg/L)
Fig. 5. Assays with synthetic peptides.

5D5AS5, and 11E5C6) were tested for their ability to inhibit
the enzymatic activity of PSA. As shown in Table 6, when
preincubated with PSA, either anti-f-PSA mAb 6C8DS8 or
12E6H9 totally inhibited the activity of the enzyme. Under
the same conditions, the PSA enzymatic activity was
inhibited 53% by 5D3D11. Of the four anti-t-PSA mAbs,
7F2F2 totally inhibited the enzymatic activity of PSA,
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(A), 6C8D8 was coated on the solid phase. Increasing concentrations of PSA were incubated with the mAb before the addition of 100 mg/L biotinylated peptide
RKLRPHWLHFHPVAV. Results are expressed as a percentage of inhibition of the binding of 6C8D8 with RKLRPHWLHFHPVAV by PSA, as indicated in Materials and
Methods. (B), 5D3D11 was coated on the solid phase. Increasing concentrations of PSA were incubated with the mAb before the addition of 100 mg/L biotinylated
peptide DTPYPWGWLLDEGYD. Results are expressed as a percentage of inhibition of the binding of 5D3D11 with DTPYPWGWLLDEGYD by PSA, as indicated in Materials

and Methods.
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Table 6. Inhibition of the enzymatic activity of PSA by
anti-PSA mAbs.?

Anti-PSA mAb AA4o5/min X 1000 Inhibition, %
PSA alone 26.36 = 0.16 0.0
Control mAb 26.17 = 0.46 0.7 £ 23
6C8D8 0.24 =+ 0.15 99.1 = 0.6
5D3D11 12.22 = 0.07 53.6 = 0.6
12E6H9 0.13 = 0.08 99.5+ 0.3
5C10D9 10.50 = 0.03 60.2 = 0.4
TF2F2 0.58 = 0.03 97.8 0.1
5D5A5 11.14 = 0.02 57.7 £ 0.4
11E5C6 27.26 = 0.44 -3.4=*23

2 PSA was preincubated with either a mAb or buffer as control for 30 min at
37 °C (1 mol PSA/1 mol mAb) before being added to 5 mmol/L substrate S- 2586
at a final concentration of 0.4 umol/L for both PSA and the mAb. The reaction
was monitored by measurement of the absorbance at 405 nm for 30 min. PSA
preincubated with buffer represented noninhibited PSA activity. PSA was also
preincubated with a control mAb, which did bind to PSA, as a control procedure.

whereas 11E5C6 had no significant effect. 5SD5A5 and
5C10D9 inhibited the enzymatic activity of PSA 58% and
60%, respectively.

INHIBITION OF PSA-ACT COMPLEX FORMATION BY
ANTI-f-PSA mAbs

The three mAbs specific for f-PSA were also tested for
their ability to inhibit PSA-ACT complex formation in an
ELISA test, using two different anti-t-PSA mAbs (5D5A5
and 11E5C6) coated on the solid phase to display PSA.
Although 5D5A5 partially inhibited the enzymatic activ-
ity of PSA, whereas 11E5C6 had no significant effect, PSA
captured by this mAb could react with ACT (Table 7).
However, PSA was unable to complex with ACT when
displayed by 5C10D9 and 7F2F2 (data not shown). As

Table 7. Inhibition of PSA-ACT complex formation by
anti-f-PSA mAbs.?
First mAb (anti-t-PSA)

5D5A5 11E5C6
Second mAb (anti-f-PSA) % complex formation % complex formation

PBS + goat serum 100° 100°
Control mAb 99.2 *+ 3.9¢ 99.7 = 2.5°
6C8D8 0.3 = 0.5¢ 0.1 +1.2¢°
5D3D11 28.0 + 0.7° 34.5 + 9.2°
12E6H9 0.6 + 0.2° 8.6 + 2.6°
5C10D9 NAY 0.1 +0.7°
TF2F2 1.0 = 0.9¢ 0.0 +£1.3¢

2 ELISA performed as described in Materials and Methods, using two different
anti-t-PSA mAbs to display PSA (5D5A5 and 11E5C6).

b For each anti-+-PSA mAb-captured PSA, the complex formation in the absence
of the second mAb corresponds to a relative 100% calibrator calculated as
follows: mean absorbance obtained in the presence of ACT — mean absorbance
obtained in the absence of ACT.

¢In the presence of the second mAb, the residual complex formation was
determined using the same calculation and expressed as a percentage of the
relative 100% calibrator = 1 SD.

9 NA, nonapplicable: 5D5A5 and 5C10D9 inhibited themselves, as shown in
Tables 2 and 3.

shown in Table 7, 6C8D8, 12E6H9, 5C10D9, and 7F2F2
could totally inhibit the complex formation, with PSA
displayed by both 5D5A5 and 11E5C6 anti-t-PSA mAbs.
Moreover, the percentages of complex formation were
low in the presence of 5D3D11 (28% and 34%, respective-
ly). Although 5D5A5 and 11E5C6 should capture different
amounts of PSA and affect the ability of PSA to bind ACT,
the inhibition of the percentage of relative complex for-
mation by the three anti-f-PSA mAbs was not very
different.

Discussion

Early detection of prostate cancer is critical for adapting
treatments against the disease. Thus, the use of {-PSA/t-
PSA ratio has been shown to be more reliable for predict-
ing prostate cancer than either transrectal ultrasound or
digital rectal examination alone (42) and has doubled
the proportion of prostate cancers that are confined to the
prostate and that are potentially curable at the time of the
diagnosis (4, 43).

Currently, most assays use sandwich-type configura-
tions based on the use of two mAbs. Thus, the epitope
mapping of generated mAbs appears useful for designing
assays that can specifically measure the different forms of
PSA. mAbs with specific characteristics (high sensitivity
and specificity and equimolar binding to f-PSA and
PSA-ACT complex as well as the ability to distinguish
between these two immunoreactive forms of PSA) have
been reported by several authors (41, 44—49). On the basis
of the results of these sandwich assays experiments,
several authors have identified different antigenic deter-
minants on the PSA molecule (44-47). By epitope scan-
ning and phage hexapeptide library affinity selection,
Jette et al. (48) located one conformational epitope near
PSA amino acid residues 50-58 among two nonoverlap-
ping epitopes recognized by two anti-t-PSA mAbs. In
another study (49), one anti-f-PSA mAb reacted with
synthetic peptides corresponding to PSA amino acid
residues 50-64 and 55-69, whereas two anti-t-PSA mAbs
bound to the peptide 155-175. Recently, using synthetic
peptides and computer modeling, Piironen et al. (41)
restricted the binding specificity of 16 mAbs to four
different independent binding regions corresponding to
amino acid residues 1-13, 53-64, 80-91, and 151-164,
respectively. All anti-f-PSA mAbs tested reacted with the
kallikrein loop (residues 84-91), whereas the mAbs bind-
ing to other regions were reactive with f-PSA and the
PSA-ACT complex as well.

In our study, anti-PSA mAbs could be divided into two
groups. The first group included the three anti-f-PSA
mAbs 6C8D8, 5D3D11, and 12E6H9, which prevented
ACT from binding to PSA. In this group, 6C8D8 and
12E6H9 appeared to bind to a PSA region different from
the region bound by 5D3D11. The second group repre-
sented the anti-t-PSA mAbs (recognizing both f-PSA and
PSA-ACT). Within this group, we were able to distinguish
two different categories of mAbs: 5D5A5 and 11E5C6,
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which were equimolar and the epitopes of which were far
enough from the ACT binding site to allow PSA-ACT
complex formation when one of these mAbs was bound to
PSA; and 5C10D9 and 7F2F2, which preferentially bound
to f-PSA and were able to inhibit PSA-ACT formation.
Such results suggest that the inhibition of PSA-ACT
complex formation could occur either by steric hindrance
or by PSA conformation change induced by the binding of
the anti-t-PSA mAb.

When tested by pairs in sandwich assays and compe-
tition experiments, many mAb couples appeared to be
independent: no inhibition was observed whatever the
order of addition of the respective mAbs (mAbl + mADb2
or mAb2 + mAbl). Thus, their respective epitopes should
be distant on the PSA molecule (the three anti-f-PSA
mAbs vs 5D5A5 and 11E5C6). On the other hand, a
significant competition between some mAbs was ob-
served whatever the order of mAb addition (12E6H9/
6C8D8, or 11E5C6/5D5A5). This suggests that both mAbs
could recognize epitopes on the PSA molecule that are not
distant, but it is more likely that these mAbs inhibit
themselves by steric hindrance. The slight discrepancies
observed between results obtained in competition exper-
iments or in sandwich assays might be attributable to
differences in the presentation of PSA, either displayed by
the first mAb (sandwich assays) or coated on ELISA plate
wells (competition experiments). Indeed, in competition
experiments, the inhibition rates often depended on the
addition order of the mAbs (6C8D8/7F2F2, or 5C10D9/
5D5A5), suggesting that the inhibition could be because of
conformational changes induced by the binding of the
first mAb. The particular effects of 5D3D11, 5D5A5, and
11E5C6 to enhance the ability of other mAbs to bind to
PSA could be in agreement with such a hypothesis.

Localizing the binding sites of mAbs on their protein
antigen makes them much more useful reagents. Thus, the
phage library technology has become a powerful tool for
epitope mapping of antibodies (30, 50-52). The selected
peptides, so-called mimotopes, mimic the binding char-
acteristics of the natural epitope. However, different data
suggest that if the epitope is continuous, the homology
between phage epitope sequences and the antigen se-
quence may be high, whereas in the case of noncontinu-
ous epitopes, there may be little or no homology at all
with the antigen sequence (53).

The screening of the 15merllIl phage displayed peptide
library with the anti-f-PSA mAb 6C8D8 mainly selected
the mimotope RKLRPHWLHFHPVAYV. Two short se-
quences of RKLRPHWLHFHPVAYV were similar to two
different PSA regions, distant in the primary sequence
(R53-P59 and K145-Q148) but adjacent in the tertiary
structure, that could be part of a conformational epitope.
The residues RKLRP as well as the residues FHP were
highly conserved in the group A selected phage clones:
residue K2, which is identical to PSA residue K146, and
residue H11, which is identical to PSA residue H58, were
completely conserved, whereas some others residues,

which are not similar to PSA, could be replaced by close
residues (W7 replaced by R or L8 replaced by I). This is in
agreement with the respective importance of each epitope
amino acid, as reported previously (54, 55). Moreover,
this region was contained in the ACT binding site, around
the PSA active site, as described by Villoutreix et al. (56).
This finding was connected with the hypothesis that
specific anti-f-PSA epitopes are masked when ACT binds
to PSA (7) and that 6C8D8 could totally inhibit PSA-ACT
complex formation. In the same way, 12E6H9, which
recognized a close but different epitope from the 6C8D8
epitope, could totally inhibit PSA enzymatic activity by
preventing the substrate from entering the groove and
being hydrolyzed at the active site.

PSA region R53-P59 has been reported to be an epitope
presented on PSA-ACT (41,48). However, in another
study (49), it was reported as a region bound by an
anti-f-PSA mAb, which is in agreement with our results.
The fact that this region could be described either as an
anti-t-PSA mAb epitope or as an anti-f-PSA mAb epitope
could explain why the binding of 6C8D8 (anti-f-PSA
mAb) with PSA could be inhibited by 7F2F2 (anti-t-PSA
mAD).

The three other selected motifs (Table 4, B1, B2, and C),
also recognized by 6C8D8, did not allow us to localize the
epitope because they did not share any significant homol-
ogy with PSA. Thus, these motifs could only mimic the
epitope conformation, as reported previously (53).

According to the Western blot experiments and sand-
wich assays, the anti-f-PSA mAb 5D3D11 epitope was also
conformational and bound to another PSA region. Per-
haps because of the weak affinity of 5D3D11 for PSA,
none of the different motifs obtained by phage library
screening was selected with high frequency. Nevertheless,
ELISAs of the phage clones allowed us to select mimo-
topes specifically recognized by this mAb. Moreover,
when reproduced as a synthetic biotinylated peptide, one
of the selected mimotopes (DTPYPWGWLLDEGYD) was
able to affect the binding of PSA to 5D3D11. On the basis
of amino acid similarities and molecular modeling, two
mimotopes (DTPYPWGWLLDEGYD and WPPPGENTP-
PFGSNP) appeared to mimic a conformational epitope,
one part of which was located in a proximal region of the
enzymatic site: the residue W205 was on the board of the
groove containing the active site, whereas the residue
5204 was located inside the groove. This region was also
not very accessible because of the groove, and this finding
could explain the weak affinity of this mAb for PSA.
Furthermore, the close proximity of the epitope to the
PSA active site correlated with the specificity of 5D3D11
for f-PSA. However, the mAb inhibited complex forma-
tion 65-72%, depending on the ability of the anti-t-PSA
mADb coated on the ELISA solid phase to display PSA. The
weak affinity of 5D3D11 for PSA could lead to a balance
shift in favor of ACT and then to an incomplete inhibition
of formation of the complex. ACT was unable to complex
with PSA coated directly on the ELISA solid phase (data
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not shown), suggesting that the anti-t-PSA mAb coated on
the ELISA solid phase imposed a certain conformation on
the displayed PSA. This constraint determined the ability
of ACT to compete with 5D3D11. The weak 5D3D11
affinity could also explain the partial inhibition of the PSA
enzymatic activity (53%) observed in soluble and equimo-
lar ratio conditions.

The specificity of each mimotope was supported by the
ability of its corresponding biotinylated synthetic peptide
to be captured by the respective mAb. Moreover, this
capture was inhibited by increasing amounts of PSA.

The mimotopes selected with the two anti-f-PSA mAbs
mimicked two different epitopes on the PSA molecule.
For both, at least one part of each epitope was located in
the ACT binding site. The binding of these two anti-f-PSA
mAbs to PSA inhibited PSA-ACT formation. However,
we cannot emphasize that the inhibition of complex
formation is a characteristic of anti-f-PSA mAbs. As
reported previously (47), an anti-t-PSA mAb bound to
PSA could prevent ACT from binding to PSA by steric
hindrance or conformational changes. In our study, the
5C10D9 and 7F2F2 epitopes were probably located at the
edge of the ACT binding site. This location allowed
the respective mAbs to recognize the PSA-ACT complex.

In conclusion, this epitope determination could be a
starting point to better anti-f-PSA selection. Taking into
account all biochemical, immunological, and molecular
data, this study has determined two different regions on
the PSA molecule that were recognized by anti-f-PSA
mADbs. Moreover, our results demonstrate that the confor-
mation of these regions is critical for antibody recognition.
Thus, this study, together with others (41, 44—-49), helps
in the understanding of the immunological activities of
PSA, which could be useful for generation of new clini-
cally relevant assays for this antigen.
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