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The high-affinity monoclonal anti-estradiol antibody 9D3 presents a specificity defect towards estradiol-3-
sulphate and 3-glucuronide conjugates incompatible with use in direct immunoassays. The corresponding
single-chain variable fragment (scFv), cloned and produced in E. coli, exhibited a 10-fold lower affinity for
estradiol (Ka = 1.2 � 109 M�1) and a slightly increased specificity defect for the 3-position. Site-directed
mutagenesis revealed critical residues involved in estradiol recognition and produced mutants exhibiting up
to a 3-fold increase of the binding affinity for estradiol and up to a 2-fold decrease of the cross-reactivity with
estradiol-3-sulphate. A comparative model of the antibody 9D3-estradiol complex was built in which the
estradiol D-ring is buried into the binding pocket while the 3-, 6- and 7-positions are solvent exposed,
agreeing with the lack of specificity for these three positions. Two potential alternative orientations of the A-
ring, one close to CDR H3 and L2 loops, and the other one close to CDR H2 and L3 loops, have been
considered for the docking of estradiol, none of which could be unambiguously privileged taking into
account data from cross-reactivity measurements, photolabelling and mutagenesis studies. For both
orientations, estradiol is stabilized by hydrogen bonding of the 17�-OH group with TyrL36, His89 and
GlnH35 in the first case, or TyrL36, only, in the second case and by van der Waals contacts from TyrL91
with �- or �-face of estradiol, respectively, and from ValH95 and GlyH97 with the opposite face. To
elucidate the molecular basis of antibody 9D3 specificity, as compared with that of another anti-estradiol
antibody 15H11, single variable domains (VH and VL) and scFv hybrids have been constructed. The binding
activity of VL9D3 as well as the specificity of the VL9D3/VH15H11 hybrid, both similar to antibody 9D3,
revealed a prominent role of VL in estradiol recognition. These findings establish premises for antibody
engineering to reduce cross-reactivity, especially with estradiol-3-conjugates. Copyright � 2002 John
Wiley & Sons, Ltd.
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INTRODUCTION

Competitive radioimmunoassays using anti-estradiol anti-
bodies and radiolabelled steroid tracers have become the
most usual method to measure estradiol concentrations
(Geisler et al., 2000). However, monoclonal anti-estradiol
antibodies with specificity and affinity adequate for use in
direct immunoassays for clinical routine analysis have
proved to be extremely difficult to obtain, compared with
polyclonal antibodies. Steroids, owing to their low molecu-
lar mass (300–400 Da) are not immunogenic by themselves
and have to be coupled covalently to a carrier macromol-
ecule such as bovine serum albumin to be immunogenic.
Therefore, antibodies recognising the coupled steroid may
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have a stronger affinity against the immunogen than for the
free steroid (Gani et al., 1994). The access to high antibody
specificity for a given steroid is particularly difficult since
other steroids having very similar structures are also often
present in serum, sometimes at much higher concentration.
For example, estradiol differs from estrone only by the
presence of a hydroxyl group at C17 position, instead of a
ketone group while other usual metabolites such as 3-
sulphate and 3-glucuronide differ only by conjugation on
the C3 phenolic hydroxyl group. The presence of these
steroid competitors requires that a direct immunoassay of
estradiol in serum or urine samples should be realized with
an anti-estradiol antibody very specific for both A- and D-
ring extremities of estradiol. The specificity of an anti-
steroid antibody depends on the position and structure of the
linker introduced between the steroid and the carrier
macromolecule (Yoon et al., 1993) and is usually very
poor for the region of covalent attachment on the haptenic
steroid. Structural optimization of steroid hapten links
introduced at intermediate positions has often been
employed as a means to obtain polyclonal antibodies
exhibiting an increased immunological recognition of the
two characteristic C3 and C17 substituents, but failed to
generate monoclonal antibodies specific for both A- and D-
ring extremities. Moreover, some cross-reactions of the
monoclonal anti-progesterone antibody DB3 have been
explained by small but significant conformational changes
in the paratope of the antibody that can accommodate
different ligand orientations (Arevalo et al., 1994).

Recent progress in molecular biology and phage-display
technology (Marks et al., 1992) have led to efficient
methodologies of antibody engineering in order to modify
antibody specificity and to improve binding affinity. The
production of immunoglobulin fragments in heterologous
expression systems is particularly suitable for the modifica-
tion of the antigen-combining site. Various antibody
constructions such as the antibody fragment (Fab), the
antibody variable fragment (Fv) and the single-chain
variable fragment (scFv) can be produced as functional
and soluble proteins in Escherichia coli (Skerra and
Plückthun, 1988; Plückthun, 1991). The production in E.
coli of an anti-estradiol antibody is particularly attractive as
a means to undertake structure–function studies of hapten–
antibody interactions as a preliminary step toward reshaping
of the combining site. Antigen-binding sites contain six
hypervariable loops, forming the complementarity determin-
ing regions (CDRs) (Kabat et al., 1991): CDR L1, L2 and L3
for the variable light chain domain (VL) and CDR H1, H2
and H3 for the variable heavy chain domain (VH). Except for
CDR H3, CDRs have been classified into canonical
structures (Chothia and Lesk, 1987; Chothia et al., 1989).
For both VH and VL, CDRs are loops protruding from a
framework formed by four conserved regions: FR1, FR2,
FR3 and FR4. The existence of known three-dimensional
antibody structures like the one of the anti-progesterone
antibody DB3 (Arevalo et al., 1993) and of canonical
structures of hypervariable loops, except for CDR H3, allows
comparative models to be built with reasonable confidence
for structure–function studies. These molecular models
provide helpful data for the design of antibody engineering
strategies, as shown for the 5A4 anti-cortisol antibody, for
which Chames et al. (1998a) have constructed a phage-

display library by parsimonious mutagenesis that led to an
antibody with an improved specificity against cortisol.

In this study, a combination of site-directed mutagenesis,
radioligand binding assays, photoaffinity labelling and
molecular modelling was employed with the view of
improving binding affinity and/or specificity of antibody
9D3 toward estradiol. A 3-fold increase in binding affinity
and a 2-fold reduction in cross-reactivity with estradiol-3-
sulphate could be obtained. The results also highlighted the
unusual role played by the 9D3 light chain in binding
affinity, thus establishing a new ground for future
engineering of anti-estradiol antibodies of improved
specificity.

EXPERIMENTAL PROCEDURES

Bacterial strain and phagemid

The bacterial strain E. coli HB2151 [�(lac-pro), ara, nalr,
thi/F� proAB, lacIq, lacZ�M15] was used as the bacterial
host and was grown in 2YT culture medium (Miller, 1992).
The phagemid vector pHENI (Hoogenboom et al., 1991)
was used for the construction of pHENI-9D3, of pHENI-
9D3 mutants and of PHENI-15H11.

Construction of the scFv

The 9D3 hybridoma was obtained from mice immunized
with a 7-CMO-estradiol-BSA immunogen (Rolland de
Ravel et al., 2001). To construct the 9D3 scFv, VH and VL

genes were amplified by PCR from � light chain and � heavy
chain and inserted in the plasmid pBlueScript SK (Strata-
gene; Rousselot et al., 1997). The 3� primer used to amplify
VH contained the first part of the coding sequence for the
flexible linker GSTSGSGKPGSGEGSTKG (Whitlow et al.,
1993). The 5� primer used to amplify VL contained the rest of
the sequence (with 15 overlapping bases). The scFv was
assembled by splice overlap extension PCR (Horton et al.,
1989). The primers used to amplify the 5� and 3� ends of the
scFv gene introduced two restriction enzyme sites NcoI and
EagI, respectively. These sites were used to ligate the scFv
gene into the pHENI phagemid vector to give pHENI-9D3
and pHENI-15H11.

Site-directed mutagenesis

Overlap PCR was used to build 9D3 mutants. Two PCRs
were performed using pHENI-9D3 as the template and the
primers 5�VH9D3/3� mutation-INF and 5�mutation-SUP/
3�VL9D3 (see below for primer sequences). The PCR
products were purified with QIAquick (Gel Extraction kit
from QIAGEN), mixed, and used as template in a final PCR
using 5�VH9D3/3�VL9D3 primers. The final PCR product
was inserted into the phagemid pHENI linearized with NcoI
and EagI. Clones were tested both by DNA minipreparation
and restriction enzymes, for the presence of an insert of
expected size and also for the production of a 30 kDa
product using the anti-c-myc antibody as previously
described (Hogenboom et al., 1991).
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Construction of hybrids and single domains

As described above, overlap PCR was used to build pHENI-
VH15H11/VL9D3 and pHENI-VH9D3/VL15H11 with pHE-
NI-9D3 and pHENI-15H11 as templates. VH9D3*, VL9D3†,
VH15H11‡ and VL15H11§ were amplified by PCR with
the primer set 5�VH9D3/3�VH9D3, 5�VL9D3/3�VL9D3,
5�VH15H11/3�VH15H11, and 5�VL15H11/3�VL-15H11. The
PCR products VH15H11-VL9D3 and VH9D3-VL15H11 were
mixed to generate final hybrid gene products: VH15H11/
VL9D3 and VH9D3/VL15H11. In order to construct single
domain antibodies, VH9D3, VL9D3, VH15H11 and VL15H11
were amplified by PCR with the primer set 5�VH9D3/
3�VH9D3-EagI, 5�NcoI-VL9D3/3�VL9D3, 5�VH15H11/
3�VH15H11-EagI, and 5�NcoI-VL15H11/3�VL-15H11. PCR
products: VH15H11/VL9D3, VH9D3/VL15H11, VH9D3,
VL9D3, VH15H11 and VL15H11 were inserted into the
phagemid pHENI and clones were tested as described above.

Primer sequences

5�VH15H11: CGGCCCAGCCGGCCATGGCCCAGGTT-
CTCCTACAAC; 5�VH9D3: CGGCCCAGCCGGCCATG-
GCCGAGGTCCAGCTGCAGC; 3�VH15H11: CCTGAAC-
CAGGTTTACCAGAACCTGAGGTAGAACCTGAGGA-
GACTGTGAG; 3�VH9D3: CCTGAACCAGGTTTACC-
AGAACCTGAGGTAGAACCTGCAGAGACAGTGAC;
5�VL15H11: GGTAAACCTGGTTCAGGTGAAGGTAG-
TACTAAAGGTGACA TTGTGATGA; 5�VL9D3: GGTA-
AACCTGGTTCAGGTGAAGGTAGTACTAAAGGTGA-
CATCCAGATGAC; 3�VL15H11-9D3: TTGTTCTGCGG-
CCGCCCG(TC)TTGAT(TC)TCCAG; 3�VH9D3-EagI: TT-
GTTCTGCGGCCGCTGCAGAGACAGTGACC; 5�NcoI-
VL9D3: GCCGGCCATGGCCGACATCCAGATGACTC;
3�VH15H11-EagI: TTGTTCTGCGGCCGCTGAGGAGA-
CTGTGAGAG; 5�NcoI-VL15H11: GCCGGCCATGGCC-
GACATTGTGATGACCC; 5�9D3H95-SUP: GTGGAA-
GG(GA)CAGACGGCTC; 3�9D3H95-INF: GGCCCGA-
GCCGTCTG(TC)CCTTCCAC; 5�9D3H97-SUP: AGAC-
(GT)CCTCGGGCCAC; 5�9D3H97-INF: GGCCCGAGG-
(CA)GTCTACCC; 5�9D3L91-SUP: CATCTT(TC)(GT)-
TTCTAGTATTC; 3�9D3L91-INF: ACTAGAA(AC)(GA)-
AAGATGACAG; 5�9D3L92-SUP: CATCTTTAT(AG)-
(CA)TAGTATTCC; 3�9D3L92-INF: ACTA(TG)(CT)AT-
AAAGATGACAG; 5�9D3L94-SUP: ATTCTAGT(TA)-
TGCCGTGGTCG; 3�9D3L94-INF: CCACCGAACGAC-
CACGGCA(TA)ACTAGAATAAAG; 5�9D3L96-SUP:
AGTATTCCG(TC)(GT)TTCGTTCGGTG; 3�9D3L96-
INF: CCACCGAACGAA(CA)(AG)CGGAATACTAG;
5�9D3H96-SUP: GTGG AAGGGTA(GC)AAGGCTCG-
GGCC; 3�9D3H96-INF: GGCCCGAGCCTT(CG)TACCC-
TTCCAC; 5�9D3H97/H95-SUP: CTGTGGAAGG(GC)TA-
GACG(TG)CTCGGGCCAC; 3�9D3H97/H95-INF: GGCC-
CGAG(CA)CGTCTA(CG)CCTTCCACAG; 5�9D3-H33-
SUP: TCACTAGATTT(TA)TGTCGCAATGGG; 3�9D3-
H33-INF: TGCGACA(TA)AAATCTAGTGAA; 5�9D3-
H35-SUP: TTATTTCG(AG)A(TA)TGGGTGAAGC; 3�9-

D3-H35-INF: TCACCCA(TA)T(TC)CGAAATAAATC;
5�9D3-H50-SUP: GGATTGGA(TC)(GT)TTTGGATCCT;
3�9D3-H50-INF: CCAAA(AC)(GA)TCCAATCCAC; 5�9-
D3-L50-SUP: CCTGGTCTAT(GC)A(TG)GCAAACACC;
3�9D3-L50-INF: AAGGTGTTTGC(AC)T(GC)ATAGAC-
CAGG; 5�9D3-L53-SUP: AATGCAAACNGCTTAGCGG-
GAG; 3�9D3-L53-INF: CCCGCTAAGCNGTTTGCATT
ATAG; 5�9D3-L89-SUP: TATTACTGTT(AT)TCTTTA-
TTCTAG; 5�9D3-L89-INF: AGA ATAAAGA(TA)AACA-
GTAATAATTC.

RIA analysis

Cross-reactivities and antibody affinities were determined
by RIA using a tritiated estradiol tracer. A culture of 100 ml
of HB2151 cells harbouring phagemid was induced with
IPTG 100 �M, at 30°C, to an OD600 of 1 in 2YT medium
containing 100 �g/ml ampicillin during 90 min. Cells were
centrifuged, resuspended in 3 ml of phosphogel buffer
(phosphate buffer 0.1 M pH 7.4; dextran 0.5 g/l; charcoal 5
g/l) and disrupted in a cell disruption equipment (Constant
System Ltd, Warwick, UK) under 1000 bar pressure. The
recovered sample was centrifuged (12 000g, 20 min, 4°C).
Supernatant containing scFv was used for radioimmunoas-
says. In a 96-well plate (Nunc-Immuno-plate Maxisorp),
coated with phosphogel buffer overnight at 4°C, 100 �l of
scFv dilution (1 up to 64) were mixed with 0.48 pmol (in
50 �l of phosphogel buffer) of [2,4,6,7-3H]-estradiol (3.1
TBq/mmol; New England Nuclear, Boston, MA, USA) in
200 �l (final) of phosphogel buffer. The plate was incubated
on rotator at least for 2 h at room temperature, then 10 min
at 4°C before addition of 100 �l of a suspension of dextran-
coated charcoal. The plate was shaken at 4°C on a rotator
for 15 min, and centrifuged (1500g, 10 min at 4 °C). The
radioactivity of each well (200 �l) was determined by liquid
scintillation counting (PCS liquid scintillation, Amersham
Pharmacia Biotech). The dilution corresponding to 50% of
the bound radioactivity was chosen to calibrate the scFv
concentration for the following binding assays. One
hundred microliters of the appropriate concentration of
scFv solution were mixed with 50 �l of different amounts of
estradiol and estradiol-3-sulphate (0.002 up to 250 pmol in
phosphogel buffer) in 96-well plates with 50 �l of
[2,4,6,7-3H]-estradiol. Controls without scFv and free
estradiol were carried out to determine the amount of the
specific [2,4,6,7-3H]-estradiol not precipitated by charcoal.
The last control with 50 �l of [2,4,6,7-3H]-estradiol in
250 �l of phosphogel was performed to determine the
amount of [2,4,6,7-3H]-estradiol. The equilibrium constant
for binding was determined by Scatchard plot analysis from
the bound and free estradiol concentrations. Concentrations
allowing 50% inhibition (IC50) of the bound tracer were
determined from the inhibition curves. The percentage of
cross-reaction was given by the equation: (IC50 estradiol/
IC50 competitor) � 100. Each measurement was made in
triplicate with different antibody extracts for each scFv.

Molecular modelling and docking of estradiol

The Fv 9D3 model was built with a partially automatic
procedure using the template structure of anti-lysozyme

*GenBank accession number: AY038362.
†GenBank accession number: AY038361.
‡GenBank accession number: AF001867.
§GenBank accession number: AF001868.
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antibody D44.1 (PDB code, 1MLB; Braden et al., 1994),
which has a high sequence similarity. Side-chains were built
and optimized using in-house programs. Briefly, side-chains
were automatically replaced in the most common rotamer
found in the library of Tuffery et al. (1991). A self-
consistent linear search in rotamer space was performed,
followed by a dihedral angle minimisation procedure using
the Nelder-Meads simplex algorithm (Chen S-WW and
Pelleques JL, unpublished results). Because of the similarity
of CDR L3 from 9D3 with that from the anti-vascular
endothelial growth factor antibody (rhumAb anti-VEGF;
PDB code, 1CZ8), one of the high-resolution antibody
structures that contains TrpL96 and TyrL91 (Chen et al.,
1999), this latter CDR L3 was incorporated into 9D3
(residues L89–L97), one of the high-resolution antibody
structures that contains TrpL96 and TyrL91, by super-
imposing backbone atoms (N, C�, C) of conserved �-strands
(Roberts et al., 1994). Compared to D44.1, CDR H3 of 9D3
is one residue shorter. Using the program Turbo-Frodo
(Roussel and Cambillau, 1989), TyrH99 was deleted and an
extended conformation for CDR H3 was modelled. Because
of their poor geometry, regions L75–L84, L30–L32 and
L66–L69 were rebuilt using the anti-lysozyme antibody
D1.3 (PDB code, 1VFA; Bhat et al., 1990).

Energy minimizations were done using the X-PLOR
program (Brünger, 1992) with the all-atom force field
CHARMM22 (Brooks et al., 1983). Non-bonded interac-
tions were limited to a radius of 13 Å, with the truncated
functions for electrostatic and van der Waals terms set to
‘shifted’ and ‘switched’, respectively, with a cut-on of 9.5 Å
and a cut-off of 12 Å. Conjugate gradient minimisations
were considered convergent when the gradient reached
1.0 kcal/mol/Å2 for side-chain optimization with the
electrostatic term turned off, or 3.0 kcal/mol/Å2 for all
atoms with the electrostatic term turned on and a dielectric
constant of 1.0. No histidines were doubly protonated in the
model. Several cycles of refinements were performed using
Turbo-Frodo, Xfit (McRee, 1992), and X-PLOR. The
geometry of the model was analysed by the PROCHECK
program (Laskowski et al., 1993).

Molecular docking of the estradiol was performed using
computer graphics and refined using a combination of rigid-
body minimizations and distance restraints (noe statement
in X-PLOR). Two possible alternative orientations of the
steroid were retained, one (model A) corresponding to that
found in the Fab 57-2-estradiol complex crystal structure
(PDB code, 1JGL; Lamminmäki and Kankare, 2001) and
the other one (model B) similar to that proposed in an earlier
molecular model of the same antibody 57-2-estradiol
complex (Lamminmäki et al. 1997). In model A, rigid-
body minimization cycles included constraints from atom
O17 of estradiol with atom O� of TyrL36, atom N�2 of
HisL89, and atom O�1 of GlnH35 (average distance of 3 Å).
In model B, rigid-body minimization cycles included side-
chain optimizations and a distance restraint between the
atoms C9 of estradiol and N�1 of TrpH47 was defined with
an average distance of 7.6 Å (�0.1 Å, �0.6 Å).

Photolabelling experiments

Photoaffinity labelling of mAb 9D3 (Rolland de Ravel et al.,
2001) was performed with five photoreagents: 3-ANBA-

ethylamido-carboxymethyloxy-[17�-3H]-estradiol, 3-ANBA-
ethyloxy-[17�-3H]-estradiol, 6�-ANBA-[17�-3H]-estradiol,
6�-ANBA-[17�-3H]-estradiol and 7-ANBA-ethylamido-car-
boxymethyloxy-[17�-3H]-estradiol, according to protocols
similar to those reported for the anti-estradiol antibody
15H11 (Rousselot et al., 1997). Photoaffinity labelled tryptic
peptides isolated by immunopurification and HPLC were
analysed by Edman sequencing and mass spectrometry.

RESULTS

Cloning of a scFv fragment of mAb 9D3

Gene regions coding for VL and VH domains were
assembled by splice overlap extension PCR in a mono-
cistronic form called scFv and inserted into the pHENI
phagemid to give pHENI-9D3. The nucleotidic sequences
were compared with the mouse immunoglobulin set from
the ImMunoGeneTics database (reference directory: http://
imgt.cines.fr:8104). The � light chain belongs to V�12-
41.01 family and the J�1.01 gene segment, and the � heavy
chain belongs to VH1S12 family and the D-ST4 or IgHD-
SP2 and JH3.01 gene segments.

Sequence analysis of VL and VH domains of mAb 9D3

The amino acid sequences of the variable domains of H and
L chains of anti-estradiol antibody 9D3 were aligned with
those reported for two other anti-estradiol antibodies 15H11
(Rousselot et al., 1997) and 57-2 (Lamminmäki et al., 1997),
the anti-cortisol antibody 5A4 (Le Calvez et al., 1995) and
the anti-progesterone antibody DB3 [Arevalo et al., 1993;
Fig. 1(a)]. The length of CDR H3 of the three anti-estradiol
antibodies is very short, compared to other anti-steroid
antibodies [Fig. 1(a)]. In particular, the 15H11 antibody
exhibits the shortest CDR H3, which only contains three
amino acids instead of six and seven residues for antibodies
9D3 and 57-2, respectively. Moreover, these three anti-
estradiol antibodies are devoid of the usual salt bridge
stabilizing the basis of the CDR H3 loop between ArgH94
and AspH101 residues as observed in most anti-hapten
antibodies. Only anti-estradiol antibody 9D3 exhibits an
ArgH94, whereas none of the three anti-estradiol antibodies
contains acidic residues at position H101 (Asp or Glu).
Antibodies 9D3 and 57-2 have a high level of identity for the
VL (90% for the entire VL and 74% for the CDRs), whereas
their VH have only 51% sequence identity. These observa-
tions point to the hypothesis that differences in specificity of
these two antibodies come from their VH. The roles of the
two variable domains of 9D3 are discussed below.

Specificity of mAb 9D3: cross-reactivity and
photoaffinity labelling profiles

Cross-reactions of mAb 9D3 were measured with different
estradiol derivatives and other steroids, using a tritiated
estradiol tracer (Table 1). Steroids with modifications in D-
ring, especially the 17-keto group of estrone and the 16�-
hydroxyl group of estriol, are not recognized by antibody
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9D3. Conversely, antibody 9D3 binds phenolic A-ring
estradiol conjugates such as estradiol-3-sulphate and
estradiol-3-glucuronide. Thus, antibody 9D3 is very specific
for the D-ring but not for the A-ring of estradiol. Moreover,
estradiol derivatives modified either at C6 (6-oxoestradiol
or 6�/�-ANBA-estradiol photoreagents) or C7 (7-oxoestra-
diol, 7-CMO-estradiol) are recognized by the 9D3 antibody.
Therefore, C6 and C7 positions are likely to be solvent
exposed, as expected, at least for C7 position, through which
the steroid hapten was linked to the immunogen. The high
affinity (Ka = 1.3 � 1010 M�1 at 20 °C) of mAb 9D3 for
estradiol measured by equilibrium dialysis suggests the
existence of hydrogen bonds between the antibody 9D3 and
estradiol. In summary, 9D3 has a strong affinity for estradiol
and a high specificity for the D-ring but presents a lack of
specificity for the C3 position which results in very high
cross-reactivity with estradiol-3 conjugates.

Photoaffinity labelling experiments have been carried out
on mAb 9D3 with different (5-azido-2-nitrobenzoyl)amido
(ANBA) derivatives linked at C3, C6 and C7 positions of
estradiol (Rolland de Ravel et al., 2001) in order to explore
the corresponding low specific regions of the paratope
(Table 2). The 3-ANBA-EA-CMO-[17�-3H]-estradiol

(maximal photocross-linker length �15 Å) photoreacted
with the TyrL32 while the shorter 3-ANBA-ethyloxy-
[17�-3H]-estradiol (maximal photocross-linker length �10
Å) was unreactive. These results suggest that a very large
pocket exists around C3 and that the C3 position is exposed
to solvent, in agreement with the high cross-reactivities
observed with estradiol-3 conjugates. Both 6�- and 6�-
ANBA-[17�-3H]-estradiol epimers (maximal photocross-
linker length �8 Å) also photoreacted with TyrL32,
suggesting that C6 is relatively close to CDR L1. Moreover,
simultaneous photolabelling of TyrH50, only with the 6�-
epimer, suggests that the side chain of this residue is
probably more accessible from the � face of estradiol. The
fact that the TyrL32 was also photoactivated with 7-ANBA-
EA-CMO-[17�-3H]-estradiol bearing the same 7-CMO
linker than the immunogen (maximal photocross-linker
length �15 Å) indicates that the intermediate linker is close
to CDR L1. These results show that TyrL32 residue is freely
accessible from the C3, C6 and C7 positions of estradiol.
These photoaffinity labelling studies combined with de-
tailed analysis of the specificity profile have provided
helpful experimental data for the docking of estradiol into
the 9D3 paratope to build the Fv 9D3 model.

Site-directed mutagenesis of 9D3 scFv

The aim of the site-directed mutagenesis experiments was to
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Steroid and estradiol derivative Cross-reaction (%)

Estradiol 100
Estradiol-3-sulphate 51
Estradiol-3-glucuronide 28
6-Oxoestradiol 36
6�-ANBA-estradiol 103
6�-ANBA-estradiol 33
7-Oxoestradiol 5
7-CMO-estradiol 11
Estrone 0.03
Estriol 0.3
Cortisol �0.001
Testosterone 0.1
Progesterone �0.001
DHT 0.2
DHAS 0.64
DOC �0.001

The specificity was measured on the ascitic fluid. The percentage of
cross-reactions was calculated as follows: (IC50 estradiol/IC50
analogue) � 100. The IC50 is the concentration of steroid necessary
to obtain 50% of the control signal (that without any competition).
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Photoreagent Photolabelled residue Sequence localization

3-ANBA-EA-CMO-[17�-3H]estradiol TyrL32 CDR L1
3-ANBA-ethyloxy-[17�-3H]estradiol No labelling
6�-ANBA-[17�-3H]estradiol TyrL32 CDR L1

TyrH50 FR2 H
6�-ANBA-[17�-3H]estradiol TyrL32 CDR L1
7-ANBA-EA-CMO-[17�-3H]estradiol TyrL32 CDR L1
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Position Region Frequency (n/10)b

H33 FR2 H 5
H35 6
H50 5
H95 CDR H3 6
H96 7
H97 8
L50 CDR L2 2
L53 0
L89 CDR L3 2
L91 8
L92 1
L94 6
L96 8

a Study undertaken by MacCallum et al. (1996).
b Number of antibodies making contacts with hapten at each position.
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identify residues involved in the specific recognition of
estradiol and to provide helpful atomic details toward
building a molecular model. Mutations were performed on
the high frequency contact residues (Table 3) determined
from 10 X-ray structures of anti-hapten antibodies (Mac-
Callum et al., 1996), and on some other critical positions. In
each case, the wild-type amino acid was replaced either by a

bigger or a smaller amino acid as well as by an amino acid
with a different polarity. The effects on binding affinity and
specificity (Table 4) were measured using a tritiated
unmodified estradiol structure chosen in order to obtain
unambiguous data related exclusively to the interaction with
the estradiol molecule. Binding affinity and cross-reactivity
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Estradiol
Affinitya

(Kd nM)

Estradiol-3-
sulphate

Cross-reaction
(%)b

Wild-type scFv 1.2 86
CDR H1 IleH33Met 2.0 200

IleH33Leu 1.1 105
GlnH35Lys nb nd
GlnH35Asp nb nd

CDR H2 TyrH50Cys 1.3 72
TyrH50Arg 0.8 280

CDR H3 ValH95Ala 6.6 180
ValH95Leu 5.3 57
AspH96Gln nb nd
AspH96Glu nb nd
GlyH97Ala 1.5 62
GlyH97Val 50 nd

CDR L2 AsnL50His 0.5 95
AsnL50Glu 0.5 62
ThrL53Arg 1.1 85
ThrL53Gly 0.9 80
ThrL53Ser 1.8 76

CDR L3 HisL89Met nb nd
HisL89Tyr nb nd
TyrL91Cys nb nd
TyrL91Phe 0.9 70
SerL92Asp 0.5 82
SerL92Ala 0.3 70
IleL94Met 0.3 64
IleL94Leu 6.0 100
TrpL96Arg nb nd

Double-mutants
GlyH97Ala/SerL92Asp 0.4 44
GlyH97Ala/IleL94Met 0.3 42
ValH95Leu/GlyH97Val nb nd

a Reported results are the mean of three independent experiments
each made in triplicate. Affinities for estradiol were determined in
solution by RIA and Scatchard analysis. The error, given for
affinities for estradiol never exceeded 10%. nb: no binding.
b The percentage of cross-reaction was calculated as follows: (IC50
estradiol/ IC50 estradiol-3-sulphate) � 100. The IC50 is the
concentration of steroid necessary to obtain 50% of the control
signal (that without any competition). nd: not determined.
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for the wild-type and mutant scFvs were estimated from
binding curves, as illustrated in Fig. 2. The scFv mutants
were classified according to the effect of the substitution on
the affinity for estradiol and on the cross-reactivity with
estradiol-3-sulfate.

The binding affinity of wild-type scFv 9D3 with estradiol
(1.2 nM) was 10-fold lower than that measured for the
monoclonal antibody and its cross-reactivity with estradiol-3-
sulfate was significantly higher (86% instead of 51%). The
GlnH35Lys, GlnH35Asp, AspH96Gln, AspH96Glu, HisL89-
Met, HisL89Tyr, TyrL91Cys and TrpL96Arg mutations were
all found to abolish estradiol binding, thus revealing a first set
of critical residues. The IleH33Leu, TyrH50Cys, TyrH50Arg,
GlyH97Ala, ThrL53Arg, ThrL53Gly and TyrL91Phe muta-
tions did not strongly affect binding affinity (in the range
from 0.8 to 1.5 nM), but the cross-reactivity with estradiol-3-
sulphate was the most significantly modified for the two
mutants TyrH50Arg (strong increase to 280%) and Gly-
H97Ala (slight decrease to 62%). Mutants IleH33Met,
ValH95Ala, ValH95Leu, GlyH97Val, ThrL53Ser and
IleL94Leu exhibited decreased estradiol binding affinity,
among which the two mutants ValH95Ala and ValH95Leu
showed either an increased or a decreased cross-reactivity
with estradiol-3-sulphate (180 and 57%, respectively). The
AsnL50His, AsnL50Glu, SerL92Asp, SerL92Ala and IleL94-
Met mutations led to increased affinities for estradiol (in the
range from 0.3 to 0.5 nM), among which the two AsnL50Glu
and IleL94Met mutations were observed to slightly decrease
the cross-reactivity with estradiol-3-sulphate (62 and 64%,
respectively). Furthermore, the two double mutants Gly-
H97Ala/SerL92Asp and GlyH97Ala/IleL94Met, with one
mutation on VH and the other on VL, were found to exhibit
additive effects including an improved affinity for estradiol
and a significantly decreased cross-reactivity (about 2-fold)
with estradiol-3-sulfate (Table 4). However, the double
mutant Val95Leu/GlyH97Val did not bind estradiol. In
summary, mutant analysis suggests that a decreased cross-
reactivity with estradiol-3-sulphate can be obtained by
mutations on VH while improved affinity can be obtained
by mutations on VL.

Leading role of VL 9D3

To further assess the role of VH and VL domains, the two

single VH and VL antibody fragments were constructed from
mAb 9D3 and from mAb 15H11, a previously reported anti-
estradiol antibody, with very different binding properties
(Rousselot et al., 1997). In addition, two chimeric scFvs
corresponding to the VH15H11/VL9D3 and to the VH9D3/
VL15H11 hybrids were also constructed. Binding properties
of these antibody fragments, all produced in E. coli, were
analysed by RIA with a tritiated estradiol tracer. The three
VH9D3, VH15H11 and VL15H11 single domains did not
bind estradiol. Surprisingly, the single domain VL9D3 was
found to bind estradiol specifically, although with a low
affinity (30 nM). Moreover, the cross-reactivity of the
VL9D3 domain for estradiol-3-sulphate was similar to the
cross-reactivity of the scFv 9D3 (Table 5). These results
suggest that VL9D3 has a leading role for estradiol
recognition. This hypothesis is supported by the observation
that the hybrid VH15H11/VL9D3 scFv is active and binds
estradiol with an affinity of 1.5 nM whereas the hybrid
VH9D3/VL15H11 scFv is inactive. Moreover, the hybrid
VH15H11/VL9D3 scFv cross-reacts with estradiol-3-sul-
phate (238%) but does not cross-react with estriol, a feature
similar to the specificity profile observed for mAb 9D3, but
opposite to the specificity of anti-estradiol antibody 15H11
which cross-reacts with estriol but not with estradiol-3-
sulphate (Table 5). Other scFv hybrids were constructed
with VL9D3 in association with the VH of the 5A4 anti-
cortisol antibody (Le Calvez et al., 1995) or of the VH of the
1C11 anti-colicin antibody (Chames et al., 1998b). These
two latter scFv hybrids did not bind estradiol, thus
indicating that association with improper VH domains can
abolish estradiol recognition by VL9D3.

Comparative model of Fv 9D3 and docking of estradiol

Two possible alternative models (A and B) of Fv 9D3 were
built using atomic coordinates of antibody fragments of
D44.1 [Fig. 1(b); see Experimental Procedures]. The 9D3
sequence has a few peculiarities. First, in CDR L3, HisL89
is a scarcely observed residue (Pelleques JL, unpublished
results), which is also present in another anti-estradiol 57-2
antibody (Lamminmäki et al., 1997; Lamminmäki and
Kankare, 2001). The HisL89 residue has been reported to
stack above the conserved PheL98 ring making an amino–	
interaction (Levitt and Perutz, 1988). Second, the presence
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VH VL

Estradiol affinitya

(Kd, nM)

Cross-reactions (%)b

Estradiol-3-sulphate Estriol

9D3 9D3 1.2 86 0
15H11 15H11 0.5 0 90

9D3 30 100 0
15H11 nb nd nd

9D3 nb nd nd
15H11 nb nd nd
9D3 15H11 nb nd nd
15H11 9D3 1.5 238 0

a,b See table 4; nb: no binding; nd: not determined.
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of TrpL96 imposes a particular conformation of CDR L3 in
which the tryptophan side-chain points inward CDR L3.
Third, CDR H3 is unusually short and contains only six
amino acids with residues H99 and H100 missing (number-
ing according to Kabat or Chothia: www.bioinf.org.uk/
abs/). Stereochemistry of the 9D3 models has been assessed
using the PROCHECK program (Laskowski et al., 1993). A
Ramachandran plot is a good indicator of the quality of a
model (Eu3D Validation Network, 1998). In 9D3, 86.4% of

, � dihedral angles are located in the most favoured
regions. The systematic outlier, AlaL51, is located in a
disallowed region. The peptide bond planarity (7.5°) and the
C� chirality (1.5°) are within the typical values found in
highly refined crystallographic structures. However, no
refinement of the VH–VL interface was performed.

The docking of the estradiol molecule in the 9D3 binding
site was done taking into account data from cross-reactivity
measurements, photolabelling experiments, and site-direc-
ted mutagenesis studies. The much higher specificity of
antibody 9D3 for the D-ring than for the A-ring or the C6
and C7 positions of estradiol is consistent with D-ring of
estradiol deeply buried, whereas C3, C6 and C7 positions
are solvent exposed. Estradiol could be docked along the
narrow groove using two alternative orientations, one with
the A-ring inserted either between CDR H3 and CDR L2
(model A), as found in the crystal structure of the rather
similar anti-estradiol antibody 57-2 complexed with estra-
diol (Lamminmäki and Kankare, 2001), and the other one
with A-ring between CDR L3 and CDR H2 (model B), as
described in a previous molecular model of antibody 57-2
(Lamminmäki et al., 1997; Plate 1). Both orientations are
consistent with 9D3 cross-reactivity pattern, i.e. D-ring of
estradiol deeply buried and C3, C6 and C7 position solvent
exposed. In model A, estradiol �-face is stacked against the
9D3 VL, whereas its �-face is stacked against the 9D3 VH.
According to the steroid orientation proposed in model A,
the estradiol D-ring is located between CDR L3 and CDR
H1. The 18-CH3 group is located in a shallow pocket
created by ValH95 and GlyH97. In this model, the 17�-OH
group of estradiol makes three hydrogen bonds (d � 3.5 Å)
with TyrL36, HisL89, and GlnH35 [Plate 1(A)]. In model B,
the estradiol molecule is rotated about 180°, compared with
model A. Thus, the estradiol �-face is stacked against the
9D3 VH whereas its �-face is stacked against the 9D3 VL. In
this orientation, the estradiol is docked along the narrow
groove with the D-ring buried at the bottom of the binding
site, close to CDR H3 [Plate 1(B)]. The 18-CH3 group is
located in a shallow pocket created by the short side-chain
of AlaL34. The estradiol is sandwiched by two side-chains,
TyrL91 of CDR L3 stacking with �-face of estradiol and
ValH95 of CDR H3, stacking with �-face. The 17�-OH
group of estradiol can make a potential hydrogen bond with
TyrL36 from FR2 L [Plate 1(B)].

DISCUSSION

Site-directed mutagenesis and docking of estradiol

In the two proposed comparative models of the Fv 9D3-
estradiol complex, TyrL91, a central residue of the paratope
offers a large contact surface either with the �-face of

estradiol (model A) [Plate 1(A)] in a manner similar to that
observed for PheL91 in the crystal structure of the Fab 57-2
estradiol complex (Lamminmäki and Kankare, 2001) or
with the �-face of estradiol (model B) [Plate 1(B)] as also
reported in the previous molecular model of antibody 57-2
(Lamminmäki et al., 1997). Indeed, substitution of
TyrL91Cys inactivates estradiol binding (Table 4), whereas
substitution by phenylalanine (TyrL91Phe), another aro-
matic residue, did not change significantly the binding
properties of 9D3. Opposite to TyrL91, the short CDR H3
interacts with the other face of estradiol through two non
aromatic small residues: ValH95 and GlyH97. The two
mutations ValH95Ala and ValH95Leu strongly decreased
the binding affinity of 9D3 (Table 4). Interestingly,
substitution of ValH95 by a smaller alanine residue strongly
increased cross-reactivity with estradiol-3-sulphate as
compared to the wild-type scFv (from 86 to 180%), whereas
substitution by a bigger leucine residue decreased signifi-
cantly the cross-reactivity with estradiol-3-sulphate (57%).
In the two models A and B, ValH95, although much smaller
than the homologous TrpH95 of 57-2 antibody, fills in a
critical space between CDR H1, CDR H3 and estradiol. On
the other hand, the slightly larger mutation GlyH97Ala led
to a slight loss of affinity and also decreased significantly the
cross-reactivity with estradiol-3-sulphate (62%) whereas the
larger mutation GlyH97Val was found to induce the
strongest loss of affinity observed in this study, presumably
reflecting a steric effect preventing estradiol to penetrate
into the paratope. Moreover, replacement of AspH96 by a
Gln or by a Glu residue rendered mutants inactive (Table 4).
This inactivation probably results from alteration of the
conformation of CDR H3. Presumed contacts between 9D3
antibody site and estradiol, established from site-directed
mutagenesis and molecular modelling, are listed in Table 6
for the two alternative orientations (models A and B) of
estradiol. Ninety-four percent in model A (205 Å), and 90%
in model B (197 Å) of the antigen surface is buried by the
9D3 antibody combining site despite the fact that atoms O3,
C4, C6 and C7 of estradiol are partially solvent exposed in
both models. The importance of VL chain for conferring a
high specificity for the D-ring might be explained either by
the presence of two hydrogen bonds between 17�-OH of
estradiol and the two TyrL36 and HisL-89 residues in model
A [Plate 1(A)] or by the presence of a single hydrogen bond
between 17�-OH and TyrL36 associated with a pocket
created by the AlaL34, TyrL36, LeuL46, TyrL49 and
TyrL91 which can accept the 17-OH and the 18-CH3 groups
in model B [Plate 1(B)]. Among these five residues only
TyrL91 was submitted to site-directed mutagenesis because
other amino acids were not among those reported as the
most frequent contact residues for anti-hapten antibodies
(MacCallum et al., 1996). It should be noted that studies on
the catalytic 48G7 anti-hapten antibody, have demonstrated
that AlaL34 is a key residue involved in the catalytic
reaction through hapten binding (Wedemayer et al., 1997).
AsnL50 is a contact residue of the A-ring in model A, and of
the D-ring in model B (Table 6). Interestingly, mutations
AsnL50His and AsnL50Glu improved binding affinity of
the antibody (0.5 nM) and decreased cross-reactivity with
estradiol-3-sulfate (Table 4). In both models, the bottom of
the binding pocket is formed by HisL89 and TrpL96
residues (Plate 1). These two residues are critical for
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estradiol recognition as shown by the loss of estradiol
binding activity observed for mutants HisL89Met, HisL89-
Tyr, and TrpL96Arg (Table 4). In model A, HisL89
interacts with the 17�-OH group via hydrogen bonding
whereas in model B it interacts with OH group of TyrL36
(Table 6 and Plate 1). In model A, TrpL96 interacts with the
C15 and C16 atoms of estradiol [Plate 1(A)], whereas in
model B it interacts with the C1 and C2 atoms of estradiol
and makes a hydrogen bond with GlnH35. The two
mutations SerL92Asp and IleL94Met in CDR L3 increased
estradiol affinity of antibody 9D3 antibody from 1.2 nM to
0.5 and 0.3 nM, respectively (Table 4), in contrast to the
mutation IleL94Leu which induced a strong loss of affinity.
These residues are not in contact with estradiol in the two
9D3 models but were mutated because L94 is a high
frequency contact residue (MacCallum et al., 1996) and L92
is a contact residue of antibody DB3 antibody (Arevalo et
al., 1993). In the two models, the side-chain of SerL92 is
located above the important contact residue TyrL91.
Substitution of SerL92 by Asp may strengthen the stacking
of TyrL91 on �-face of estradiol (model A) or on the �-face
(model B) and thus improve the affinity. The IleL94 residue
is located at the level of VH–VL interface and probably
interacts with TyrH50, LysH59 and TrpH47 residues from
the heavy chain. Therefore, a mutation such as IleL94Met,
introduced at the VH–VL interface, known to play an
important role in the antigen binding process (Pellequer et
al., 1999), may influence antibody binding affinity. GlnH35
also participates in model B to the VH–VL interactions by
making a conserved hydrogen bond with TrpH47 and
TrpL96 residues [Plate 1(B)] which are both known to be
frequently in contact with hapten (MacCallum et al., 1996).
However, in model A, GlnH35 is a contact residue with
estradiol which interacts by hydrogen bonding with the 17�-

OH group of estradiol, as reported in the crystal structure
from the Fab 57-2-estradiol complex. Site-directed muta-
genesis showed that mutations GlnH35Lys and GlnH35Asp
abolish the binding with estradiol, highlighting the critical
structural role of GlnH35 (Table 4), particularly evident in
model A. In model A, residues TyrL49 and AsnL50 in CDR
L2 and SerH98 in CDR H3 are relatively close to the solvent
exposed C3 position of estradiol [Plate 1(A)] and, therefore,
could be expected to represent preferential targets in order
to improve specificity for the 3-OH group by site-directed
mutagenesis. Indeed, the mutation AsnL50Glu led to an
increased affinity for estradiol and to a slightly decreased
cross-reaction with estradiol-3-sulphate. In model B, the
two residues TyrH50 in CDR H2 and IleH33 in CDR H1
which are relatively close to the solvent exposed C3 position
of estradiol [Plate 1(B)] represent potential targets in order
to improve specificity for the 3-OH group by site-directed
mutagenesis. However, another possible way to remove
cross-reactivity with estradiol-3-sulphate and 3-glucuronide
conjugates could be random mutagenesis either of CDR L2
or of CDR H3 in the vicinity of C3 position in order to create
an appropriate interaction with the 3-phenolic hydroxyl
group of estradiol.

Leading role of the VL

The 17�-OH group of estradiol is stabilized by three
hydrogen bonds with TyrL36, HisL89 and GlnH35 in model
A and by only one potential hydrogen bond with TyrL36, in
model B, but in this latter case TyrL36 lies in a small
hydrophobic pocket also formed with AlaL34 which
accommodates both 17-OH and 18-CH3 groups. Therefore,
based on these observations, both models are compatible
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9D3 Estradiol (model A) Estradiol (model B)

Region Residue Face Atom Ring Face Atom Ring

CDR H1 GlnH35 � 17-OH D (H-bond)
CDR H3 ValH95 � C15,C16,C18 D � C1,C2,C9,C10,C11 A,B,C

AspH96 � C2,C3,C4 A
GlyH97 � C1,C2,C9,C10,C11,C18 A,B,C,D � C14,C17 D

CDR L1 AlaL34 � C16,C17,C18,17-OH D
FR2 L TyrL36 � C12,17-OH D (H-bond) � C17,17-OH D (H-bond)

TyrL49 � C1,C2,C3,O3,C10 A � C15,C16 D
CDR L2 AsnL50 � C1,C2,C3,O3,C10 A � C15 D
CDR L3 HisL89 � C16,C17,17-OH D (H-bond) � C12,C18 C

TyrL91 � C6,C7,C8,C9,C14,C15 B,C,D � C5,C6,C8,C11,C18 A,B,C,D
TrpL96 � C15,C16 D � C1,C2,C3 A

Presumed contacts between estradiol and the 9D3 antibody according to the docking of estradiol with the comparative models A and B of Fv
9D3.
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with the leading role of the VL domain of 9D3 for estradiol
recognition, demonstrated by the binding properties of the
single VL domain of 9D3 as well as of the VH15H11/VL9D3
hybrid which exhibited the same specificity profile as mAb
9D3, whereas the other single VH9D3, VH15H11 and
VL15H11 domains and the VH9D3/VL15H11 hybrid were
totally inactive. The stabilizing role of the association of
VL9D3 with VH15H11 on the binding properties of VL9D3
might result from different factors such as the small length
of CDR H3 (shorter in 15H11 than in 9D3) and the
possibility that GlyH95 of 15H11 can be oriented towards
the �- or �-face of estradiol like ValH95 for 9D3 in models
A or B, respectively. Moreover, the association of VL9D3
with VH15H11 does not confer the specificity profile
characteristic of antibody 15H11, but exclusively that of
antibody 9D3, thus confirming that the VL domain has a
leading role for estradiol recognition. This predominant role
of VL was unexpected since the VH domain is known to be
most often involved in antigen recognition by anti-hapten
antibodies. Generally, CDR H3 residues are responsible for
the surface contact area and molecular interactions which
contribute to antigen binding (Chothia and Lesk, 1987;
Chothia et al., 1989; Padlan, 1994). The capacity of the VL

domain to retain the binding properties is rarely observed.
To our knowledge, only one example seems to have been
previously reported for the VL domain of anti-dsDNA
autoantibodies (Suzuki et al., 2000), while another related
but less representative example concerns the VL domain of
the anti-vasoactive intestinal polypeptide catalytic antibody
Fv, on which are located the essential catalytic residues (Sun
et al., 1997). In antibody 57-2, the VL domain, which has
90% identity with that of 9D3, also plays an important role
in the recognition of estradiol (Lamminmäki and Kankare,
2001).

Comparison of the scFv 9D3-estradiol complex with
other antibody-steroid complexes

The structural data firmly established from X-ray structures
of the three DB3 anti-progesterone (Arevalo et al., 1993),
26-10 anti-digoxin (Jeffrey et al., 1993), and 4155 anti-
estrone-3-glucuronide (Trinh et al., 1997) antibodies high-
light several common characteristics. First, aromatic
residues always stack with the steroid skeleton. Second,
VH plays a prominent role in hapten recognition by these
three anti-steroid antibodies. For instance, VH of 26-10 anti-
digoxin Fab contributes to 75% of total buried area, VH of
4155 Fv, directed against estrone-3-glucuronide, accounts
for 81% of the total buried area, with more than 40% due to
the CDR H3, and finally, the B-, C- and D-rings of
progesterone are deeply embedded in a hydrophobic cavity
created by TrpH47, TrpH50, TyrH97, TrpH100 and
PheH100b making 60% of the total buried area in the
DB3 antibody. The recognition of estradiol by 9D3 antibody
is unusual because in this case it is the VL region, which
interacts predominantly with the antigen, while, in both
models, only ValH95 and GlyH97 belonging to the CDR H3
are contact residues. In particular, CDR L2 of 9D3 is
important for estradiol recognition, unlike in DB3, 4155 and
26-10 antibodies. The opposite orientations of estradiol in
the two comparative models of antibody 9D3 correspond to

that firmly established from the crystal structure of the Fab
57-2-estradiol complex (Lamminmäki and Kankare, 2001),
for model A, and to that previously proposed in a previous
comparative model of the anti-estradiol 57-2 antibody
(Lamminmäki et al., 1997), for model B, as expected from
rather similar overall binding specificity profiles, even
though 9D3 antibody, generated with an estradiol-7-CMO-
BSA immunogen, has a higher affinity for estradiol
(1.3 � 1010 M�1) than 57-2 antibody, generated with
estradiol-6-CMO-BSA (3.9 � 108 M�1). Both antibodies
are highly specific for the D-ring of estradiol and present
also a similar lack of specificity for the C3 position.
Antibody 9D3 cross-reacts with estradiol-3-sulphate (51%)
and estradiol-3-glucuronide (28%) but not with testosterone,
while antibody 57-2 cross-reacts less than 9D3 with
estradiol-3-sulphate (7%) and estradiol-3-glucuronide
(23%), but shows a rather high cross-reactivity with
testosterone (37%). Antibody 9D3 cross-reacts strongly
with both C6 and C7 substituted derivatives of estradiol
whereas antibody 57-2 cross-reacts only with C6 analogues,
but much more than with estradiol, in the latter case. These
observations as well as other cross-reactivity measurements
indicate that, for both antibodies 9D3 and 57-2, the C3, C4,
C5, C6 and C7 of estradiol are all exposed to the solvent
whereas the D-ring is inserted at the bottom of the
combining site. Sequence alignments reveal a very high
sequence identity of VL domains (90% restricted to 75 for
the CDR L3), including the presence in both antibodies of
the atypic HisL89 residue. A much lower homology was
observed for the VH domains (51%). The binding properties
of the single VL9D3 domain and of the VL9D3/ Vh15H11
hybrid scFv indicate that the specificity of 9D3 antibody for
the D-ring is conferred mostly by the VL, whereas the
crystal structure of antibody 57-2 shows that the specificity
for the D-ring is conferred partially by VL but also involves
VH (proposed hydrogen bond of 17-OH group with
GlnH35). Therefore, even though antibodies 9D3 and 57-2
have several common features, further studies are obviously
needed to provide direct evidence supporting the choice
either of model A, in which the estradiol orientation is
similar to that observed in the crystal structure of the Fab
57-2-estradiol complex, or of model B, in which estradiol is
rotated about 180°, compared with model A. It should be
noted that the two possible orientations remain consistent
with data from cross-reactivity measurements, photoaffinity
labelling and mutagenesis studies, even though photoaffin-
ity labelling results with 6�/�-derivatives are slightly more
in favour of model A. Nevertheless, taken together, these
results provide potentially important information for the
design of appropriate strategies for reshaping the combining
site of anti-estradiol antibodies by antibody engineering
methodologies.

CONCLUSIONS

We developed an integrated approach to the rational design
of antibodies with improved affinities and specificities by
combining radio-ligand binding assays, photoaffinity label-
ling, site-directed mutagenesis, comparative modelling, and
ligand docking. We have shown that the reactivity of 9D3
with estradiol depends essentially on: (i) the interactions
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between �- and �-faces of estradiol with TyrL91 and
ValH95, respectively, for model A or with ValH95 and
TyrL91 for model B; (ii) the presence of hydrogen bonds
stabilizing the 17�-OH group of estradiol, either with
TyrL36, HisL89, and GlnH35 if estradiol is oriented as in
model A or of a deep pocket created by the AlaL34, TyrL36,
LeuL46, TyrL49, and TyrL91 encompassing a possible
hydrogen bond between TyrL36 and 17-OH if estradiol is
oriented as in model B; (iii) the structural role of HisL89 and
TrpL96 residues; (iv) the fact that the phenolic 3-OH group
of estradiol remains solvent exposed, explaining the lack of
specificity against the 3-substituted-estradiol derivatives.
Some key residues, which could be involved in cross-
reactivity with estradiol-3-sulphate, emerge from the 9D3
models. This knowledge could be helpful to elaborate a
strategy to design mutants devoid of cross-reactivity with
estradiol-3-sulphate and estradiol-3-glucuronide conju-

gates. Random mutagenesis of the CDR H3 close to the
C3 position and of CDR L2 might allow estradiol skeleton
to penetrate more deeply in the paratope in order to create
new interactions with the 3-OH group to decrease cross-
reactivity with estradiol-3 derivatives. A parallel strategy
has been reported in the case of antibody 57-2, based on
elongation of the CDR H2 loop which was successful to
annihilate the cross-reactivity with testosterone (Lammin-
mäki et al., 1999).
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