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Abstract

The anti-17�-estradiol antibody 57-2 has been a subject for several protein engineering studies that have
produced a number of mutants with improved binding properties. Here, we generated a set of 16 antibody
57-2 variants by systematically combining mutations previously identified from phage display–derived
improved antibody mutants. These mutations included three point mutations in the variable domain of the
light-chain and a heavy-chain variant containing a four-residue random insertion in complementarity de-
termining region CDR-H2. The antibody variants were expressed as Fab fragments, and they were char-
acterized for affinity toward estradiol, for cross-reactivity toward three related steroids, and for dissociation
rate of the Fab/estradiol complex by using time-resolved fluorescence based immunoassays. The double-
mutant cycle method was used to address the cooperativity effects between the mutations. The experimental
data were correlated with structural information by using molecular modeling and visual analysis of the
previously solved antibody 57-2 crystal structures. These analyses provided information about the steroid-
binding mode of the antibody, the potential mechanisms of individual mutations, and their mutual interac-
tions. Furthermore, several combinatorial mutants with improved affinity and specificity were obtained. The
capacity of one of these mutants to detect estradiol concentrations at a clinically relevant range was proved
by establishing a time-resolved fluorescence based immunoassay.
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The capability of antibodies to specifically recognize an
immense variety of other molecules is widely used in life
sciences. For example, immunoassays that are commonly
used for the quantitation of the concentrations of specific
components in complex molecular mixtures such as blood
are based on the recognition properties of antibodies. How-
ever, the generation of high-quality antibodies for some

antigens is challenging. An example of this type of molecule
is the steroid hormone 17�-estradiol (E2), which consists of
a hydrophobic steroid skeleton containing only two func-
tional hydroxyl groups (Fig. 1). Concentration of E2 in the
blood is low, and a number of steroids with closely related
structures are present in the circulation, many of them in
much higher concentration than E2. Therefore, the antibody
used as a binder in an E2 immunoassay needs to have high
affinity and good specificity. Currently, sufficiently good
monoclonal antibodies are not available, and the E2 immu-
noassays are based on polyclonal antibodies.

We have previously cloned three murine antibodies
raised against 17�-estradiol-6-CMO conjugate (Pajunen et
al. 1997). One of these is known as antibody 57-2, and it has
a moderate affinity toward E2, an excellent capacity to dis-
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criminate between E2 and estrone or estriol, but, unfortu-
nately, a high cross-reactivity toward testosterone. Mainly
because of the excellent selectivity among the members of
the estrogen family, the antibody 57-2 was chosen as a
starting point for antibody engineering with the aim of de-
creasing the testosterone cross-reactivity and increasing the
affinity toward E2. Consequently, the antibody 57-2 was
subjected to several random mutagenesis and phage display
selection-based protein engineering trials that produced a
number of different antibody variants with improved bind-
ing properties (Saviranta et al. 1998; Lamminmaki et al.
1999). However, variants with properties allowing the de-
tection of E2 levels at the clinically relevant range were not
obtained in these selections.

The steroid-binding mode of the antibody 57-2 has been
studied by means of molecular modeling (Lamminmaki et
al. 1997), and more recently, X-ray crystallography was
used to determine the structure of a recombinant Fab frag-
ment of the antibody in the presence and absence of the
ligand E2 (Lamminmaki and Kankare 2001). From these
studies, it is known that the antibody binds E2 in a deep
hydrophobic pocket between VH and VL domains, and the
excellent selectivity of the antibody between different es-
trogens originates from an intricate hydrogen bond arrange-
ment involving a four-center hydrogen bond between the
17-OH group of E2 and three residues in the antibody. The
crystallographic data also indicated that only small changes
in the antibody structure occur during the ligand binding.

In the present study, we have analyzed the functional
impacts and mechanisms of a set putative gain-of-function
mutations in the antibody 57-2, and we systematically com-
bined these mutations in order to generate improved anti-
body variants. The mutations studied originate from the
clones isolated in previous phage display selections, and

they include three light-chain point mutations as well as a
high-affinity heavy-chain variant that differs from the wild-
type heavy-chain primarily by having a four-residue inser-
tion at the tip of complementarity determining region CDR-
H2. All the possible combinations of the point mutations
and the two heavy-chain variants (the wild type and the
insertion mutant 4aa16) were generated, and the resulting
antibody variants were experimentally characterized for
various binding properties and analyzed by the means of
molecular modeling. In addition to providing information
on the mechanisms of the mutations, the systematic explo-
ration of the mutation combinations produced several E2
binders with improved affinity and specificity.

Results

Three putative gain-of-function point mutations in the light-
chain of the antibody 57-2, namely, Asn50L → Tyr,
Phe83L→ Ser, and Phe91L→ Tyr, were identified by means
of structure and sequence comparison from a set of multiply
mutated clones originating from phage display selections of
random mutation libraries (Saviranta 2001). The selection
of the putative gain-of-function mutations was based on the
criteria that a suitable mutation either existed in several
different clones with improved binding properties or was
located close to the antigen-combining site in one of the
improved clones. These three light-chain mutations and all
combinations of them were introduced in the wild-type an-
tibody as well as in the heavy-chain mutant 4aa16 by means
of site-directed mutagenesis. This approach resulted in a
total of 16 antibody variants that were expressed as Fab
fragments and analyzed for various binding properties by
using time-resolved fluorescence based immunoassays. To
address the structural basis of the functional mechanisms of
the mutations, we modeled the light-chain mutations in the
crystal structure of the Fab 57-2/E2 complex and inspected
visually the crystal structure itself.

Affinity toward E2

Light-chain mutations
Mutation Asn→ Tyr in residue 50 of the light-chain in-

creased the affinity of the antibody toward E2 ∼ 3.7-fold
(Table 1). The residue 50L is located at the mouth of the
binding pocket and the side chain of the wild-type residue
Asn does not contact the bound E2 (Fig. 2A). However,
according to the model of the mutant Asn50L→ Tyr, the
distal end of the Tyr50L side chain can directly interact with
the A- and B-rings of E2 (Fig. 2C), forming new van der
Waals interactions between the antibody and the steroid.

The residue 91L was targeted by a conserved mutation
Phe→ Tyr that caused a 2.1-fold affinity improvement to-
ward E2 at 36°C (Table 1). According to the modeling
results, Tyr91L most likely adopts the same orientation as

Figure 1. Schematic structures of 17�-estradiol, testosterone, estrone, and
17�-estradiol-3-sulfate. The numbering of the carbon atom skeleton and
the lettering of the steroid rings are shown for estradiol. The methyl group
C19 missing from estrogens is indicated in testosterone.
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the wild-type Phe91L, the side chain of which makes exten-
sive contacts with the C- and D-rings of the steroid (Fig.
2A,D). In the model, the �OH of Tyr91L is situated within
a hydrogen bonding distance from the backbone N of the
residue Asn50L (3.0 Å) as well as from the side chain �1O
of the same residue (2.5 Å; Fig. 2D).

The replacement of Phe by Ser at the position 83L had a
slight but systematic positive impact on the E2-binding af-
finity of the antibody, increasing it ∼ 1.4-fold (Table 1). The
residue 83L is located >20 Å away from the binding site in
the loop connecting two �-strands at the bottom of the VL

domain. The aromatic side chain of the wild-type Phe83L is
largely buried in the hydrophobic core of the domain (Fig.
2A,E), and therefore, the replacement of the bulky phenyl-
alanine by a small serine residue generates a sizable cavity
in the interior of the molecule. To analyze the effects of the
mutation Phe83L → Ser on the stability of the antibody, the
steroid-binding affinities of the mutant wild type/F83S and
the wild-type antibody were determined in various tempera-
tures within the temperature range of 15°C to 35°C. For
both antibodies, the binding affinity decreased along the
increase of the temperature in a very similar manner (data
not shown).

Heavy-chain insertion

The heavy-chain mutant 4aa16 showed ∼ 5.5-fold higher
affinity toward E2 at 36°C than did the wild-type antibody
(Table 1). The mutant 4aa16 was previously isolated by
phage display selection from a library of antibody 57-2
mutants with four-residue random insertions between the

residues Thr52aH and Gln53H at the tip of the CDR-H2 loop
(Lamminmaki et al. 1999). In addition to the insertion itself,
the residues neighboring the insertion site were partially
randomized in this library, and in the mutant 4aa16, the
insertion Ser-Trp-Leu-Arg is surrounded by the mutations
Thr52aH → Ala and Gln53H→ His. In addition, the VH of
4aa16 contains two other amino acid replacements outside
the randomized loop region, namely, Pro57HSer and
Asn82bH → Asp. The former one is located in the stem of the
CDR-H2 loop away from the binding site and can thus be
considered as part of the major modification of CDR-H2.
The mutation Asn82bH→ Asp, in turn, targets a solvent-
exposed residue located ∼ 25 Å away from the binding site
at the bottom of the VH domain and is therefore unlikely to
cause any detectable changes in the binding properties of
the antibody.

Combinations of mutations

The double-mutant cycle method (Carter et al. 1984;
Horovitz 1987; Horovitz and Fersht 1990) was used to in-
vestigate effects of the combinations of the mutations on
the capacity of the antibody 57-2 to bind E2. Free energies
of binding were deduced from the measured affinity con-
stants by using the equation �G � −RTlnKa, and these
were used to calculate interaction energies, �Gint, for
every pair of mutations by using the following equation
expressed here for hypothetical mutations A→ a and B→ b:
�Gint(A→ a,B→ b) � �G(A,B) − �G(A→ a,B) − �G(A,B→ b) +
�G(a,b). The magnitude of the difference of �Gint value
from zero reflects the strength of the coupling effects be-

Table 1. Binding data for interactions between the antibody 57-2 mutants and the steroids 17ß-estradiol (E2), testosterone (TES),
estrone (E1), and 17ß-estradiol-3-sulfate (E2-3-SO4)

Clonea

E2

Ka (TES)
(×107 M−1)

Cross-reactivity (%)
Ka

(×108 M−1)
koff

(×104 s−1)
kon

(×105 M−1s−1) TES E1 E2-3-SO4

wt/wt 2.0 ± 0.1 39.6 ± 8.1 7.8 ± 1.9 6.1 ± 0.6 27.4 ± 3.8 0.1 ± 0.0 5.3 ± 0.1
wt/N50Y 7.3 ± 0.3 17.3 ± 0.1 12.7 ± 0.5 9.4 ± 0.0 11.8 ± 1.7 0.1 ± 0.0 5.5 ± 0.3
wt/F83S 2.8 ± 0.1 38.9 ± 1.0 11.0 ± 0.7 5.0 ± 1.0 15.1 ± 1.4 0.1 ± 0.0 5.0 ± 0.3
wt/F91Y 4.2 ± 0.2 21.6 ± 5.1 9.2 ± 2.7 9.3 ± 1.3 20.7 ± 0.7 0.1 ± 0.0 5.0 ± 0.2
wt/N50Y + F83S 8.9 ± 0.2 11.3 ± 3.3 10.0 ± 3.2 6.8 ± 0.5 7.2 ± 0.8 0.1 ± 0.0 5.3 ± 0.1
wt/F83S + F91Y 5.6 ± 0.3 13.5 ± 0.9 7.5 ± 0.9 8.1 ± 1.7 12.1 ± 0.9 0.1 ± 0.0 4.7 ± 0.2
wt/N50Y + F91Y 3.8 ± 0.3 20.8 ± 0.6 8.0 ± 0.8 5.7 ± 0.2 14.2 ± 1.4 0.1 ± 0.0 5.1 ± 0.0
wt/N50Y + F83S + F91Y 4.8 ± 0.6 19.8 ± 1.4 9.4 ± 1.9 4.6 ± 0.1 9.6 ± 2.1 0.1 ± 0.0 4.9 ± 0.3
4aa16/wt 10.9 ± 0.5 10.4 ± 0.7 11.3 ± 1.2 0.5 ± 0.1 0.4 ± 0.0 <0.1 ± 0.0 4.3 ± 0.2
4aa16/N50Y 21.3 ± 0.9 4.4 ± 1.1 9.4 ± 2.8 0.3 ± 0.1 0.2 ± 0.0 <0.1 ± 0.0 5.0 ± 0.4
4aa16/F83S 16.2 ± 1.2 7.4 ± 1.6 11.9 ± 3.4 0.3 ± 0.1 0.2 ± 0.0 <0.1 ± 0.0 4.0 ± 0.5
4aa16/F91Y 20.0 ± 0.8 5.1 ± 1.8 10.2 ± 4.0 0.5 ± 0.0 0.2 ± 0.0 <0.1 ± 0.0 4.5 ± 0.4
4aa16/N50Y + F83S 34.7 ± 1.3 3.1 ± 0.3 10.8 ± 1.4 0.2 ± 0.1 0.1 ± 0.0 <0.1 ± 0.0 4.8 ± 0.5
4aa16/F83S + F91Y 30.2 ± 1.1 3.1 ± 0.2 9.3 ± 1.1 0.2 ± 0.1 0.1 ± 0.0 <0.1 ± 0.0 4.5 ± 0.7
4aa16/N50Y + F91Y 14.9 ± 0.8 5.8 ± 0.8 8.6 ± 1.7 0.2 ± 0.1 0.1 ± 0.1 <0.1 ± 0.0 5.0 ± 0.7
4aa16/N50Y + F83S + F91Y 23.7 ± 0.3 3.4 ± 1.2 8.0 ± 2.8 0.1 ± 0.1 <0.1 ± 0.0 <0.1 ± 0.0 4.8 ± 0.2

a Mutants are expressed in the format: heavy-chain/light-chain. wt indicates wild type.
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tween the two mutations examined, and the positive and
negative values of �Gint-term indicate the negative and the
positive cooperativity between the mutations, respectively.
Coupling effects between a double mutation A → a,
B → b and a third mutation C → c can be analyzed by cal-
culating the difference of the �Gint values for the
double-mutant in the presence and the absence of the
mutation C→ c, that is, ��Gint(A→ a,B→ b;C → c) �
�Gint(A→ a,B→ b;C) − �Gint(A→ a,B→ b;C → c). For this
type of triple mutation system, corresponding thermody-
namic cycles can be expressed in a form of a box (Horovitz
and Fersht 1990) in which possible coupling effects be-
tween any single mutation C → c and a double-mutant
A→ a,B→ b are reflected as a difference between the �Gint

values obtained from the mutation cycles consisting the two
opposite faces of the box, that is ��Gint(A→ a, B → b;
C → c) � 0 (Fig. 3).

As shown in Figure 3, the �Gint values of the double-
mutants wild type/N50Y+F83S (front face of box A) and
wild type/F83S+F91Y (front face of box B) were small,
indicating that the mutation Phe83L→ Ser behaved addi-

tively with both other point mutations in the light-chain. In
other words, the mechanism of the mutation Phe83L → Ser
was not coupled with that of either of the two other point
mutations.

For the variants containing both Asn50L→ Tyr as well as
Phe91L→ Tyr mutation, the �Gint values were significantly
positive (Fig. 3C,E—front and back faces of the boxes),
which showed that these two binding site mutations were
negatively cooperative.

The light-chain point mutations Phe83L→ Ser and
Phe91L→ Tyr did not show coupling with the structural
modifications present in the 4aa16 heavy-chain as reflected
by very small �Gint values observed for the combinations of
the position 83L and 91L mutations and the heavy-chain
variant, respectively. (Fig. 3B, see the left and the bottom
faces). However, in the cases of the combinations of the
mutation Asn50L→ Tyr and the 4aa16 heavy-chain, moder-
ately positive �Gint values were obtained (Fig. 3A, left and
right faces of the box).

In general, the mutants showing highest affinity toward
E2 consisted of the combinations of the 4aa16 heavy-chain

Figure 2. Antibody 57-2 mutations. In all the figures, the heavy-chain is colored purple; the light-chain, brown. The side chains of
the important residues are drawn. For the other parts of the protein, only the C�-trace or the backbone heavy atoms are shown, if not
mentioned. (A) The variable domain and a part of the constant domain of the antibody 57-2. The estradiol molecule and the side chains
of light-chain wild-type residues targeted by point mutations are shown. The tip of the heavy-chain CDR2 targeted by a four-amino-
acid insertion is shown as cyan. (B) The insertion site in CDR2 of heavy-chain. The insertion was introduced between the residues
labeled with purple balls. Only the C�-atoms are shown, except for the tryptophans W50H and W95H, for which side chains are also
shown. (C) Mutation N50LY. The side chain of the mutated residue is shown and the lettering of the steroid rings is indicated. (D)
Mutation F91LY. The dotted lines represent hydrogen bonds. (E) Mutation F83LS. The van der Waals surface of the side chain of
Phe83L replaced by the mutation is indicated with white dots. The blue surface shows the volume occupied by the hydrophobic side
chains of the residues situated in the vicinity of the residue 83L. The light-chain constant domain atoms are drawn as CPK-models,
whereas for the variable domain only C�-trace or the backbone heavy atoms is shown. (F) The double mutation N50LY and F91LY.
The white lines represent the close contacts (∼ 2.7 to 3.1 Å) between the �OH of Tyr91L and the aromatic carbons of Tyr50L .
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and the light-chain point mutations. The strongest binding
mutant was the combination of the light-chain mutations
Asn50L → Tyr and Phe83L → Ser and the 4aa16 type heavy-
chain, and it showed ∼ 17.5-fold increased affinity toward
E2 at 36°C as compared with that of the wild-type antibody.

Binding kinetics

To address the binding kinetics of the antibody variants, we
determined the dissociation rates of the antibody/E2 com-
plexes by using immunoassay and calculated the corre-

Figure 3. Thermodynamic cycles used to analyze the interactions between the antibody 57-2 mutations. Each face of the boxes forms
a double-mutant cycle and the corresponding interaction energy (�Gint in kcal/mole) is shown in the middle of the face.
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sponding association rates from the equation kon � Ka ×
koff. The measured off-rate constants (koff) for the dissocia-
tion of the complexes varied widely and were generally
longer in the higher-affinity mutants, whereas the variation
of the calculated on-rate constants (kon) was much more
limited among the mutants (Table 1).

Cross-reactivity

The antibody variants were also characterized for binding
toward three other steroids: testosterone, estrone, and estra-
diol-3-sulfate (chemical structures in Fig. 1). As shown in
Table 1, none of the point mutations in the light-chain
caused significant changes in the cross-reactivity of either
estrone or E2-3-sulfate, and the 4aa16 heavy-chain pro-
duced only a very marginal decrease of the estrone cross-
reactivity compared with that of the wild type (Table 1).

Relative binding affinity of testosterone was, in turn, af-
fected by all the mutations studied (Table 1). The 4aa16
heavy-chain alone produced ∼ 68-fold decrease in the tes-
tosterone cross-reactivity compared with that of the wild-
type antibody, and the light-chain point mutations
Asn50L → Tyr, Phe91L → Tyr, and Phe83L → Ser reduced the
relative affinity toward testosterone ∼ 2.3-, 1.8-, and 1.3-
fold, respectively. The best combinatorial mutants 4aa16/
N50Y+F83S and 4aa16/N50Y+F83S+F91Y altogether
showed 400- to 500-fold reduced cross-reactivity to testos-
terone.

Estradiol assay

Time-resolved fluorescence-based competitive immunoas-
says were established by using the mutant 4aa16/
N50Y+F83S and the wild-type Fab. A series of E2 dilutions
over a concentration range 50 to 5000 pM were used as
calibration standards. The assay performed with the mutant
4aa16/N50Y+F83S gave a good response over the whole E2
concentration range used and resulted in the ED50 value of
270 pM (Fig. 4). The detection limit of the assay was 8 pM
if the lowest detectable concentration was defined as the
concentration corresponding to a signal 3 SD below the
mean of the zero calibrators. CV values of the calibration
standards varied between 1% and 2.4%. In the case of the
wild-type antibody, no response was observed, even at the
highest E2 concentrations (data not shown).

Discussion

In this study, we systematically explored the individual and
combinatorial impacts of a set of putative gain-of-function
mutations in the variable domain of the anti-estradiol anti-
body 57-2 with the aims to understand the mechanism of the
mutations and to generate antibody mutants with improved
binding properties. All of the studied mutations, including

three point mutations in the light-chain and a heavy-chain
insertion variant, turned out to improve the affinity of the
antibody toward E2, showing that the sequence and struc-
tural analysis based identification of the putative gain-of-
function mutations from the multiple mutated parental
clones was successful.

The previously determined crystal structure of the anti-
body 57-2/E2 complex (Lamminmäki and Kankare 2001)
provided good basis for the modeling and visual observa-
tion–based structural analysis of functional mechanisms of
the mutations. According to the three-dimensional models,
the mutations Asn50L→ Tyr and Phe91L → Tyr result in new
steroid-antibody contacts between the mutated side chains
and the steroid. Thus, their positive impact on the binding
affinity is probably largely related to increased complemen-
tarity of the antibody for the antigen. This view is consistent
with the fact that, for all of the mutations, the increased
affinity appears to be primarily defined by the lowered dis-
sociation rate of the antibody/antigen complex. However,
the mutations can also induce changes in the structure and
dynamics of the combining site in their surroundings. Thus,
they might contribute to the improved affinity, for example,
by stabilizing the structure of the binding site. In the case of
the mutation Asn50L → Tyr, the introduction of a Tyr in the
position 50L appears to result in an aromatic–aromatic
stacking interaction between Tyr50L and the neighboring
Tyr49L. This interaction can affect the position or mobility
of the side chain of Tyr49L, which contacts widely the
�-side of the A-ring of the bound steroid as well as interacts
with the CDR-H3 loop through a hydrogen bond in the
presence of the bound E2 (Lamminmaki and Kankare
2001). On the other hand, mutations in the surface residues
likely result in solvent reorganization in the binding site,
and these changes can be reflected in the binding properties
of the mutants.

The fact that mutations in the variable domain but outside
CDRs, which are primarily responsible for the contacts with
the antigen, can affect binding properties of antibodies has

Figure 4. Standard curve for estradiol assay. The competitive immunoas-
say was performed with the mutant 4aa16/N50Y+F83S.

Lamminmäki et al.

2554 Protein Science, vol. 12



been proved in several studies (Foote and Winter 1992;
Hawkins et al. 1993; Patten et al. 1996). The effect of the
mutation Phe83LSer, located >20Å from the antigen-bind-
ing site, adds to this data. The mutation Phe83LSer is par-
ticularly interesting in a sense that the replacement of the
aromatic phenylalanine by a small serine residue generates
a sizable cavity in the interior of the molecule. Cavities
inside protein cores are generally considered to be structure-
destabilizing (Eriksson et al. 1992; Matthews 1995), which
can be reflected, for example, in increased sensitivity for
elevated temperature or chaotropes. However, when ana-
lyzed for E2 binding, the mutant wild type/F83LS showed
very similar exothermic behavior within the temperature
range 15°C to 35°C as the wild-type antibody, indicating
that the stability of the mutant wild type/F83LS is not con-
siderably compromised at least within this relatively nar-
row, but in practical-sense important, temperature range.

The prediction of the functional mechanism of the muta-
tion Phe83LSer is very difficult due to small magnitude of
its effect on affinity and the distal location of the residue
F83L from the binding site. It is possible that the mechanism
of this mutation is based on the fact that the cavity forming
mutations in the protein core typically cause compensating
structural rearrangements (Eriksson et al. 1992; Xu et al.
1998). Such modifications might be reflected further in the
protein structure and, in the case of the mutation Phe83LSer,
affect the binding site region of the antibody. On the other
hand, the crystal structure of the antibody 57-2 shows that
residue 83L interacts with Val106L that seems to be one of
the residues intermediating contacts between the VL and CL

domains (Fig. 2E). It is possible that the mutation
Phe83LSer causes changes in the interaction of CL and VL,
which in turn may affect the properties of the antibody in a
similar manner as mutations in the ball-and-socket joint in
between VH and CH (Lesk and Chothia 1988; Landolfi et al.
2001).

It is not straightforward to assess the structural basis of
the 5.5-fold improved affinity of the variant 4aa16 because
the stretch of four additional residues at the tip of the �-hair-
pin type loop, lined with another two mutated residues, can
in theory adopt numerous different conformations, and the
reliability of the structural predictions for this type of seg-
ments is fairly limited. Nevertheless, the visual analysis of
the crystal structure of the Fab 57-2/E2 complex indicated
that the bulky side chain of Trp50H in the stem of CDR-H2
probably prevents direct interactions between the inserted
residues and the steroid (Fig. 2A,B). Therefore, the positive
impact of the extended CDR-H2 on the affinity is most
likely mediated through the original contact residues, espe-
cially Trp95H, which alone accounts for the majority of
contacts from the VH to the �-side of the steroid (Fig. 2B).

If combined, mutations can behave in either an additive
or nonadditive manner; that is, the functions of the indi-
vidual mutations are either independent or coupled. Nonad-

ditive effects between mutations can result from two types
of mechanisms: (1) The mutated residues interact with each
other by direct contacts or indirectly through structural per-
turbations or electrostatic effects, and (2) the mutations
cause changes in the reaction mechanism of the protein
(Wells 1990). On the basis of the double-mutant cycle
analysis, most of the combined mutations studied were di-
rectly additive. However, a clear coupling effect was ob-
served between the mutations Asn50L→ Tyr and
Phe91L→ Tyr. This phenomenon can be explained by mod-
eling data that indicate that the most favorable side-chain
rotamers of Tyr50L and Tyr91L clash each other (Fig. 2F).
Moreover, the mutation Asn50L → Tyr eliminates the proton
acceptor group (Asn50L �1O) for the �OH of Tyr91L, abol-
ishing the hydrogen bonds that the �OH of Tyr91L, accord-
ing to the modeling, forms with both �1O as well as the
backbone N of the residue Asn50L when the mutation
Phe91L→ Tyr exists alone (Fig. 2D,F). In the absence of
these hydrogen bonds, the side chain of Tyr91L cannot
adopt the same rotamer as the wild-type Phe91L because of
the too short interatomic distances ( ∼ 3 Å) between its �OH
and the main chain of residue 50L. Thus, the antibody can-
not adapt to the double mutation by changing the rotamer of
Tyr50L, but changes in the position of Tyr91L, making im-
portant contacts with the steroid, take place in any case.

In addition to the combination of the mutations
Asn50L→ Tyr and Phe91L → Tyr, a moderate interference
between the 4aa16 heavy-chain and the mutation
Asn50L→ Tyr was observed. According to the three-dimen-
sional structure of the antibody, Tyr50L and the extended
CDR-H2 cannot contact each other, and therefore, the cou-
pling effect is probably mechanism-based, being possibly
caused by slight changes in the position of the steroid as a
consequence of the mutations.

To probe the effects of the mutations on the binding
specificity, we analyzed the cross-reactivities of the anti-
body variants toward three steroids: estrone, E2-3-sulfate,
and testosterone. Estrogens have two functional groups at-
tached to carbons 17 (C17) and 3 (C3) of steroid skeleton,
and estrone and E2-3-sulfate differ from E2 in these posi-
tions, respectively (Fig. 1). The previous crystal structure-
based analysis revealed that the low cross-reactivity to es-
trone could be attributed to the 17-keto group which, unlike
17-OH in estradiol, could not form a strong four-center
hydrogen bond with the antibody (Lamminmäki and Kan-
kare 2001). The rather high cross-reactivity to E2-3-sulfate
(∼ 5%), in turn, was possibly because the orientation of the
steroid in the binding pocket allowed the bulky sulfate
group to protrude out into the solvent. For all antibody
variants studied here, the relative binding affinities toward
both estrone and E2-3-sulfate were almost the same as in the
case of the wild-type antibody. This is not surprising be-
cause the modeling indicates that any of the mutations does
not directly contact either the position C3 or C17 of the
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steroid. In concert with the fact that these two steroids differ
from E2 in the opposite ends of the steroid skeleton, these
data imply that none of the mutations causes large changes
in the position of the steroid. Considering the use of anti-
body in clinical E2-immunoassay applications, its selectiv-
ity between E2 and estrone (as well as estriol) is excellent;
however, the poor discrimination capacity around the posi-
tion C3 might be a potential source for specificity problems
because the position C3-attached sulfates and glucuronides
are natural metabolites of E2.

All the mutations decreased cross-reactivity of the anti-
body toward testosterone that differs from E2 mainly in the
A-ring. As in the case of E2 affinity, most of the mutations
were positively cooperative when combined, and dramati-
cally decreased cross-reactivities, being, at best, 450-fold
lower than that of the wild type, were observed for the
combinatorial mutants. Very low testosterone cross-reactiv-
ity is essential for an anti-E2 antibody intended for clinical
immunoassays because, even in female in fertile age, the
concentration of testosterone is generally significantly
higher than that of E2. The inspection of the affinity con-
stants for the antibody/testosterone interaction showed that
the mutations Asn50L→ Tyr and Phe91L→ Tyr actually
somewhat improved the absolute affinity of the antibody
toward testosterone when combined with the wild-type
heavy-chain (Table 1). When either of these two mutations
was combined with the 4aa16 type heavy-chain, affinity
improvement (compared with 4aa16) was not observed or it
was very slight, indicating negative cooperativity in the tes-
tosterone recognition between the 4aa16 heavy-chain and
the point mutations Asn50L→ Tyr and Phe91L→ Tyr. A pos-
sible explanation for this behavior is that in the presence of
the light-chain point mutations (Asn50L → Tyr and
Phe91L→ Tyr) or the heavy-chain 4aa16 alone, there is still
some extra space in the binding pocket that facilitates the
accommodation testosterone by allowing small changes in
the position/orientation of the steroid. However, when both
the light-chain and the heavy-chain are mutated, the binding
pocket is tightened on two sides and the movement-aided
binding of testosterone is impeded. The large decrease in the
testosterone cross-reactivity by the 4aa16 heavy-chain is
interesting because, according to crystal structure of the
antibody/E2 complex, the extended CDR-H2 cannot reach
to contact the A-ring of the steroid. These data also support
the surmise that the effects of the modified CDR-H2 loop of
the 4aa16 variant are largely indirect and mediated through
other binding site residues.

We analyzed the capability of the highest affinity mutant
4aa16/N50Y+F83S to detect low E2 concentrations in a
time-resolved fluorescence-based immunoassay. The assay
performed with the mutant produced a good response over
the E2 concentration range, corresponding to that generally
used in the current clinical E2-immunoassays, whereas the
wild type failed to respond even to the calibration standard

of the highest concentration. These results clearly demon-
strate the improved performance of the modified antibody
over the wild type. The combinatorial mutants of the anti-
body 57-2 with improved affinity and considerably de-
creased testosterone cross-reactivity generated in this study
can be useful for the applications that aim to the measure-
ment of E2 concentrations, and in any case, they provide for
good basis for the further protein engineering experiments
aiming to the development of high quality monoclonal anti-
E2 antibodies.

Materials and methods

Strains and plasmids

The strain Escherichia coli XL-1 Blue (recA1, endA1, gyrA96,
thi-1, hsdR17, supE44, relA1, lac [F� proAB, lacIqZ�M15, Tn10
{Tetr}]; Stratagene) was used as a host for cloning as well as for
the recombinant Fab expressions. The plasmid pCombIII (Barbas
et al. 1991), originally intended for the phage display usage but
from which the phage pIII-gene had been removed, was used as an
expression vector.

DNA manipulation

The light-chain point mutations were introduced in both the wild-
type Fab and the Fab variant 4aa16 containing a mutated heavy-
chain by using the commercial site-directed mutagenesis kit
QuikChange (Stratagene) according to the manufactorer’ instruc-
tions. The mutagenizing primers were purchased from MedProbe
or were synthesized in the in-house facility by using Applied Bio-
systems (ABI) 392 DNA/RNA Synthesizer. The sequences of the
primers were as follows: for the mutation Asn50L → Tyr, 5�-
CAGCTCCTGGTCTATTATGCAAAAACCTTAGCAG-3� and 5�-
CTGCTAAGGTTT-TTGCATAATAGACCAGGAGCTG-3�; for
the mutation Phe83L → Ser, 5�-AATAGTCTGC-AGCCTGAAG
ATTCTGGGACTTATTATTGTC-3� and 5�-GACAATAATAAG
TC-CCAGAATCTTCAGGCTGCAGACTATT-3�; and for the
mutation Phe91L → Tyr, 5�-CTTATTA-TTGTCACCATTATTGG
AGTACTCCGTG-3� and 5�-CACGGAGTACTCCAATA-ATG
GTGACAATAATAAG-3�. The success of the mutagenesis was
verified by DNA sequencing by using ABI PRISM 377 dye ter-
minator cycle sequencer. In some cases, the desired mutations
appeared to be present only either in the wild-type antibody or in
the variant 4aa16. Here, the missing mutants were generated by
cutting loose the successively mutated light-chain from the plas-
mid with the restriction enzymes SacI and XbaI (Promega) and
ligating then the fragment, after gel purification, to the desired
vector digested with the corresponding restriction enzymes.

Molecular modeling

The light-chain point mutations were introduced in the crystal
structure of the Fab 57-2/estradiol complex (Lamminmäki and
Kankare 2001) by replacing the original amino acid by the mutated
one using the program InsightII (Accelrys). For each of the mu-
tated residues, several different side-chain rotamers were consid-
ered, and the energetically most favorable one was adopted in the
model (in all cases, this was same rotamer as in the wild-type
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residue). The program InsightII was also used for the visual in-
spection of the structures and for the generation of Figure 2.

Fab production

The antibody mutants were expressed as Fab fragments into the
periplasmic space of the E. coli cells in small-scale cultures. The
cells were grown in 4 mL of SB medium (30 g/L Tryptone, 20 g/L
yeast extract, and 10 g/L, 4-(N-Morphdino) butane sulfonic acid
(MOPS)-buffer at pH 7.0) supplemented with 0.2% glucose, 100
�g/mL ampicillin, and 10 �g/mL tetracycline at 37°C, 300 rpm.
When an O.D.600 of 0.8 was achieved, the expression of the re-
combinant protein was induced by the addition of 100 �M iso-
propyl-�-D-thio-galactopyranoside (IPTG), and after that, the cells
were grown for additional 5 h at 30°C and 240 rpm. The cells were
harvested by centrifugation (4000g, 10 min at 4°C), 1 mL ice cold
Delfia assay (Perkin-Elmer Wallac) buffer was added, and the cells
were broken by sonication to release the Fab from the periplasm.
The cell extract was divided in 50 �L aliquots, which were stored
at −20°C.

Europium-labeled estradiol derivatives

Measurement of the concentrations of the expressed Fab fragments
and analysis of binding properties of the Fabs were performed with
DELFIA technology (Perkin-Elmer Wallac) based time-
resolved immunofluorometric microplate assays. Two different
labeled E2 derivatives were used as tracers in the assays: E2-6-
CMO-N1[Eu] was used for the concentration measurements;
E2-4-CET-N1[Eu], for the determination of the binding proper-
ties of the Fabs. The tracers were obtained as gifts from the H.
Mikola (Perkin-Elmer Wallac). E2-6-CMO-N1[Eu] was made by
labeling the 6-oxoestradiol 6-(O-carboxymethyl)-oxime derivative
with the europium chelate N1-(p-aminobenzoyl)-diethyleneamine-
N1,N2,N3,N3-tetraacetic acid (Mukkala et al. 1989), using the
method described by Mikola et al. (1993). The analog E2-4-CET-
N1[Eu] was synthesized as described in the study by Meltola et al.
(1999).

Fab determination

Concentrations of the Fab fragments in the crude bacterial extracts
were determined with immunoassays by using a purified wild-type
Fab 57-2 as a calibration standard and the labeled estradiol E2-6-
CMO-N1[Eu] as a tracer. First, 2 nM tracer E2-6-CMO-N1[Eu] in
the volume of 200 �L was pipetted into rabbit antimouse IgG-
coated microtiter wells (RAM) followed by the addition of 2 �L of
the sample or standard. The reactions were incubated for 60 min
with shaking 900 rpm at room temperature, and after washing the
wells, 200 �L DELFIA Enhancement solution was added. After
shaking the reactions for 15 min, the fluorescence was measured
by using a plate fluorometer Victor 1420 Multilabel Counter (Per-
kin-Elmer Wallac) controlled by the program Multicalc, version
2.6, which automatically produced a spline-fitted standard curve
and calculated the Fab concentrations in the samples.

Ka determinations for tracer and free steroids

The affinities of the antibody mutants toward the tracer E2-4-CET-
N1[Eu] were determined with a time-resolved fluoroimmunoassay
by using a hot saturation assay procedure. First, each Fab fragment
was immobilized on RAM microtiter strips by incubating 2 ng of

Fab in 200 �L DELFIA assay buffer in the wells for 2 h at 25°C.
Then the wells were washed, and the tracer was added in several
different concentrations for each Fab, ranging from 100 to 5000
pM for the Fabs having the wild-type heavy-chain and from 20 to
1000 pM for the Fabs having the 4aa16 heavy-chain. After that, the
wells were washed, enhancement solution was added, and the fluo-
rescence was measured as described above. The measured signals
were converted to the molar concentrations of the bound tracer,
and the tracer binding affinities were calculated with the program
RADLIG of the KELL package (version 5.0.2, Biosoft).

The influence of the temperature on the steroid-binding affinity
was analyzed by using the same labeled steroid (E2-4-CET-
N1[Eu]) and similar hot saturation procedure as above with the
following differences: MOPS buffer (pH 7.2) was used instead of
Tris-based DELFIA assay buffer in order to avoid the large tem-
perature dependence of pH in Tris buffer, and the incubations for
the antibody-steroid binding reaction were performed at five dif-
ferent temperatures (15°C, 20°C, 25°C, 30°C, and 35°C). The
measured Ka were used to construct a van’t Hoff plot; that is, the
lnKa was plotted against 1 / T.

For the affinities of unlabeled steroids, a competitive assay was
used. The unlabeled steroids were repeatedly diluted in a 2 nM
tracer (E2-4-CET-N1[Eu]) solution to give a range of final con-
centrations of the unlabeled steroid and a fixed concentration of
the labeled E2. The ranges of the unlabeled steroid concentrations
used were the following: from 0 to 20 nM estradiol, from 0 to 0.9
nM testosterone for Fabs with wild-type heavy-chain and 0 to 9
nM testosterone for the Fabs with 4aa16 VH, from 0 to 1.5 �M
E2-3-SO4, and from 0 to 50 �M estrone. Each member of the
series was assayed for the binding to the Fabs preimmobilized in
the RAM wells as described above. The steroids were allowed to
react with the antibodies for 4 h under shaking of 900 rpm. After
the incubation, the strips were washed, and the fluorescence was
measured as above. The program RADLIG was used for the analy-
ses of the steroid-binding affinities. The cross-reactivity was cal-
culated by dividing the Ka for the cross-reacting steroid by the Ka

for E2.

Determination of off-rates for Fab/E2 complexes

To measure the dissociation rates for Fab/E2 complexes, the Fab
fragments were first immobilized on the RAM strips as described
above. After washing the strips, 200 �L of 20 nM E2 solution was
added, and the strips were incubated for 30 min at 36°C with
shaking 900 rpm to saturate the steroid-binding sites. To start the
off-rate detection reaction, the strips were washed again, and 200
�L of 5 nM tracer solution that was prewarmed to 36°C was
added. The reactions were stopped at varying time points by re-
moving individual strips of wells and washing them. The incuba-
tion times depended on the Fab variant and varied from 2 to 128
min. The fluorescence signals were measured from the individual
strips as described above and were converted to the molar con-
centrations of the bound tracer. The dissociation rate constants
were calculated with the program Excel 97 (Microsoft) and were
obtained from the slopes of the following plots: the values from the
equation ln(1 − B / Bmax) versus time. The B stands for the con-
centration of the bound E2, and Bmax indicates the total concen-
tration of binding sites obtained from the reaction from which free
E2 was omitted.

Estradiol immunoassay

To test the performance of the mutated antibody 57-2 in an im-
munoassay-based estradiol measurement, a competitive immuno-
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assay was set up by using the high-affinity mutant 4aa16/
N50Y+F83S as well as the wild-type antibody. Two nanograms of
antibodies in volume of 100 �L were immobilized into RAM
strips in 2-h incubation at 25°C with shaking at 900 rpm. The wells
were washed, and a series of E2 dilutions, including of the con-
centrations 0, 0.05, 0.15, 0.5, 1.5, and 5 ng/mL in DELFIA assay
buffer, were added in volume of 100 �L, followed by a 4-h incu-
bation at 25°C. Then, the wells were washed again and 100 �L of
5 nM tracer E2-4-CET-N1[Eu] was added, followed by a 15-min
incubation at 25°C, 900 rpm, and another wash. Enhancement
solution was added, and the fluorescence signal was measured as
described above. Measured signals were converted to the molar
concentrations of the bound tracer, and a sigmoidal standard curve
was fitted to the data by using the program Excel 97 (Microsoft)
expanded with the Life Science Workbench Data Analysis Tool-
box (MDL) and using the algorithm y � (a − d) / [1 + (x / c)b] + d,
where a and d correspond to the maximum and the minimum
values of the response, respectively; b is the slope; and c is the
ED50 value.
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