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ABSTRACT

Anti-(4-hydroxy-3-nitrophenyl)acetyl (NP) antibodies bearing A1 chains are known to possess fine speci-
ficity, referred to as heterocliticity, which causes these antibodies to bind to hapten analogues such
as (4-hydroxy-3-iodo-5-nitrophenyl)acetyl (NIP) and (4-hydroxy-3,5-dinitrophenyl)acetyl (NNP) with
higher affinity than to the autologous hapten, NP. They also show preferential binding to the phenolate
form of hapten than to the phenolic form. We address here the question of whether affinity maturation
accompanies in the fine specificity of these antibodies by analyzing the interaction between NP;-, NIP; -,
or NNP;-hen egg lysozyme and anti-NP antibodies that possess different association constants to NP
using a surface plasmon resonance biosensor. We measured interactions at various pH values and found
that heterocliticity as well as preferential binding to the phenolate form of hapten were most promi-
nent in a germline antibody having immature affinity and that fine specificity becomes less evident, i.e.,
anti-NP antibodies become more specific to the immunizing antigen, NP during the process of affinity

maturation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Antibodies have been widely used as tools such as in develop-
ing biopharmaceuticals and biosensor material due to their ability
to specifically recognize antigens by means of antigen-combining
sites constructed mainly of amino acid residues in complementar-
ity determining regions (CDRs) (Trilling et al., 2013; Dingjan et al.,
2015). Primary antibodies produced at an early stage of immuniza-
tion are characterized by low antigen affinity, while those secreted
at a late stage possess a higher affinity, which is referred to as affin-
ity maturation (Eisen and Siskind, 1964) and which has been shown
to be induced by somatic hypermutation (SHM) (Milstein and Rada,
1995; Azuma, 1998). As a biosensor material, antibodies must pos-
sess high sensitivity in detection of antigen, which is attained by
raising their affinity through affinity maturation. However, anti-
bodies are known to bind to antigens with different structures

Abbreviations: NP, (4-hydroxy-3-nitrophenyl)acetyl; NIP, (4-hydroxy-3-iodo-5-
nitrophenyl)acetyl; NNP, (4-hydroxy-3,5-dinitrophenyl)acetyl; CDR, complemen-
tarity determining region; SHM, somatic hypermutation; HEL, hen egg lysozyme;
K,, equilibrium associa tion constant; kopn, association rate constant; ko, dissocia-
tion rate constant; Cap, caproic acid; SPR, surface plasmon resonance; RAMFc, rabbit
anti-mouse Fc; RU, response unit.
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(James et al., 2003; Kamatari et al., 2014), which is referred to
as cross-reactivity. It has not been known whether SHMs intro-
duced for raising affinity induce a change in specificity indicative
of cross-reactivity to antigens.

Anti-(4-hydroxy-3-nitrophenyl) acetyl (NP) antibodies
obtained from C57BL/6 mice have unique structural proper-
ties; they are encoded by the canonical gene segments, V186.2,
DFL16.2, and JH2 for the heavy chain and VA1 and JA1 for the light
chain (Bothwell et al., 1981). Therefore, anti-NP antibodies are
rather homogeneous in terms of the usage of their gene segments.
However, even though they are encoded by canonical genes,
these antibodies are heterogeneous in sequences of their CDRs,
especially in the third CDR of heavy chains (CDRH3), due to the
addition of an N-region by terminal deoxyribonucleotidyl trans-
ferase, which adds non-germline-encoded nucleotides during Ig
gene rearrangement (Benedict et al., 2000). By preparing hybrido-
mas, we previously demonstrated two distinct anti-NP antibody
populations that were characterized by the amino acid residue
at position 95 (Kabat et al., 1991) corresponding to the Vy-Dy
junction in CDRH3. These two groups have different strategies for
raising affinity. One harbors Tyr95 (V186.2*Tyr95*) and appears
at the early stage of immunization, and its affinity was found to
increase ~10-fold with the introduction of an amino acid replace-
ment of Trp33 with Leu (Leu33*) by means of SHM (Cumano
and Rajewsky, 1986). The other harbors Gly95 (V186.2*Gly95*)
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instead of Tyr95. Gly95* antibodies have approximately 100-fold
higher affinity than that of V186.2*Tyr95*Leu33* antibodies due
to the induction of multiple SHMs in both heavy and light chains
(Furukawa et al., 1999). In the present experiments, we selected
three representative anti-NP antibodies, N1G9, B2, and C6. N1G9
is a germline antibody possessing Tyr95, which is a dominant
component of primary antibodies (Cumano and Rajewsky, 1986).
B2 is an affinity-maturated antibody possessing Tyr95 with a
few residues different from N1G9 (Taketani et al., 1995). C6 is
an affinity-maturated antibody having Gly95 and multiple SHMs
(V186.2*Gly95*SHM"). We attempted to determine whether there
are any differences in fine specificity between Tyr95 and Gly95 in
affinity-maturated antibodies (see below).

Anti-NP antibodies provide unique tools for studying the rela-
tionship between affinity and specificity to antigens, since the
affinity maturation of these antibodies has been studied at the
molecular level (Mariuzza and Strand, 1981; Azuma et al., 1987;
Taketani et al., 1995; Sagawa et al., 2003) and since they have
been shown to have unique specificity to antigens, referred to as
heterocliticity (Imanishi and Makeld, 1973; Reth et al., 1978). Het-
erocliticity allows anti-NP antibodies to bind to antigen (hapten)
analogues such as (4-hydroxy-3-iodo-5-nitrophenyl) acetyl (NIP)
and (4-hydroxy-3,5-dinitrophenyl) acetyl (NNP) with higher affin-
ity than to the autologous hapten, NP. Anti-NP antibodies were also
shown to exhibit preferential binding to the phenolate form com-
pared to the phenolic form of NP (Azuma et al., 1987). It is still
controversial whether the affinity maturation is accompanied by a
change in specificity (Haynes et al., 2005), therefore, we examined
the interaction between anti-NP antibodies and hapten or hapten
analogues in detail using a surface plasmon resonance (SPR) biosen-
sor, which enabled us to describe changes in fine specificity in terms
of the change in the association constant (K;) and Gibbs free energy
(AG). Previously, we measured the hapten-antibody interaction
by SPR using NP-hen-egg lysozyme (NP-HEL), NP-bovine serum
albumin, or NP-chicken vy-globulin and showed that carrier pro-
teins having high molecular weight cause a steric hindrance in
hapten-antibody interactions, while this effect was not observed
in the case of NP-HEL (Oda et al., 2004). In addition, we were able to
prepare hapten-HEL conjugates having a single hapten conjugated
per HEL (NP -, NIP;- and NNP;-HEL), which enabled us to measure
monovalent hapten-antibody interactions using Biacore with little
interference from the carrier proteins.

In the present study, we measured K, as well as rate constants
of association (kopn) or dissociation (ko) for interactions between
anti-NP antibodies and NP;-, NIP;-, or NNP;-HEL at various pH
values. We show here that the fine specificity characterized by
preferential binding to an ionized form of NP (phenolate ion) and
heteroclitic binding to NIP or NNP both became less evident in
affinity-maturated antibodies, suggesting that they had become
more specific to the immunizing antigen, NP, during immunization.

2. Materials and methods
2.1. Antigen and antibody preparation

The hydroxysuccinimide ester of the haptens, NP, NIP, and NNP,
was coupled to e-amino-caproic acid (Cap) or HEL (Wako Pure
Chemical Industries) as described previously (Azuma et al., 1987).
The homogeneous monovalent antigens, NP;-HEL, NIP;-HEL, and
NNP;-HEL, were purified from the hapten-HEL conjugate, a mix-
ture of HELs with different numbers of haptens, by reverse-phase
high-pressure liquid chromatography on a Cosmosil 5C18-AR-300
column (4.6 mm x 15 cm, Nakarai Tesque), as described previously
(Oda et al., 2004). The hapten concentrations were determined
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Fig.1. Spectrophotometric titration of hapten-Caps. Degrees of ionization of NP-Cap
(O), NIP-Cap (A), and NNP-Cap (OJ) were plotted against pH.

from the absorption at 430 nm, 430 nm, and 445 nm, respectively
(Brownstone et al., 1966).

The anti-NP antibodies, B2 and C6, were prepared as described
previously (Azuma et al., 1987). N1G9 was kindly provided by Dr.
K. Rajewsky (Cumano and Rajewsky, 1986). The K, values of N1G9,
B2, and C6 to e-NP-aminocaproic acid (NP-Cap), as determined by
isothermal titration calorimetry, are 2.9 x 10° M1, 3.4 x 106 M1,
and 3.3 x 107 M~1, respectively (Torigoe et al., 1995; Furukawa
et al., 1999).

2.2. Spectrophotometric titration of haptens

The antigens, NP-Cap, NIP-Cap, and NNP-Cap, in solution at var-
ious pHs were prepared and their absorbance was measured. The
ratio of absorbance at 430 nm to 360 nm for NP-Cap and NIP-Cap
and that at 445 nm to 360 nm for NNP-Cap were plotted as a func-
tion of pH, and pK values of haptens were determined.

2.3. SPR measurements

The Biacore experiments were performed as described pre-
viously (Oda and Azuma, 2000). A solution of 0.1 wM anti-NP
antibody in phosphate-buffered saline containing 0.005% Tween20
was applied to the rabbit anti-mouse Fc (RAMFc) antibody chip ata
rate of 20 pl/min over a course of 30 s, which resulted in the capture
of about 1000 response units (RU) of anti-NP antibody. Antigens
were diluted at various concentrations (0.05-3.2 wM) and applied
over the sensor chips coupled with anti-NP antibodies bound to
RAMFc antibody, at a rate of 20 p.l/min for 3 min. The K, values were
determined from both the kinetic rate constants and the equilib-
rium levels obtained on sensorgrams, using Scatchard analysis (Oda
et al., 2006). Kinetic data were analyzed using BIA evaluation 3.2
software, which was supplied with the Biacore system. In this pro-
gram, a global fitting method was used to determine the association
and dissociation rate constants, ko and kg, using a model of 1: 1
Langmuir binding.

3. Results
3.1. Spectrophotometric titration of haptens

We first examined the pH-dependent ionization state of hap-
ten hydroxyl groups, since it was expected that electrostatic forces
would affect the hapten-antibody interactions. Although phenolic
forms of hapten molecules showed spectra with a peak at 360 nm,
the phenolate form of NP and NIP provided an absorbance that
peaked at 430 nm and that of NNP with a peak at 445 nm. Using the
absorbance ratios of 430 nm or 445 nm to 360 nm at different pHs,
degrees of ionization at respective pHs were determined, and plot-
ted as a function of pH (Fig. 1). pK values for the hydroxyl groups
of NP, NIP, and NNP were determined to be 7.15, 5.89, and 3.99,
respectively.
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Fig. 2. Binding affinities of anti-NP monoclonal antibodies to NP;-HEL (A) and NNP; -
HEL (B). The logK; values for N1G9 (O), B2 (A), and C6 (OJ) were plotted against
pH.

3.2. pH-Dependent antigen binding to anti-NP antibodies

The SPR biosensor Biacore was used to determine binding kinet-
ics of hapten-HEL conjugates to N1G9, B2, and C6, respectively. We
first examined the effect of hydroxyl ionization of NP molecules
on the interaction with anti-NP antibodies. The K; values were
obtained from the ratio of kon and ko (Ka,kin) Or from Scatchard
plots of equilibrium values of response units (Kj,sc, ). These two val-
ues were in good agreement with each other and we used Kj,, as
the K, value for further analysis. The amount of NP;-HEL binding to
the antibodies increased with increasing pH values between pH 5.0
and 8.4 (Fig. 2A). The Kj for the binding of NP,-HEL to C6 at pH 8.4
was about 100 times higher than that at pH 5.0 (Fig. 2A), while those
of NNP;-HEL at pH 8.4 and 5.0 were similar (Fig. 2B), indicating that
the antibodies bind to the ionized form of NP with higher affinity
and that a pH-dependent interaction reflects the ionization of NP,
since this dependence was not observed in the interaction with NNP
whose ionization state does not change above pH 5 (Fig. 2B). How-
ever, since essentially no information is available for the binding of
N1G9 and B2 at pH 5 due to the essential lack of signal changes in
SPR measurements, we measured binding at pH 7.3, at which pH all
antibodies showed binding, and approximately 60% of NP groups
were in the phenolate form.

In order to examine whether the preferential binding to the phe-
nolate form was altered as affinity maturation was processing, we
compared the Gibbs free energy (AG) for the interaction between
pH 7.3 and 84,

AGp = -2.303RTlog A (1)

AGg= -2.303RTlog B (2)
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Fig.3. Preferential binding to the phenolate form. The fvalues for NP;-HEL (O) were
plotted against logB. Those for NNP;-HEL ([0) were also shown for comparison.
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Fig. 4. Changes in the heteroclitic interaction. The F values for NIP;-HEL (A) and
NNP;-HEL (O) were plotted against log Knp .

in these equations; R, gas constant; T, absolute temperature; A,
K, at pH 7.3; B, K; at pH 8.4. The ratio of AGp/AGg, referred to as f,
is defined by Eq. (3).

AGA IOgA
A=8 (4)

The f values of the respective antibodies were plotted against
log B as in Fig. 3, where corresponding f values for the interaction
with NNP;-HEL are also shown for comparison. The f values for
NP;-HEL increased with an increase in log B, suggesting that pref-
erential binding to the phenolate form is the most remarkable and
is characteristic of the germline antibody, N1G9, while it becomes
less so in affinity-maturated antibodies.

3.4. Changes in the heteroclitic interaction
We measured the binding of anti-NP antibodies to NP;-, NIP;-,

and NNP;-HEL at pH 7.3 and calculated the F values using the K, of
the interaction with NXP (Knxp) and NP (Knp), according to Eq. (5).

AGnxp _ logKnxp
F= -

AGNp lOgKNp (5)
Knxp = (Knp)" (6)

where NXP represents either NIP or NNP. The Fvalues thus obtained
were plotted against log Kyp, as shown in Fig. 4, and are a measure
of heterocliticity. By definition, larger F values represented a higher
degree of heteroclitic binding and no such interaction was observed
when F=1. The interaction of N1G9 with NNP;-HEL or NIP;-HEL
provided the highest F value, while the F values decreased with a
rise in Kyp, and reached a value of 1, indicating that germline anti-
bodies are the most heteroclitic and that heterocliticity is lost as a
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Fig.5. Binding kinetics of anti-NP monoclonal antibodies to NP;-HEL, NIP;-HEL, and
NNP;-HEL. The ko, and k o values at pH 7.3 (white bars) and 8.5 (black bars) were
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result of affinity maturation. Although a similar plot of F vs log Knp
was obtained at pH 8.4, the differences in F values between N1G9
and other antibodies was smaller than those observed at pH 7.3
(data not shown), suggesting that heterocliticity is more remark-
able at a lower pH at which NP is predominantly in the phenolic
form.

In order to gain insight into the preferential binding to the
phenolate form as well as the heteroclitic interaction with NXP,
we carried out a kinetic analysis (Fig. 5). Results showed that the
stronger binding to the phenolate form and the heteroclitic inter-
action are both due to the faster association rate and the slower
dissociation rate.

4. Discussion

Throughout the immune response to T cell-dependent antigens,
antibody affinity increases with time post immunization, which is
referred to as affinity maturation (Eisen and Siskind, 1964), a pro-
cess which was shown to arise from induction of SHMs in Vy and V|,
domains (Milstein and Rada, 1995). We attempted to address the
question of whether the affinity maturation is accompanied by a
change in specificity, since it was reported that anti-HIV antibodies
secreted from patients suffering from chronic HIV infection bind
to antigens with different structures (Haynes et al., 2005). For this
purpose, we focused on the unique specificity of germline anti-NP
antibody, which is characterized by its preferential binding to the
phenolate form of NP and heteroclitic binding to hapten analogues,
and examined whether these specificities are altered in the affinity-
maturated antibodies B2 and C6. Previously, we showed that two
groups of anti-NP antibodies were produced during immunization;
one with Tyr95 at the junction of Vy-Dy gene segments and which
had gained higher affinity by SHM of Trp33 with Leu (Trp33Leu),
and the other possessing Gly95 instead of Tyr95 with increased
affinity as a result of multiple SHMs other than Trp33Leu. B2 is
representative of the former and C6, the latter.

To examine the change in the preferential binding to the pheno-
late form of NP, we compared the AG in binding to the phenolic (pH
5.0) vs the phenolate form (pH 8.4). Since the binding of N1G9 and
B2 to NP at pH 5.0 was under the limit of detection, we measured
binding at pH 7.3, at which 40% of NP groups are in the phenolic
form, judging from the pK value (Fig. 1). The AG ratio at pH 7.3 vs
pH 8.4, referred to as f, was 0.873 for N1G9, 0.988 for B2, and 0.993
for C6. It is evident that N1G9 binds preferentially to the phenolate
form. The preference for the phenolate form would be due to salt

bridges of phenolate oxygen within the side-chains of Arg50H and
Lys58H, as observed in the crystal structure of N1G9 Fab complexed
with NP (Mizutani et al., 1995). This would result in the higher kop
and the lower kg values (Fig. 5), because electrostatic interactions
contribute to faster association and stable complex formation (Oda
and Nakamura, 2000). By definition, the f value would be 1 when
an equal binding of the phenolate and phenolic forms occurred.
Although B2 and C6 still prefer to bind to the phenolate form, the f
values reached 1 with an increase in K, values, indicating that they
tend to bind to both the phenolic and phenolate forms (Fig. 3).

Similar AG ratios were employed for describing the change in
heteroclitic binding. In the case of N1G9, the AG ratios, referred
to as F in Eq. (5), for the binding of NNP or NIP relative to that of
NP were calculated to be 1.29 or 1.18, respectively. The F values
decreased with an increase in Knp (Fig. 4), suggesting that anti-NP
antibodies become more specific to the immunizing antigen, NP.
In the crystal structure of N1G9 Fab complexed with NP (Mizutani
et al., 1995), the C-5 atom of NP, to which iodine and nitro groups
are attached in NIP and NNP, respectively, is located within 4 A of
the side-chains of Trp33H and Trp91L, indicating that these amino
acid side-chains provide van der Waals contacts with the iodine
of NIP or the nitro group of NNP. Namely, the antigen combining
sites of anti-NP germline antibodies were constructed to accom-
modate NNP or NIP with a bulky residue at position C-5 and an
ionized hydroxyl residue at position C-4. Since the NP molecule
has a hydrogen atom at C-5 and non-ionized hydroxyl residue at
C-4, it binds less efficiently to N1G9 than does NNP or NIP. On the
other hand, the combining sites of B2 or C6 gained binding free
energy so as to increase complementarity to NP, which resulted
in lower heterocliticity, i.e., the antibodies became more specific
to NP. In other words, an increase in affinity is accompanied by an
increase in specificity to the immunizing antigen in both B2 and C6,
although these antibodies were shown to employ different strate-
gies for affinity maturation depending on the amino acid residue at
position 95 (Tyr or Gly) (Murakami et al., 2010).

In the present study, we showed changes in the fine specificity
of antibodies toward the immunizing antigen during immuniza-
tion by monitoring the preferential binding to the phenolate form
of NP as well as heteroclitic interactions of anti-NP antibodies
with hapten analogues. Heteroclitic recognition was first reported
in anti-bacteriophage antibodies (Mdkeld, 1965), and was then
reported in other antibodies against various haptens and proteins
(Chitarra et al., 1993; Minnerath et al., 1995; Guo et al., 1997).
Therefore, it might be a common phenomenon and the findings
obtained from analyses of anti-NP antibodies may be applicable to
other antigen systems in general. Although our results suggest that
the affinity maturation of antibodies is accompanied by alteration
of the fine specificity to attain better binding to the immunizing
antigen, it was reported that an anti-dinitrophenyl antibody, SPE-
7, was able to bind multi-specifically to antigens with different
structures, i.e., plural specificities (James et al., 2003). SPE-7 was
obtained by immunization with dinitrophenyl-chicken y-globulin
after treatment with anti-idiotype antibodies. In addition, patients
with chronic HIV infection were found to secrete anti-HIV antibod-
ies with binding activity to self-components (Haynes et al., 2005).
Since specificity is likely to be tuned toward the immunizing anti-
gens, itis as yet uncertain whether differentimmunization protocol
or simultaneous virus infection during immunization would result
in the production of antibodies different from those obtained by
conventional immunization.

5. Conclusions

Although the affinity maturation of antibodies has been stud-
ied extensively, whether specificity is also changed along with
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affinity change has not been well understood. Here, we showed
that an increase in affinity was brought about by tuning the com-
plementarity of the antibody combining sites to the structure of
the immunizing antigen, which modulated the fine specificity.
Namely, we found that anti-NP antibodies that gained higher affin-
ity became capable of binding to both forms of NP antigen, although
germline antibodies had a preference for only the ionized pheno-
late form. Since NP groups are in a state of equilibrium in terms of
ionization of their phenolate and phenolic forms, antibodies capa-
ble of binding to both forms have an advantage in being able to
capture NP antigens under physiological conditions. In addition,
although the heteroclitic interaction was explained as stabilization
by van der Waals contact between bulky substituents such as nitro
or iodine groups of NIP or NNP and the hydrophobic side chain of
antibodies in addition to contact with the backbone structure of
NP, it was most prominent in germline low affinity antibodies and
less evident in affinity maturated antibodies. This was explained
in terms of a decrease in the contribution of these van der Waals
contacts to the total binding energy in the high affinity antibodies.
Based on these observations, we concluded that affinity matura-
tion is accompanied by the maturation of fine specificity to the
immunogen.
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