
Critical contribution of VH–VL interaction to reshaping
of an antibody: The case of humanization
of anti-lysozyme antibody, HyHEL-10

TAKESHI NAKANISHI,1 KOUHEI TSUMOTO,1,3 AKIKO YOKOTA,1,4

HIDEMASA KONDO,2 AND IZUMI KUMAGAI1

1Department of Biomolecular Engineering, Graduate School of Engineering, Tohoku University,
Sendai 980-8579, Japan
2Research Institute of Genome-based Biofactory, National Institute of Advanced Industrial Science
and Technology (AIST), Sapporo 062-8517, Japan

(RECEIVED August 2, 2007; FINAL REVISION October 18, 2007; ACCEPTED October 18, 2007)

Abstract

To clarify the effects of humanizing a murine antibody on its specificity and affinity for its target, we
examined the interaction between hen egg white lysozyme (HEL) and its antibody, HyHEL-10 variable
domain fragment (Fv). We selected a human antibody framework sequence with high homology, grafted
sequences of six complementarity-determining regions of murine HyHEL-10 onto the framework, and
investigated the interactions between the mutant Fvs and HEL. Isothermal titration calorimetry indi-
cated that the humanization led to 10-fold reduced affinity of the antibody for its target, due to an unfa-
vorable entropy change. Two mutations together into the interface of the variable domains, however, led
to complete recovery of antibody affinity and specificity for the target, due to reduction of the unfa-
vorable entropy change. X-ray crystallography of the complex of humanized antibodies, including two
mutants, with HEL demonstrated that the complexes had almost identical structures and also paratope
and epitope residues were almost conserved, except for complementary association of variable domains.
We conclude that adjustment of the interfacial structures of variable domains can contribute to the
reversal of losses of affinity or specificity caused by humanization of murine antibodies, suggesting that
appropriate association of variable domains is critical for humanization of murine antibodies without
loss of function.
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Extensive studies from various viewpoints have revealed
that complementarity-determining regions (CDRs) in
variable domains of antibodies play a critical role in
antigen specificity and affinity, with their shape comple-
mentarities to the antigens (Mariuzza and Pojak 1993;
Braden and Poljak 1995; Davies and Cohen 1996; Padlan
1996). Therefore, several approaches to antibody engi-
neering based on CDRs have been reported (Jirholt et al.
1998; Soderlind et al. 2000; Ewert et al. 2004; Nishibori
et al. 2006). In particular, to reduce immune response
against murine antibodies in human hosts, transplantation
of a set of CDRs from murine antibodies to appropriate
scaffolds of some human antibodies has been attempted,
so-called ‘‘antibody humanization’’ or ‘‘CDR grafting’’
(Verhoeyen et al. 1988), and some humanized antibodies
have been used in clinical trials and, indeed, have been
utilized for internal or external medicine (Stochwin and
Holmes 2003; Stern and Herrmann 2005).

Some studies have indicated, however, that grafting of
the six CDRs of murine antibodies onto appropriate human
frameworks often resulted in reduced affinity or specificity
for the target antigen (Jones et al. 1986; Riechmann et al.
1988; Verhoeyen et al. 1988). Although the CDR-grafting
method is widely used for humanizing murine antibodies,
there are few general strategies for recovery of the affinity
of humanized antibodies for their targets (Queen et al. 1989;
Co et al. 1991, 1992; Foote and Winter 1992; Ohtomo et al.
1995), requiring several trial-and-error approaches.

To address how antibodies can recognize their target
antigens with high specificity and affinity, both structural
and thermodynamic information is required (Sturtevant
1994). X-ray crystal analysis can clarify structural aspects
of the complementarity of the interactions (Braden and
Poljak 1995; Davies and Cohen 1996; Padlan 1996), and
isothermal titration calorimetry can provide useful infor-
mation for quantitative assessment of the energetic con-
tribution of residues to the interaction (Lemmon and
Ladbury 1994; Schwarz et al. 1995; Torigoe et al. 1995;
Xavier et al. 1997; Furukawa et al. 1999). Thus, the com-
bination of these two approaches should be especially
valuable in providing insight into structural and thermo-
dynamic consequences of grafting CDRs onto selected
framework regions. However, only a few studies have pre-
cisely analyzed structural changes due to humanization
(Holmes et al. 1998, 2001), and there has been no report
of thermodynamic consequences of humanizing a murine
antibody.

We have focused on the interaction between hen egg
white lysozyme (HEL) and its monoclonal murine anti-
body, HyHEL-10 (Kam-Morgan et al. 1993; Ueda et al.
1993; Tsumoto et al. 1994a; Pons et al. 1999), whose struc-
tural features have been analyzed by X-ray crystallog-
raphy in Fab–HEL (Padlan et al. 1989) and Fv–HEL
(Kondo et al. 1999) complexes. A bacterial expression

system of the HyHEL-10 Fv fragment, which consists of
the associated variable domains of an antibody, has been
established (Ueda et al. 1996; Merk et al. 1999), and the
corresponding Fv–HEL interactions have been investi-
gated by using mutant Fv fragments (Tsumoto et al. 1994a,
1995, 1996). The combination of thermodynamic data
with structural results should be a powerful tool for the
precise description of the mutant Fv–HEL interactions
(Shiroishi et al. 2001; Yokota et al. 2003).

Here, using isothermal titration calorimetry and X-ray
crystallography, we report the effects of humanization and
mutations into two interfacial residues on the high spec-
ificity and affinity of murine HyHEL-10 (mHyHEL-10) Fv.
Mutations at two residues in the VH–VL interface of
humanized HyHEL-10 (hHyHEL-10) led to almost com-
plete recovery to the murine type from thermodynamic
and structural viewpoints. On the basis of our thermo-
dynamic and structural results, we discuss what causes the
reduction of affinity via humanization and how the function
of humanized antibody can be recovered.

Results

Humanization of HyHEL-10

To humanize the HyHEL-10 variable domains, some
frameworks for grafting the murine CDRs were screened
with a homology-based approach. Finally, human VH
region (GenBank accession number AAA52875) and VL
region (PIR accession number S40362) were selected on
the basis of a homology modeling (Supplemental Fig.
S1). The amino acid sequence of the humanized VH
displayed 76% identity to that of the parental murine VH,
while that of humanized VL displayed 78% identity to
that of the parental murine VL.

Preparation of hHyHEL-10 Fv

The humanized HyHEL-10 (hHyHEL-10) Fv was ex-
pressed in Escherichia coli and purified from the culture
supernatant. The hHyHEL-10 Fv were highly purified by
affinity chromatography using HEL-Sepharose and gel
filtration using a Sephacryl S-200 HR (>95%).

Thermodynamic analysis of the interaction between
lysozyme and humanized Fv fragment

To investigate the interaction between HEL and hHyHEL-
10 Fv, thermodynamic analysis was performed by ITC
(Fig. 1). We carried out ITC at four different temperatures
under otherwise identical conditions. Thermodynamic
parameters (30°C and pH 7.2) calculated from the titra-
tion curves are summarized in Table 1, and the temper-
ature dependence of enthalpy changes due to binding is
shown in Figure 2.

Nakanishi et al.

262 Protein Science, vol. 17



The binding constant (Ka) of hHyHEL-10 Fv for HEL
was ;10-fold smaller than that of the parental murine Fv
fragment for HEL. Although the binding enthalpy (DH) of
the humanized Fv–HEL interaction was slightly increased
by 4.1 kJ mol�1 at 30°C relative to the murine Fv–HEL
interaction, the negative entropy change of interaction was
increased, resulting in the reduced affinity for HEL. The
heat capacity change (DCp) estimated from the temperature
dependence of enthalpy change was �2.1 kJ mol�1 K�1.

Preparation of hHyHEL-10 mutant Fvs

Critical contribution of appropriate associations between
VH and VL chains has been suggested in several antigen–
antibody systems (Takahashi et al. 1994; Khalifa et al.
2000; Hugo et al. 2003); we have recently observed that

changes in specificity of the antibody were correlated
well with the changes in the relative orientations of VH,
VL, and HEL (Kumagai et al. 2003). To recover the af-
finity reduced via humanization, we focused on some
residues of VH at the VH–VL interface, i.e., Gln39 and
Trp47 of hHyHEL-10; the corresponding residues in mu-
rine HyHEL-10 are Lys39 and Tyr47, respectively. We
then constructed three mutants, HQ39K, HW47Y, and
HQ39KW47Y. These mutants were expressed in E. coli
and purified from the culture supernatant. Two mutants
(HW47Yand HQ39KW47Y) were highly purified by affin-
ity chromatography using HEL-Sepharose and gel filtra-
tion using a Sephacryl S-200 HR (>95%). However, the
HQ39K mutant was separated into the VH and VL chains
during gel filtration, and so this mutant was not used for
the following analyses.

Figure 1. Titration calorimetry of the interaction between the HyHEL-10 Fv fragment and HEL. (A, B) (Top) Typical calorimetric

titration of hHyHEL-10 mutant Fv fragment (5 mM) with 50 mM HEL at pH 7.2 and 30°C; (bottom) integration plot of the data

calculated from the raw data. The solid line corresponds to the best-fit curve obtained by least-squares deconvolution. (A) hHyHEL-10;

(B) HQ39KW47Y mutant.

Table 1. Thermodynamic parameters of the interactions between Fv and HEL at 30°C and pH 7.2 in phosphate buffera

Mutant n Ka(3 108 M�1)

DG DDG DH DDH DS DDS DCp DDCp

(kJ mol�1) (kJ mol�1) (kJ mol�1 K�1) (kJ mol�1 K�1)

hHyHEL-10 0.83 0.61 �45.2 0 �103.8 0 �0.193 0 �2.1 0

HW47Y 1.02 7.87 �51.6 �6.4 �106.7 �2.9 �0.181 0.012 �1.9 0.2

HQ39KW47Y 0.98 13.1 �52.9 �7.7 �97.9 5.9 �0.148 0.045 �0.9 1.2

mHyHEL-10 1.05 8.21 �51.7 �6.5 �99.7 4.1 �0.158 0.035 �1.5 0.6

Abbreviations: n, stoichiometry; Ka, binding constant; DG, changes in Gibbs energy; DH, binding enthalpy; DS, entropy; and DCp, heat capacity,
respectively. DDG, DDH, DDS, and DDCp are the differences in each of these respective values from those of hHyHEL-10 Fv.
a Experimental protocols are described under Materials and Methods.
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Thermodynamic analysis of the interaction between
lysozyme and mutated humanized Fv fragments

To investigate the interaction between HEL and mutated
hHyHEL-10 Fvs, thermodynamic analysis was performed
by ITC. Thermodynamic parameters are summarized in
Table 1.

HW47Y mutant Fv had almost identical affinity for
lysozyme relative to the murine Fv, indicating that the
increase in the negative entropy change was compensated
by the increase in the negative enthalpy change. On the
other hand, the binding constant of the HW47Y mutant
for HEL was ;10-fold higher than that of humanized Fv,
which resulted from the favorable changes in both bind-
ing enthalpy and entropy. Furthermore, to alter the struc-
ture at the interface between VH and VL, the double
mutant (i.e., HQ39KW47Y) was prepared and character-
ized. The affinity constant of the HQ39KW47Y double-
mutant Fv was slightly larger than that of parental murine
and the HW47Y mutant Fvs. HQ39KW47Y mutant be-
haved differently than HW47Y mutant: The decrease in
the negative enthalpy change for HQ39KW47Y mutant
was compensated for by the decrease in the negative en-
tropy change, resulting in high affinity for HEL. The heat
capacity changes for the HW47Y and HQ39KW47Y mutant
were estimated to be�1.9 and�0.9 kJ mol�1 K�1, respectively.

Crystal structures of mutant Fv–HEL complexes

To precisely describe the mutant Fv–HEL interactions
from a structural viewpoint, we determined the crystal
structures of the three mutant–HEL complexes (Fig. 3).
Crystallographic data are summarized in Supplemental
Table S2. The maximum resolution of the X-ray data used
in the refinements ranged from 1.9 to 2.4 Å, and the
R factors of the refined structures were 0.214–0.221.

The mutant Fv–HEL complexes were superimposed
onto the wild-type Fv–HEL complex (Kondo et al. 1999).
The root-mean-square deviations (RMSDs) between the

Ca atoms of the mutant Fv structures and those of the
wild-type Fv structure are summarized in Table 2. The
overall structures of the HyHEL-10 mutant Fv–HEL
complexes are similar to that of the HyHEL-10 wild-type
Fv–HEL complex (Table 2, column ‘‘All fit’’).

No major changes in the relative orientations of VL,
VH, and HEL were observed in the hHyHEL-10 Fv–HEL
and mutant Fv–HEL complexes (Table 2, column ‘‘All
fit’’). However, the RMSDs of VL and VH chains in the
hHyHEL-10 complex were 1.64 and 1.36 Å, respectively,
when HEL of the hHyHEL-10 Fv–HEL complex was
superposed on that of the mHyHEL-10 complex. When
each chain of the HW47Y mutant complex was super-
imposed onto the corresponding chain of the mHyHEL-
10–HEL complex, the RMSDs were almost the same as in
the case of the hHyHEL-10 complex. On the other hand,
the RMSDs of the VL and VH chains in the HQ39KW47Y
mutant were decreased (1.09 and 1.01 Å, respectively), indi-
cating that the relative orientations of VL, VH, and HEL
were altered due to the double mutation.

The calculated contact area of the mHyHEL-10 Fv–
HEL complexes was 1801 Å2 (Kondo et al. 1999). Those
of hHyHEL-10 and mutant complexes were 1769, 1745,
and 1807 Å2 for the hHyHEL-10, HW47Y mutant, and
HQ39KW47Y mutant, respectively (Table 3).

The contact area of VH–VL interfaces of the murine
complex was 1490 Å2; those of hHyHEL-10, HW47Y,
and HQ39KW47Y complexes were 1368, 1349, and 1360
Å2, respectively. The decreases in the contact areas were
mainly caused by the interactions around Lys43 and
Leu45 in the H chain (Fig. 4). Note that large changes

Figure 2. Temperature dependence of the enthalpy change of the inter-

action between HyHEL-10 Fv and HEL: open circles, hHyHEL-10; solid

triangles, HW47Y; solid circles, HQ39KW47Y; open squares, mHyHEL-10.

Figure 3. Overall structure of the hHyHEL-10 Fv–HEL and mutant–HEL

complexes. The structure of the three humanized Fv–HEL complexes,

whose Ca coordinates of HEL are superimposed on the Ca coordinates of

HEL complexed with mHyHEL-10, is superposed on the structure of Fv

(gray). Red, hHyHEL-10 Fv–HEL complex; blue, HW47Y Fv–HEL

complex; green, HQ39KW47Y Fv–HEL complex. Generated with PyMOL

(DeLano Scientific).
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in apolar areas of the interfaces have been observed due to the
humanization (hHyHEL-10 and HW47Y mutant) (Table 4).

Shape-complementarity (Sc) values of mHyHEL-10,
hHyHEL-10, and the two mutant complexes have been
calculated using the program Sc (Table 5) (Lawrence and
Colman 1993). The results showed that no major changes
in shape complementarities were observed in either the
antigen–antibody or VH–VL interfaces.

Local structural changes in the antigen–antibody inter-
faces due to humanization have been localized around
Tyr53, Tyr58, Arg97, and Asp99 in the H chain (Fig. 5A–
D); on the other hand, those in the VH–VL interfaces
were localized around the mutated sites: i.e., sites 39 and
47 in the VH chain (Fig. 5E,F).

Discussion

To address the effects of grafting CDRs of a murine
antibody onto the selected framework region of a human
antibody, i.e., humanization of a murine antibody, on the
specificity and affinity of the antibody for its target, we
examined the interaction between hen egg white lyso-

zyme (HEL) and its murine antibody HyHEL-10 (mHy-
HEL-10) variable domain fragment. We selected a human
antibody framework sequence with high homology, grafted
sequences of six complementarity-determining regions of
murine HyHEL-10 onto the selected human framework,
and investigated the interactions between the mutant Fvs
and HEL. In the following subsections, we discuss and cor-
relate our thermodynamic and structural findings.

Thermodynamic analysis of hHyHEL-10
Fv–HEL interactions

Humanization of the antibody increased the negative
enthalpy change for the hHyHEL-10 Fv–HEL interaction
(�DH became more negative) compared to that for the
wild-type mHyHEL-10–HEL interaction; however, human-
ization decreased the affinity constant (Ka) more than 10-
fold (Table 1). These results indicate that the entropy loss
increased due to humanization of mHyHEL-10. In order to
improve the affinity of the antibody for its target, we then
focused on the residues at sites 39 and 47, which are located
in the VH–VL interface. Substitution of one Trp residue at
site 47 of the VH chain with Tyr led to almost complete
recovery of the affinity via an increase in the negative
enthalpy change. Note that the mutation at site 47 reduced
the entropy loss. One additional mutation at site 39 of the
VH chain led to significant reduction of the negative
enthalpy and entropy changes, resulting in further improve-
ment of the affinity for the target antigen, HEL. These
results indicate the notable reduction of the entropy loss due
to the second mutation in the VH–VL interface has led to
the complete recovery of the affinity for the target.

Comparison of the hHyHEL-10 Fv–HEL and mutant
hHyHEL-10 Fv–HEL structures with the mHyHEL-10
Fv–HEL structure

The overall structure of the hHyHEL-10 Fv–HEL com-
plex is similar to the structure of the mHyHEL-10 Fv–
HEL complex (Fig. 3), and almost all of the noncovalent
bonds have been found in the hHyHEL-10 complex. The

Table 2. RMS differences in the Ca atom of each chain (Å)

VL fit VH fit HEL fit All fit

hHyHEL-10

VL 0.29 0.73 1.64 0.50

VH 0.71 0.44 1.36 0.57

HEL 1.44 1.11 0.33 0.69

HW47Y

VL 0.30 0.74 1.73 0.50

VH 0.69 0.44 1.33 0.54

HEL 1.40 1.11 0.31 0.70

HQ39KW47Y

VL 0.35 0.56 1.09 0.46

VH 1.13 0.51 1.01 0.54

HEL 1.09 0.49 0.43 0.50

RMS differences were obtained by superposing the Ca coordinates of each
chain (VL, VH, or HEL) with those of the corresponding chain of
mHyHEL-10 Fv. In the rightmost column, the Ca coordinates of all
chains in the mutant Fv–HEL complex were used for superposing with
those in mHyHEL-10 Fv–HEL complex.

Table 3. Heat capacity changes of the interactions between HyHEL-10 and HEL

Antibody

Buried DASA (Å2)a DCp
b DCp

c

Total Apolar Polar (J K�1 mol�1) (J K�1 mol�1)

hHyHEL-10 �1769 �867 �902 �630 �2140

HW47Y �1745 �849 �896 �608 �1900

HQ39KW47Y �1807 �880 �926 �633 �940

mHyHEL-10 �1801 �865 �936 �607 �1530

a Calculated according to Shiroishi et al. (2001).
b Calculated with the equation DCp ¼ 1.34DASAapolar – 0.59DASApolar (Spolar and Record 1994).
c Experimentally determined in phosphate buffer; from Table 1.
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present structural data indicated that no major changes in
the interfacial interactions have been introduced due to
humanization and mutations into the interfacial residues.
The area of HEL covered by the hHyHEL-10 Fv, how-
ever, decreased by 32 Å2 in comparison with the mHy-
HEL-10 Fv–HEL complex (Table 3); this decrease was
due to a decrease in the polar contact areas. Although no
significant changes in these areas have been observed,
recovery of the polar contact area could be achieved via
the two mutations.

The area of the VH–VL interface of the hHyHEL-10
Fv–HEL complex decreased by 122 Å2 in comparison
with that of the murine antibody, due to significant
reductions at sites 43 and 45 in the VH chain (Fig. 4) in
spite of the slight increase at site 47. The structural
changes are in part compensated for by mutation at site 47
of VH and completely compensated for by further muta-
tion at site 39 of VH. The relative orientation of VH, VL,
and HEL has been changed due to humanization and
the two mutations into the interfacial residues of hHy-
HEL-10 Fv.

Note that the Lys residue is rarely observed at site 39
in murine antibodies, whereas Gln is frequently observed
(Vargas-Madrazo and Paz-Garcia 2003). Recently, we and
another group have suggested that the Lys residue at this
site is critical for association of the antibody mHyHEL-10
with its target HEL (Masuda et al. 2006). Induced fitting
of antibodies via changes in association of variable do-
mains was first proposed by Bhat et al. (1990). Critical
contribution of appropriate associations between VH and
VL chains has been suggested in several antigen–anti-
body systems (Takahashi et al. 1994; Khalifa et al. 2000;
Hugo et al. 2003; Kumagai et al. 2003); thus, we con-
clude that some particular residues in VH–VL interfaces
should be taken into account for engineering humanized
antibodies.

The most useful tie between the thermodynamic and
structural data is based on the relationship between the
change in heat capacity and the change in the surface area

that is exposed to solvent on going from one equilibrium
state to another (Morton and Ladbury 1996). For exam-
ple, Spolar and Record successfully related the ther-
modynamic and structural changes on formation of a
protein–DNA complex (Spolar and Record 1994). Thus,
from the temperature dependency of the enthalpy changes
(Fig. 2), we estimated the heat capacity changes (DCp) of
the interactions between the antibodies and the antigen
(Table 1). We calculated the DCp values on the basis of
structural data and Equation 1:

DCp ¼ 1:34DASAapolar � 0:59DASApolar (1)

reported by Spolar and Record (1994) (Table 3). Our
data include large discrepancies between the calculated
values and the experimentally determined values in the
cases of mHyHEL-10, hHyHEL-10, HW47Y mutant.
Such discrepancies were first pointed out by Morton
and Ladbury (1996). Possible explanations for such dis-
crepancies are restriction of water molecules in the
interface (Dunitz 1994; Morton and Ladbury 1996) and
recognition-coupled structural changes due to induced
fitting (Spolar and Record 1994; Myszka et al. 2000).
Precisely estimating the contribution of water molecules
and structural changes is difficult; however, significant
contributions of larger negative DCp values may originate
from structural changes due to mutations, since the
changes in relative orientations of VH, VL, and HEL
due to humanization seem to be correlated with increase

Figure 4. Change in the buried areas of the VH–VL interface in hHyHEL-10 mutants relative to mHyHEL-10.

Table 4. Interfacial areas between VH and VL (Å2)a

Polar Apolar Total

hHyHEL-10 450 919 1368

HW47Y 424 925 1349

HQ39KW47Y 371 988 1360

mHyHEL-10 452 1037 1490

a Calculated according to Shiroishi et al. (2001).
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in negative DCp values. Again, note that the negative DCp

value was significantly reduced via two mutations into the
interfacial residues of hHyHEL-10.

Conclusion

Structural and thermodynamic consequences
of humanizing a murine antibody

Humanization of anti-HEL murine antibody HyHEL-10
led to 10-fold reduced affinity of the antibody for its tar-
get, due to an unfavorable entropy change. Structural
analyses clearly indicate that all interfacial interactions
between Fv and HEL were conserved; relative orienta-
tions of VH, VL, and HEL have been changed. Two muta-
tions into the interface of the variable domains, however,
led to complete recovery of the antibody’s affinity and
specificity for the target, due to reduction of an unfavor-
able entropy change. Structural analyses suggest that the
HQ39KW47Y mutant complex has a tertiary structure
almost identical to that of the mHyHEL-10–HEL com-
plex, except for some interactions of the Fv–HEL inter-
face. From these results, we conclude that appropriate
association of variable domains is critical for human-
ization of murine antibodies without loss of function. The
mutations of humanized antibodies in the framework
regions of mHyHEL-10 Fv at characteristic sites 39 and
47 at VH–VL interfaces may change the relative orienta-
tions of VH, VL, and HEL and improve affinity or
specificity. The residues focused on in this study are
completely buried in the VH–VL interface; thus, the
present strategy, i.e., structural adjustment of VH–VL
interfaces, may be favorable for functional improvement
of the humanized antibodies since the mutations at the
interface may cause little antigenicity of the engineered
antibodies. Fine-tuning of affinity or specificity of human-
ized antibodies might be successfully performed by care-
ful design of variable domain interactions.

Materials and Methods

Materials

All enzymes for genetic engineering were obtained from Takara
Shuzo Co., Ltd., Toyobo Biologics, Roche Diagnostics, and

New England Biolabs. Isopropyl b-D-(�)-thiogalactopyranoside
(IPTG) was obtained from Wako Fine Chemicals, Inc. All other
reagents were of biochemical-research grade. The antigen, HEL
(Seikagaku-Kogyo Co.), was purified by ion-exchange chroma-
tography on SP–Sepharose FF (Amersham-Biosciences), followed
by gel filtration on Superdex 75 pg (Amersham-Biosciences)
equilibrated with phosphate-buffered saline (PBS). The eluate was
dissolved in water at a concentration of 0.54 mM prior to use.

Humanization of HyHEL-10

The amino acid sequences of the humanized HyHEL-10 VH and
VL were constructed by a CDR-grafting method. BLASTP
(Altschul et al. 1990) was used to search for the human

Table 5. Shape complementarity valuesa

hHyHEL-10 HW47Y HQ39KW47Y mHyHEL-10

Sc(VH–VL) 0.778 0.786 0.748 0.754

Sc(Fv–HEL) 0.738 0.697 0.733 0.736

a Shape complementarity values estimated using the program SC
(Lawrence and Colman 1993).

Figure 5. Comparison of local structures in mHyHEL-10-HEL and

hHyHEL-10-HEL complexes (hydrogen bonds and salt bridges are

depicted as dotted lines). (A–D) Local structural changes in the antigen–

antibody interfaces due to humanization of mHyHEL-10: (A) region

around site 53 of VH; (B) region around site 58 of VH; (C) region around

site 97 of VH; (D) region around site 99 of VH. (E, F) Comparison of local

structures around the mutated sites: (E) region around site 39 of VH; (F)

region around site 47 of VH. Red, hHyHEL-10 Fv–HEL complex; blue,

HW47Y Fv–HEL complex; green, HQ39KW47Y Fv–HEL complex; gray,

mHyHEL-10 Fv–HEL complex.
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sequences most similar to the HyHEL-10 variable domains.
Some human sequences were chosen to graft the murine CDRs,
and the homology modeling was performed using the grafted
variable domain fragments. The genes encoding the humanized
VH and VL were separately synthesized from nine oligonucleo-
tides by using an overlap-extension PCR method previously
described (Sato et al. 1994; Mehta et al. 1997). The oligonu-
cleotides, ranging from 77 to 97 bp with overlapping regions of
20 bp, were designed using codons that exist with high fre-
quency in E. coli; the designed oligonucleotides are summarized
in Supplemental Table S1. The oligonucleotides were assem-
bled, and the full-length gene was amplified by PCR. A second
PCR was performed using the DNA fragments amplified by the
first PCR as templates and the two external primers. The second
PCR product was digested with NcoI and SacII and cloned into a
pRA vector containing T7 promoter (Asano et al. 2006). The
resulting vectors were designated pRA-hVH and pRA-hVL.
The correctness of the humanized versions was confirmed by
DNA sequencing (ABI 3100 Avant Genetic Analyzer, Applied
Biosystems).

Construction of expression vectors of hHyHEL-10
and mutant Fvs

To produce the Fv fragment, a vector for coexpressing both VH
and VL chains was constructed. Each chain was fused to pelB
signal peptide for secretory expression in E. coli. In brief, the
genes encoding both PelB and VL were amplified by PCR using
pRA-hVL as a template and the primers as follows. The
nucleotide primers were 59-ACTAGTTATTTCAAGGAGACAG
TCATAATG-39 and 59-GGATCCGCTATTAATGGTGGTGATG
ATGGTG-39, respectively (SpeI and BamHI sites are under-
lined). The PCR product was digested with SpeI and BamHI and
ligated into the same sites of pRA-hVH to give the expression
vector pRA-hHL (the SpeI and BamHI sites are downstream of
the hVH gene).

Site-directed mutagenesis

Site-directed mutagenesis was accomplished by PCR muta-
genesis. The oligonucleotide primer pairs for mutations at sites
39 and 47 of VH were 59-CTGGATTCGCAAACCGCCGGGCA
AAGGT-39, 59-ACCTTTGCCCGGCGGTTTGCGAATCCAG-39,
59-CCGCCGGGCAAAGGTCTGGAATATATTGGCTATGTGA-39,
and 59-TCACATAGCCAATATATTCCAGACCTTTGCCCGGCGG-39,
respectively (mutated sites are underlined).

Expression and purification of hHyHEL-10 Fv

E. coli BL21 (DE3) was transformed with the expression vector
described above, and transformants were grown at 28°C in 23
YT broth containing 100 mg/mL ampicillin for 10 h. To induce
the expression of Fv fragment, IPTG was added to a final
concentration of 1 mM, and the culture was incubated overnight
at 28°C. The supernatant was separated from the culture by
centrifugation at 6000g for 15 min at 4°C and salted out with
ammonium sulfate at 80% saturation. The precipitates were
collected by centrifugation at 7000g for 30 min at 4°C and
dissolved in PBS. The protein solution was dialyzed against the
PBS overnight and then centrifuged at 7000g for 20 min. After
the precipitates were removed, the supernatant was loaded onto
a HEL-Sepharose column that had been previously equilibrated

with the same buffer, and in which HEL was immobilized to
CNBr-activated Sepharose 4B (GE Healthcare). The column
was washed with the same buffer, 200 mM NaCl/100 mM
Tris-HCl (pH 8.5), and then the adsorbed protein was eluted
with 100 mM glycine-HCl (pH 2.0). The eluate was quickly
neutralized with 200 mM NaCl/1 M Tris-HCl (pH 7.5). The
fraction containing Fv was loaded onto a Sephacryl S-200
HR equilibrated with 200 mM NaCl/50 mM phosphate buffer
(pH 7.2).

Isothermal titration calorimetry

Thermodynamic parameters between HEL and Fv were deter-
mined by isothermal titration calorimetry (ITC) using a VP-ITC
calorimeter (MicroCal) under conditions as follows. The Fv
fragment at a concentration of 5 mM in 200 mM NaCl/50 mM
phosphate buffer (pH 7.2) in a calorimeter cell was titrated with
the HEL at a concentration of 50 mM in the same buffer at four
temperatures (20°C, 25°C, 30°C, and 35°C). The HEL solution
was injected 25 times in portions of 10 mL during a period of
20 s. Thermogram data were analyzed with the program Origin
version 5 (MicroCal).

The enthalpy change (DH) and association constant (Ka) for
the Fv–HEL interaction were obtained from the titration curve.
The Gibbs free energy change (DG ¼ –RT ln Ka) and the entropy
change [DS ¼ (–DG + DH)/T] for the binding were calculated
from DH and Ka. The heat capacity change (DCp) was estimated
from the temperature dependency of the enthalpy change.

Crystallization of the hHyHEL-10 Fv–HEL complexes

The hHyHEL-10 Fv and HEL solutions were mixed in a molar
ratio of 1:1.2 and then dialyzed against 10 mM Tris-HCl (pH
8.0). Finally, the Fv–HEL complex solution was concentrated to
31 mg mL�1. Initial screening for crystallization conditions was
performed by the sparse matrix method at 20°C by using Crystal
Screen and Crystal Screen 2 kits (Hampton Research). A crystal
of the wild-type Fv–HEL complex was grown by vapor diffusion
using the hanging-drop method against a reservoir containing
100 mM MES (pH 6.4), 10 mM ZnSO4, and 28%–31% (w/v)
polyethylene glycol monomethyl ester 550. Crystals of the
mutant Fv–HEL complexes were also obtained under similar
conditions.

Data collection and structural determination

Data for wild-type Fv–HEL complex were collected at the
Photon Factory (Tsukuba, Japan) beamline BL-5A, using an
ADSC Quantum 315 CCD detector, and were processed using
the program HKL2000 (Otwinowski and Minor 1997). Data for
mutant Fv–HEL complexes were collected at the Photon Factory
beamline NW12A, using an ADSC Quantum 210 CCD detector,
and were also processed using the program HKL2000. Crystal-
lographic data and statistics of the data collection are summa-
rized in Supplemental Table S2. Initially, the structure of the
HW47Y mutant Fv–HEL complex was determined by a molec-
ular replacement (MR) method with the program MOLREP
(Vagin and Teplyakov 2000) in the CCP4 suite (Collaborative
Computational Project Number 4 1994). The search model for
MR was derived from the structure of parental murine Fv–HEL
complex. The structures of the other Fv–HEL complexes (wild
type and HQ39KW47Y) were determined by a MR method
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using the structure of HW47Y mutant Fv–HEL complex as a
search model. Refinements of the structures of the Fv–HEL
complexes were carried out using the programs O (Jones et al.
1991) and CNS (Brünger et al. 1998). The atomic coordinates
and structural factors for each Fv–HEL complex have been
deposited in the Protein Data Bank (ID codes hHyHEL-10,
HW47Y, and HQ39KW47Y for 2EKS, 2EIZ, and 2YSS,
respectively).

Estimation of protein concentration

The concentration of HEL was estimated taking A1%
280 ¼ 26.5

(Imoto et al. 1972). The concentrations of the hHyHEL-10 Fv
fragments were estimated taking A1%

280 ¼ 22.9 for the wild
type and A1%

280 ¼ 21.2 for the HW47Y and HQ39KW47Y
mutants.

Electronic supplementary material

The supplementary material contains two tables and one figure.
Supplemental Table S1 presents the primers of overlap-extension
PCR for synthesis of hHyHEL-10 genes. Supplemental Table S2
shows the crystallographic data for Fv–HEL complexes. Supple-
mental Figure S1 shows the amino acid sequences of mHyHEL-10
and hHyHEL-10 selected.
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