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Many germ line antibodies have asparagine residues at spe-
cific sites to achieve specific antigen recognition. To study the
role of asparagine residues in the stabilization of antigen-anti-
body complexes, we examined the interaction between hen egg
white lysozyme (HEL) and the corresponding HyHEL-10 vari-
able domain fragment (Fv). We introduced Ala and Asp substi-
tutions into the Fv side chains of L-Asn-31, L-Asn-32, and L-Asn-
92, which interact directly with residues in HEL via hydrogen
bonding in the wild-type Fv-HEL complex, and we investigated
the interactions between thesemutant antibodies andHEL. Iso-
thermal titration calorimetric analysis showed that all themuta-
tions decreased the negative enthalpy change and decreased the
association constants of the interaction. Structural analyses
showed that the effects of the mutations on the structure of the
complex could be compensated for by conformational changes
and/or by gains in other interactions. Consequently, the contri-
bution of two hydrogen bonds wasminor, and their abolition by
mutation resulted in only a slight decrease in the affinity of the
antibody for its antigen. By comparison, the other two hydrogen
bonds buried at the interfacial area had large enthalpic advan-
tage, despite entropic loss that was perhaps due to stiffening of
the interface by thebonds, andwere crucial to the strengthof the
interaction. Deletion of these strong hydrogen bonds could not
be compensated for by other structural changes. Our results
suggest that asparagine can provide the two functional groups
for strong hydrogen bond formation, and their contribution to
the antigen-antibody interaction can be attributed to their lim-
ited flexibility and accessibility at the complex interface.

The specific recognition of ligands by proteins is a funda-
mental biological phenomenon (1), and the interaction be-

tween antigen and antibody in the immune system is a typical
example. Antibodies acquire their affinity and specificity for
various target antigens by changing the amino acid residue
composition of their six hyper-variable regions, known as
complementarity-determining regions (CDRs)3 (2). Despite the
small number of amino acid residues composing the CDRs,
antibodies can precisely bind a large number of target antigens
(3). Some of these residues, serine and asparagine, for example,
are located at specific positions in the CDRs in the germ line
protein (supplemental Fig. S1). Many structural studies have
shown that these residues are essential for the affinity and spec-
ificity of the antigen-antibody interaction (4–9, 11).
Recent high resolution analyses of three-dimensional struc-

tures of protein-ligand complexes, including the antigen-anti-
body complexes, and analyses of the kinetic and thermody-
namic parameters underlying these interactions (12–19) have
indicated that protein-ligand interactions require a good geo-
metric fit according to the lock-and-key (20) and induced fit
models (21) as well as a high degree of complementarity of
hydrophobic and polar parts of each binding site (17, 22, 23).
There are various forces determining the affinity and specificity
of these interfacial complementarities, including noncovalent
bonds, such as hydrogen bonds, salt bridges, and van derWaals
interactions (17, 22–24). Among those noncovalent bonds,
hydrogen bonds play a unique and functionally important role
in molecular associations because of its involvement in both
thermodynamic and kinetic processes. First, hydrogen bonds
are strong and directional enough to control and direct the
structures within molecular assemblies. Second, from a mech-
anistic point of view, the energy of hydrogen bonds, which is
between that of van derWaals interactions and covalent bonds,
allows biomolecules to associate and dissociate quickly at room
temperature. These features of hydrogen bonds form the basis
bywhich specific recognition is achieved quicklywithmoderate
affinity (25). Many studies show that hydrogen bonds play a
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significant role in a wide range of biomolecular interactions in
terms of generating affinity and specific recognition (26–31). It
is also reported that hydrogen bonds can make a favorable
enthalpic contribution to protein-ligand interactions (32–34).
Thus, the subject of hydrogen bonding is of major interest in
biological research.
Here, we investigated the involvement of side chains of

asparagine and serine in hydrogen bond formation. To eluci-
date the contribution of hydrogen bonds to the affinity and
specificity of antigen-antibody interactions, mutagenesis in
combinationwith both structural and thermodynamic analyses
has been a productive and powerful strategy (35). X-ray crystal-
lographic studies can provide information on the structural
complementary of the mutant antibody (or antigen) and its
interaction with its counterpart (36–39), and measurement of
thermodynamic parameters can quantify the energetic effect of
the mutated residues on the interaction (40, 41). Approaches
based on multiple analyses are essential to further our under-
standing of the mechanisms underlying the roles of hydrogen
bonds in antigen-antibody interactions.
We focused on the interaction between hen egg white

lysozyme (HEL) and the variable domain fragment (Fv) of the
anti-HEL monoclonal antibody HyHEL-10, which is one of the
most studied proteinaceous antigen-antibody interactions in
terms of structural and functional features (42–50). The bacte-
rial expression system for the HyHEL-10 Fv fragment has been
established (51–53), and the Fv-HEL interactions have been
investigated by using thewild-type and/ormutant Fv fragments
(42–44, 46, 47, 54), including the x-ray crystal structure of its

complex with HEL (45, 47, 48, 55).
In the wild-type Fv-HEL complex,
Kondo et al. (45) observed 12 water
molecules bridging the imperfect
antigen-antibody interface as well
as 20 direct hydrogen bonds
between residues of the antibody
and antigen at the interface. In a
previous study, we examined the
role of indirect hydrogen bonds via
interfacial water molecules in the
HyHEL-10 Fv-HEL interaction by
thermodynamic analysis and x-ray
structural analysis in combination
with mutagenesis (48). We discov-
ered that hydrogen bonds made a
minor contribution by providing an
enthalpic advantage to the interac-
tion, despite the partial offset
caused by entropy loss resulting
from the hydrogen bonding stiffen-
ing the antigen-antibody complex
(48). Here, we further examined the
role of hydrogen bonds in stiffening
the antigen-antibody complex by
focusing on the three residues Asn-
31, Asn-32, and Asn-92 in the light
chain, which have side-chain amide
groups that participate in the for-

mation of direct hydrogen bonds with residues in HEL (Fig. 1).
Mutational analyses achieved by truncating these amide groups
in the antibody side chains should give further insight into the
effect of direct hydrogen bonding on complex formation. We
constructed six Fv mutants, LN31D, LN31A, LN32D, LN32A,
LN92D, and LN92A, and performed thermodynamic analyses
of the interaction between these HyHEL-10 Fv mutants and
HEL by means of isothermal titration calorimetry (ITC) in
combination with x-ray crystallographic analysis of the mutant
Fv-HEL complexes. Based on our results, we elucidated the
contribution of direct hydrogen bonds at the atomic level to the
antigen-antibody interaction. We also discussed the role of
interfacial asparagine residues in the antigen-antibody interac-
tion with respect to their role in achieving specificity and affin-
ity of antibodies for target antigens.

EXPERIMENTAL PROCEDURES

Materials—All enzymes for genetic engineering were
obtained from Takara Shuzo (Kyoto, Japan), Toyobo (Osaka,
Japan), andNewEngland Biolabs (Beverly,MA). Isopropyl�-D-
thiogalactopyranoside was obtained from Wako Fine Chemi-
cals Inc. (Osaka, Japan). All other reagents were of biochemical
research grade. The HEL antigen purchased from Seikagaku-
Kogyo (Tokyo, Japan)was purified by ion exchange chromatog-
raphy on SP-Sepharose FF (GE Healthcare), followed by gel
filtration on Superdex 75 pg equilibrated with phosphate-buff-
ered saline. Eluted antigen was lyophilized and dissolved in
water at a concentration of 0.54 mM prior to use.

FIGURE 1. Interaction between HyHEL-10 Fv and HEL. A, overall structure of the wild-type HyHEL-10 Fv-HEL
complex. The C-� schematic diagrams of VL, VH, and HEL are shown in green, cyan, and pink, respectively. The
residues investigated in this study are shown in orange. Interfacial water molecules bridging Fv and HEL are
represented by red balls. B and C, local structure around the target sites investigated in this study. Interfacial
Asn residues at sites 31, 32 (B), and 92 (C) in the VL participate in the antigen-antibody interaction by the
formation of direct hydrogen bonds with the antigen. The contacting residues in VL and HEL are shown by
green and pink sticks, respectively. Direct hydrogen bonds and indirect hydrogen bonds (via interfacial water
molecules) between the antigen and antibody are indicated by red dotted lines. The figures were generated
with WebLab Viewer (Molecular Simulations Inc., San Diego).
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Site-directed Mutagenesis—The gene structure of the light
chain variable region (VL) and heavy chain variable region (VH)
coexpression vector of the HyHEL-10 Fv fragment is described
in our previous paper (51). Site-directed mutagenesis was per-
formed with phagemid pTZ18U (Bio-Rad) according to the
method of Kunkel et al. (56). TheDNAoligonucleotide primers
for mutation of Asn to Ala, and Asn to Asp, at sites 31, 32, and
92 of VL were 5�-GTCGATCGGCGCCAACCTCCAC-3�,
5�-GTCGATCGGCGACAACCTCCAC-3�, 5�-GATCGGCA-
ACGCCCTCCACTGG-3�, 5�-GATCGGCAACGACCTCCA-
CTGG-3�, 5�-CAGCAGTCGGCCAGCTGGCCG-3�, and 5�-
CAGCAGTCGGACAGCTGGCCG-3�, respectively (mutated
sites are underlined). The correctness of the intended muta-
tions was confirmed by DNA sequencing (ABI 310 Genetic
Analyzer, Applied Biosystems, Tokyo, Japan).
Preparation of HyHEL-10 Mutant Fv Fragments—We ob-

tained wild-type and mutant Fv fragments by using the Esche-
richia coliBL21 (DE3) expression system. BL21 (DE3) cells har-
boring the appropriate expression plasmid were precultured in
3ml of LBmedium, which was then used to inoculate in 3 liters
of 2� YTmedium containing 100 mg/liter ampicillin. The cul-
ture was shaken overnight at 28 °C and centrifuged at 3000 � g
for 20min, and the bacteria pellet was resuspended in 3 liters of
2� YTmedium containing 100 mg/liter ampicillin and isopro-
pyl 1-thio-�-D-galactopyranoside at a final concentration of 1
mM. The culture was again shaken overnight at 28 °C. The cul-
ture was then centrifuged at 3000 � g for 20 min, and the col-
lected supernatant was subjected to ammonium sulfate precip-
itation at 80% saturated ammonium sulfate, followed by
centrifugation. The protein pellet was solubilized in 30–40 ml
of phosphate-buffered saline buffer and then dialyzed against
phosphate-buffered saline buffer. Fv fragmentswere purified by
affinity chromatography. The protein solutionwas loaded onto an
HEL-Sepharose column (51), and the column was washed with
phosphate-buffered saline buffer and then wash buffer (50 mM

Tris-HCl, pH 8.5, containing 0.5 M NaCl). Fv fragments were
elutedwith elution buffer (0.1MGly-HCl, pH2.0, containing 0.2M

NaCl) and then buffered rapidly with 1 M Tris-HCl, pH 7.5. Fv-
containing fractions were centrifuged, andminor impurities were
removed by gel filtration with a Sephacryl S-200 column (GE
Healthcare) pre-equilibrated with 50 mM Tris-HCl, pH 7.5, con-
taining 0.2 MNaCl. The purity of isolated proteins was confirmed
bySDS-PAGEinthebuffer systemdescribedbyLaemmli (57).The
purified Fv fragments were concentrated using a Centriprep-10
column (Millipore, Billerica, MA).
Inhibition Assay of HEL Enzymatic Activity—The experi-

mental procedure for the inhibition assay was essentially as
described by Ueda et al. (51). Briefly, various concentrations of
the Fv fragment were mixed with 1.5 �MHEL and incubated at
25 °C for 1 h in 30 �l of phosphate-buffered saline. Each mix-
ture was then added to 970 �l of 50 mM NaH2PO4 buffer (pH
6.2, adjusted with NaOH) containing 340 �g of Micrococcus
luteus cells. The initial rate of the decrease inA540 nm wasmon-
itored at 25 °C.
Isothermal Titration Calorimetry—Thermodynamic param-

eters of the interaction between HEL and wild-type or mutant
HyHEL-10 Fv fragments were determined by ITC using a VP-
ITC microcalorimeter (MicroCal, Inc., Northampton, MA).

HEL at 5 �M in 50 mM phosphate buffer, pH 7.2, containing 0.2
M NaCl, was placed into the calorimeter cell and was titrated
with a 50 �M solution of the Fv fragment in the same buffer at
four different temperatures (25, 30, 35, or 40 °C) for the LN31A,
LN31D, LN32D, and LN92D mutants, and at one temperature
(30 °C) for the LN32A mutant. The solution containing the Fv
fragments was injected 25 times in 10-�l aliquots over 20 s.
Thermogramswere analyzedwithOrigin 5 software (MicroCal,
Inc.) after correcting for the buffer contribution. The enthalpy
change (�H) and binding constant (Ka) for each antigen-anti-
body interaction were obtained directly from the experimental
titration curve. The Gibbs free energy change (�G � �RT ln
Ka) and the entropy change (�S � (��G � �H)/T) for the
association were calculated from the �H and Ka. The heat
capacity change (�Cp) was estimated from the temperature
dependence of the enthalpy change.
Estimation of Protein Concentration—The concentration of

HEL was estimated by using A1%
280 � 26.5 (58). The concentra-

tions of wild-type and mutant HyHEL-10 Fv fragments were
estimated by using A1%

280 � 20.6 (51).
Crystallization, Data Collection, and Structural Determina-

tion of the HyHEL-10 Mutant Fv-HEL Complexes—Fv frag-
ment-HEL complexes for the three HyHEL-10 mutants
LN31D, LN32D, and LN92D were crystallized under condi-
tions similar to those used for the wild-type Fv-HEL complex
(45). The best crystals were grown in 0.1 M Hepes buffer, pH
7.6–7.8, 9–11% w/v polyethylene glycol 6000, and 7–9% (w/v)
2-methyl-2,4-pentanediol. The resultant crystals were elon-
gated bipyramid shapes. For the LN31A-HEL complex, a micro
needle-like crystal was obtained in 0.1–0.2 M ammonium sul-
fate, 22.5–27.5% (w/v) polyethylene glycol 4000, and 0.1–0.2 M

sodium acetate trihydrate, pH 4.6; however, it was too small to
be used for obtaining data sets of x-ray diffraction images. Fur-
thermore, for the LN32A-HEL complex, the sample of LN32A
Fv fragment was too poor to crystallize. All crystallization con-
ditions included glycerol at a final concentration of 15% as a
cryoprotectant.
Data sets for all mutant Fv-HEL complexes were obtained at

100 K using the synchrotron x-ray source at beamline BL6A at
the Photon Factory (Tsukuba, Japan). The diffraction images
were processed by the interactive data processing package
DPS/MOSFLM/CCP4. Integration was carried out using the
MOSFLM software (59); scaling was carried out using SCALA
software (60), and the final file of structural factors was
obtained by using TRUNCATE (61) andMTZ2VARIOUS in the
CCP4programsuite (62).Thestructuresof theFv-HELcomplexes
were determined by a molecular replacement method using the
wild-type complex (Protein Data Bank code 2DQJ) as a model
structure and refined by using theCNSprogram (63). The graphic
programO(64)wasused formaking adjustments to themolecular
model. Crystallographic and refinement data for each Fvmutant-
HEL complex are summarized in the supplemental Table S1.
Calculations of the root mean square deviation (r.m.s.d.) for

structural comparison were performed using the programs
LSQKAB (65) and COMPAR in the CCP4 software suite. Inter-
facial areas were calculated with AREAIMOL in the CCP4 soft-
ware suite. Determination of contacting atoms between Fv and
HELwas performedwith the CONTACTprogram in the CCP4
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suite. Figures were drawn with the program WebLab Viewer
Lite (Accelrys Inc., San Diego).
Atomic coordinates and structural factors for each mutant

Fv-HEL complex were deposited in the Protein Data Bank. The
Protein Data Bank accession codes are 3A67 for LN31D, 3A6B
for LN32D, and 3A6C for LN92D.

RESULTS

Expression and Purification of Fv Fragments

To elucidate the role of interfacial asparagine residues in
direct hydrogen bond formation in HyHEL-10 Fv-HEL com-
plexes, we constructed, expressed, and purified six mutant Fv
fragments named LN31A, LN31D, LN32A, LN32D, LN92A,
and LN92D. With the exception of LN32A and LN92A, we
obtained purities of greater than 95%, and the final yields were
greater than 10 mg/liter of culture. LN92A could not be
expressed using the established expression system. Further-
more, the yield of LN32A was low following purification,
despite the level of expression, and thus only a limited number
of experiments were performed for LN32A.

Inhibition of Enzymatic Activity of Hen Lysozyme by Mutant Fv
Fragments

Tsumoto and co-workers (42, 51, 52) demonstrated that the
HyHEL-10 Fv fragment inhibits the enzymatic activity of its
antigen, HEL, in the presence of a slight molar excess of the Fv
fragment. Thus, we investigated the inhibition of the enzymatic
activity of HEL by the wild-type Fv fragment and the five of the
mutant Fv fragments LN31A, LN31D, LN32A, LN32D, and
LN92D (Fig. 2). The wild-type Fv fragment and LN31D showed
a similar level of inhibition of HEL enzymatic activity, and for
LN92D this level was only slightly lower than that of the wild
type. By comparison, the level of inhibition of HEL enzymatic
activity shown by LN32D was notably lower than that of the
wild type. LN31A and LN32A displayed no inhibitory activities
towardHEL. These results suggest that themutations harbored
by LN31A, LN32A, and LN32D play an important role in target
antigen affinity.

Thermodynamic Analyses

To investigate the interactions between the Fv fragment
mutants andHEL from a thermodynamic viewpoint, we carried
out an ITC study of the association between the mutant Fv
fragments and lysozyme (42–44, 46–48, 55). The thermogram
for each experiment was obtained by titrating the HEL solution
with the Fv solution and then subtracting the base line obtained
from titrating buffer with the Fv solution (Fig. 3). Thermody-
namic parameters are summarized in Table 1. In the Asp sub-
stitution mutants LN31D (L-Asn-31) and LN92D (L-Asn-92),
thermodynamic analysis revealed that a small loss in binding
enthalpy (��H, 6.9 kJmol�1 for LN31D, and��H, 5.1 kJmol�1

for LN92D) and a smaller (close to zero) gain in binding entropy
led to a minor loss in Gibbs energy of binding compared with
the wild-type-HEL interaction, and it resulted in a small
decrease in the binding affinity constants for LN31D (Ka,
17.8 � 107 M�1) and LN92D (Ka, 14.0 � 107 M�1). By compar-
ison, for LN31A, LN32A, and LN32D therewas a large decrease
in negative binding enthalpy, and there was a decrease in bind-
ing entropy loss, which notably decreased the Gibbs energy of

binding. These results indicated
that the interaction between HEL
and each Ala or Asp substitution in
the Fv fragments at L-Asn-31,
L-Asn-32, and L-Asn-92 led to unfa-
vorable enthalpy changes and favor-
able entropy changes and that the
enthalpy-entropy compensation
reduced the loss in the Gibbs energy
change, to some degree. For LN31A,
LN32A, and LN32D, the large
decrease in enthalpy change failed
to maintain affinity for HEL, result-
ing in marked 600-, 500-, and 100-
fold decreases in their binding affin-
ity constant, respectively, compared
with that of the wild type. The
changes in heat capacity for LN31A,
LN31D, LN32D, and LN92D, esti-
mated from the values of enthalpy

FIGURE 2. Inhibition of lysozyme enzymatic activity by HyHEL-10 Fv.
Experimental conditions are provided in the text. Symbols used are as follows:
solid squares, wild type; open circles, LN31A; solid circles, LN31D; open triangle,
LN32A; solid triangles, LN32D; solid crosses, LN92D.

FIGURE 3. Thermodynamic analyses of interactions between HyHEL-10 Fv mutants and HEL by isother-
mal titration calorimetry. Thermogram and titration curves for LN31A-HEL (A), LN32D-HEL (B), and LN92D-
HEL (C) are shown. The base line obtained by titrating each mutant Fv solution (50 �M) with buffer was
subtracted from the thermogram obtained by titrating the corresponding Fv solution with the HEL solu-
tion (5 �M).
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change of temperature dependence, were�2.35,�1.70,�1.01,
and �1.68 kJ mol�1 K�1, respectively (supplemental Fig. S2).

Crystal Structure of Mutant Fv-HEL Complexes

The crystal structures of mutant HyHEL-10 Fv-HEL com-
plexes were solved at resolutions sufficient for determining
local structural differences (1.8 Å) (supplemental Table S1).
Most of the interfacial water molecules, which mediate the Fv-
HEL interaction, were conserved among the mutant Fv-HEL
and wild-type complexes (supplemental Table S2). Additional
interfacial water molecules appear in the LN32D-HEL and
LN92D-HEL complexes.
Crystal structures of mutant HyHEL-10 Fv-HEL complexes

were superimposed onto the wild-type Fv-HEL complex by
means of the LSQKAB (65) and COMPER programs in the
CCP4 software suite (62). The resultant r.m.s.d. between C-�
atoms of each mutant-HEL complex and that of the wild-type
Fv-HEL complex are shown in Table 2. The structure of the
LN31D-HEL complex is similar to that of thewild-type Fv-HEL
complex, apart from the region containing 17–19 residues in
HEL adjacent to its epitope, which is out of alignment in the
other mutant Fv-HEL complexes (48). The crystal structure of
the LN32D-HEL and LN92D-HEL complexes is relatively dis-
tinct from that of the wild-type Fv-HEL complex. In LN32D-
HEL and LN92D-HEL, the r.m.s.d. value for each polypeptide
obtained by superposing the corresponding polypeptide and
the r.m.s.d. value for the Fv fragment obtained by superposing
Fv chains are very low. These observations indicate that theAsp
substitution at L-Asn-32 and L-Asn-92 did not introduce drastic
structural changes to the respective domains. However, the
r.m.s.d. values for VL and/or VH, in the case of HEL fitting, and
the r.m.s.d. values forHEL, in the case of Fv fitting, especially for
the L-Asn-32 Fv-HEL complex, aremoderately large. This find-
ing shows that the orientation of VL and/or VH (in other words
Fv) with HEL in the LN32D-HEL and LN92D-HEL complexes
is different from that in the wild-type Fv-HEL complex and that
the difference in relative orientation of VL, VH, and HEL in the
LN32D-HEL complex is greater than that in the LN92D-HEL
complex (Table 2).
The interfacial areas within the crystal structures of mutant

HyHEL-10 Fv-HEL complexes were calculated by means of the
program AREAMOL in the CCP4 software suite and are listed
in supplemental Table S3. In LN32D-HEL and LN92D-HEL,
the total interfacial area is reducedmostly because of a decrease

in the VL-HEL interfacial area, whereas in LN31D-HEL the
domains (VL, VH, and HEL) and total interfacial area are sim-
ilar to those in the wild-type Fv-HEL complex.
The direct contacts between mutant HyHEL-10 Fv and HEL

in the mutant complexes were calculated by means of the pro-
gram CONTACT in the CCP4 software suite (supplemental
Table S4). In LN31D-HEL, the noncovalent bonds were well
conservedwith the wild-type Fv-HEL complex. By comparison,
in the LN32D and LN92D-HEL complexes, multiple noncova-
lent bonds, which were largely distinct from those in the wild-
type Fv-HEL complex, were observed. Some hydrogen bonds
and van derWaals interactions betweenCDR-L3 andHELwere
abolished. Four hydrogen bonds between CDR-H1 and
CDR-H2 and HEL, multiple van der Waals contacts, and one
salt bridge between CDR-H3 and CDR-L3 andHELwere newly
introduced and increased the total number of interactions in
the LN32D-HEL and LN92D-HEL complexes. These contact
changes (loss and/or gain) (supplemental Table S5) and the
subsequent local structural changes at themutated sites (Fig. 4)
are similar in the LN32D-HEL and LN92D-HEL complexes.
Our results have led to the following conclusions: 1) the over-

all structure of LN31D-HEL, including its interfacial region that
is the size of interfacial area, formations of atomic contacts, and
interfacial water molecules, is almost identical to that of the
wild-type Fv-HEL complex; 2) in LN32D-HEL and LN92D-
HEL, the relative orientation of Fv (VL and VH) and HEL was
notably altered by the mutations, resulting in the structure of
the interfacial regions being different from that in the wild-type

TABLE 1
Thermodynamic parameters of mutant Fv-HEL interactions at 30 °C and pH 7.2 in phosphate buffer
Experimental protocols are described in the text. Data represent the average of at least three independent measurements. Errors for all values were within 5% for several
experiments. The abbreviations used are as follows: n, stoichiometry; Ka, binding constant; ND, not determined; �G, �H, �S, and �Cp, changes in Gibbs energy, binding
enthalpy, entropy, and heat capacity, respectively.

Mutant n Ka �G ��G �H ��H T�S T��S �S ��S �Cp
a ��Cp

a

�107 M�1 kJ mol�1 kJ mol�1 kJ mol�1 kJ mol�1 K�1 kJ mol�1 K�1

Wild type 1.05 82.1 �51.7 0 �99.7 0 �48.0 0 �0.158 0 �1.53 0
LN31A 0.96 0.13 �35.4 16.3 �48.9 50.8 �13.5 34.5 �0.045 0.113 �2.35 �0.82
LN31D 0.94 17.8 �47.9 3.8 �92.8 6.9 �44.9 3.1 �0.148 0.010 �1.70 �0.17
LN32A 0.84 0.17 �36.1 15.6 �74.0 25.7 �37.9 10.1 �0.125 0.033 NDb NDb

LN32D 0.97 0.93 �40.3 11.4 �47.2 52.5 �6.9 41.1 �0.023 0.135 �1.01 0.52
LN92D 0.85 14.0 �47.2 4.5 �94.6 5.1 �47.4 0.6 �0.156 0.002 �1.68 �0.15

a The changes in heat capacity were calculated by performing measurements at four different temperatures (25, 30, 35, and 40 °C) except for LN32A.
b The measurement for the association between the LN32A and HEL was performed only at one temperature (30 °C), because the expressed and purified amount of LN32A
mutant protein was too small for further analyses.

TABLE 2
r.m.s.d. in the C-� atoms of each chain (Å)
r.m.s.d. were obtained by superposing theC-� atomcoordinates of each polypeptide
chain (VL, VH, or HEL), the Fv portion (VL and VH), or all chains on the corre-
sponding chain of the wild-type complex. r.m.s.d. were calculated with LSQKAB
and COMPAR in the CCP4 suite. WT indicates wild type.

Complex VL fit VH fit HEL fit Fv fit All fit

LN31D vs.WT
VL 0.08 0.13 0.14 0.09 0.11
VH 0.15 0.08 0.10 0.09 0.09
HEL 0.25 0.13 0.08 0.17 0.09

LN32D vs.WT
VL 0.12 0.20 0.99 0.16 0.20
VH 0.33 0.14 1.16 0.16 0.30
HEL 0.59 0.87 0.16 0.74 0.39

LN92D vs.WT
VL 0.10 0.13 0.67 0.11 0.13
VH 0.18 0.12 0.80 0.13 0.21
HEL 0.41 0.56 0.15 0.49 0.28
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Fv-HEL complex; 3) the structural differences in LN32D-HEL
and LN92D-HEL are similar, except for the hydrogen bonds
generated by the amide group of the mutated side chains in
LN32D and LN92D.

Structure of Mutant Fv-HEL Complexes

LN31D-HEL—The overall structure of LN31D-HEL, includ-
ing the interfacial water molecules and the local structure
around the site of mutation, is similar to that of the wild-type
Fv-HEL complex (Table 2, supplemental Table S2-S5, and Fig.
4A). The structures of antigen-antibody interfacial sites, other
than the site ofmutation, are also similar to that of thewild-type
complex. Thus, the removal of the hydrogen bond between
N-�2 in L-Asn-31 and O in His-15 of HEL, resulting from the
substitution of L-Asn-31 with Asp, has little impact on the anti-
gen-antibody interaction.
LN32D-HEL—The backbone structure of LN32D-HEL was

in principle identical to the corresponding structure in the
wild-type Fv-HEL complex. However, the relative orientation
of VL, VH, and HEL was altered in the mutant complex. In
particular, the difference in the orientation of Fv and HEL
between thewild-type and LN32D complexes is great (Table 2),
as described above. In addition, the local structures within the
LN32D complex, especially at the antigen-antibody interface,
are notably different from those in the wild-type complex
(Table 2, supplemental Table S2-S5, and Fig. 4B). Notably, the
atoms ofO-�2 in L-Asp-32 and ofO inHEL-Gly-16, whichwere
originally close enough to create a hydrogen bond in the wild-
type complex, are widely separated from each other in the
mutant complex because of indirect hydrogen bonds from a
newly introduced interfacial molecular water (W34) located
between them. Furthermore, within the same proximity as the
mutated site, conformational changes were observed around
multiple residues in LN32D and around the counterpart resi-
dues in HEL, including L-Asn-31 and His-15, because of newly
formed hydrogen bonds between O-�1 in L-Asn-31 and O in
HEL-His-15. Therefore, around themutated site of L-Asp-32 in

LN32D-HEL, in which the target hydrogen bond was removed
by the Asn to Asp substitution, the distance between
L-Asp-32 and HEL-Gly-16 was increased thus resulting in
many large structural changes, including the newly intro-
duced interfacial water molecule, movement of interfacial
water molecules, and the associated reorganization of
interactions.
LN92D-HEL—In LN92D-HEL, the relative orientations of

VL, VH, and HEL, in particular Fv and HEL, as well as the
local structure around the site of mutation, are notably dif-
ferent from those in the wild-type complex and similar to
those in LN32D-HEL (Table 2 and supplemental Tables
S2–S5). The local conformational changes in LN92D-HEL
around the site of mutation, such as the movement of side
chains and water molecules, show a greater difference from
those of the wild-type complex than do those in LN32D-HEL
(Fig. 4C). However, differences in the r.m.s.d. and interfacial
areas between the wild-type complex and LN92D-HEL were
smaller than those between the wild-type complex and
LN32D-HEL. The atoms of O-�2 in L-Asp-92 and of O in
HEL-Asn-19, which were originally close enough to create a
hydrogen bond in the wild-type complex, were widely sepa-
rated from each other in LN92D-HEL. A similar situation
was observed for O-�2 in L-Asp-32 and for O in HEL-Gly-16
in LN32D-HEL. The removal of direct hydrogen bonds
resulted in conformational changes in the surrounding
region and resulted in a newly introduced interfacial water
molecule (W57), movement of multiple water molecules,
and the reconstruction of interfacial hydrogen bonding net-
works accompanying these changes.
Comparison between LN32D-HEL and LN92D-HEL—The

local conformational changes around L-Asn-92 in LN32D-HEL
(Fig. 5A) are similar to those in LN92D-HEL, especially in the
characteristic movement of the side chain of Asn-19 in HEL
that interactswith L-Asn-92 (Fig. 4C). The local conformational
changes around L-Asn-31 and L-Asn-32 in LN92D-HEL (Fig.

FIGURE 4. Comparison of local structures at the mutation site between mutant Fv-HEL and wild-type Fv-HEL complexes. A, LN31D-HEL; B, LN32D-HEL;
C, LN92D-HEL. C-� atoms of all polypeptide chains of each mutant complex are superimposed on those of the wild-type complex. Wild-type complex is shown
in gray. Residues of VL, VH, and HEL in the mutant Fv-HEL complexes are shown in green, cyan, and pink, respectively. The positions marked W correspond to
the water molecules (parentheses indicate wild-type water molecules) shown as red balls. Hydrogen bonds in the mutant Fv-HEL complexes and wild-type
complex are depicted as red dotted lines and gray dotted lines, respectively. Salt bridges in the mutant complexes are depicted as blue broken lines. The hydrogen
bonding (observed in the wild-type Fv-HEL complex) that is abolished in each mutation is represented as a gray thick dashed line.
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5B) are similar to those in LN32D-HEL in terms of their effects
on the surrounding region, including a newly introduced inter-
facial water molecule at the coordinate W95, which corre-
sponds to W34 in LN32D-HEL, movement of multiple water
molecules, and the reconstruction of interfacial hydrogen
bonding networks accompanying these changes. Thus, the only
difference between the LN92D-HEL and LN32D-HEL com-
plexes is the substantial conformational change resulting from
the maintenance of the hydrogen bond between N-�2 of
L-Asn-32 and O of HEL-Gly-16 in the LN92D-HEL complex
that is not present in the LN32D-HEL complex.

DISCUSSION

Here, we constructed six mutant HyHEL-10 Fv fragments
named LN31A, LN31D, LN32A, LN32D, LN92A, and LN92D
to elucidate the energetic contributions of direct (not via inter-
facial water molecules) hydrogen bonds, which are formed by
amino acid residues in antibody-antigen interactions. We
investigated the interactions betweenmutant Fv fragments and
the HEL antigen by structural and thermodynamic analyses of
the resultant complexes. The mutations do not lead to drastic
structural changes of the Fv fragments, with the exception of
LN92A, and do not alter their stability. Thus, the structural and
thermodynamic changes we observed in the mutant antigen-
antibody complexes do not originate from changes in the
structure of the mutant Fv fragments in the antigen-free state.
However, a slight and minor change in the structure of the anti-
gen-free Fv fragment might have a strong impact on the interac-
tion between the Fv fragment and the antigen.To address this, it is
necessary to investigate the structural changes in the Fv frag-
ment in the antigen-free state; structural analyses of antigen-
free Fv will be reported in the near future.4 In the following
sections, we discuss and correlate our thermodynamic and
structural findings.
Thermodynamic Analysis of Mutant Fv-HEL Interactions—

The values for the enthalpic (��H) and entropic (�T�S) con-

tributions to the interaction
between the mutants and HEL
increased in the order LN92D,
LN31D, LN32A, LN31A, and
LN32D. The values of the binding
constant (Ka) for the LN31D-HEL
and LN92D-HEL interactions were
slightly lower than that for the wild-
type Fv-HEL interaction, whereas
the Ka for the LN31A-HEL,
LN32A-HEL, and LN32D-HEL
interactions were markedly lower
than that for the wild-type Fv-HEL
interaction, resulting in a smaller
change in the Gibbs energy (��G).
These results indicate that removal
of the direct hydrogen bonds
formed through interfacial Asn res-
idues on the light chain of the anti-
body in the HyHEL-10 Fv-HEL

complex is enthalpically unfavorable and entropically favor-
able. Thus, the interfacial hydrogen bonds appeared tomake an
enthalpic contribution to the HyHEL-10 Fv-HEL interaction
similar to the finding in a previous study for indirect hydrogen
bonds via interfacial water molecules (48). For the LN31A-
HEL, LN32A-HEL, and LN32D-HEL interactions, the advan-
tage in binding entropy relative to that in the wild type cannot
compensate for the loss in binding enthalpy and so causes a
decrease in their affinities compared with the wild-type
interaction.
We estimated the change in heat capacity (�Cp) from the

temperature dependence of the enthalpy changes for interac-
tions between LN31A, LN31D, LN32D, and LN92D and the
antigen. The �Cp values for the interactions between LN31D
and LN92D and HEL (�1.70 and �1.68 kJ mol�1, respectively)
were similar to that for the interaction between the wild type
and HEL (�1.53 kJ mol�1), whereas those for the LN31A-HEL
and LN32D-HEL interactions were lower (�2.35 kJmol�1) and
greater (�1.01 kJ mol�1), respectively, than the wild-type Fv-
HEL interaction. It has been reported that the large negative
heat capacity change is related to the decrease in the nonpolar
accessible surface area (�ASAapolar) forwatermolecules, i.e. the
hydrophobic effect of the molecule association (66–69). The
�Cp values for the LN31A-HEL and LN32D-HEL interactions
suggest that the conformational changes and/or hydration
structure changes introduced by the interaction of the mutant
antibodies with HEL could be different from those introduced
in the wild-type Fv-HEL interaction (68, 70, 71).

L-Asn-31, Contribution of the Polar but Noncharged Side
Chain Is Favorable for the Interaction—The overall structure,
the size of interfacial area, formations of atomic contacts, posi-
tion of interfacial water molecules, and the local structure
around the mutation site of the LN31D-HEL complex are sim-
ilar to that of the wild-type complex (Table 2, supplemental
Tables S2–S5, and Fig. 4A). These results suggested that the
effects of the loss of hydrogen bonds caused by the substitution
of L-Asn-31 with Asp on the interaction between themutant Fv
and HEL are directly reflected in the changes to the thermody-4 T. Nakanishi and I. Kumagai, manuscript in preparation.

FIGURE 5. Comparison of local structures at sites other than the mutation site between mutant Fv-HEL
and wild-type Fv-HEL complexes. Local structures around L-Asn-92 in the LN32D-HEL complex (A) and
around L-Asn-32 in the LN92D-HEL complex (B) are shown. Hydrogen bonds conserved in mutant and wild-
type Fv-HEL complexes are omitted to facilitate visualization. Refer to Fig. 4 for details.
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namic parameters (�G, �H, �S, and �Cp) (Table 1). Thermo-
dynamically, the substitution of L-Asn-31 with Asp leads to a
decrease in the negative change in binding enthalpy (��H; 6.9
kJ mol�1) accompanied by a small decrease in the binding con-
stant (Ka; 1.78 � 108 mol�1). These thermodynamic changes
might originate from the removal of a hydrogen bond between
the N-�2 atom of L-Asn-31 and the O atom of HEL-His-15 and
from the conversion of a hydrogen bond between the O-�1
atom of L-Asn-31 and the N-� atom of HEL-Lys-96 to a salt
bridge. The hydrogen bond present in the wild-type Fv-HEL
complex, but absent from the LN31D-HEL complex, is
expected to be weak because the distance between the two
atoms involved in this bond are close to the limit for hydrogen
bonding to occur. Therefore, the contribution of this hydrogen
bond to the strength of the antibody-antigen interaction ismost
likely to be relatively small compared with other bonds. On the
contrary, the hydrogen bond that was converted to a salt bridge
in the mutant Fv was found by free energy simulations to be
highly polarized (72). Thus, the effect of deleting this hydrogen
bond is expected to be greater than the former. Furthermore,
the changes in thermodynamic parameters of the antibody-an-
tigen interaction are most likely caused by the substitution of a
hydrogen bond with a salt bridge. The free energy simulations
described above (72), however, suggest that the substitution of
a hydrogen bond with a salt bridge between LN31D and HEL-
Lys-96 or between LN31E and HEL-Lys-96 is expected to sta-
bilize the interaction between HyHEL-10 and HEL. This indi-
cates a discrepancy between the predicted result (calculated
data) and our present experimental data, which shows that the
substitution destabilizes the interaction (��G, 3.8 kJ mol�1).
However, our data are supported by a previous study showing
that the substitutions of L-Asn-31 with Asp and with Glu using
the single-chain variable fragment of the HyHEL-10 mutant
antibodies, LN31D scFv and LN31E scFv, destabilize the inter-
action between the mutant antibodies and HEL (��G � 1.4 �
0.3 kcal mol�1 (5.9 � 1.3 kJ mol�1) and ��G � 5.7 � 0.1 kcal
mol�1 (23.8 � 0.4 kJ mol�1), respectively) (49). These thermo-
dynamic parameters might indicate that the charged antigen
epitope residues with a positive charge, corresponding to
Lys-96 of HEL in this case, are more stable by coupling with the
donor and/or acceptor of the hydrogen bond in the neutral
state, corresponding to the side chain of L-Asn-31 in this case,
than by coupling with its counterpart charge, corresponding to
the side chain of L-Asp-31 with a negative charge in this case
(49). Furthermore, analysis of charged amino acid side chains
(Arg, Lys, Glu, and Asp) buried at the intermolecular interfaces
indicates that oriented dipoles are usually preferred over coun-
tercharges in stabilizing these buried residues (69).
Thermodynamics analysis of the interaction betweenLN31A

and HEL suggests that the Ala substitution at L-Asn-31 leads to
a drastic decrease in binding enthalpy (��H; 50.8 kJ mol�1),
which cannot be compensated for by the large decrease in
entropic loss (T��S; 34.5 kJmol�1), thus resulting in a decrease
in Gibbs energy (��G; 16.3 kJ mol�1). It has been suggested
that a large negative change in enthalpy mostly originates from
the formation of hydrogen bond and/or van derWaals interac-
tions during binding (32, 33, 43, 55). Thus, it is conceivable that
in the LN31A-HEL interaction the substitution of Asn with Ala

might introduce an interfacial structure different from that in
the wild-type Fv-HEL complex as well as many changes in the
interfacial noncovalent bonds between the antibody and anti-
gen, including loss of van derWaals interactions and hydrogen
bondswith large energetic contributions to binding in thewild-
type Fv-HEL complex. The binding constant of the LN31A-
HEL interaction is much lower than that of the wild-type inter-
action by about 3 orders of magnitude, despite the large
decrease in entropic loss that results partly from a reduction in
the conformational flexibility of the antibody upon complex-
ation (Table 1) (73, 74). Unexpectedly, the binding constant is
lower for the LN31A-HEL interaction than for theHY33A-HEL
interaction, in which the mutation site (H-Tyr-33) is consid-
ered as a hot spot of the paratope in the HyHEL-10 Fv-HEL
interaction (55). These findings suggest that the hydrogen bond
between the O-�1 atom of L-Asn-31 and the N-� atom of HEL-
Lys-96 and/or the deleted van der Waals contacts between
atoms on the side chain of L-Asn-31 (O-�1, N-�2, and C-�
atoms) and HEL might confer an entropy disadvantage, but it
confers an enthalpy advantage and thus plays a crucial role in
the affinity between the wild-type antibody and the HEL target.
Thus, we conclude that L-Asn-31 is one of the energetic hot
spots (75) in the HyHEL-10 Fv-HEL interaction.

L-Asn-32, Critical Contribution of N-�2 in Stabilizing the
Complex through Hydrogen Bond Formation—The crystal
structure of the LN32D-HEL complex has many changes in
structural features, when compared with the wild-type Fv-HEL
complex, including a large difference in the orientation of HEL
to VL and/or VH (Table 2), a decrease in the antigen-antibody
interfacial area (supplemental Table S3), conformational
changes in local structure at, near, and far from the mutation
site, movement of interfacial water molecules accompanied by
rearrangements of the hydrogen bonding network, as well as
many changes (loss and/or gain) in the antigen-antibody inter-
action resulting from these structural changes (Fig. 4B, Fig. 5A,
and supplemental Table S2 and S4). These structural differ-
ences between the LN32D-HEL and wild-type Fv-HEL com-
plexes are similar to the differences between the LN92D-HEL
and wild-type Fv-HEL complexes apart from the loss of the
hydrogen bond between the N-�2 atom of L-Asn-32 and the O
atom of HEL-Gly-16 that resulted from the substitution of Asn
with Asp in LN32D. This hydrogen bond is unexpectedly con-
served in the LN92D-HEL complex, whereas all the other
changes described above are similar to those in the LN32D-
HEL complex. By comparison, the loss of the hydrogen bond
between the N-�2 atom of L-Asn-92 and the O atom of HEL-
Asn-19 observed in the LN92D-HEL complex because of the
substitution of Asn with Asp in LN92D is not conserved in the
LN32D-HEL complex, despite the lack of mutation at L-Asn-92
in LN32D (Fig. 5A and supplemental Table S4). Taken together,
these observations suggest that the formation of the hydrogen
bond between the N-�2 atom of L-Asn-32 and the O atom of
HEL-Gly-16 induces the formation of other interactions,
including the hydrogen bond between the N-�2 atom of
L-Asn-92 and the O atom of HEL-Asn-19. The number of non-
covalent bonds between antibody and antigen was higher for
the LN32D-HEL interaction than for the wild-type Fv-HEL
interaction with higher affinity (supplemental Table S5). The
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LN32D-HEL interaction had a lower binding constant than the
wild-type Fv-HEL interaction by 2 orders of magnitude (Table
1). Therefore, even if large conformational changes are intro-
duced by the other interfacial residues onCDRs and form other
interactions, these newly formed interactions cannot compen-
sate for the energetic loss of the hydrogen bond between the
N-�2 atom of L-Asn-32 and the O atom of HEL-Gly-16.
At the interface of HyHEL-10 Fv-HEL, about 20 direct

hydrogen bonds have been observed between the antigen and
the antibody (supplemental Table S4) (45, 55). For example,
H-Ser-52, H-Ser-54, and H-Ser-56 also contact the antigen by
forming hydrogen bonds via their side-chain hydroxyl group.
Thermodynamic analysis of the interaction between the Fv
mutants HS52A, HS54A, and HS56A and HEL show that the
small decrease in the favorable enthalpy change and in the unfa-
vorable entropy change results in a slight increase in the value
of the binding constant (supplemental Table S6).5 This result
suggests that the hydrogen bonds, which have been deleted in
the mutant antibody-antigen interactions, have an energeti-
cally unfavorable entropy effect in the antigen-antibody inter-
action, rather than supplemental minor contribution to the
interaction. Taken together, these results suggest that the ener-
getic contribution of hydrogen bonds to the antigen-antibody
interaction varies enormously and ranges from strong to weak
in terms of affinity. Our results suggest that themore buried the
hydrogen bond is at the interface, the greater its energetic con-
tribution. L-Asn-32 in the wild-type Fv-HEL complex is com-
pletely buried at the interface and has an accessible surface area
of 0 Å2. By comparison, H-Ser-54 and H-Ser-56 are relatively
exposed with accessible surface areas of 60 Å2 and 25 Å2,
respectively. Several other reports support our notion that the
more buried the hydrogen bond is at the interface, the stronger
the bond. Strong hydrogen bonds buried at the interface are
observed in the interaction between thermolysin and its inhib-
itor (28) and between hemagglutinin of a mutant influenza
virus and its monoclonal antibody (76). In the interaction
between the D1.3 antibody, the anti-HEL antibody which is the
same as HyHEL-10 and the anti-D1.3 antibody E5.2, the bind-
ing energy of the strongest hydrogen bond among those buried
at the interface is 4.3 kcal mol�1, whereas the binding energies
of exposed hydrogen bonds are only 1.3–1.7 kcal mol�1 (77).
The hydrogen bond between the N-�2 atom of L-Asn-32 and
the O atom of HEL-Gly-16 might make the interface rigid with
its high energy and result in an unfavorable entropy effect in the
interaction.However, this type of hydrogen bondmight be con-
sidered to have a greater favorable enthalpy effect than an unfa-
vorable entropy effect and thus make an important contribu-
tion to the acquirement of affinity for the antigen. We can
conclude that this type of hydrogen bond is one of the most
critical in the interaction and thus cannot be compensated for
by other conformational changes or by formatting other non-
covalent bonds.
In the interaction between LN32A andHEL, the substitution

of Asn with Ala at L-32 leads to a large decrease in binding
enthalpy (��H; 25.7 kJ mol�1), exceeding the decrease in

entropic loss (T��S; 10.1 kJ mol�1), resulting in a great loss in
Gibbs energy (��G; 15.6 kJ mol�1). Thermodynamic parame-
ters suggest that this mutation introduces changes to the inter-
facial structure andnoncovalent bonds found inwild-typeHEL,
including loss of van der Waals interactions and hydrogen
bonds with large energetic contributions to the Fv-HEL inter-
action, which are also seen in LN31A-HEL and LN32D-HEL
interactions. In each case, theAsn toAla substitution decreased
the affinity of the antibody for the antigen, suggesting that the
Asn residue at L-32 contributes to generating affinity and spec-
ificity of the HyHEL-10 Fv-HEL interaction as one of the “hot
spot” residues in the interaction.

L-Asn-92, a Small Enthalpic Gain Results inMinor Contribu-
tion to Affinity—As already described, the structural differ-
ences between the LN92D-HEL and the wild-type Fv-HEL
complex (Table 2, Fig. 4C, Fig. 5B, and supplemental Tables
S2–S5) are similar to the differences between LN32D-HEL and
the wild-type Fv-HEL complex. However, the thermodynamics
parameters for LN92D-HEL are markedly different from those
for LN32D-HEL. The substitution of Asn with Asp at the L-92
leads to a small decrease in binding enthalpy and no change in
entropic loss, resulting in only a decrease in binding constant
compared with the wild-type Fv-HEL interaction, whereas the
substitution of Asn with Asp at L-32 leads to a drastic decrease
in the binding enthalpy as well as a decrease in the binding
constant. These results suggest that the difference in thermo-
dynamic parameters between LN92D-HEL and LN32D-HEL
interactions can be attributed to the presence and absence,
respectively, of the hydrogen bond between the N-�2 atom of
L-Asn-32 and the O atom of HEL-Gly-16 and that the LN92D
mutant maintains affinity for HEL because this hydrogen bond
is maintained. It can be concluded that the hydrogen bond
between the N-�2 atom of L-Asn-92 and the O atom of HEL-
Asn-19 abolished by the substitution of Asn with Asp at L-92,
like that at L-31 for LN31D, has only an incremental enthalpic
contribution to the interaction, the loss of which can be com-
pensated by changes in interfacial structure and/or formations
of other noncovalent bonds.
Insight into the Role of Asn Residues in Antigen-Antibody

Interactions—Our findings can be summarized as follows. 1)
Isothermal titration calorimetric analysis shows that all muta-
tions involving Asn residues lead to a decrease in the negative
enthalpy change as well as a decrease in the association con-
stants of the interaction. 2) The contribution of two hydrogen
bonds is small, the deletion of which leads to only a slight
decrease in affinity of the antibody for the antigen. By compar-
ison, two hydrogen bonds show enthalpic gain, despite entropic
loss perhaps due to stiffening of the interface by the bonds, and
play a major role in the antigen-antibody interaction and thus
in the affinity of the antibody for the antigen. 3) Structural anal-
yses revealed that the effects of mutations involving Asn resi-
dues on the structure of the antigen-antibody complexes were
compensated for by conformational changes and/or by gains of
other interactions. 4) Hydrogen bonding buried at the interfa-
cial area, such as those of L-Asn-32, have an enthalpic advantage
over those exposed at the interfacial area and thus contribute
significantly to the affinity of the antibody for the antigen; the
deletion of these hydrogen bonds cannot be compensated for5 A. Yokota, unpublished data.
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by structural changes. These results suggest that the contribu-
tion of Asn residues to the antigen-antibody interaction
depends on the structure of the local interfacial area, which is
independent of their potential for hydrogen bond formation.
Formation of a salt bridge between the side chains of Asp
(and/or Glu) and Arg residues (and/or Lys) at the complex
interface often contributes to the affinity and specificity of an
interaction (78–80). Asp is used at a higher than expected fre-
quency in CDRs (5, 11, 80). It has been reported that in the
interaction betweenHyHEL-5 andHEL, the loss of a salt bridge
at the interface causes a remarkable decrease in the binding
constant (79). By comparison, some Asp residues make only a
minor contribution to the affinity of the protein interaction
through salt bridges that originate from enthalpy-entropy com-
pensation arising from the introduction of interfacial water
molecules (44). Lines of evidence fromprevious reports suggest
that the contribution of charged residues to the strength of
protein interactions also depends on interfacial structure.
Based on our structural and thermodynamics analysis on

mutations involving Asn residues described above, we will dis-
cuss why Asn residues are a preferred amino acid for stabilizing
antigen-antibody complexes. First, the side chain of Asnmakes
less van derWaals contacts with the target antigen and has less
of a tendency to form a hydrophobic environment than that of
Trp and Tyr, which is the most common residue in CDRs (55).
By comparison, Asn has the ability to make more contacts and
more types of contacts than does Gly, Ala, or Ser. Second, the
steric hindrance attributed to Asn because of its moderate size
compared with other residues is low enough to reduce the loss
in conformational entropy in the antigen-antibody interaction.
Support for this notion comes from the report that Asn is used
in antigen-antibody interactions at a higher frequency than
Gln, which has similar properties to Asn but generates more
steric hindrance because of its larger size (10, 80). Third, and
most importantly, the side chain of Asn has a neutral and polar
amide group consisting of the donor and acceptor of hydrogen
bonding atoms O-�1 and N-�2 under neutral pH conditions.
This functional group confers the ability for Asn to accommo-
date both positive and negative charges of the antigen and to
form many hydrogen bond interactions with its target at the
interface of the antibody. Thus, Asn can provide this functional
group consisting of two atoms of O-�1 and N-�2 for strong
hydrogen bond formation, and their contribution to the anti-
gen-antibody interaction can be attributed to their limited flex-
ibility and accessibility at the complex interface. Tsumoto et al.
(43) and Shiroishi et al. (55) have shown that Tyr residues, the
most common in CDRs, are energetic hot spots at some sites
but can also provide only a minor contribution to the antigen-
antibody interaction, and these properties of Tyr depend on the
local structure. For specific antigen recognition, such proper-
ties might be critical for the preparation of binding sites, and
therefore, Asnmight be an appropriate residue for antigen rec-
ognition through hydrogen bond formation by using this func-
tional group. Finally, it should be noted that Asn residues rarely
appear at conserved positions in frameworks of VL, despite
their high frequent appearance in CDRs (supplemental Fig. S1).
This fact also might support that Asn is an amino acid specifi-

cally used for binding to an antigen and for stabilizing the anti-
gen-antibody complexes.
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