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Broadly neutralizing anti-hepatitis B virus antibody
reveals a complementarity determining region H3

lid-opening mechanism

Seung-Wook Chi**, Cheol-Young Maeng?*, Seung Jun Kim*$, Mee Sook Oh*, Chun Jeih Ryu*Y, Sang Jick Kim?*,

Kyou-Hoon Han', Hyo Jeong Hong*!, and Seong Eon Ryu*$!

*Center for Cellular Switch Protein Structure, "Molecular Cancer Research Center, *Therapeutic Antibody Research Center, and
8Systemic Proteomics Research Center, Korea Research Institute of Bioscience and Biotechnology, Daejeon 305-333, Korea

Edited by Rino Rappuoli, Novartis Vaccines, Siena, Italy, and approved April 8, 2007 (received for review February 14, 2007)

The humanized monoclonal antibody HzKR127 recognizes the
preS1 domain of the human hepatitis B virus surface proteins with
a broadly neutralizing activity in vivo. We present the crystal
structures of HzKR127 Fab and its complex with a major epitope
peptide. In the complex structure, the bound peptide forms a type
IV B-turn followed by 310 helical turn, the looped-out conformation
of which provides a structural basis for broad neutralization. Upon
peptide binding, the antibody undergoes a dramatic complemen-
tarity determining region H3 lid opening. To understand the
structural implication of the virus neutralization, we carried out
comprehensive alanine-scanning mutagenesis of all complemen-
tarity determining region residues in HzKR127 Fab. The functional
mapping of the antigen-combining site demonstrates the specific
roles of major binding determinants in antigen binding, contrib-
uting to the rational design for maximal humanization and affinity
maturation of the antibody.

alanine-scanning mutagenesis | crystal structure | humanized antibody |
virus neutralization

H uman hepatitis B virus (HBV) is a small enveloped DNA virus
that causes acute and chronic hepatitis in humans (1-3). There
are approximately 400 million carriers of HBV worldwide, posing
a serious health threat. The current HBV vaccines have several
limitations, including nonresponsiveness, escape mutants, and low
immunogenicity (4). Recently, the potential of immunoprophylaxis
for virus prevention has been increased by the discovery of mono-
clonal antibodies that have broad specificity toward various isolates
of infectious viruses (5, 6).

The HBV envelope consists of three surface glycoproteins
called the large (L), middle (M), and small (S) proteins. All of
these proteins are translated from a single ORF comprising
preS1, preS2, and S domains (7). Translation of S, preS2+S, and
preS1+preS2+S domains results in S, M, and L proteins,
respectively (Fig. 1). The L protein, preferentially localized in
infectious HBV particles, plays an essential role in viral infection
(7, 8), and its preS1 domain is responsible for cell attachment in
viral infection (9-12). In particular, the residue 21-47 region of
preS1 has been suggested to contain a specific binding site for
hepatocyte receptors and also has been shown to carry virus-
neutralizing epitopes (10-13).

In the blood of HBV-infected persons, the noninfectious
subviral particles with M and S proteins are present in excess
amounts over the infectious virus particles containing L protein
(7, 8). Thus, neutralizing anti-preS1 antibodies are thought to
have advantages over the neutralizing antibodies targeting S
protein, which are currently undergoing clinical trials (4). Pre-
viously, we generated an anti-preS1 murine antibody KR127 that
recognizes adr subtype preS1 (residues 37-45) (15). KR127 and
the humanized version of KR127 antibody (HzKR127) bind to
the preS1 domain of various clinical HBV isolates, including
both adr and ayw subtypes, suggesting their broad neutralizing
activity (15, 16). HzZKR127 also has been shown to exhibit in vivo
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Fig. 1. Domains of HBV surface proteins. The domain structures of S, M, and
L proteins are presented with each domain colored differently. The adr
subtype preS1 includes an epitope that is recognized by the neutralizing
monoclonal antibody HzKR127. The peptide sequence of the epitope region
is presented below the preS1 domain, with the epitope colored red.

neutralizing activity in chimpanzee and to protect the chimpan-
zee from HBV infection (16), indicating the high potential of the
antibody for the immunoprophylaxis of HBV infection and
therapy of hepatitis.

An understanding of how the broadly neutralizing antibodies
recognize antigens would facilitate design of vaccines by pro-
viding information regarding essential antigenic features. In
particular, the antigen—antibody complex structure could pro-
vide direct information about the native antigen structure. The
structural information could lead to the design of structurally
constrained peptide antigens for the development of efficient
vaccines (17). In HIV-1, the broadly neutralizing antibody b12
binds to the conformationally invariant and functionally con-
served CD4-binding site on gpl120 (18, 19). The extensive
interaction of b12 complementarity determining region (CDR)
heavy-chain loops with the CD4-binding loop of gp120 contrib-
ute to the high-affinity binding that is required for the effective
neutralization of primary HI'V-1 isolates (19). The long CDR H3
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Table 1. Crystallographic and refinement statistics

Data set Fab Fab/epitope complex
Space group (@ C2
Cell constant

a, A 100.12 95.34

b, A 61.11 61.27

A 77.53 83.54

B, ° 91.49 93.25

Resolution, A
Total observation
Unique reflections

2.50 (2.64-2.50)
44,196 (6,424)
15,758 (2,343)

2.60 (2.74-2.60)
52,874 (7,721)
14,611 (2,070)

Completeness, % 96.3 (97.9) 97.5 (96.1)
Rmerge.T % 7.8 (29.4) 7.5 (28.0)
Multiplicity 2.8 (2.7) 3.6 (3.7)
Average l/a(/) 5.9 (2.4) 6.8 (2.1)
Reryst* 20.7 31.7) 19.3 (30.8)
Rfrees 25.2 (38.0) 25.8 (40.7)
rmsd bond lengths, A 0.006 0.006
rmsd bond angles, ° 1.320 1.348

Values in parentheses are for the highest resolution bin.
"Rmerge = Zilli — (NOZN where [ is the intensity for the ith measurement of
an equivalent reflection with the indices h, k, /.
*Rayst = 2[Fo — FUX Fo, where F, and F are the observed and calculated
structure factor amplitudes, respectively.
5The Riree Value was calculated from 5% of all data that were not used in the
refinement.

of another HIV-1-neutralizing antibody, 4E10, has been pro-
posed to contact the viral membrane, which results in effective
neutralization (20).

To shed light on the antigen recognition mechanism of the
broadly neutralizing antibody of HBV, we determined the crystal
structures of antibody HzZKR127 in its free and antigen peptide-
bound forms. The looped-out conformation of the bound pep-
tide provides a structural basis for broad specificity of the
antibody against various clinical HBV isolates. Structural com-
parison between the free and bound forms reveals a mechanism
of lid opening in antibody—antigen recognition. To assess their
relative importance for antigen binding, we performed extensive
alanine-replacement scan of all CDR residues in HZKR127. The
mapping of the functional paratope of HzZKR127 would contrib-
ute to the generation of improved anti-preS1 humanized anti-
bodies.

Results

Structure Determination and Overall Structure. The crystal struc-
tures of HZKR127 Fab in its free and preS1 peptide-bound forms
were determined by the molecular replacement method and
refined to 2.5- and 2.6-A resolutions, respectively (Table 1). In
the Fab—peptide complex structure, the clearly defined density
was observed for the bound peptide (residues 36—45, 1P-10P)
[supporting information (SI) Fig. 54]. The HzZKR127 Fab has the
canonical B sandwich Ig fold with four domains: Vi, Cr, Vy, and
Cul (where L indicates light chain; H, heavy chain; V, variable
domain; C, constant domain). The elbow angle of the HzZKR127
Fab is 153° that falls within the range of 127 to 225° commonly
observed for Fab molecules. The CDRs L1, L2, and L3 conform
to the canonical conformations belonging to the classifications
kL1-3,L2-1, and kL.3-1 (21), respectively. The CDRs H1 and H2
belong to canonical classes H1-1 and H2-2 (21), respectively. The
short CDR H3 (six residues in length) is folded inside the
antigen-binding site that exhibits a large conformational change
upon the peptide binding (see below).

The structures of constant domains (Cr, and Cyl) are almost
the same for both the free and peptide-bound Fabs. The peptide
binds to the interface between the light- and heavy-chain vari-
able c!omains (VL and Vy) with the intermolecular interface of
697 A? (SI Fig. 5B). The bound peptide is surrounded by
light-chain CDRs L1-L3 and heavy-chain CDRs H1-H3 (SI Fig.
5B). The L3 and H3 loops have the closest contacts with the
preS1 peptide, providing the most significant contributions to
the peptide binding. The L1, H1, and H2 loops form a few
interactions with the peptide. The H2 loop is situated distal to
the binding pocket behind the H1 loop, maintaining the config-
uration of the H1 loop adequate for preS1 peptide binding. On
the other hand, the L2 loop has no direct interaction with the
preS1 peptide.

Peptide Conformation. The preS1 peptide comprises a sequence of
Ala—-Asn-Ser—Asn—-Asn-Pro-Asp-Trp—-Asp-Phe-Asn (1P-11P,
residues 36—46 in the preS1 sequence). In the complex structure,
the bound preS1 peptide exhibits two consecutive turns (Fig.
2A4). Secondary structure analysis by the program PROMOTIF
(22) indicated that residues 2P-5P of the bound peptide form a
type I'V B turn followed by a 31 helical turn (residues SP-9P).
In the type IV B turn, main-chain ¢ and ¢ angles are —105.3°,
—14.3° and —73.1°, —31.4° for the i + 1 (Ser3P) and i + 2
(Asn4P) residues, respectively. The running direction of the
backbone is kinked around Asn5P. A total of seven intrapeptide

Fig.2. Crystal structure of the HzKR127 Fab-preS1 peptide complex. (A) Conformation of the preS1 peptide bound to HzKR127 Fab. Note that the side chains
of Ser3P and Asn4P point toward the outside of the binding pocket. The side chains of the Fab residues involved in major interactions with the peptide are drawn
and labeled. The light, heavy, and peptide chains are shown in red, blue, and green, respectively. (B) H3 lid opening. The free and bound structures of HzKR127
Fab are superimposed. The backbone structure of the variable domains in the Fab is drawn as thick tubes, and the light and heavy chains are colored pink and
blue, respectively. The free and bound forms are shown in lighter and darker colors, respectively. The CDR1, CDR2, and CDR3 loops are colored yellow, green,

and red, respectively.
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Fig.3. Comparison of antigen-binding site in the free and bound HzKR127 Fabs. Interactions between the H3 lid (yellow) and neighbors in the free (Left) and
bound (Right) HzKR127 Fabs. The residues involved in the interactions are drawn, and the major interactions are presented as dotted lines. The light and heavy
chains are colored pink and blue (labeled red and blue), respectively. The bound peptide residues Pro6P-Trp8P are presented as sticks with atomic colors.

hydrogen bonds stabilize the double-turn conformation. The
first turn involves four hydrogen bonds between the side-chain
atoms (OD1 and ND2) of Asn2P and the main-chain atoms of
Asn4P and AsnSP (SI Table 3). The second turn is maintained
by three hydrogen bonds formed between the backbone carbonyl
oxygen atoms of AsnSP and Pro6P and the backbone amide
nitrogen atoms of Trp8P and Asp9P. The first turn of the peptide
is situated proximal to the L3 loop, whereas its second turn has
the closest contact with the H3 loop (SI Fig. 5B).

Alanine-scanning mutagenesis of residues 2P-10P of the
preS1 epitope showed that mutations in residues 2P and 5P-10P
caused a significant decrease in antibody binding, whereas
mutations in Ser3P and Asp4P did not have any effect (16). In
particular, mutations at Asp7P and Trp8P completely impaired
the antibody binding (16). In the complex structure, the residues
5P-10P were placed in the binding pocket of the Fab with Asp7P
and Trp8P, located deep inside the pocket (Fig. 2A4), explaining
their mutational effects. In contrast, the side chains of Ser3P and
Asnd4P point toward the outside of the binding pocket (Fig. 24),
consistent with no mutational effect of Ser3P and Asp4P on
antibody binding.

Conformational Changes upon Peptide Binding. The superposition
of the free and complexed Fab structures reveals conformational
changes triggered by the preS1 peptide binding (Fig. 2B). The
most noticeable conformational change between the free and
complexed structures occurs at the H3 loop (Fig. 2B). The
residues Glu95H-Tyr102H of the H3 loop are found to adopt
entirely different conformation between the two forms (Fig. 3).
The largest atomic displacement in the main chain occurs in
Asp97H having a 9.6 A difference between the two structures.
Tyr96H and Glu98H show deviations of 7.7 and 8.0 A in the main
chain, respectively. The side-chain orientation also differs sub-
stantially in the free and complexed forms. The side chain of
Glu98H rotates from one side of the H3 loop to the other side,
showing the largest movement at 15.1 A. The aromatic side
chains of Tyr96H and Tyr102H also flip to the opposite direc-
tion, with 7.3 and 6.5 A shifts, respectively.

The CDR H3 lid opening significantly changed the shape of
the antigen-binding site. In the free form, no prominent binding
groove was present on the surface of the antigen-binding site.
The distinct groove connected to a deep binding pocket of
HzKR127 became fully exposed only by the CDR H3 lid
opening. The prominent groove, with a length of 14 A, width of
11A, and depth of 10 A, was capable of accommodating the two
turns of the bound peptide. The most striking change in the

9232 | www.pnas.org/cgi/doi/10.1073/pnas.0701279104

shape of the binding site was the creation of a binding pocket for
Trp8P, where the aromatic ring of Trp8P snugly fit into the deep
pocket, leading to tight locking-in of the peptide.

The CDR H3 lid opening also resulted in a considerable
reconstitution of hydrogen bond network around the antigen-
binding site (Fig. 3). In the free structure, the overall H3 loop
conformation was maintained by hydrogen bonds between the
H3 loop and the rest of the Fab. Upon the preS1 peptide binding,
most of these hydrogen bonds were disrupted and a new network
of interactions was formed.

Functional Mapping of the Antigen-Combining Site. To evaluate the
relative importance of individual CDR residues in antigen
binding, we performed alanine-scanning mutagenesis of all of
the residues in the CDRs of HzZKR127 Fab (SI Tables 4 and 5)
and determined the affinity of each alanine-mutated antibody
(SI Fig. 6). The ELISAs on the 50 alanine-replacement mutants,
21 from heavy chain and 29 from light chain, identified 16 hot
spots, 7 warm spots, 18 null spots, and 2 affinity-enhanced spots.
First, the 16 hot spots (Trp33H, Met34H, Asn35H in CDR H1,
Arg50H in CDR H2, Glu95H, Tyr96H in CDR H3, Leu27bL,
Ser27eL, Asn28L, Lys30L, Tyr32L, Asn34L in CDR L1, and
GIn90L, Gly91L, Phe94L, Pro95L in CDR L3) completely lost
the antigen-binding activity (>900-fold decrease in affinity)
upon alanine mutation. Second, the 7 warm spots (Tyr52H,
Pro52aH in CDR H2, Tyr-27 dl in CDR L1, Leu50L, Asp55L in
CDR L2, and Val89L, GIn96L in CDR L3) showed the reduced
affinity by >10-fold upon mutation. Third, the 18 null spots
(Ser31H, Ser32H in CDR HI1, Ile51H, Gly53H, Asp54H,
Gly55H, Asp56H, Thr57H, Asn58H in CDR H2, Ser26L,
GIn27L, Gly29L, Thr31L in CDR L1, Ser52L, Lys53L, Leu54L,
Ser56L in CDR L2, and Thr97L in CDR L3) showed no
significant effect on the affinity (<2-fold decrease or slight
increase in affinity) upon mutation. Lastly, alanine mutations of
Asp97H or both Asp97H and Tyr102H in CDR H3 resulted in
significant (>10-fold) increase in affinity.

The mapping of the hot spots, warm spots, and affinity-
enhanced spots onto the antigen-bound structure of HzZKR127
Fab shows the overall distribution of major binding determinants
(Fig. 4). The hot spots (colored pink in Fig. 4) mainly surround
the binding groove, comprising the antigen-combining site, and
thereby most of them involve direct contacts with the preS1
peptide. On the other hand, most warm spots (colored blue in
Fig. 4) are situated more remote from the center of the binding
site. The null spots are mainly distributed in the CDRs L1, L2,
and H2, forming no direct interaction with the peptide. The
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Fig. 4.

Mapping of functionally important residues on the crystal structure of preS1 peptide-bound HzKR127 Fab. (A) Space-filling representation of the

interface of the Fab. The variable domain in the Fab is shown in gray. The hot spots, warm spots, and affinity-enhanced spots are colored as follows: pink
(>900-fold decreased affinity relative to WT; AAGp, >4 kcal/mol), blue (10- to 900-fold decreased affinity; AAGp, 1.4—4 kcal/mol), and yellow (>10-fold increased
affinity; AAGp, less than —1.4 kcal/mol). Tyr102H (labeled in 102H) is colored yellow because the double-alanine mutation of both Asp97H and Tyr102H increased
the affinity by 25-fold. (B) Ribbon representation of the HzKR127 Fab bound to preS1 peptide. The color coding is the same as in A. The bound preS1 peptide
is drawn as green sticks. Among the hot spots, Gly91L is not displayed because of the absence of its side chain.

presence of affinity-enhanced spots (colored yellow in Fig. 4) is
restricted to CDR H3, and the spots are not involved in intimate
contact with the peptide antigen.

The comparison of antigen-binding interaction profile of
HzKR127 (Fig. 44) with other antibodies reveals the distinct
characteristics of HzZKR127. First, HZKR127 has a very large
number of hot spots (16) of AGmutant — AGwr (AAGp) of >4
kcal/mol, where AG indicates free energy change. Thus, forma-
tion of HZKR127-preS1 complex is stabilized by the accumula-
tion of many interactions throughout the binding interface, as
found in the A6-IFN-v receptor complex (23) and the VEGF-
Fab complex (24). This contrasts with the antibody D1.3-hen
egg white lysozyme (HEL) complex (25) and the HyHEL-10-
lysozyme complex (26), in which only a small subset of residues
dominate the energetics of association (one and three hot spots
of AAGp of >4 kcal/mol, respectively). Second, major binding
determinants are concentrated in light-chain CDRs (10 of 16 hot
spots) (Fig. 4B). The extensive involvement of light-chain CDRs
in direct contacts with antigen is contrary to what has been
observed for most other peptide—antibody complexes. Gener-
ally, the heavy-chain CDRs make more extensive contacts than
light-chain CDRs (27). Thus, the HzZKR127-preS1 complex is
among the few examples that are exceptional to the general
trend.

Elucidation of Specific Roles of Major Binding Determinants. On the
basis of the functional mapping on the structure (Fig. 4B), we
investigated specific roles of the 23 major binding determinants
(16 hot spots and 7 warm spots). Among them, 12 major binding
determinants are involved in direct contacts with the antigen (SI
Table 3). Consistent with the structural features for the Fab-
preS1 complex, alanine substitutions on most directly contacting
residues completely abrogated (Trp33H, Asn35H, Arg50H,
Glu95H, Tyr96H, Asn28L, Tyr32L, Asn34L, Gly91L, and
Phe94L) or significantly impaired (GIn96L, 27-fold reduction;
Val89L, 11-fold reduction) the antigen-binding activity (Table
2). Overall, most of the direct Fab—peptide interactions observed
in the complex structure are critical for the Fab—peptide binding,
exhibiting good correlation between the structure and antigen-
binding activity.

The other 11 major binding determinants seem to play a
scaffolding role by precisely positioning the contacting residues
for optimal interaction with the antigen or by maintaining the
CDR loops in a binding-competent configuration. Without
direct contact with the antigen, the six scaffolding residues
(Met34H, Leu27bL, Ser27eL, Lys30L, GIn90L, and Pro95L)
exhibited complete loss of the binding activity, and the five
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scaffolding residues (Tyr52H, Pro52aH, Tyr-27 dl, LeuS0L, and
Asp55L) showed 10- to 100-fold reductions in the affinity upon
mutation (Table 2). For example, GIn90L stabilizes the canon-
ical conformation of L3 loop by forming a hydrogen bond with
the main-chain carbonyl group of Pro95L in CDR L3. In case of
Tyr52H, the residue keeps, through hydrophobic interaction, the
ring orientation of Trp33H in CDR H1 optimal for direct

Table 2. Summary of mutagenesis in HzKR127

Mutant K4, NnM KqMUT/KqWT
CDR H1
W33A >10,000 >900
M34A >10,000 >900
N35A >10,000 >900
CDR H2
R50A >10,000 >900
Y52A 276.80 = 23.60 25.16
P52aA 170.30 £ 5.32 15.48
CDR H3
E95A >10,000 >900
Y96A >10,000 >900
D97A 0.57 = 0.03 0.05
D97A/Y102A 0.44 = 0.10 0.04
CDR L1
L27bA >10,000 >900
Y27dA 1032.70 = 56.10 93.90
S27eA >10,000 >900
N28A >10,000 >900
K30A >10,000 >900
Y32A >10,000 >900
N34A >10,000 >900
CDR L2
L50A 159.40 + 21.37 14.50
D55A 225.20 = 2.97 20.50
CDR L3
V89A 121.20 £ 4.62 11.00
Q90A >10,000 >900
GI1A >10,000 >900
F94A >10,000 >900
P95A >10,000 >900
Q96A 293.60 = 7.13 26.70
WT 11.00 = 1.66

The dissociation equilibrium constants of HzKR127 mutants (K4MUT) were
measured by competitive indirect ELISA and compared with that of HzKR127
WT (KqWT).
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interaction with preS1 peptide (Fig. 4B). These observations
illustrate the functional importance of the scaffolding role in
antigen binding.

Discussion

The structures of the HzKR127 Fab and the preS1 peptide
complex demonstrate how the antibody is very broadly neutral-
izing. The sequence of preS1 (residues 37-45) epitope is highly
conserved among various different HBV isolates except residues
38 and 39 (15). On the complex structure, the side chains of all
of the highly conserved preS1 residues are involved in direct
contacts with the antibody. In comparison, the variable residues
38 and 39 point toward the outside of the binding pocket with few
contacts with the antibody. This agrees well with the finding that
the alanine substitutions on the positions do not affect the
reactivity of the preS1 with HzZKR127 (16).

So far, structural studies on broad neutralization mechanism
of antivirus antibodies have focused mainly on anti-HIV anti-
bodies. The complex structure of anti-HIV antibody 4E10 and its
epitope showed why it is broadly neutralizing. The WEFXI(T/S)
motif of the epitope is highly conserved in all HIV-1 viruses, and
variable residues near the epitope are situated on the opposite
side of the helical epitope conformation with few contacts with
the antibody (20). The ability of anti-HIV antibody 447-52D to
bind many different gp120 V3 sequences stems from the mode
of peptide—antibody recognition, where the peptide B hairpin
forms a three-stranded mixed B sheet with CDR H3, with most
of the V3 side chains exposed to solvent (28). Another broadly
neutralizing anti-HIV antibody, bl2, also interacts with the
conserved CD4 epitope through extensive CDR heavy-chain
contacts (18, 19). However, there is no information for the broad
neutralizing mechanisms for HBV monoclonal antibodies. This
study is the first case to uncover a structural basis for a broad
neutralization mechanism of an anti-HBV antibody.

The three-dimensional structure of antigen-bound HzKR127
Fab and the comprehensive alanine-scanning mutagenesis of its
antigen-combining site identified major binding determinants,
including the most critical CDR residues in antigen-binding.
Based on the significant structure—function correlation in
antigen-combining site, we elucidated their specific roles for
antigen binding. This knowledge is crucial for humanization of
the antibody by specificity-determining residue grafting. The
CDR-grafting, used for constructing HzZKR127, is not enough
for reducing the immunogenicity of a murine antibody to a
minimum because murine CDRs could still elicit antivariable
region responses (29, 30). Therefore, humanization of an anti-
body by grafting only specificity-determining residues onto a
human antibody framework may further reduce the immunoge-
nicity. In this process, the framework residues in contact with
antigen (Arg46L and Tyr49L in FR2) and the scaffolding
residues, which are hot spots but are not in contact with an
antigen (Met34H, Leu27bL, Ser27el, Lys30L, GIn90L, and
Pro95L), should be retained.

Although HzKR127 neutralizes HBV in vivo, the humanized
antibody of higher affinity would be more effective in clinical
use. Structural inspection of affinity-enhanced spots offers a
basis of rational design for further affinity maturation. It is
noteworthy to find that alanine replacements of Asp97H or both
Asp97H and Tyr102H (D97A/Y102A) increased the affinity by
20- and 25-fold, respectively (Table 2). How could the alanine
mutations on Asp97H and Tyr102H increase the antigen-binding
affinity? Both Asp97H and Tyr102H in CDR H3 are involved
not in direct interaction with antigen but in the CDR H3 lid
opening (Fig. 3). The Asp97H forms a salt bridge with Arg46L
(FR2), which stabilizes the closing of the CDR H3 lid in the free
structure (Fig. 3). Obviously, the mutation of Asp97H into
alanine would disrupt the salt bridge seen in the structure,
making the H3 loop more flexible. This may facilitate the
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structural transition from closed to open state. On the other
hand, Tyr102H is located at the base of the CDR H3 lid, and its
aromatic ring flips in the opposite direction upon antigen
binding (Fig. 3). The small side chain of alanine is likely to reduce
the steric clashes of lid opening more than the bulky rigid
aromatic ring of tyrosine. We can therefore conclude that the
alanine mutations in both the positions may increase the affinity
by facilitating the CDR H3 lid opening, suggesting that the
antigen-binding affinity could be further enhanced by modulat-
ing the flexibility of the CDR H3 lid.

The three-dimensional structure of HBV surface protein,
including preS1, has not yet been determined, and the peptide
structure observed in this study may provide an insight into the
native structure of preS1 domain. In the complex structure,
despite the characteristic secondary structure of the peptide, all
Ramachandran angles of the peptide main chain lay on the most
favored and additionally allowed regions, and no residue lies in
generously allowed or disallowed regions (data not shown). The
stable main-chain conformation and the extensive intrapeptide
hydrogen bonds (SI Table 3) suggest that the observed peptide
conformation may have correlation with its native structure in
the surface of HBV.

In summary, we determined the free and preS1 peptide-bound
structures of HZKR127 Fab exhibiting in vivo HBV-neutralizing
activity. The structures reveal a lid-opening mechanism for
antigen-binding, illustrating one of the largest conformational
changes in antigen-antibody recognition. In the complex struc-
ture, only the conserved peptide residues form tight interaction
with the Fab, whereas the varied residues are looped out from
the binding pocket, which enables the antibody to recognize
various virus isolates. The information regarding the broad
neutralizing mechanism and the antigen recognition should
contribute to the design of vaccines and the development of
immunoprophylaxis strategies against HBV. The extensive ala-
nine-scanning mutagenesis of CDRs identified major binding
determinants in antigen binding, offering a basis for maximal
humanization of the antibody. Affinity-enhanced mutations in
CDR H3 suggest the possibility to further enhance the antigen-
binding affinity by modulating the process of CDR H3 lid
opening.

Materials and Methods

Preparation of HzKR127 Fab Fragment. The cDNA encoding the Vi
and Cyl domains of HzKR127 was synthesized by PCR from
humanized heavy-chain plasmid pHKR127HC (16) and cloned
into the Sall-NotI sites of pRc/CMV (Invitrogen, Carlsbad, CA)
to yield pCMV-HKR127-Fd. This plasmid and humanized
light-chain plasmid pKC-dhfr-HKR127 (16) were cotransfected
into dihydrofolate reductase-deficient CHO cell line (DG44)
and stably transformed cell lines were selected, as previously
described (16). The isolated cell line was adapted in nucleosides-
minus MEMa medium (Gibco/BRL, Grand Island, NY) sup-
plemented with 10% dialyzed FBS and 20 uM methothrexate
(Sigma, St. Louis, MO), then transferred to Cell Factories
(Nunc, Roskilde, Denmark) containing CHO-S-SFM II (Gibco/
BRL) and 20 uM methothrexate. To purify the Fab, the culture
supernatants were harvested, filtered through a 0.22-um filter,
and loaded onto a preS1-Sepharose affinity column, in which
GST-preS1 (residues 1-56) (15) was conjugated to CNBr-
activated Sepharose FF (Amersham Pharmacia, Piscataway,
NJ). The bound HzKR127 Fab fragments were eluted by the
addition of 0.2 M glycine-HCI, pH 2.7, followed by immediate
neutralization with 1 M Tris-HCI, pH 8.0. The HzKR127
Fab-containing fractions were pooled and dialyzed against 10
mM Hepes—-NaOH, pH 7.4. The purity of pooled fraction was
analyzed by SDS/PAGE, followed by silver staining, and stored
at —70°C until use.
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Crystallization and Diffraction Data Collection. All of the crystals of
HzKR127 Fab were obtained at 18°C by the hanging drop
vapor diffusion method. An aliquot (1.7 ul) of the protein (20
mg/ml) was mixed with an equal volume of a reservoir solution
containing 17% PEG 4000, 10 mM Hepes-NaOH (pH 7.5),
and 0.2 M ammonium sulfate. Crystals appeared 4 days after
the initial setup, and they belonged to the space group C2 with
unit cell dimensions of a = 100.12 A, b = 61.11 A, ¢ = 77.53
A, and B = 91.49°. For the crystallization of the complex, adr
subtype HBV preS1 (residues 36-46) peptide (acetyl-
ANSNNPDWDFN-amide) was used with a 10-fold molar
excess of peptide over Fab. Crystals of the complex grew in
the space group C2 with cell dimensions of a = 95.34 A, b =
61.27 A, c = 83.54 A, and B = 93.25°. X-ray diffraction data
were collected at room temperature by using a RU-300
rotating anode generator (40 kV and 100 mA; Rigaku, Tokyo,
Japan) equipped with an R-AXIS IV++ detector (Rigaku)
and an Osmic mirror (Osmic, Troy, MI). Data for phasing and
refinement were processed with the programs MOSFLM (31)
and CrystalClear (Rigaku).

Structure Determination and Refinement. The structures of free
HzKR127 Fab and the Fab—peptide complex were determined
by molecular replacement by using the program AMoRe (32).
For the structure determination of free Fab, the anti-hapten
(5-para-nitrophenyl phosphonate-pentanoic acid) 48G7 Fab
(PDB ID code 1AJ7) that showed the highest sequence homol-
ogy with HzKR127 Fab was used as the search model. The
structure of the Fab—peptide complex was determined by using
the refined free form structure as the starting model. The
programs O (33) and CNS (34) were used in the model building
and refinement, respectively. During the refinement, the ran-
domly selected 5% of data were set aside for the Ry calculation.
The free structure of 2.5 A resolution was refined to an Reys; of
200.7% and an Rgree Of 25.2%, and the complex structure of 2.6
A resolution was refined to an Rcrys of 19.3% and an Ry of
25.8%. Crystallographic and refinement statistics are shown
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in Table 1. The Ramachandran plots drawn by the program
PROCHECK (35) show that 98.6 and 98.9% of all residues in the
free and complex structures fall within the most favored and
additional allowed regions, respectively. Figures were drawn by
using the programs RIBBONS (36) and BOBSCRIPT (37).

Construction of Alanine-Replacement Mutants of HzKR127. All
HzKR127 mutants were constructed by recombinant PCR from
the humanized heavy-chain plasmid pHKR127HC (16) or hu-
manized light-chain plasmid pHKR127KC (16) by using muta-
genic primers, as described previously (15). The mutated con-
structs were introduced into Escherichia coli DH5a« and verified
by nucleotide sequencing. Finally, the mutated Vi or Vi was
subcloned into the EcoRI-Apal or HindIII-Xbal sites, respec-
tively, of pdCMV-dhfr-AKA (14) containing human Cyl and
Ck to construct heavy or light-chain expression plasmid. WT and
mutant HzZKR127 were transiently expressed in COS7 cells by
cotransfection of the heavy and light-chain expression plasmids
by using Lipofect AMINE reagent (Life Technologies, Gaithers-
burg, MD) according to the protocol suggested by the supplier.
The culture supernatants were harvested 2 days after transfec-
tions and stored at —70°C until use.

ELISA Analysis. All ELISAs were performed at 37°C, as previously
reported (16). To determine the Kg, competition ELISAs were
used. The 5- to 10-ng aliquots of antibodies from the culture
supernatants were preincubated with various amounts of puri-
fied GST—preS1 (residues 1-56) in 400 ul of PBS with Tween 20
that contained 0.2% BSA at 37°C for 3 h, and then mixtures were
added to the wells that had been coated with 100 ng per well of
GST-preS1 (residues 1-56). Plates were incubated for 30 min,
followed by washing and detection.
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