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Binding of Fas ligand to Fas induces apoptosis. The Fas-Fas ligand system plays impor-
tant roles in many biological processes, including the elimination of autoreactive lym-
phoid cells. The mouse anti-human Fas monoclonal antibody HFE7A (m-HFE7A), which
induces apoptosis, has been humanized based on a structure predicted by homology
modeling. A version of humanized HFE7A is currently under development for the treat-
ment of autoimmune diseases such as rheumatoid arthritis. For a deeper understanding
of the protein engineering aspect of antibody humanization, for which information on
the three-dimensional structure is essential, we determined the crystal structure of the
m-HFE7A antigen-binding fragment (Fab) by X-ray crystallography at 2.5 A resolution.
The main-chain conformation of the five loops in the six complementarity-determinin
regions (CDRs) was correctly predicted with root-mean-square deviations of 0.30-1.04
based on a comparison of the crystal structure with the predicted structure. The CDR-
H3 conformation of the crystal structure, which was not classified as one of the canoni-
cal structures, was completely different from that of the predicted structure but
adopted the conformation which followed the “H3-rules.” The results of charge distribu-
tion analysis of the antigen-binding site suggest that electrostatic interactions may be

important for its binding to Fas.

Key words: agonistic antibody, apoptosis, crystal structure, Fab, Fas.

Apoptosis, or programmed cell death, is involved in many
biological processes, including embryogenesis, development
of the immune system, elimination of virus-infected cells
and maintenance of tissue homeostasis (I). Binding of Fas
ligand (FasL) or agonistic antibodies to Fas induces apopto-
sis. Fas is a type-I membrane protein belonging to the
tumor necrosis factor (TNF) receptor superfamily (2, 3),
and FasL is a member of the TNF family (4). Mice with
mutations of Fas and/or FasL develop massive lymphaden-
opathy and autoimmune diseases, which indicates that the
Fas-FasL system plays an important role in the elimination
of autoreactive lymphoid cells (5, 6).

The mouse monoclonal antibody HFE7A (m-HFE7A),
raised against human Fas, binds to both human and mouse
Fas (7, 8). The administration of m-HFE7A to mice induces
apoptosis in thymocytes. However, in mice, m-HFE7A
shows no sign of the hepatotoxicity observed with the ham-
ster anti-murine Fas monoclonal antibody Jo2 (9). More-

--over, the administration of m-HFE7A to mice prevénts the -

injury to the liver induced by Jo2. Therefore, m-HFE7A
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CDR-L2, CDR-L3, CDR-H1, CDR-H2, and CDR-H3, the six CDR
loops defined by Kabat et al. (32); C_ and Cy,, constant domains of
the light and heavy chains; Fab, antigen-binding fragment; L. and
H, light and heavy; residues are numbered according to Kabat et al.
(32); rms, root-mean-square; V, and Vy, variable domains of the
light and heavy chains.
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may be useful for the treatment of autoimmune diseases
such as rheumatoid arthritis and fulminant hepatitis.

Humanization is a procedure required to enable murine
antibodies to be used in humans since murine antibodies
are immunogenic in humans (10). Direct grafting of only
the residues in the murine complementarity-determining
regions (CDRs) that are mainly involved in the binding
with the antigen into human antibodies has sometimes de-
creased the binding affinity (11). Therefore, it is important
to graft both the murine CDR residues and a small number
of murine residues maintaining the conformation of the
CDR residues. m-HFE7A has been humanized using a
structure predicted by homology modeling to limit the
number of mouse residues as much as possible and to
reduce the immunogenicity (12). A humanized version of
m-HFE7A is currently under development for human ther-
apy.

To further understand antibody humanization and to
ultimately elucidate the mechanism of apoptosis induced
by agonistic antibodies, we determined the crystal struc-
ture of the m-HFE7A Fab by X-ray crystallography at2.5A
resolution. Here, we describe comparison of the crystal
structure with the predicted structure, with special refer-
ence to the main-chain conformation of the CDR residues.

MATERIALS AND METHODS

Protein Purification, Crystallization, and X-Ray Data
Collection—The preparation, purification, and crystalliza-
tion of the m-HFE7A (IgG1, « light chain) Fab were de-
scribed previously. (7, 13). The C-terminal residue of the H
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TABLE I. Data collection and refinement statistics.
Data collection

Number of crystals used 1
Maximum resolution 25
Observed reflections 69,732
Unique reflections 15,256
Completeness (%) 97.8 (97.8)
Average redundancy 4.6
I/sigma 32.3 (10.5)
R’ 0.045 (0.092)
Refinement
Resolution range 40.0-2.5
Reflections (F > 20(F)) 14,984
Completeness (%) 96.2 (95.6)
Number of non-hydrogen atoms 3,444
Number of water molecules 57

R-factor® 0.168 (0.211)

Free R-factor® 0.241 (0.306)
*R orge = S, ll<D>VE, (D). *R-factor = E||F,, HF ,WVEIF,,. ] “Free R-
factor (43) is calculated for 1,178 reflections (7.9%) excluded from
all refinement. Values in parentheses are for the highest resolution
shell.

chain in the Fab was determined by mass spectrometry
using the 80-labeling technique (14). Briefly, the Fab [10
mg ml! in 10 mM Tris-HCl (pH 7.4)] was crystallized at
296 K by the hanging drop vapor-diffusion method, with
equilibration against the reservoir solution containing 1.2
M sodium citrate, 3% 2-methyl-2,4-pentanediol, and 10 mM
sodium borate (pH 8.5). Crystals suitable for X-ray diffrac-
tion analysis were grown by means of the streak seeding
technique (15), with equilibration against 1.2 M sodium cit-
rate and 10 mM sodium borate (pH 8.5). The crystals
appeared within a few days and reached maximum dimen-
sions of 0.35 x 0.25 x 0.2 mm® in 1 week. The crystals be-
long to orthorhombic spacegroup P2,2,2, with unit cell di-
mensions of @ =434 A, b=T40A,c = 1338A The asym-
metric unit contains one Fab molecule, with a V,, of 2.2 A
Da™! (16). Intensity data were collected at room tempera-
ture using synchrotron radiation at the BL-6B station (The
Photon Factory, Tsukuba) with \ set to 1.0 A. Diffraction
data were processed with programs DENZO and SCALE-
PACK (17).

Phase Determination and Structure Refinement—The
structure of the m-HFE7A Fab was determined by molecu-
lar replacement using program X-PLOR (18). As a search
model for the variable domain in molecular replacement,
the predicted structure for the humanization of the m-
HFE7A antibody was used. The predicted structure was
constructed by the combination of programs AbM (Oxford
Molecular) and QUANTA/CHARM (Molecular Simulations)
(12). The C,;-Cy, domains of the search model corresponded
to the Fab fragment of mouse monoclonal antibody An02
(Protein Data Bank code, 1BAF) (19). A set of search mod-
els with elbow angles (the angle between the two pseudo 2-
fold rotation axes of the variable and constant domains) of
124° to 164° increased every 10°, was created with X-
PLOR. A rotation search, Patterson-correlation coefficient
refinement (20), and translation search were performed for
each search model using data from 15.0 to 4.0 A resolution.
After 50 cycles of rigid-body refinement of the correctly ori-
ented and positioned model, the crystallographic R factor
dropped to 0.462 for the data from 15.0 to 3.0 A resolution.
Further structure refinement was carried out by the simu-
lated annealing method followed by positional and individ-
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ual temperature factor refinement using X-PLOR, and
manual rebuilding of the Fab model was performed with
program O (21). At the end of the refinement, positive elec-
tron densities above 3¢ were assigned as water molecules
and the assignments were examined by visual inspection.
At the end of each refinement step, model geometry was
monitored with O and program PROCHECK (22). Solvent-
accessible surface and charge distribution analyses were
performed with program GRASP (23). Crystal contacts
were analyzed with X-PLOR using a distance cutoff of 4.0
A. The data collection and refinement statistics are shown
in Table L.

RESULTS AND DISCUSSION

Quality of the Crystal Structure—The final electron-den-
sity map allowed the positioning of most residues with con-
fidence (Fig. 1). The model consists of 436 residues from the
Fab fragment (215 residues from the L chain and 221 resi-
dues from the H chain) and 57 water molecules. The C-ter-
minal residue of the H chain in the Fab was Cys242H, as
determined by mass spectrometry (data not shown) using
the '®Q-labeling technique (14). Since the C-terminal region
of both chains shows weak electron density and is disor-
dered, residues 212L-214L and residues 229H-242H were
not included in the final model. The electron density corre-
sponding to residues 127H-135H is very weak, indicating
that the loop is disordered. These residues of the C, do-
main, which are in the loop between two adjacent (-
strands and exposed to the solvent, were also disordered in
other Fab crystal structures. Analysis using PROCHECK
indicated good geometry, 88.3% of the residues lying in the
most favored regions of the Ramachandran plot, and 11.4%
in the allowed regions, with no residues except Ala51L in
the disallowed regions. Ala51L is the second amino acid
residue of CDR-L2 and is often found in the same y-turn as
in other Fabs (24). The average B-factors are 22.4 A? for the
main-chain atoms of the protein, 24.4 A? for the side-chain
atoms, and 26.4 A? for the oxygen atoms of the water mole-
cules. The estimated coordinate error determined by the
method of Luzatti (25) is 0.22 A. The root-mean-square
(rms) deviations of bond lengths and angles from ideal val-
ues are 0.005 A and 1.3°, respectively. Nine residues in the
six CDRs are involved in crystal contacts. These residues
are 27L, 27dL, and 28L from CDR-L1, 52L from CDR-L2,
31H from CDR-H1, and residues 53L—56L from CDR-H2.
Considering the similarity to other Fabs, as described
below, the crystal contacts do not significantly affect the
main-chain conformation of all six CDRs.

Overall and CDR Structures—The overall structure of
the four domains (V, Vy;, C,, and C,,) from the m-HFE7A
Fab is consistent with all other Fab crystal structures pre-
viously reported. The elbow angle of 134.2° is in the range
commonly observed. Although there is great variation in
the sequence and size of the CDR loops, various studies
have shown that five of the six CDR loops usually have one
of a small number of main-chain conformations, called
canonical structures (26, 27). The conformation of a partic-
ular canonical structure is determined by the length of the
loop and the residues present at key positions. Cluster
analysis (28) has also been applied to the m-HFE7A CDR
loops.

Although the crystal structure of the m-HFE7A Fab was
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solved by means of molecular replacement using the pre-
dicted structure as a search model, the free R-factor calcu-
lated for 7.9% of the reflections, which were not used for
refinement, dropped to 0.241 after refinement, indicating
that the final crystal structure is free of bias from the pre-
dicted structure. Therefore, it is possible to compare the
crystal structure with the predicted structure and the
structures deposited in the Protein Data Bank (PDB). For
comparison of the crystal structure with the predicted
structure used for the design of humanized HFE7As, the
backbone atoms (N, Ca, C, and O) of the CDR loops were
superposed and the rms deviations were calculated (Table
II). The CDR-L1 conformation of the m-HFE7A Fab is very
close to that of the 59.1 Fab (PDB code, 1ACY) (29), with an
rms deviation of 0.51 A, and corresponds to the type-15B
cluster. The m-HFE7A CDR-L1 does not belong to one of
the ordinary canonical structures. Based on the length and
sequence, CDR-L2 from m-HFE7A belongs to the type-1
canonical class and the type-7A cluster, and the loop is
superposed well with CDR-L2 from the L5Mk16 single-
chain Fv (PDB code, 1LMK) (30), with an rms deviation of
0.31 A. The CDR-L3 conformation of the m-HFE7A Fab
gives an rms deviation of 0.44 A from that of the Te33 Fab
(PDB code, 1TET) (31), and corresponds to the type-1
canonical structure and the type-1 cluster.

Residues 31H-35H were defined according to Kabat et
al. (32) as the first CDR of the H chain based on sequence
variation. However, structural studies showed that resi-
dues 26H-32H have various conformations (24). Residues
26H-32H and 31H-35H give rms deviations of 0.44 and
0.42 A compared with those of the J539 Fab (PDB code,

Fig. 1. The final electron-density map of the CDR-H3 loop. The
oA-weighted (44) (2F F)) electron-density map was phased using
the final model at 2.5 A resolution. The map is contoured at 1.0o,
where o is the standard deviation of the electron-density map. The
final model is shown as a stick model.
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2FBdJ) (33), in which the loop from 26H to 32H belongs to
the type-1 canonical structure and_the. type-10A cluster.
The CDR-H2 loop of the m-HFE7A Fab is not classified as
the type-2 canonical structure, since Val71H of m-HFE7A
is not a key residue according to the ordinary canonical def-
inition. However, Val71 of the H chain is an allowed residue
according to the results of cluster analysis (28). Residues
50H—66H of m-HFE7A give an rms deviation of 0.65 A,
when superposed with those of the 8F5 Fab (PDB code,
1BBD) (34), in which the CDR-H2 conformation adopts the
type-2 canonical structure and the type-10A cluster.

The CDR-H3 loop is the most variable loop among the six
CDR loops in terms of length, amino acid sequence and
structure, and thus was not included in the canonical-struc-
ture description. Recently, Shirai et al. proposed the “H3-
rules” (35, 36), which partly govern the CDR-H3 conforma-
tion dependence on the sequence. The H3-rules can be
applied to two regions: at the base and the $-hairpin region
of the CDR-H3 loops. According to the H3-rules, the CDR-
HS3 loop from m-HFE7A adopts a (2:2) B-hairpin structure
with a kinked-base, as deduced from its length and amino
acid sequence. The crystal structure revealed that the
CDR-H3 loop from m-HFE7A had essentially the same
main-chain conformation, with an rms deviation of 0.70 A
for the backbone atoms, as that of the 36-71 Fab (PDB
code, 6FAB) (37), which is known to have a kinked (2:2) -
hairpin conformation (Fig. 2). In the crystal structures, key
residues Arg94H and Aspl01H are salt-bridged, and the
carbonyl-oxygen atom of Phel00dL and HNel of Trp103-H
form a hydrogen bond, resulting in the kinked-base struc-
ture. Key residues in the loop region are Ser99H and
Asnl00H, resulting in the (2:2) B-hairpin conformation.
Therefore, the H3-rules were found to be helpful for pre-
dicting the CDR-H3 conformation of m-HFE7A.

Comparison of the Crystal Structure with the Predicted
Structure—The crystal structure and the predicted struc-
ture used for the humanization and as a search model for
molecular replacement were compared after superposing
their backbone atoms (Table II and Fig. 3). The predicted
structure of the m-HFE7A Fv was initially modeled with
the program AbM, which takes into account the canonical
structures based on a target amino acid sequence (12). The
backbone conformation of the CDR loops, which was auto-
matically assigned by the program to have one of the
canonical structures, was therefore correctly predicted,
with rms deviations of 0.30 A for CDR-L2, 0.34 A for CDR-
L3, and 0.42 A for CDR-H1. The CDR-H2 backbone confor-
mations of the two structures, in which one of the key resi-

TABLE II. Rms deviations A) al;ter superposition of the
crystal structure and other structures.

Crystal structure ngcltczig Structures in PDB
kB Rms deviation = Rms deviation PDB code
L1 1.04 0.51 1ACY
L2 0.30 0.31 1LMK
L3 0.34 0.44 1TET
H1 (Kabat)* 0.42 0.42 2FBJ
H1 (Chotia}® 0.40 0.44 2FBJ
H2 0.95 0.65 1BBD
H3 2.48 0.70 6FAB

2Residues of CDR-H1 are 31H-35H and 26-32H according to the
Kabat (32) and Chotia (24) definitions, respectively.
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dues, Val71H, does not follow the definition of the ordinary
canonical structure, are similar with an rms deviation of
0.95 A, since CDR-H2 was manually assigned to have the
type-2 canonical structure in the modeling process. How-
ever, a significant difference exists in the dihedral angles of
ASP54H (b = -129.8°, ¢ = 2.9° in the crystal structure; ¢ =
-133.28° ¢ = -117.6 in the predicted structure). Asp54H is
located near Val71H and the side-chain conformation of
Val71H in the predicted structure was not correctly pre-
dicted, which altered the dihedral angles of ASP54H in the
modeling process and resulted in increasing rms deviation.
The CDR-11 loop, which belongs to the type-15B cluster,
was modeled using the type-15B CDR-L1 loop of the 59.1
Fab as a template. Thus, the CDR-L1 conformation of the
predicted structure is very close to that of the crystal struc-
ture. The CDR-L1 residues give a slightly large rms devia-
tion of 1.04 A. The difference in the CDR-L1 conformation
mainly occurs at Ser27al, (¢ = —53.9°, ¢ = 131.5° in the
crystal structure; ¢ = —99.6°, ¢ = 178.1° in the predicted
structure).

The CDR-H3 loop modeled with AbM had a completely
different conformation from that of the crystal structure
since the H3-rules were not applied. The H3-rules can pre-
dict the backbone conformation of the m-HFE7A CDR-H3
loop based on the amino acid sequence and are therefore
considered important.

S. Ito et al.

Binding of m-HFE7A to Fas—Depending on the type of
antigen, the shape of the antigen-binding site can be classi-
fied as a cavity for small antigens, a concave surface for
peptides and loops, and a flat surface for proteins (38). Sur-
face representation and charge distribution analyses of the
m-HFE7A Fab indicated that the antigen-binding site of m-
HFET7A has a concave surface and a large proportion of
negative charges (Fig. 4). An ELISA experiment revealed
that the epitope peptide of m-HFE7A corresponded to resi-
dues 105-114 of Fas (Arg-Thr-GIn-Asn-Thr-Lys-Cys-Arg-
Cys-Lys) (39), which has a large proportion of positively
charged residues. The charge of the antigen-binding site of
m-HFE7A is complementary to that of the epitope peptide,
suggesting that electrostatic interactions are likely to play
an important role in the recognition and binding.

Although the three-dimensional structure of Fas has not
been determined yet, the crystal structure of the TNFB and
TNF receptor-1 (TNFR1) complex (40) allowed us to pre-
dict the corresponding region of the epitope peptide in
TNFRI1. Furthermore, a model of the m-HFE7A/Fas com-
plex is proposed based on data for the epitope peptide
together with the surface shape and the charge distribution
of the m-HFE7A Fab crystal structure. The TNF/TNFR1
structure shows that the second -cystein-rich domain
(CDR2) and CDR3 of the TNFR1 form the ligand-binding
region for TNF (Fig. 5a). The epitope peptide of m-HFE7A

Fig. 2. Stereoview of the superposition of
the CDR-H3 loops from the crystal struc-
tures of the m-HFE7A Fab and the 36-71
Fab (37). The figure shows the carbon atoms
of the m-HFE7A Fab in cyan, those of the 36—
71 Fab in yellow, nitrogen in blue and oxygen
in red. Figures 2, 3, and 5 were prepared with
Insight II (Molecular Simulations).

Fig. 3. Stereoview of the superposition
of the two structures: the crystal and
predicted structures. The figure shows
the Ca traces for the variable domains. The
CDR loops of the crystal and predicted
structures are shown in cyan and yellow,
respectively. The framework regions of the
crystal and predicted structures are shown
in black and gray, respectively.
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is predicted to form an extended strand in the C-terminal
region of CRD2 in Fas. However, m-HFE7A is likely to bind
to Fas at a binding site completely different from that of
FasL (Fig. 5b).

The first step in signaling by members of the TNFR fam-
ily was thought to involve ligand-induced trimerization of
the receptor. However, recent reports demonstrated that
TNFR and Fas in unstimulated cells are constitutively oli-
gomerized before ligand binding through a self-association
domain, CDR1, termed the pre-ligand assembly domain,
and that the preassembled receptors are nonsignaling (41,
42). It is possible that ligand binding induces conforma-
tional changes of the oligomerized subunits and/or the for-
mation of oligomers different from that present in the
unstimulated state. In vitro, m-HFE7A can induce apopto-
sis only when crosslinked by a second anti-murine anti-
body, and in vivo it is suggested that m-HFE7A is
crosslinked by the Fe receptor (7). It is also suggested that
m-HFE7A might prevent Jo2-induced hepatitis through a
mechanism other than simple competition with Jo2 in
binding to Fas (7). This may be related to the difference in

Fig. 4. The shape and charge distribution of the m-HFE7A an-
tigen-binding site. The variable domains are shown. Blue denotes
positive charges and red negative charges. The electrostatic poten-
tial is contoured at £10.0 kT with GRASP (23). (a) A top view of the
antigen binding site. The structure orientation is similar to that in
Fig. 3. (b) A side view of the antigen binding site.
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the environment of the target cells; the density of the cells
bearing Fc receptors in the liver may.be.much smaller than
that in lymphatic tissues. Currently, the details of the
structural mechanism of apoptosis by m-HFE7A remain
unclear. Further studies, including determination of the
Fas-FasLL and Fas-m-HFE7A complex, will help us to
understand the mechanism of apoptosis by agonistic anti-
bodies.

(b)

Fig. 5. Schematic representation of the proposed complex
model for m-HFE7A and its receptor. (a) The crystal structure of
the TNFB and TNF receptor—1 complex (40) is shown. Each TNFB
monomer is shown as a space-filling model in a different color, green,
magenta, or yellow. The extracellular domains of TNF receptor-1 are
shown as space-filling models colored in gray. The loop correspond-
ing to the epitope peptide of m-HFE7A is colored in red. (b) The pro-
posed model for the m-HFE7A and Fas complex. Only the variable
domains of m-HFE7A are shown as Ca traces. The L chain is colored
in cyan and the H chain in blue. The crystal structure of TNF recep-
tor-1 was used to represent the extracellular domain of the receptor
since the three-dimensional structure of Fas has not been deter-
mined yet.
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