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ABSTRACT: The human monoclonal antibody Fab X5 neutralizes a broad range of HIV-1 primary isolates.
The crystal structure of X5 has been determined at 1.9 Å resolution. There are two crystallographically
independent Fab fragments in the asymmetric unit. The crystallographicR value for the final model is
0.22. The antibody-combining site features a long (22 amino acid residues) CDR H3 with a protruding
hook-shaped motif. The X5 structure and site-directed mutagenesis data suggest that X5 amino acid residues
W100 and Y100F in the CDR H3 motif may be critical for the binding of Fab X5 to gp120. X5 bound
to a complex of a CD4 mimetic and gp120 with approximately the same kinetics and affinity as to a
CD4-gp120 complex, suggesting that specific interactions between CD4 and X5 are unlikely to contribute
to the binding of X5 to gp120-CD4 complexes. Binding of X5 to alanine scanning mutants of gp120JR-
CSF complexed with CD4 suggested a critical role of the highly conserved amino acid residues at positions
423 and 432. The X5 structure and fine mapping of its epitope may assist in the elucidation of the
mechanisms of viral entry and neutralization, and the development of HIV-1 inhibitors and vaccines.

HIV-1 entry into the host cells is initiated by the interaction
of its envelope protein gp120 and host cell receptors CD4
and CCR5 followed by the conformational changes of gp120,
ultimately leading to the fusion of the virus and the host
cells (1, 2). Characterization of the gp120 structures that are
exposed during virus entry and conserved among various
isolates may help in the mechanistic studies of HIV-1 fusion
and the development of antiviral inhibitors and vaccines. We
hypothesized that purified gp120 isolates in complex with
receptor molecules exhibit such conserved structures (1, 3)
that could be used to select antibodies by screening phage

display libraries (4); the selected antibodies could then help
in the identification and characterization of the conserved
structures among gp120 isolates. Using the gp120-CD4-
CCR5 complexes as a screening antigen, we recently
identified a broadly cross-reactive HIV-1-neutralizing human
monoclonal antibody (hMAb) Fab, X5, and found that Fab
X5 bound much better to the gp120-CD4 complexes than
to the gp120 isolates alone, indicating that it is a CD4-
induced (CD4i) Fab (4). CD4i Fabs neutralize some T cell-
adapted HIV-1 isolates but generally do not exhibit signifi-
cant neutralizing activity against primary isolates (5). Fab X5,
however, inhibited gp120-mediated cell fusion of more than
30 primary isolates as potently as the broadly cross-reactive
HIV-1-neutralizing hMAb IgG1 b12 [PDB entry 1HZH (6,
7)]. For IgG1 b12 and other non-CD4i HIV-1-neutralizing
hMAbs, the IgG1 is more potent than the Fab fragment. For
X5, however, the IgG1 is less potent than the Fab and the Fab
is less potent than the single-chain Fv (scFv) due, at least in
part, to steric factors that limit the access of the antibody to
the gp120 epitopes (8). Here, we present the crystal structure
of Fab X5 with a fine mapping of its epitope based on
available structural information and mutagenesis studies. The
X5 structure and the fine mapping of its epitope may assist
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in the mechanistic studies of viral entry and neutralization,
and the development of HIV-1 inhibitors and vaccines.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Fab X5 was produced
as previously described (4, 9). Briefly, a 10 mL column of
degassed fast flow protein G (Amersham) in PBS (pH 7.4)
was packed and used for purification; 50 mL of cell lysate
in 1× PBS supplemented with PMSF at a final concentration
of 200µM was loaded onto the protein G column. The lysate
was loaded at a flow rate of 3 mL/min and washed with
PBS (pH 7.4). Fab X5 was eluted with 0.5 M acetic acid
(pH 3.0); the eluate was collected in a tube containing 1 mL
of Tris-HCl (pH 9.0). The fractions containing the protein
peak were pooled and concentrated with centriprep columns
(10 kDa cutoff), and passed through 0.2µm low protein
binding filters (acrodisc syringe filters from Gelman Labs)
under sterile conditions. Fab X5 was finally exchanged in
50 mM Tris-HCl buffer (pH 7.4) and concentrated to 10 mg/
mL for crystallization experiments.

Crystallization. Crystals of X5 were grown at 18( 1 °C
using the sitting drop vapor diffusion technique. The well
solution contained 30% 1,2-propanediol and 20% PEG-400
in 0.1 M HEPES buffer (pH 7.5). The 10-15 µL drops,
containing equal volumes of protein and well solutions, were
equilibrated against 500µL of well solution. The X5 crystals
grew in 3-4 days in the morphology of rectangular rods.
The crystals were mounted on nylon loops and frozen in
liquid nitrogen before X-ray diffraction data collection.

Data Collection and Structure Determination. The crystals
of Fab X5 (space groupP4212, unit cell dimensionsa ) b
) 139.6 Å andc ) 120.3 Å) diffracted to 1.9 Å resolution.
X-ray diffraction data were collected at beamline X9B of
the National Synchrotron Light Source. A cryogenic tem-
perature (100 K) was maintained with an Oxford Cryosystem
for the entire data collection. The data were recorded with
an ADSC Quantum-4 CCD detector and processed using
DENZO and SCALEPACK (10). Further data process-
ing was done with SCALEPACK2MTZ, TRUNCATE
[for molecular replacement using AMoRe (11)], and

MTZ2VARIOUS [for structure refinement using CNS (12)],
which are embedded in the CCP4 suite (13). X-ray data
statistics are summarized in Table 1.

We determined the crystal structure of Fab X5 by
molecular replacement using AMoRe (11) with the constant
domains of both light and heavy chains of the mature metal
chelatase catalytic antibody fromHomo sapiens[PDB entry
3FCT (14)] as the search model. Two solutions were obtained
with a correlation coefficient of 33.7% and a crystallographic
R value of 49.8% for X-ray data within the resolution range
of 10-4 Å. The model was then subject to rigid body
refinement, energy minimization, and groupedB factor
refinement before a difference Fourier synthesis was carried
out. The difference map revealed the location of two variable
domains. The model of the two variable domains was
manually built on the basis of similar Fab structures and
combined with the two constant domains obtained from
molecular replacement, resulting in a complete model
containing two Fabs (Mol A and Mol B). On the basis of
the difference map as well as the refined electron density, a
mutation (H165Q) in the constant domain of the light chain
was identified in both Fabs. Model building was carried out
with O (15) and structure refinement with CNS (16). All
data within the resolution range of 30.0-1.90 Å were used
in the refinement with 5% of the data randomly chosen for
Rfree calculations. Bulk solvent corrections were applied. The
final model and statistics are summarized in Table 1. The
electron density (omit map) of CDR H3 is shown in Figure
1. The Ramachandran plot showed that three residues fall
in the disallowed region, including light chain residue A51
in both Fabs and heavy chain residue D100G in Mol A. The
two Ala residues have well-defined electron density and are
located in the middle of aγ-turn (A50-A52). The CDR H3
is less than well defined, which could account for the outlier
D100G on the Ramachandran plot.

Site-Directed Mutagenesis and Binding Experiments with
gp120 and X5. Mutagenesis of gp120JR-SF and Fab X5 was
performed using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) according to the manufacturer’s
protocols. All mutations were confirmed by DNA sequenc-

Table 1: Data Collection and Structure Refinement Statistics for X5

overall last shell

data statistics
resolution range (Å) 30.0-1.9 1.97-1.9
completeness (%) 100.0 99.9
I/σ(I) 39.7 3.2
Rscaling

a 0.066 0.498
refinement statistics

resolution range (Å) 30.0-1.9 2.02-1.9
no. of reflections used for refinement

with 0σ(I) cutoff
93615 14575

no. of reflections used forRfree calculations 4699 767
crystallographicRb 0.22 0.27
Rfree 0.23 0.29
no. of amino acid residues/averageB factor (Å2) 895/32.8
no. of water oxygens/averageB factor (Å2) 619/36.1
rms deviations from ideal geometry

bond distances (Å) 0.01
bond angles (deg) 1.46

Ramachandran plot
most favoredæ andψ angles (%) 87.4
disallowedæ andψ angles (%) 0.4

a Rscaling ) ∑|I - 〈I〉|/∑I. b CrystallographicR ) ∑hkl||Fo| - |Fc||/∑hkl|Fo|.

Accelerated Publications Biochemistry, Vol. 43, No. 6, 20041411



ing. Studies of binding of the wild-type and mutant Fab X5
to the recombinant gp120 proteins (JR-FL and 89.6) and the
gp120-CD4 complexes were performed with 96-well Nunc-
Immuno Maxisorp surface plates as previously described (3).

BIACORE Surface Plasmon Resonance Analysis. Interac-
tion analyses were performed on a BIA3000 optical biosensor
(Biacore AB, Uppsala, Sweden) with simultaneous monitor-
ing of four flow cells. Kinetic studies were performed on a
low-charge (B1) sensor chip with Fab X5 immobilized at 250
RU using carbodiimide coupling chemistry. The binding ca-
pacity of the surface was kept low to avoid the mass transport
effect and steric hindrance. One flow cell was left blank as a
control for nonspecific binding and refractive index changes.
Flow-independent kinetic parameters showed the absence of
mass transport and rebinding effects. The association and
dissociation phase data were fitted simultaneously to a 1:1
Langmuir global model by using the nonlinear data analysis
program BIAevaluation 3.2. The buffer that was used
consisted of 10 mM phosphate, 150 mM NaCl, 3.4 mM
EDTA, and 0.005% P-20 (pH 7.4). The following envelope
proteins were analyzed: gp120 JRFL (N. Schulke, Progenics,
Tarrytown, NY), gp120W61D (Centralized Facilities for AIDS
Reagents, Potters Bar, U.K.), and gp120HXB2 (F. Veas,

Montpellier, France). These proteins were premixed with a
5-fold molar excess of CD4 (D1D2, S. Leow, Pharmacia,
Kalamazoo, MI) or CD4M33 mini-protein (17) at 37°C for
60 min before injection at a rate of 30µL/min.

RESULTS AND DISCUSSION

Structure Description. The two Fab X5 molecules (Mol A
and Mol B) are structurally similar and pack in an alternate
fashion with the constant domains of one Fab interacting with
the variable domains of the other. Mol A has a lowerB factor
(27.2 Å2) than Mol B (37.4 Å2). The entire structure is well-
defined except for a few N- or C-terminal residues and the
two CDR H3 loops. Heavy chain residues 1 and 2 in Mol A
and 1-3 in Mol B and C-terminal residues 217-220 in both
Fabs have not been located (presumably disordered). The
CDR H3 loop of the heavy chain (D95-F102) is less than
well defined, as indicated by the poorer electron density
starting from P98 to G100J in both Fabs (Figure 1a). The
CR traces of the two CDR H3 loops are very similar, whereas
the conformation of their side chains differs (Figure 1b).

Fab 17b has a prominent 19-residue CDR H3 loop (Figure
2a), which dominates the binding of 17b to gp120 (18, 19).

FIGURE 1: Crystal structure of Fab X5. (a) Stereoview showing the hook shape and finalFo - Fc omit map contoured at 2.3σ for the CDR
H3 motif of the Fab X5 heavy chain. The protein is illustrated as a ball-and-stick model with the atomic color scheme (carbon in black,
nitrogen in blue, and oxygen in red) and the electron density as a green net. (b) Stereoview illustrating the superposition of the two CDR
H3 motifs in the two independent X5 molecules, Mol A and Mol B. The thinner model is the CDR H3 motif of Mol B. The rms deviation
for all CR positions between the two CDR H3 motifs is 0.47 Å. The averageB factors of the CDR H3 motif are 63 and 66 Å2 in Mol A
and Mol B, respectively; the averageB factor for all protein atoms is 32 Å2. This figure was generated using BOBSCRIPT (24).

1412 Biochemistry, Vol. 43, No. 6, 2004 Accelerated Publications



Similarly, in IgG1 b12, the 18-residue CDR H3 assumes a
finger-like loop (Figure 2b) with a Trp residue at the apex
[PDB entry 1HZH (7)]. This extended loop likely facilitates
the insertion of b12 into the recessed CD4 binding site of

gp120. The hook-shaped CDR H3 of Fab X5 (Figure 2c)
has two residues (W100 and Y100F) pointing out of the hook
(Figure 1a). The hook conformation with the certain flex-
ibility of CDR H3 could be critical for the high affinity of
Fab X5 for the CD4 complexes of various HIV-1 isolates.

Possible Interactions between Fab X5 and CD4. To
investigate the possibility of direct interactions between Fab
X5 and CD4, we measured the affinity of binding of X5 to
gp120 in complex with CD4M33, a functional CD4 mimic
with 27 amino acid residue and a sequence unrelated to CD4
(17), and compared the results with typical affinities of Fab
X5 for the gp120-CD4 complex. From binding experiments
performed by using an optical biosensor system based on
surface plasmon resonance (Figure 3), we determined the
following association and dissociation rate constants:kon )
(2.4 ( 0.02)× 105 or (1.3( 0.04)× 105 M-1 s-1 andkoff

) (0.7( 0.2)× 104 or (2.2( 0.1)× 104 s-1 for X5 binding
to gp120W61D complexes with sCD4 or CD4M33, respec-
tively; kon ) (2.57 ( 0.03) × 105 or (1.09( 0.03) × 105

M-1 s-1 andkoff ) (0.5 ( 0.05) × 104 or (0.5 ( 0.07) ×
104 s-1 for ×5 binding to gp120JR-FL complexes with sCD4
or CD4M33, respectively. Similar rate constants were also
obtained by using the gp120HXB2 envelope (not shown).
Equilibrium dissociation constants, obtained from the kinetic
parameters, were rather similar. For example, for binding
of X5 to gp120W61D, Kd equaled (2.9( 0.9) × 10-10 M (ø2

) 3.7) or (17( 3) × 10-10 M (ø2 ) 3.9) in the presence of
sCD4 or CD4M33, respectively. For binding to gp120JRFL,
Kd equaled (2.1( 0.2)× 10-10 M (ø2 ) 5.0) or (4.7( 0.7)
× 10-10 M (ø2 ) 2.2) in the presence of sCD4 or CD4M33,
respectively. For binding to gp120HXB2, Kd equaled (5.3(
3) × 10-10 M (ø2 ) 1.5) or (6.2( 0.5) × 10-10 M (ø2 )
1.1) in the presence of sCD4 or CD4M33, respectively. These
results indicate that specific interactions between CD4 and
X5 are unlikely to contribute to the binding of X5 to the
gp120-CD4 complexes.

Site-Directed Mutagenesis of X5 and gp120. On the basis
of our crystal structure, X5 residues W100 and Y100F in
the CDR H3 motif (Figure 1) may be critical for the binding
of Fab X5 to gp120. To test this prediction, we mutated these
residues, individually or in combination, to glycine and
phenylalanine, respectively. These mutations significantly
reduced the affinity of binding of X5 to gp120 isolates JR-
FL and 89.6 with and without bound CD4 (Figure 4).

To help localize the X5 epitope, we generated a panel of
55 single-amino acid gp120JR-CSF Ala mutants (20) and
measured and analyzed their relative affinities for the gp120-
CD4 complex (Table 2). The mutagenesis was directed by the
structural information on the CD4i epitope recognized by 17b
(18, 19). The relative affinities were determined, as previ-
ously described (21), by comparing the half-maximal binding
concentration for each mutant (complexed with CD4) to that
for the wild-type gp120JR-CSF(complexed with CD4) (Table
2). For all mutants, we also investigated the binding of the
CD4-IgG2 complex. Compared to the wild-type gp120JR-CSF,
single Ala substitution of eight residues (C119, K207, G367,
M426, W427, V430, I423, and K432) resulted in ag3-fold
reduction in the apparent binding affinity of Fab X5. The
Ala substitution of residues C119 and K207 may affect the
overall structure of gp120 because C119 is involved in the
formation of a disulfide bridge (with residue C205) and K207
in a salt bridge (with residue E381), thus stabilizing the

FIGURE 2: Comparison of CDR H3 structures (a) 17b (PDB entry
1G9M), (b) b12 (PDB entry 1HZH), and (c) X5 (this work). The
light chain is shown in blue. The heavy chain is in green with the
CDR H3 loop in magenta. This figure was generated using
BOBSCRIPT (24).

Accelerated Publications Biochemistry, Vol. 43, No. 6, 20041413



relative orientation of the inner and outer domain of gp120
(19, 22, 23). Residues G367, M426, W427, and V430 may
interact with CD4 (19) because mutations of these residues
significantly affected CD4 binding (21, 23); the reduced level
of CD4 binding could in turn account for the observed
reduction in the level of X5 binding. The two remaining

substitutions, I423A and K432A, did not significantly affect
CD4 binding and may therefore directly interact with X5.

Fine Mapping of the X5 Epitope. We suggest that the X5
epitope is in the proximity of the CD4 and coreceptor binding
sites, as previously hypothesized on the basis of the results
from competition studies of X5 and hMAbs with known
specificities (4). The proposed location of the X5 epitope is
in the vicinity of I423 and K432 (Figure 5a). For comparison,
the functional footprints of CCR5 (22) and 17b (23), the 17b
epitope, and the CD4 binding site (18, 19) are also depicted
(Figure 5). In agreement with previously published results,
the proposed X5 epitope overlaps that of 17b. The X5 epitope
is likely very close to, but does not overlap with, the CCR5
footprint. The X5 epitope is also very close (closer than the
17b epitope) to the CD4 binding site, but does not overlap
it (Figures 5).

To understand the basis for the cross-neutralizing activity
of X5, we analyzed the extent of conservation of gp120
residues I423 and K432. Sequence alignment of 60 gp120
proteins from diverse HIV-1, HIV-2, and SIV isolates
suggests that residues 417, 418, 420, 422, 423, 425, 427,
430-432 are highly conserved (>80% identical), residues
419, 421, 424, and 428 are partially conserved (>90%
conservation of charge and hydrophobicity), and residues
426, 429, 433, and 434 are not conserved (Figure 6).

FIGURE 3: Specificity of X5 binding as determined by surface plasmon resonance (SPR). (a) Sensorgram overlays of gp120W61D (a and c)
and gp120JRFL (b and d) in complex with CD4 (a and b) or CD4M33 mimic (c and d) binding to X5. Envelope proteins were preincubated
with a 5-fold molar excess of CD4 or CD4M33 and injected at a rate of 30µL/min at different concentrations (reported above the sensorgrams)
over a B1 sensor chip, containing Fab X5 immobilized at 250 RU. The SPR response was recorded as a function of time, and kinetic rates
were calculated by fitting both association and dissociation phases with a 1:1 Langmuir global model. The quality of the fitting was
demonstrated by the relative residual plots (bottom panels) where the difference between the experimental and fitted data is distributed
about theX-axis.

FIGURE 4: Site-directed mutants of Fab X5 and their gp120 binding
activities in comparison with that of wild-type Fab.
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FIGURE 5: Comparison of the functional footprints on gp120 as defined by site-directed mutagenesis and crystallography: (a) X5 (this
work), (b) 17b (23), (c) CCR5 (22), and (d) CD4 (PDB entry 1G9M). The green outline in panel b illustrates the contact area of 17b as seen
in the crystal structure of the gp120-CD4-17b complex (19). This figure was generated using BOBSCRIPT (24) and RASTER3D (25).

Table 2: Binding of X5 to Alanine Scanning Mutants of gp120JR-CSF Complexed with CD4a

gp120JR-CSF
b gp120 domainc relative affinityd gp120JR-CSF

b gp120 domainc relative affinityd

wild typee 100 P417A C4 153
C119Af 10 R419Ag C4 61
V120A 68 I420Ag C4 44
K121Ag C1 (V1/V2 stem) 77 K421Ag C4 66
L122A C1 (V1/V2 stem) 43 Q422Ag C4 23
T123Ah C1 (V1/V2 stem) 60 I423Ag C4 2
L125Ah C1 (V1/V2 stem) 104 I424A C4 78
V127A C1 (V1/V2 stem) 116 N425Ah C4 105
T198A C1 (V1/V2 stem) 98 M426Ah C4 25
S199Ah C1 (V1/V2 stem) 28 W427Ah C4 0
V200Ag C1 (V1/V2 stem) 81 Q428Ah C4 130
I201A C1 (V1/V2 stem) 97 E429Ah C4 92
T202A C1 (V1/V2 stem) 78 V430Ah C4 0
Q203Ag C2 93 G431A C4 84
K207Af C2 0 K432Ag C4 19
S256Ah C2 77 M434Ag C4 22
T257Ah C2 88 Y435Ag,h C4 26
R298A C2 29 P437Ag C4 40
N339A C3 77 R469A V5 53
P363A C3 76 P470A V5 50
S365Ah C3 50 G471A V5 62
G366Ah C3 38 G472A C5 30
G367Ah C3 13 G473Ah C5 2
D368Ah C3 33 D474Ah C5 109
P369Ah C3 120 M475A C5 62
E370Ah C3 46 R476A C5 78
N386A C3 60 D477A C5 87
N392A V4 36 W479A C5 83

a Mutants with a more than 2-fold decrease in the level of X5 binding are highlighted in bold.b The residue numbering scheme is based on the
sequence of prototypic HxBc2 gp120.c C is the constant domain and V the variable loop.d Calculated using the formula [apparent affinity (wild
type)/apparent affinity (mutant)]× 100%, where apparent affinities were calculated as the antibody concentration at 50% maximal binding (21).
e Wild-type JR-CSF gp120.f Residues involved in maintaining the overall structure of gp120.g Residues that exhibit decreased solvent accessibility
in the presence of Fab 17b in the ternary complex.h Residues that exhibit decreased solvent accessibility in the presence of CD4 (D1D2) in the
ternary complex.
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Furthermore, these residues are located in a highly conserved
area of residues (417-434), suggesting the possibility of a
conserved three-dimensional framework. When the com-
parison was extended to 400 gp120 isolates, I423 was found
in 387 and K432 and R432 were found in 295 sequences,
suggesting that residue 432 is conserved in terms of the size
and charge of the side chain.

The X5 epitope is a potential target for the development
of HIV-1 entry inhibitors, and the protruding hook shape of
CDR H3 may be useful for developing small molecule
inhibitors. For some HIV-1 isolates, the neutralizing activity
of IgG1 X5 is significantly lower than that of Fab X5 and
scFv X5, partially because of spatial constraints at the virus-
cell interface (8). Therefore, the use of the X5 epitope or its
mimics as vaccine immunogens that elicit IgG1 X5 alone
may not lead to effective HIV-neutralizing humoral re-
sponses. However, in combination with vaccine immunogens
that can elicit antibodies that are able to induce the X5
epitope before the binding of HIV to CD4, the X5 epitope
could be a component of effective vaccine immunogens.
These observations and the fine mapping of the X5 epitope
should be taken into account when designing HIV vaccine
immunogens.
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