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Major antigen-induced domain
rearrangements in an antibody

Robyn L Stanfield!, Midori Takimoto-KamimuralT,
James M Rini'¥, Albert T Profy2 and lan A Wilson*

The Department of Molecular Biology, The Scripps Research Institute, 10666 North Torrey Pines Road, La Jolla,
CA 92037, USA and 2Repligen Corporation, One Kendall Square, Building 700, Cambridge, MA 02139, USA

Background: Recent structural results have shown that
antibodies use an induced fit mechanism to recognize
and bind their antigens. Here we present the crystal-
lographically determined structure of an Fab directed
against an HIV-1 peptide (Fab 50.1) in the unliganded
state and compate it with the peptide-bound structure.
We perform a detailed analysis of the components that
contribute to enhanced antigen binding and recognition.
Results: Induced fit of Fab 50.1 to its peptide ant-
gen involves a substantial rearrangement of the third
complementarity determining region loop of the heavy
chain (H3), as well as a large rotation of the variable
heavy (V) chain relative to the variable light (V;) chain,

Analysis of other Fab structures suggests that the ex-
tent of the surface area buried at the Vi—Vy interface
correlates with the ability to alter antibody quaternary
structure by reorientation of the V;—Vy; domains.
Conclusion: Fab 50.1 exhibits the largest conforma.
tional changes yet observed in a single antibody. These
can be attributed to the flexibility of the variable region.
Comparisons of new data with previous examples lend
to-the general conclusion that a small V;—Vy; interface,
due in part to a short H3 loop, permits substantial al-
terations to the antigen-binding pocket. This has major
implications for the prediction, engineering and design
of antibody-combining sites.
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Introduction

The shape of an antibody can undergo considerable
alteration to accommodate antigen binding, and this
induced fit appears to be an important mechanism for
antibody-antigen recognition [1-5]. The structures of
five Fab or Fv fragments (B1312 [1], D1.3 [2], BV04-01
[3], 17/9 [4], and DB3 [5]) in their free and bound
forms all show conformational changes in their com-
bining sites in response to antigen binding. These
changes can occur by rearrangement of side chains
[5], segmental shifts of complementarity determining
region (CDR) loops [1], substantial rearrangements in
CDR loops [3,4], or changes in the relative disposition
of the V| and Vy; domains [2,3].

Fab molecules, which are fragments of complete an-
tibody molecules, are composed of two polypeptide
chains (light and heavy), each of which folds into two
domains (variable and constant). The variable light
(V) and variable heavy (V1) chain domains are related
by an approximate two-fold axis of symmetry, as are
the constant light (C;) and the constant heavy chain
(Cy1) domains. The variable and constant regions are
connected by a flexible linker with the elbow angle de-
scribing the relationship between the pseudo two-fold
axes of the Vi—Vyy and the C;—Cyl domains. As a re-
sult of rotations about such elbow angles and changes
in the relative disposition of the V and Vi domains,
Fab molecules can experience quaternary structural

changes. In fact, elbow angles vary from 127° 1o 193°
[6,7] and can differ even in Fab molecules within the
same asymmetric unit of a crystal [8]. However, Vi—Vy
differences have been seen only in comparisons of un-
liganded (native) versus antigen-bound Fab molecules
[2,3]. Tt is useful to have multiple structures of both
free and bound forms to evaluate whether conforma
tional changes are brought about by ligand binding,
crystal contacts, conformational disorder, or the gen-
eral flexibility of antibody molecules.

We have now compared the structures of Fab 50.1 (an
anti-HIV-1 peptide Fab) in its free and bound states,
and observe in this one antibody the full range of con-
formational changes noted above, but with the largest
magnitudes yet reported. We suggest on the basis of
comparisons with other reported Fab structures, why
some antibodies may be more flexible or ‘inducible’
than others.

Results

Structures of Fab 50.1 alone and complexed with pep-
tide were determined by molecular replacement to
2.8A resolution [9], (M Takimoto-Kamimura & IA Wil-
son, unpublished data). For the complex, two copies
(50.1.p1 and 50.1.p2) are present in the asymmet-
ric unit of the crystal, and two different crystal forms

*Corresponding author. Present addresses: TTeijin Institute for Bio-Medical Research, Teijin Limited, 4-3-2 Asahigaoka, Hino, Tokyo 191,
Japan and Department of Molecular and Medical Genetics, University of Toronto, Toronto, Ontario M5S 1A8, Canada.

© Current Biology Ltd ISSN 0969-2126



84

Structure 1993, Vol 1 No 2

exist for the unliganded antibody (50.1.n1 and 50.1.n2
crystallize in space groups P2;2,2; and 1222, respec-
tively). Both copies of each structure are described
to show not only the similarities but also the differ-
ences that are due to the inherent flexibility of antibody
molecules and not primarily to antigen binding. The
Fab molecules were numbered according to standard
convention [10] with light and heavy chains designated
by L and H, respectively. (In 50.1, a deletion of residues
H98-H100 results in a short H3 loop, such that residue
Tyr97 in 50.1 corresponds structurally to the residue
preceding H101 in other Fab structures.)

Quaternary changes

The elbow angles for the two complexed molecules
in the asymmetric unit differ by about 13° (163.9°
and 176.5°) and illustrate the general flexibility of
V—C interfaces. The unliganded 50.1 Fab elbow angles
(175.6°and 173.5%) are similar to that of one of the
peptide complexes. On the other hand, the relative ori-
entations of the Vi and Vi domains consistently dif-
fer between the free and bound structures (Fig. 1).
Comparisons were carried out as previously described
([11], see Materials and methods) by superimposing
the corresponding V; domains of free and bound 50.1
and then determining the rotations and translations re-
quired to superimpose their Vi; domains. When the
two peptide-bound Vis were superimposed, the rota-
tions and translations required to superimpose their Vg
domains were very small (1.1° and 0.18A). However,
when the unliganded Fab was compared with the two
complexes, the equivalent rotations and translations re-
quired for Vi superposition were substantial at 16.1°

and 2.7 A and 16.3° and 2.8 A, respectively. This domain
shift is by far the largest vet observed in a comparison
of free and bound Fabs. Not only is there substantial
V;—Vg rotation in 50.1, but V| and Vi move apart from
each other in the peptide complex, such that there is
a widening of the antigen-binding pocket in order to
accommodate peptide antigen. The rotations do not
correlate with any particular axis of the Fab and analysis
of other free and bound Fabs also shows no systematic
distribution of the rotational components (Table 1).

Tertiary changes

To determine whether any tertiary conformational
changes accompany peptide binding, we superim-
posed the individual domains (Vy, C, Vi, Cyl) of the
unliganded and complexed Fab 50.1 using framework
residues (Ca atoms) as defined by Kabat er al [10].
The root mean square (rms) deviations show that the
free and bound Fabs 50.1 differ significantly in only two
regions, the CDR loops H1 and H3 (Table 2). A com-
parison between the unbound and peptide—complex
structure shows that H3 undergoes a substantial rear-
rangement (average rms deviation of 2.7 A for the Ca
residues), whereas CDR H1 moves in a rigid body or
segmental fashion (rms deviations of about 1.3A).

This large H3 loop rearrangement is illustrated in Fig. 2.
The loop in the unliganded 50.1 has an unclassified
multiple turn around residues 95-101, whereas Ilet101
and ThrH102 form the second and third residues of a
type-VIII (az—Bg) turn [12]. The electron density for
the top of the loop is weak, especially around residue
GluH5, The loop in the 50.1 peptide complex has a
type-Il (Bp—y) turn around residues Glut95 and Glyt96

Table 1. Pairwise comparisons of V|-V, domain dispositions for free and antigen-bound Fabs.

Fab Rotation () Translation (A) () 00 [W]§!
50.1.p1-50.1.p2 110 0.24 0.94 027 -0.21
50.1.n1-50.1.n2 1.68 0.21 —0.04 1.66 0.28
50.1.p1-50.1.n1 16.07 2,65 716 —~13.95 2.82
50.1.p2-50.1.n1 16.29 2.84 8.27 —~13.66 2.42
50.1.p1-50.1.n2 14.81 2.67 7.14 —12.35 3.32
50.1.p2~-50.1.n2 15.05 2.85 8.24 —12.05 295
B1312.n1-B1312.n2 0.72 0.19 0.57 —0.40 —0.15
B1312.n1-B1312.p 293 0.60 0.33 —0.55 —2.86
B1312.n2-B1312.p 2.70 0.75 —0.25 —0.23 ~2.68
BV04.nat-BV04.dna 7.47 0.74 399 6.08 —1.54
409.5.3.nat—409.5.3.fab 7.72 1.38 4.01 —5.07 4.06
17/9.n1=17/9.n2 1.92 0.46 —1.36 0.99 —093
17/9.n1-17/9.p1 4.21 1.03 —278 2.26 —227
17/9.n1-17/9.p2 4.05 1.07 —2.30 —0.28 —3.32
17/9.n1-17/9.p3 4.15 1.10 —1.9 —0.97 —3.54
17/9.n2-17/9.p1 2.31 0.58 -1.39 1.32 —1.28
17/9.n2-17/9.p2 2.87 0.68 —093 —1.21 —242
17/9.n2-17/9.p3 3.32 076 —0.54 —1.90 —2.66

The Fabs are 50.1 [9] {M Takimoto-Kamimura & IA Wilson, unpublished data), B1312 [1], 17/9 4], BV04 [3] and 409.5.3 (N Ban, et al,, & A McPherson,
abstract PK0O7, Annual Meeting of the American Crystallographic Association, Albuquerque, New Mexico, 1993). The large changes seen for the 50.1
free versus bound structures are highlighted in bold type. For further details, see Materials and methods.
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and maintains the type-VIII turn between residues 101
and 102. Average main-chain rms deviations range up
to 4.9A for GlyH% and average side-chain rms devia-
tions are as large as 6.3A for TyrH97 (Table 3). The
largest side-chain atomic deviation is at the On atom of
TyrH97 which differs in position by about 10 A between
the free and peptide-bound structures. These changes
result in the formation of hydrogen bonds between
Glut95 Ogl and the backbone N and O of GlyH% (o the
bound peptide, while H3 residues TyrH97 and TleH101
are in van der Waals contact with the peptide [9]. In its
unliganded conformation, the H3 loop sterically blocks
peptide access, so the H3 rearrangement appears to be
necessary for binding of antigen.

Fig. 1. (@) Superposition of Fab 50.1 un-
liganded and peptide-bound structures.
50.1.n71 and 50.1.pT were superimposed
using the Ca atoms of the framework
residues [10] of the V; domain. The V|
domains are on the left. The unliganded
Fab is shown in blue and the antigen-
bound Fab is shown in green. The rota-
tion required to then superimpose the
Vy, domains is about 16° (7.2° about
the x-axis, —14.0° about the y-axis and
2.8° about the z-axis; see Materials and
methods for explanation of coordinate
system). A rotation around the y-axis
would correspond to a rotation around
the elbow axis. This view is down the
approximate two-fold rotation axis relat-
ing V| to Vy. Figs. 1a, 2, 3 and 4 were
calculated with the program MCS [50].
(b) Comparison of the combining sites
of the unliganded and liganded forms
of Fab 50.1. The solvent accessible sur-
faces were calculated with the pro-
gram INSIGHT (Biosym Technologies) us-
ing a probe radius of 17 A. The bind-
ing pocket of unliganded 50.1 (50.1.n7)
is shown on top and Fab 50.1 with
peptide-bound (50.1.p1) on the bottom.
The antigen-binding pocket of the lig-
anded Fab is wider and deeper than that
of the unliganded Fab. This difference in
size and shape of the binding pocket is
created by a combination of tertiary (H1
and H3 loop movements) and quater-
nary conformational changes (V|~V ro-
tation). The bound peptide is shown in
red and its solvent accessible surface in
yellow.

The reasons for the observed H1 movement are not
so clear. The H1 loop is not in contact with peptide
in either complexed structure, so the loop movement
does not result from direct interaction with antigen. Re-
arrangement of the H3 loop does not appear to cause
this movement, because, although some contacts be-
tween the H1 and H3 loops change upon peptide bind-
ing, these contacts are not in an area of the H1 loop
where movement takes place. Furthermore, the HI
loop is not involved in the V;—Vyy interface, so changes
at the interface should not be responsible for H1 loop
differences. Crystal packing forces can probably also
be eliminated, as the H1 loops from each molecule
are in different packing environments. (In 50.1.p1, N
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Table 2. Comparison of the free and bound CDR loops.

L1 L2 L3 Vi <
50.1.p1 versus 50.1.p2  0.37 0.42 0.37 0.41 0.51
50.1.nT versus 50.1.n2  0.56 0.34 0.34 0.38 0.41
50.1.p1 versus 50.1.n1  0.66 0.40 0.67 0.48 0.49
50.1.p2 versus 50.1.n1  0.64 0.41 0.53 0.47 0.47
50.1.p1 versus 50.1.n2  0.53 0.47 0.45 0.46 0.48
50.1.p2 versus 50.1.n2  0.43 0.58 0.41 0.43 0.50

H1 H2 H3 Vi Cyy! cyt’
0.31 0.48 0.30 0.45 078 0.57
0.32 036 0.46 038 0.84 0.45
125 0.51 262 0.86 119 0.57
142 053 274 0.86 0.99 0.54
1.1 051 2.88 0.87 075 0.55
131 0.48 299 0.86 071 0.50

OVRLAP [36]. V; and V| domains were superimposed using Ca. atoms of

H2: 50-65, H3: 95-102). Significant deviations are shown in bold type.

The rms deviations (A) between Ca atoms of the free and peptide-complexed Fab 50.1 are shown. Domains were superimposed using the program

were superimposed using Ca atoms of all residues. After the domains were superimposed, the rms deviations for V|, C|, Vg, and Cyy1 domains were
calculated, including all Co. atoms of the domain. The rms deviations for the Cy1* domains [lacking the disordered seven residue loop (H127-H135)]
were also calculated. The rms deviations for CDR loops were calculated using the Ca atoms of that loop. (L1: 24-34, L2: 50-56, L3: 89-97, H1: 31358,

framework residues as defined by Kabat et al. [10l. C; and Cy1 domains

Table 3. Conformational changes in the H3 loop.
Main chain deviations
Residue 50.1.p1 versus 50.1.n1 versus 50.1.p1 versus 50.1.p2 versus 50.1.p1 versus 50.1.p2 versus
50.1.p2 50.1.n2 50.1.n1 50.1.n1 50.1.n2 50.1.n2
GluH9s 0.52 0.57 2.42 2.46 2.84 2.90
GlyH% 0.21 0.51 476 486 514 5.25
TyrH97 0.30 0.56 1.28 149 1.63 - 1.84
[lgH101 0.44 0.39 1.83 1.88 170 179
TyrH102 0.27 0.19 0.91 1.04 0.99 1.10
Side chain deviations
Residue 50.1.p1 versus 50.1.n7T versus 50.1.p1 versus 50.1.p2 versus 50.1.p1 versus 50.1.p2 versus
50.1.p2 50.1.n.2 50.1.n1 50.1.n1 50.1.n2 50.1.n2
GluH9s 0.61 0.88 4.19 4.66 4.02 4.55
G|yH96 _ — - - - —
Tyrt197 173 0.68 5.95 6.27 548 5.78
lleH101 0.41 0.75 3.07 3.00 3.18 3.14
TyrH102 0.62 0.63 378 4.23 3.35 3.82
The average rms deviations (A) for main-chain and side-chain atoms of the H3 loop (residues H95-H102) between the free and and peptide complexes
of Fab 50.1 are shown. The V,; domains were superimposed as described in Table 2.

of TyrH32 forms a hydrogen bond with Q81 of Aspl184
of a symmetry-related molecule, while in 50.1.p2, side-
chain atoms from ThrH31 and MetH34 contact residues
Glul187-Asnl190 from molecule 1.) So, it appears that
the new environment created by the other conforma-
tional changes influences the location of the H1 loop.
In other Fabs, individual residues outside the loops
have been shown to determine loop position, but not
overall conformation [13]. Other large rms differences
between free and bound 50.1 are primarily caused by
local disorder, such as that for heavy chain residues
129-135. This flexible loop generally has disordered
electron density and high temperature factors in Fabs
[1,3,4].

Changes in binding site

The large changes in the binding site are brought
about by the combination of tertiary and quaternary
movements. For example, residues His!34 and TyrH97
are in van der Waals contact distance in the unli-
ganded Fab with their rings stacked about 3.5A apart.

In the peptide-bound structure, these two residues
have moved about 8 A apart, due to a combination of
the V;—Vy separation and the H3 loop rearrangement; a
leucine residue from the peptide now inserts between
Hist34 and TyrH97,

The V-~V interface

We analyzed the contact surface between the light and
heavy chains at the Vi—Vy interface in order to gain
a better understanding of the mechanism by which
the V; and Vg domains move relative to each other.
The unliganded 50.1 structure has slightly more surface
area buried at the V;—Vyy interface than the two pep-
tide complex structures (1167 A2 and 1175A2 versus
1072 A2 and 1063 A2). More intermolecular contacts are
found at the unliganded interface (73 and 87 total con-
tacts, and 5 and 7 hydrogen bonds for 50.1.p1 and
50.1.p2 respectively) than for the complexes (41, 46
total contacts and 3, 5 hydrogen bonds). The larger
number of Vi—Vy interface contacts in the unliganded
structure is consistent with the closer association of the
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Fig. 2. Conformational change In the H3
CDR loop upon antigen binding. The
unliganded H3 loop is on the left, and
the H3 loop from the complex struc-
ture is on the right. Orthogonal views
are shown in the top and bottom of
the figure. The largest main chain move-
ments are around residue GlyH9, which
has an average main chain rms devia-
tion of approximately 4.8 A between the
free and peptide-bound structures. The
largest side chain deviations are seen
at residue Tyr™%7, which has an average
side chain rms deviation of more than
6.0A between the free and peptide-
bound structures.

Fig. 3. Comparison of the free and
peptide-bound Fab 50.1 binding sites.
A stereo view of the unliganded struc-
ture is shown at the top and the pep-
tide complex structure (with the pep-
tide in white) is shown at the bot-
tom. Side chains of residues contact-
ing peptide in the complex structure are
shown in yellow, and the light chain
and heavy chain are light and dark
blue, respectively. In the unliganded
50.1, residue Tyr97 (highlighted i pink)
is within van der Waals contact dis-
tance of four residues from the light
chain (Hisk34, Tyrt49, Argls® Serl9t; also
in pink). Notice that the rings of TyrH97
and Hist34 are packed side-by-side and
over a tyrosine residue (Tyrk36). In the
peptide—complex structure, a combi-
nation of the H3 loop rearrangement
and the V|~V subunit rearrangement
has widely separated these highlighted
_ residues (by 8-11A), and the peptide is
now bound in the cleft created between
them. Peptide residue 1le316 is now lo-
cated over residue Tyrl3¢ and is sand-
wiched between TyrH97 and Hist34.

%

S




88 Structure 1993, Vol 1 No 2

V—Vy domains, indicative of a smaller ‘closed’ bind-
ing pocket. We should note that, although the peptide-
complexed Fab has fewer self-contacts at the Vi—Vy
interface, the Fab acquires an additional 60-80 contacts
with the bound peptide to compensate for the loss
of self-interactions [9]. Only 13 of the original 73-87
interface contacts are maintained among the four struc-
tures (Table 4). Residues making these contacts are all
conserved P-sheet residues previously implicated in de-
termining the specificity of the V;—Vyy interactions [14].
The 13 conserved contacts may serve as the pivot for
the Vi—Vy rotation (Fig. 4). Residues making conserved
contacts all maintain approximately the same side chain
rotamer conformations in the three structures with the
exception of TyrH97. Although the CB atom of Tyrt97
maintains a van der Waals contact with the On atom of
Tyrl36 in all three structures, the y1 torsional angle of
TyrH97 rotates from the frans conformation (~189°)
in the unliganded 50.1 to an approximate gauche+
conformation (~270°) in the two 50.1 Fab—peptide
complexes.

Discussion

The domain changes in the V;-Vy interface induced
by antigen provide experimental evidence for the in-
terface adaptor hypothesis proposed by Colman [15].
The variable region is proposed to act as a flexible
adaptor such that antigen can induce changes in the
relative disposition of Vi—V and hence affect the po-
sitional relationships of the variable and light chain
CDRs. This proposal was based on the variation seen
in the V|-V pairing of a small number of myeloma
proteins which showed pairwise differences of 4-6°
[11,15]. At that dme no data were available for free and
bound structures of the same antibody, but Colman

Table 4. Conserved contacts between V| and V; domains of unliganded
and antigen-bound 50.1.

Distance (A)
Contact type Vi Vy 50.1.nT 50.1.n2 50.1p1 50.1.p2
VDW Tyrl36 On  TyH97 CB 343 347 347 333
HBOND  CInl38 Og1 GInM39 Ne2 304 280 298  3.08
VDW Gint38 Og1  GInH39 C§ 363 3.72 3.64 3.66
HBOND  CInb® Ne2 CInM¥ 0g1 276 293 303 327
VDW Prok43 CB Tyr9T Cet 349 385 401 3.65
VDW Prol4t C3 TrpH103 Ce3 401 470 390 386
VDW Prol44 Cy LeuM5 C82 398 377 3.62 3.80
VDW Prol9 Ca  Trph¥7 CL3. 3.84 3.51 3.83 3.65
VDW Prol% Co.  TrpH47 Ce3 401 362 411 375
VDW Prol%5 CB  TrpM¥7 CL3  3.78 371 393 3.90
vDW Prot% CB  TrpH¥ Ce3 385 362 409 382
VDW leul% O Trp CB 345 331 343 3.39
VDW Phel98 Cf  11eM7 C81 361 4.02 3.96 3.66

These interface contacts are maintained in the free 50.1 structure and in both
molecules of the 50.1 peptide complex structure, despite the large differ-
ence in the domain dispositions between the free and antigen-bound struc-
tures. The contacts form a ‘hinge’ upon which the V| and Vi domains ro-
tate when antigen is bound. The contacts were calculated with the progam
CONTACSYM [37,38] with a cutoff of 3.4A for hydrogen bonds and salt
bridges and up to 4.11 A (depending on the atom types) for van der Waals
contacts. (VDW refers to a van der Waals contact and HBOND refers to a
hydrogen bond.)

suggested that the binding of antigen could cause sim-
ilar changes in the quaternary structure of the variable
region. The different CDRs in the myeloma proteins
apparently accounted for the different Vi—Vyy pairings.
Hence, the large surface area buried on antigen binding
was proposed to affect the interface pairing in a similar
way to the CDRs themselves. It was noted eatlier [14]
that the B-sheet association of the variable domains is
unusual ( —50°) and different from the normal aligned
(—30°) or orthogonal (—90°) arrangement seen for

Fig. 4. Stereo view of interdomain con-
tacts across the V|~V interface of free
and bound Fab 50.1. In the top half, lines
have been drawn between all atoms
in van der Waals contact across the
50.1.n1 V|—Vy interface. In the bottom
half, lines have been drawn between
the same atoms, but in the 50.1.p1
structure. Contacts that are maintained
between the unliganded and antigen-
bound structures are shown as short
red lines and contacts that have been
changed due to atoms moving apart
during the V|-V rearrangement or to
changes in the conformation of the H3
CDR loop are separated by long white
lines. The changes in contact distances
range to almost 11A. The light chain
backbone trace is shown in light blue
and the heavy chain in dark blue. For
clarity, the side chains are not shown.
(Contacts were calculated with the pro-
gram CONTACSYM [37,381)
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other immunoglobulin domains or B-sheet proteins.
This unusual pairing may in some way contribute to
or favor the flexibility in domain association and may
be aftected by either the CDRs or by antigen.

In comparing here the Vi-Vy flexibility of the collec-
tion of free and bound Fab structures that are now
available, we have made several observations. Fab 50.1
has the largest relative displacement of the V-V do-
mains (16.3°) upon antigen binding (compared with
the previous largest of 7.5° for BV04-01 [3]) and the
smallest contact surface area between the V;—Vy do-
mains (1063 A2 compared with the 1300-1675A2 seen
previously; see Table 5). A comparison of buried sur-
face area at the V;—Vy interface with the relative domain
movements seen upon antigen binding suggests a pos-
sible correlation. It would seem reasonable to assume
that Vi-Vi domains with smaller contact surface areas
find it energetically less demanding to use V;—Vy re-
orientations as part of their antigen recognition mech-
anism. It is of interest to note that the Bence-Jones
protein (light chain dimer) Loc [16] also experiences

large changes (36°) in the relative orientation of its
Vy. chains when crystallized under different conditions
(water versus ammonium sulfate). Loc also has a small
V;-V| contact area (Loc—water, 870 A2; Loc-ammonium
sulfate, 1127A2), The Loc-water structure has a con-
cave hapten-binding pocket while the Loc-ammonium
sulfate structure has a convex protrusion where the
pocket is usually found.

The size of the Vi—Vy contact area also appears to
be somewhat related to the size of the CDR loops,
especially H3. Of 27 Fab structures examined (15 dif-
ferent Fabs), the contribution to the V;—Vy interface
made by framework residues ranges from 674-881 A2,
whereas the contribution to the interface from CDR
loops ranges from 350-831A2 (Table 5). The Fab
with the smallest CDR contribution to the interface is
50.1, which has a very short H3 loop (5 residues). In
50.1, the surface area buried on the Fab by binding
of antigen (~530A2, [9]) exceeds that buried at the
Vi—Vy interface by CDRs from the light and heavy chain
(350 A2 total, approximately half from each chain) in

Table 5. Buried surface areas at V,—Vy, interfaces of Fab molecules.

V|—Vy interface From CDR loops

From framework

Number of residues V|-V rotation

Fab (A% (A% residues (A2) in H3 loop ) Reference
50.1.p2 1063 350 712 5 16.3, 15.2 1GGI 9]
50.1.p1 1072 360 711 5 16,1, 14.8 1GGI 9]
50.1.n1 1167 493 674 5 1GGC
50.1.n2 1175 492 684 5 1GGB
NC41 1300 617 683 i INCA [11]
HyHEL5 1305 482 823 7 2HFL [37
409.5.3.nat 1316 606 710 10 *
4-4-20 1375 643 732 7 4FAB [47]
BVO4.nat 1387 689 698 10 [3]
BV04.dna 1404 575 829 10 7.5 3]
B1312.p 1409 657 751 10 29,27 21GF [1]
HyHEL10 1411 586 825 5 3HFM [42]
DB3.nat 1425 581 844 10 1DBA [5]
17/9.p3 1444 673 771 " 4.2, 3.3 THIN [4]
D1.3 1453 673 780 8 TFDL [41]
17/9.p1 1455 645 809 1 4.2, 2.3 THIN [4]
409.5.3.fab 1467 774 694 10 6.4 *
NEW 1483 650 833 9 3FAB [46]
B1312.n1 1508 683 825 10 TICFE [
17/9.n2 1511 692 820 i THIL [4]
17/9.nl 1521 702 820 11 THIL [4]
B1312.n2 1537 698 839 10 UGF [1]
17/9.p2 1545 713 831 11 41,29 THIM 4]
J539 1547 748 799 9 2FB) 143]
DB3.prog 1556 676 881 10 0.0 1DBA, 1DBB [5]
KOL 1612 782 830 17 2FB4 [44]
McPC603 1675 831 844 11 IMCP [45]

1993)

Buried surface areas (A2 were calculated with the programs MS [39] using a probe radius of 1.7 A and standard van der Waals radii [40]. The V,—V
rotation upon binding was calculated for Fabs where both the free (unliganded) and antigen-bound coordinates were available (Table 1). Two values for
the rotation are given where there are two unliganded Fab structures available. No rotation value is given where there is only free or antigen-bound
Fab, but not both. The table is ordered by size of the V|~V interface. The protein data bank code and reference for each antibody is given where
available. *N Ban, et al, & A McPherson, abstract PK07, Annual Meeting of the American Crystallographic Association, Albuquerque, New Mexico,
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the ternary complex of Vi, Vg and antigen. In
antibody-antigen complexes, the size of the antibody
surface buried by antigen (150-900 A2, [19,20]) varies
extensively for each complex, as does the size of
the interface buried by the CDRs. The Fab with the
largest contribution to the interface from CDR residues
(831 A2) is McPC603, which has an 11 residue H3 loop
and also the smallest surface area buried by the anti-
gen phosphocholine ( ~ 150 A2). However, this correla-
tion is not absolute (Table 5). For example, Fab KOL,
which has a 17 residue H3 loop, has only a compar-
atively moderate contribution from the CDR residues
to its V|-V interface. Nevertheless, it appears that Fab
molecules with short H3 loops, and hence a small
Vi—Vy interface, are the most likely to use Vi-Vy ro-
tations as part of their induced fit mechanism.,

The role of the H3 CDR loop in antibody sequence
diversity has been recently analyzed [17]. H3 is coded
by one or more of at least 10 D-minigenes and acquires
further sequence and size variability by changes in the
joining ends of the D and Jy genes and the addition
of N and P gene sequences at the V-D and D-J junc-
tons. An examination of the Fab sequence database
established that although antibodies of different speci-
ficities may use identical light chains they rarely use
identical heavy chains [17]. Diversity in heavy chains
is frequently due solely to variation in the H3 loop
[17]. This information, coupled with ever increasing
structural evidence for the importance of the H3 loop
in antigen recognition and antibody flexibility [1,3,4],
implicates H3 as the dominant CDR for conferring an-
tibody specificity via an induced fit mechanism.

In conclusion, we have seen several large conforma-
tional changes in a comparison of the free and antigen-
bound 50.1 structures. In previously described struc-
tures, changes in the CDR loops between free and
bound Fabs have been reported three times; as a rigid
body movement (~1A rms deviation for Ca) of H3
in B1312 [1], as a rearrangement of H3 (~194), L1
(~1.4A), and 13 (<1.0A) in BV04-01 [3], and as a
rearrangement of H3 (~234) in 17/9 [4]. V|-V re-
arrangements upon antigen binding have been seen
for D1.3 {2] and for BV04-01 [3] (Table 5). In 50.1,
the conformational changes include a large rearrange-
ment of the H3 loop (~2.7A), a smaller H1 rigid body
loop movement (~1.34) and a V|-V, rotation that is
substantially larger than any seen previously. This con-
certed combination of large conformational changes
causes the binding site in the peptide-bound Fab to
broaden and change shape to create the complemen-
tarity of fit of antibody to antigen.

Although these types of changes have been docu-
mented previously, they have not been so large. How-
ever, the structural features that allow this particular
Fab to undergo changes of this magnitude are likely to
be present in other antibodies. The surface area anal-
ysis (Table 5) suggests that antibodies like NC41 and

HyHEL5 could utilize Vi—Vyy rotations in their antigen
recognition mechanisms.

Biological implications

We have shown that an antibody can undergo
major shape changes on binding to its antigen by
changing its domain association as well as altering
its local tertiary structure. The two domains of the
variable region can move relative to each other by
up to 16° to provide a better complementarity of
fit to antigen. These and earlier results indicate
that the variable regions of antibodies exhibit ex-
treme flexibility, in sharp contrast to the rather
limited range of conformational changes seen in
antigens to date [18-21]. It is clear that flexibil-
ity in antibodies can be induced by antigen and
this confirms earlier predictions of flexibility in
V1~Vy domain association [15]. Contrary to some
earlier notions [15], there is as yet no evidence
that a family of conformations exists for each an-
tibody or that crystal packing forces themselves
may be sufficient to alter the domain association
in antibodies as distinct from V; dimers. Indeed,
we have now seen several examples of individual
free and bound antibody conformations, in which
the V|-V pairings are similar for the free but
different from the bound state. Such results are
more meaningful when multiple copies of free
and bound structures are available as is the case
for several monoclonal antibody structures (this
work and [1,2,4,5]). Small difterences in the bound
Fab structure have been seen for an anti-proges-
terone Fab' in response to the binding of a family
of steroid ligands [22]. There is, however, no evi-
dence that any signal is being transmitted to the
constant domains by this mechanism. It appears
that the immune system has harnessed the V;—Vpy
domain flexibility to add to its repertoire for ad-
justing fit and complementarity to antigen.

This flexibility also considerably complicates the
prediction of antibody structures and their in-
teraction with antigens [23]. Although homology
modeling of antibodies [24-28] can be very ef-
fective for predicting the structure of individual
VL or Vg domains (with the exception of the H3
loop), the pairing of these two domains is difficult
to predict. Furthermore, rotation of the Vg and Vi,
domains relative to one another can lead to large
changes in the size and shape of the binding site.
If our limited data are indicative of a real trend,
the possibility of conformational changes will be
especially likely for antibodies where the V{—Vy
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buried surface is small, which is usually the case
when the H3 loop is short.

Our results add to earlier evidence showing that
the mechanism of antibody—antigen recognition
often involves induced fit [2,4,20,21] so that shape
changes occur in the antibody in response to
antigen. Whether antibodies that cross-react with
different antigens adopt different antigen-bound
structures awaits to be determined [5], although
preliminary indications suggest that small but sig-
nificant differences can occur in the liganded Fab
when combining with different antigens [22]. Our
understanding of the underlying mechanism and
range of conformational changes in antibodies is
still clearly limited by the availability of antibody
structures and demands some caution in the pre-
diction, design and engineering of antibody com-
bining sites and especially in the ‘humanization’ of
murine antibodies.

Materials and methods

Crystallization conditions, data collection and structure
solution

Crystals of Fab 50.1 were grown in complex with peptide MP1
(*CKRIHIGPGRAFYTTC*, where *C = acetamidomethylated cys-
teine) from 12% PEG 10000, 0.2M imidazole malate, 0.1 M
NaCl, pH5.5 [29]. The Fab—peptide complex crystals grow in
space group P2, with unit cell dimensions a= 1303 A, b=52.6 A,
c=8204, p=97.5°, and with two molecules (50.1.p1, 50.1.p2)
in the asymmetric unit. Data were collected with a Siemens area
detector mounted on an Elliott GX-18 rotating anode genera-
tor operating at 40 mA and 55kV. Data were reduced with the
XENGEN package of programs [30] and the Ry, on intensity
for data to 2.8A resolution (81% complete) was 10.0%. The
structure was determined by molecular replacement using the
rotation function from the MERLOT package [31], INTREF [32]
for intensity-based domain refinement, and the X-PLOR transla-

tion function [33]. The structure solution is described in more
detail elsewhere [9]. The current R-value for all data between
10.0-2.84 resolution is 0.19, with rms deviations from ideality
for bond lengths and angles of 0.018 A and 3.8°, respectively [9].
Coordinates have been deposited in the Brookhaven protein
data bank (entry name 1GGI).

The unliganded Fab crystallizes in space group P2,2,2, (50.1.n1)
with unit cell dimensions 2=83.7A, b=110.74, c=5634 and
with one molecule in the asymmetric unit. Data were collected
and reduced as described for the peptide complex crystals, with
an Ry, on intensity for data to 2.64 resolution of 9.6 %, with
data 75 % complete at that resolution (84 % complete 1o 2.8A
resolution). The structure was determined by molecular replace-
ment with molecule 1 (50.1.p1) of the peptide complex struc-
ture as 4 model. The rotation function and Patterson correlation
(PC) refinement from X-PLOR {33] were used in the structure
solution, followed by the modified Harada translation function
(DJ Filman & JH Arévalo, unpublished data) [34]. The PC-refine-
ment was able to correct for an elbow angle difference between
the model and unknown structure of ~ 12° and also modify the
V;—Vy paiting by ~12°. The current R-value for all data between
10.0-2.8 A resolution is 0.19, with rms deviations from ideality for
bond lengths and angles of 0.0194 and 4.05°. The unliganded
Fab also crystallizes in space group 1222 (50.1.n2) with unit
cell dimensions 2a=123.1A, b=119.54, c=109.5 A and with one
molecule in the asymmetric unit. Data were collected and re-
duced as described above, with an R, on intensities of 12.1%
for data to 2.6 & resolution. The data are 88 % complete 10 2.64
resolution (96% complete to 2.8A resolution). The structure
was determined by molecular replacement as described above
using the P2,2,2; coordinates as a model. The current R-value
for all data between 10.0-2.8 A resolution is 0.20, with rms devia-
tions from ideality for bond lengths and angles of 0.02 A and 3.9°.
These two unliganded structures will be described elsewhere in
more detail (M Takimoto-Kamimura & 1A Wilson, unpublished
data). Coordinates have been deposited in the Brookhaven pro-
tein data bank (entry names 1GGB and 1GGC) and a compar-
ison of the two free (unliganded) 50.1 structures is shown in
Fig. 5.

Structural analysis

In order to do pairwise comparisons (Table 1), the Fabs from
the free and bound Fabs wete superimposed. The variable light
chain of the first Fab was first superimposed onto the variable

Fig. 5. Comparison of the two unli-
ganded 50.1 structures. A Co. trace is
shown with some residue numbers for
reference. The CDRs are indicated by
L1-3 and H1-3 as well as the domain
structure by Vy, V|, Cyl, and C. The
50.1 1222 structure is shown in solid
lines and the P2,2,2, structure in dot-
ted lines.
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light chain of the second Fab. The same transformation was
then applied to the variable heavy chain of the first Fab. The
rotation and translation required to superimpose the variable
heavy chains were then calculated [11]. Prior to the compari-
son, the reference Fab was aligned so that its pseudo two-fold
axis relating the V| and Vy domains coincided with the x-axis,
and its elbow axis [line intercepting Cet atoms of residues 107
(light chain) and 112 (heavy chain)] was in the xy-plane, almost
coincident with the y-axis. The rotation required to superimpose
the Vi domains was then reported as three angles \ (the angle
around the pseudo two-fold axis of the reference Fab), 6 (the
angle around the elbow axis of the reference Fab) and ¢ (or-
thogonal to y and 8; TaitBryan angles, [35]). Domains were
superimposed by Co atoms using the program OVRLAP [36].
Residues used for the superposition were 4-6, 20-25, 33-38,
4548, 63-65, 70-74, 86-89, 102104 from the light chain and
4-6, 1924, 34-39, 4649, 6870, 77-81, 90-93, 107-109 from
the heavy chain. Residues used for the overlap are from con-
served B-sheet regions.

Multiple copies of Fabs 50.1, B13I12 and 17/9 shown in
Table 1 are from more than one copy in the asymmet-
ric unit or from more than one crystal form, or both
(50.1.p1, 50.1.p2 = peptide bound 50.1 with two copies in asym-
metric unit; 50.1.n1=unliganded 350.1, space group P2;2;2;
50.1.n2=unliganded 50.1, space group 1222; B1312.n1, B1312.n2
=unliganded B1312 with two copies in the asymmetric unit;
B13I2.p = peptide bound; BVO4.nat = unliganded BV04;
BV04.dna = DNA bound; 409.5.3.nat = unliganded 409.5.3;
409.53.fab=409.53 bound to anti-idiotope Fab; 17/9.n1,
17/9.n2 = unliganded 17/9 with two copies in asymmetric unit;
17/9.p1, 17/9.p2 = peptide bound 17/9, space group P1, with
two copies in asymmetric unit; 17/9.p3 = peptide bound 17/9,
space group P2;). Comparisons of these different copies illus-
trate the range of rotations and translations found in any one Fab
form, unliganded or complexed. An alternative way to describe
the large Vi—Vy domain rearrangement is to overlap the intact
variable regions using only the V| residues and to then calculate
the rms deviations between Vi domains. The rms deviations for
all Car atoms of the Vy; domain were about 4.35 A and 4.41 A for
50.1.n1 versus 50.1.p1 and 50.1.p2, and 0.50 A for 50.1.p1 versus
50.1.p2.

Coordinates for Fab fragments D1.3 (1FDL, [41}) HyHEL-5
(2HFL, [37]), HYHEL-10 (3HEM, [42]), J539 (2FBJ, {43]), KOL
(2FB4, [44]), McPCG603 (1IMCP, [45]), NEW (3FAB, [46]), and
4-4-20 (4FAB, [47]) were obtained from the Brookhaven pro-
tein data bank [48,49]. Coordinates for BV04 (free and DNA
bound) [3], NC41 [11], and 409.5.3 (N Ban, ef al, & A McPher-
son, abstract PK07, Annual Meeting of the American Crystallo-
graphic Association, Albuquerque, New Mexico, 1993) were ob-
tained by personal communication; coordinates for DB3 (free
and progesterone-bound Fab’; 1DBA, 1DBB [5]), 17/9 (2 unli-
ganded and 3 peptide-bound Fabs; 1HIL, 1HIM, 1HIN [4]) and
B1312 (2 unliganded and 1 peptide-bound Fabs; 11GF, 2IGF [1])
were obtained from our own laboratory.
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