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ABSTRACT:. The structure of an intact, anti-canine lymphoma monoclonal antibody (Mab2@43
determined by molecular replacement and refined in a triclinic cell tdRaralue of 20.9%, using
synchrotron diffraction data from 2.8 to 20 A resolution. All segments of the antibody, including the
hinge region and carbohydrate component, are visible in electron density maps. There is no overall
symmetry to the antibody, as the Fc is disposed in an entirely oblique manner with respect to the Fabs.
The G42 and G;3 domains do, however, possess a nearly exact, local 2-fold relationship. The Fab segments
are related by a second, independent, local dyad axis, exact only with respect to constant domains. Variable
domains exhibit no symmetry relationship as a consequence of thdiff€rence in Fab elbow angles.
Variable domain pair associations W for the Fabs are virtually the same, and corresponding CDRs of
the two Fabs also are nearly identical in structure. CDR-H3 displays the greatest difference. Hypervariable
loops of both Fabs are involved in contacts with symmetry-related Fc segments ai2h€63 switch
junction, suggesting a “complex” structure. The hinge segment connecting Fabs with the Fc is quite
extended and exhibits thermal factors indicative of a high degree of mobility. It consists of a well-
defined upper hinge that partially maintains dyad symmetry and a fairly rigid core bounded above and
below by fluid polypeptides that provide segmental flexibility. This structure represents the first
visualization by X-ray analysis of a murine Fc segment, and {2 @omains exhibit substantial rigid

body conformational changes with respect to the human Fc used as an initial molecular replacement
model. The oligosaccharides were found by difference Fourier syntheses to be very similiar to those of
the free human Fc fragment, although differences are present in the terminal residues. The detailed structure
of the IgG presented here, and the distribution of effector binding sites, appears consistent with effector
activation mechanisms involving translocation and/or aggregation of the Fc following antigen binding by
the Fabs.

Antibodies are flexible glycoproteins that can assume a et al. (1993), Sheriff (1993a), Wilson and Stanfield (1994),
wide range of conformations as a consequence of intrinsicand Padlan (1994)]. The Fc fragment of a human antibody
domain mobility or segmental flexibility (Wrigleyet al, has also been solved; thus the structure of this portion of
1983; Roux, 1984; Wadet al, 1989; Schneideet al.,, 1988; the molecule and its foy#-barrel domains (G2, C42, Gi3,
Dangl et al, 1988; Huberet al, 1976; Amzel & Poljak, Cu3) is likewise known (Deisenhofer, 1981).

1979). This mobility contributes to their dual function of Other intact antibody structures have been studied by X-ray
recognizing and subsequently eliminating foreign bodies, crystallography (Silvertoet al., 1977; Guddagt al., 1993;

such as viruses or bacteria. Antigen recognition and binding Marquartet al., 1980). In two myeloma proteins, the flexible
occurs through Fab segments, while the Fc portion of the hinge regions connecting Fab and Fc segments were deleted
molecule is principally responsible for effector functions. (Silvertonetal, 1977; Guddagt al,, 1993). The molecules
Intact IgG is composed of two identical light chains (L) and were structurally restrained and, perhaps for this reason,
two identical heavy chains (H) which form two Fabs and appeared as compact T-shapes, the angle between Fabs close
one Fc segment for a total of 12 domains which associate into 18C. A third antibody, Kol, had an intact hinge, but the
pairs (M.:Vu, C.:Cul, Gi2:C42, and G3:Cy3). Six hyper- Fc was so disordered that it was not possible to orient it
variable loops (L1, L2, L3, H1, H2, H3) make up the antigen with respect to the Fabs (Marquaat al., 1980). The two
binding site on the variable domain pair ¥V of each Fab Fabs and a portion of the hinge (upper and core) were,

[for review, see Davies and Chacko (1993)]. however, visualized. The angle between the Fabs wa% 120
A large number of Fab fragments have been investigated, SO that the Kol antibody assumed a distorted Y-shape. For
and the three-dimensional structure of their f@barrel all three antibody structures a crystallographic dyad related

domains (\, Vu, CL, Cyl) is well established [for reviews, the visible halves of the molecules. The anti-canine lym-
see Alzariet al. (1988), Colman (1988), Davies al (1990), ~ phoma antibody (CL/Mab231), described here, contains an
Mian et al. (1991), Davies and Chacko (1993), Edmundson intact hinge, and both the Fabs as well as the Fc are ordered
(Harris et al, 1992)!
T This research was supported by grants from NASA, NSF, and QED Monoclonal antibody 231 (murine IgGgbinds specif
BioScience. PP v Rl ically to malignant canine lymphocytes and mediates antibody-

* Atomic coordinates of the IgG2a intact antibody Mab231 are dependent cellular cytotoxicity (ADCC) as well as comple-
deposited in the Brookhaven Protein Data Bank with access code 11GT.
$ University of California. 1 The residue numbering convention for the entire paper is that of
' QED BioScience. Kabat et al. (1991). Atomic coordinates are deposited with the
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ment-dependent cytotoxicity (CDC) (Rosalketsal., 1988).
Chemotherapy in combination with adjuvant Mab231 treat-
ment prolongs cancer remission and survival times of
afflicted dogs (Jeglum, 1989). For therapeutic use, CL/
Mab231 is commercially available from Synbiotics Inc., San
Diego, CA. The canine lymphoma antibody has additionally
been shown to internalize following antigen binding; con-
sequently, antitumor antibiotics, conjugated to Mab231 for
site-specific delivery, are potential cancer therapeutics.
Canine lymphoma is an animal model for human non-
Hodgkin’s lymphoma and could serve as an intermediary
model for applications of immunoconjugate therapy in human
lymphoma patients.

MATERIALS AND METHODS

Crystallization. Mab231 was crystallized at 1€ from
4% poly(ethylene glycol) (PEG) 3350 at pH #8.2 (Larson
etal, 1991; Harriet al., 1995). Crystals were triclinic with
a=65.82Ab=76.77A,c=100.64 A,0. =88.05, 8=
92.35%, andy = 97.23 (Z=1). The solvent content of the
crystals was 63%.

Carbohydrate AnalysisCarbohydrate composition analy-
sis (Protein and Carbohydrate Structure Facility, Ann Arbor,
MI) of the Mab231 protein used for crystallization indicated
the presence of fucosi-acetylglucosamine, mannose, and
galactose, sugars typical for N-linked chains. Two Asn-X-
Ser/Thr sequences are located on Mab231, one on ggh C
domain. Absence oN-acetylgalactosamine revealed that
O-linked sugars are not present.

X-ray Diffraction. Diffraction intensities were initially
collected on a San Diego Multiwire Systems (Xuong-Hamlin)
area detector system with two detector panels mounted on
two-theta table (Xuonet al., 1985). The X-ray source was
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Table 1: Structure Solutién
resolution
self-rotation ¢ (deg) v (deg) «(deg) rms A
primary local dyad 60 50 180 354 8
secondary local dyad 0 60 180 3.17 -8
Fc cross rotation o (deg) f (deg) y (deg) rms rms (NP) S/N
entire Fc 125 1375 10 6.03
dyad related peak 305 37.5 5 5.54 3.85 1.57
Cu3:Gi3 same peaks as Fc 5.66
5.64 413 137
Cu2:Gy2 same peaks as Fc 3.41 0.92
3.14 0.85

Fab1l cross rotationa. (deg) f (deg) y (deg) rms rms (NP) S/N

C.:Cyl HYHEL-5 80 135 180 6.42 467 1.37
V. :Vy 1IMcPC603 70 130 180 4.35 4.17 1.04
intact Fabl 80 135 180 7.98 432 1.85

constructed from

above CON and

VAR results;

elbow 160
Fab2 cross rotationoa. (deg) S (deg) y (deg) rms rms (NP) S/N
Fab2 constucted 315 77.5 300 6.27 4.99 1.26

from Fabl but

with elbow 140

translation translation vector CcC

Fabl against fixed Fc —0.01-0.300.31) 0.224
Fab2 against fixed Fc —0.16 -0.16 0.17) 0.209

aNP, next peak; S/N, signal to noise (the ratio of the two peak
heights); CC, correlation coefficient; self-rotation expressed in polar
angles; cross-rotation expressed in Euler angles; translation vector
expressed in fractional coordinates; MERLOT (Fitzgerald, 1988) cross-
rotation searches and X-PLOR (Bwger, 1991) translation searches
Hre stated for 48 A resolution. For the Fc orientation results, the
pseudodyad relating the two peaks corresponded to the dyad indicated
by the primary self-rotation solution. The secondary self-rotation dyad

a Rigaku RU-200 rotating anode operated at 45 kV and 175 reated the two Fabs with respect to their constant domains only. The

mA and fitted with a Supper Co. graphite crystal monochro-
mator to produce Cu & radiation. The frame size was 0712
and counting times were 6120 s. Crystals ranging in size
up to 1.5 mm in the longest dimension were mounted in
quartz X-ray capillaries by conventional means for data
collection at 18C. The multiwire data were processed using
the programs of Howard and Nielsen (Hamdinal.,, 1981).
More than 200 000 observations from 13 crystals were
merged to 47 595 unique reflections wily, of 10% at
2.8 A. These were subsequently cutFat 4.00 to give a
reduced data set at 2-20 A of 32 838 unique reflections
(68% complete).

Intensities were later collected at the Stanford Synchrotron

Radiation Laboratory in order to obtain additional high-
resolution data for structure refinement. A MAR Research

imaging plate with diameter 180 mm and a crystal-to-detector

distance of 150 mm was used. Radiation wasfenl mrad
side station on an eight pole EM wiggler (wavelength 1.08
A). The beam was focused to 0:20.2 mm. The oscillation
scan was 1.0or 2.C°, and the exposure per image ranged
from 10 s (in time mode) to 20668000 counts/kHz (in dose
mode). Data were processed with the program MOSFLM
(Leslieet al., 1992). A total of 180 376 observations from

13 crystals were merged to give 47 722 unique reflections

with an Rym 0f 13% at 2.8 A. Reflections were then cut at
F > 4.00 to give a reduced data set from 2.8 to 20 A of
38 299 unique reflections (80% complete).

The multiwire and synchrotron data sets with> 4.00

next peak in both the @Cy1 and the Y:Vy search was determined in
retrospect to be the correct orientation for Fab2's independent domain
pair (second peak in both cases).

unique reflections (86% complete) at 2.80.0 A with an
Rmerge Of 6.7%.

Computational TechniquesTwo molecular replacement
systems were employed, MERLOT (Fitzgerald, 1988) and
X-PLOR (Bringer, 1991). Refinement was carried out with
X-PLOR (Bringer, 1991). Graphics were performed with
the programs FRODO (Jones, 1978) and “O” (Jones &
Kjeldgaard, 1994). Least squares superposition of equivalent
Cas was implemented with the Lsq options in “O” and the
Fit option in X-PLOR. GRASP (Nichollgt al.,, 1991) was
used for an electrostatic analysis of the antibody surface.
Buried surface areas were calculated with MS (Connolly,
1983), and hypervariable loop packing interactions with
CONTACTSYM (Sheriff, 1993b). Stereochemical quality
of the structure was assessed using PROCHECK (Laskowski
et al, 1993). Images were generated with the program
SETOR (Evans, 1993), except Figure 8A which was made
with “O”. The computers used were a VAX network, Evans
& Sutherland PS 390, Silicon Graphics Iris 340 VGX, and
Cray C90.

Structure Determination.Molecular Replacement was

utilized to solve the antibody structure as summarized in
Table 1. The triclinic unit cell did not constrain the molecule

were combined to yield a reduced, working data set of 41 371 conformationally or impose any symmetry on the IgG. The
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lack of crystal symmetry did not, however, rule out global
symmetry as seen for other intact antibodies (Silvertbn
al., 1977; Guddatt al, 1993; Marquaret al., 1980), nor
did it preclude local symmetry.

(A) Self-Rotation SearchUsing MERLOT, self-rotation
functions were calculated for 20 different resolution ranges
(with and without origin removal) to determine the presence,
or lack of, symmetry within the intact molecule (Table 1).
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Fc segment, but less clearly. Because of the triclinic space
group, the center of mass of the entire antibody could be

placed at an arbitrary position in the unit cell (0, 0, 0 chosen)

and thereby establish an origin. The Fc segment was oriented
and positioned in the P1 cell and became the cornerstone
for the remainder of the structure analysis.

Fabs are flexible at their switch peptides, connecting VAR
to CON domains, and their “elbow angle” is defined as the

A dyad axis was indicated and was consistent among theangle between the pseudo-2-fold axes relating © G and

functions computed but was not as impressive=60°, 1

= 50°, x = 18C°; rms 3.54, top peak at-48 A), as would
be expected from an antibody exhibiting global dyad
symmetry. A secondary peak & 0°, v = 60°, k = 180
rms 3.17, top peak at-510 A) competed with the primary

solution and persisted throughout the analysis. Both dyad

dyads. The angle between the two putative dyads was 120
(B) Cross-Rotation SearchMolecular probe coordinates
for seven Fab fragments (Sat@v al., 1986; Sheriffet al.,
1987; Padlaret al., 1989; Sufet al,, 1986; Lascombet al.,
1989; Poljaket al.,, 1974; Marquaret al.,, 1980) and an Fc
fragment (Deisenhofer, 1981) were from the Brookhaven
Protein Data Bank (Bernsteet al,, 1977), PDB entry codes
1MCP, 2HFL, 3HFM, 1FBJ, 1F19, 3FAB, 21G2, and 1FC1.
The fast rotation of Crowther and Blow (Crowther, 1972)

implemented in MERLOT was used. Cross rotation searches

were performed with probes representing one-third of the
asymmetric unit (one-third of the antibody) and with probes
comprising only one-sixth of the asymmetric unit. Searches
were performed with data for which > 4.00 over three
resolution ranges: 3:-57.0 A, 4.0-8.0 A, and 5.6-10.0 A
with Patterson cutoff radii of 20.9, 23.9, and 29.9 A,

respectively. Probe structure factors were calculated in an

artificial unit cell 150 Ax 150 A x 150 A. Searches were
restricted to the asymmetric unit of rotation function space,
o =0°—360C, 8 = 0°—18C, andy = 0°—36(; increments
of a.andy were 5 and of$ 2.5°. Functions were computed
both with and without origin removal.

Prior to cross rotation calculations, a reference orientation

was chosen so that the major axis of the Fc probe was placed;

along crystallographig, and Fabs from Kol were placed in
the triclinic xzplane to form a model antibody patterned after
Marquartet al. (1980) with center of mass at the origin. The
constant domains (CON) of all Fab structures from the PDB
were superimposed onto the CON domains of a Kol Fab to
establish a common reference orientation for theCgl

probes as well as for entire Fab models. Variable domains

(VAR) of the structures were then superimposed to provide
the reference orientation for ¥/ y models.

Vy to V|, respectively. Elbow angles have been observed
from 127 to 227 [see review by Wilson and Stanfield
(1994)]. No basis existed for assuming Fab elbow angles
to be the same in this intact antibody.

To obviate the problem of unknown elbow angle, and to
obtain the best models for Mab231 domains, the CON and

l\/AR domains of Fabs from the PDB were used separately

as probes. One exceptionally strong peak resulted from the
search with €.C41 of Fab HyHEL-5 (Sheriffet al., 1987)

and was consistent throughout the various resolution ranges
(Table 1). This orientation for the CON domains of Fabl
of the antibody (termed Fabl because its orientation was first
determined) was consistent with joining to the Fc. No
orientation for Fab2 CON domains was realized. An optimal
solution appeared using Wy of Fab McPC603 (Satowt

al., 1986), including hypervariable regions, but again no
orientation for a second Fab could be discerned. The solution
allowed McPC603 VAR domains to be joined to the correctly
oriented CON domains in a manner consistent with known
Fab structure. A composite Fabl probe, made according to
these orientations and domain models, yielded an outstanding
rotation peak with rms 7.98 and S/ 1.85. Again, no
solution for Fab2 was apparent, and Fab2 was assumed likely
to have a different elbow angle.

With constant domains of Fab HyHEL-5 and variable
domains of Fab McPC603, the model Fabl was modified in
its elbow (using X-PLOR elbow.inp) to construct multiple
probes having elbow angles covering the range of°120
18, in increments of & MERLOT rotation function
earches using each model clearly indicated the correct
orientation for Fab2 (Table 1 and Figure 1). The orientation
for Fab2 revealed in these searches was also consistent with
joining to the Fc. In Figure 1, the elbow angle of Fabl was
arbitrarily set to zero; thus the best solution for Fab2’'s
orientation was the probe having elbow anglg0°. The
optimum models for Fabl and Fab2 had elbow angles of
160 and 140, respectively.

(C) Translation SearchBecause the antibody model was
assembled from fragments, relative distances between the

Searches using the human Fc fragment (Deisenhofer, 1981jwo Fabs and Fc had to be determined. This was ac-
lacking carbohydrate as a probe structure revealed thecomplished using the translation function implemented in

orientation of the Fc segment of Mab231 (Table 1). Two
pronounced peaks well above the next highest peak £S/N

X-PLOR (Table 1). Since it involved three segments, a
redundancy existed. Two solutions would define the system,

1.57) were consistently present and related by a dyad axis.Put all solutions had to be self-consistent. Searches were

The dyad related the two heavy chains of the Fc and
corresponded to the 2-fold axis indicated by the primary

computed over the entire unit cell in 0.01 increments. The
top peak in each case was the correct solution, and all results

solution of the self-rotation function. Separate searches werewere self-consistent.

also carried out with only (3 domains and then {2
domains. The ¢3:C43 search revealed the same outstanding

(D) Crystal Packing. The antibody molecule was as-
sembled according to independent, but internally consistent,

dyad-related peaks as did that with entire Fc, demonstratingmolecular replacement results. Confirmation of the structure
that unambiguous solutions could emerge using probesemerged from inspection of crystal packing which revealed

representing only one-sixth of the asymmetric unit. A search
with C,2:C42 also revealed the same solution as for the entire

an intricate complimentarity of surfaces. Only minor contact
problems involving hypervariable loops were observed. In
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Ficure 1: Orientation solutions for Fabl and Fab2 as a function
of elbow angle, based on results from Crowther’s fast cross-rotation
function (Crowther, 1972) using-48 A resolution. The curve for
Fabl corresponds to the rotation peak solution 80°, § = 13%°,
andy = 18C° (O). The curve for Fab2 corresponds to the rotation
peaka = 315, g = 77.5, andy = 300° (®). No points are
indicated for either of these two solutions if rms 4.0. The
optimum search probe for Fabl had an elbow angle of &6l

for Fab2 an angle of 140 When a probe with an intermediary
elbow angle was used (143.50), then the top two peaks of the
function were the orientations for both Fabl1 and Fab2, respectively,
but this probe was not the optimum model for either.

addition, lattice contacts served to immobilize all segments
of the molecule, thereby imposing order throughout the
crystal.

Refinement.Refinement was carried out with the program
X-PLOR, Version 3.1 (Table 2). A bulk solvent mask was
employed upon inclusion of low-resolution data to 20 A.
The model was fitted to bothR2 — F; andF, — F¢ electron
density maps using FRODO and “O”. Rebuilding was
predominantly with F, — F. omit maps which were

Harris et al.

Table 2: Data and Refinement Statistics

P1
a=6582Ab=76.77 A
¢=100.64 Ao = 88.05,
p=92.35,y=97.23
41 371 unique
reflections F > 40)
from 2.8 to 20 A

% accumulative (4o)

space group
unit cell

data completeness

resolution range (A) % completeness

3.52-20.00 97.7 97.7
3.32-3.52 89.3 96.3
3.15-3.32 83.4 94.5
3.02-3.15 74.9 92.0
2.90-3.02 67.5 89.3
2.80-2.90 59.0 86.2
refinement statistiés

resolution limits 2.820A

R-value 20.9%

correlation coefficient 0.83

no. of unique reflections in working sef ¢ 40) 37222

freeR-value 29.7%

free correlation coefficient 0.70

no. of unique reflections in test sdét & 40) 4149

no. of molecules in asymmetric unit 1

no. of total non-hydrogen atoms in final model 10416

no. of solvent molecules none included

average proteiB-value 51 R

average carbohydraivalue for chain 1 and 2 70 and 143 A

rmsd in protein bond lengths 0.009 A

rmsd in protein bond angles 1.6

rmsd in carbohydrate bond lengths 0.008 A

rmsd in carbohydrate bond angles 1.4

a Noncrystallographic symmetry restraints were used for equivalent
constant domains of the antibody during X-PLOR refinementiBeu,
1991). Rvalue= 3 n(l|Fow| = [Fayl)/Z ki Forl, Where|Fq, | and|Fe,|
are the observed and calculated structure factor amplitudes.

procedures for generating a structure with missing residues
(Briinger, 1991), and occupancies set to zero for ensuing
refinement. At 3.58.0 A a single cycle of X-PLOR

refinement, using the correct amino acid sequence, yielded

calculated after removing 50-residue segments of the modela model with anR-value of 18.8% and CC of 0.88. An

(~4% of the asymmetric unit) followed by 40 cycles of
Powell minimization. Grouped temperature factor refine-

overall B-factor of 15 & was maintained.
Final refinement was conducted using combined multiwire

ment was performed with the backbone and side chains ofand synchrotron data from 2.8 to 20 A (Table 2). The initial
each amino acid as groups; each sugar residue was treategass with the higher resolution data yieldedRwalue of

as a single group. Noncrystallographic symmetry restraints

24.4% and CC 0.77. After sequential cycles of manual

were used for equivalent constant domains during simulatedmodel rebuilding with “O”, simulated annealing, Powell

annealing and Powell minimization (see below for details).
The structure was initially refined using multiwire data
(Harriset al., 1992). Rigid body refinement of the Fc and
Fabs yielded arr-value of 43.4% and a correlation coef-
ficient (CC) of 0.38 at 3.512.0 A, and six domain pairs
yielded anR of 41.3% and CC of 0.45. Twelvg-barrels
refined independently as rigid groups producedravalue

of 38.6% and CC of 0.53. When the sequence for the intact were absent in the original model.

minimization, and groupeB-factor refinement, th&®value
declined to 22.1% and the fré@value to 30.4%. At each
stage, the occupancy of only clearly defined hinge and
carbohydrate residues were set to one, while the rest were
represented as artificial coordinates with occupancies of zero.
The model, at this point, contained most of the carbohydrate
component and about one-third of the hinge residues which
Noncrystallographic

antibody became available, corresponding domains of Mab231symmetry (NCS) restraints were then employed for corre-

were found to be 67% identical to,Vand 64% to V; of
mouse IgA McPC603; 100% to Cand 85% to G1 of
mouse IgGi HyHEL-5; and 65% to the human IgG1 Fc

sponding constant domains (Kleywegt & Jones, 1995;
Kleywegt & Jones, 1996). Parallel slow-cooling cycles were
run with various stringencies for NCS to determine an

fragment. Minor problems with crystal packing had involved optimum refinement protocol. A noncrystallographic sym-

CDRs of Fab McPC603, but problematic residues cor- metry operator was specified separately for each individual
responded to deletions in Mab231. Twenty-three residuesdomain (G, Cuyl, Gy2, Gy3) to account for possible

in each heavy chain, corresponding to the hinge regions, weredifferences in domain dispositions. Only backbone atoms
inserted to connect Fab segments with the Fc segmentof residues not involved in packing contacts were restrained.
according to geometric constraints. Artificial coordinates An NCS force constant of 200 for backbone atoms was used,
were made for these regions, based on recommendedand side chains were not restrained. This protocol produced



Refined Structure of an Intact Monoclonal Antibody Biochemistry, Vol. 36, No. 7, 19971585

180

1354

Psi (degrees)

-135

. :

150 e mrdgen n | : : ‘

180 135 90 45 0 45 90 135 180
Phi (degrees)

Ficure 2: Ramachandran plot of the main chain stereochemical
quality for the intact Mab231 structure, calculated with the program
Procheck (Laskowskét al., 1993). The total number of protein
residues is 1316, of which 1134 are non-glycine and non-proline:
896 non-glycine/non-proline amino acids are in the most favored
regions (79.0%); 215 are in additional allowed regions (19.0%);
15 are in generously allowed regions (1.3%); and 8 are in disallowed
regions (0.7%). Glycines are indicated by triangles.

an R-value and freeR-value that were similar as before
(22.5% and 30.3%); however, main chain stereochemical Ficure 3: (A) Monoclonal antibody 231 viewed perpendicularly

parameters for 38 residues improved significantly. Other to the nearly exact 2-fold axis relating heavy chains of the Fc
NCS refinement protocols resulted in either higher free segment. @ superposition of the Fc heavy chains as rigid units

Rval in chai ters of lower qualit yields an rms deviation of 0.90 A with a rotation of 179.%his
-values or main chain parameiers qualty. dyad corresponds to that indicated by the primary solution of the

Alternating cycles of individuaB-factor and positional  self-rotation function. Light chains are in gold and light blue, while
refinement were performed at the end of the process. NCSheavy chains are in orange and medium blue. Carbohydrate
restraints were not applied to individual temperature factors, components, shown in ball and stick, are N-linked through Asn

. . residues to the 2 domains of the Fc fragment. The oligosaccha-
because domains of Mab231 had notably different average,;jas are consistent with the pseudodyad relating th @main

B-factors (see below). While one could expect Rrealue pair. (B) Intact antibody viewed perpendicularly to the nearly exact
to decrease as a consequence of more parameters, the modéyad axis relating constant domains of the Falis sGperposition

was judged to be improved as density for additional hinge of Fab2 G:Cyl onto Fabl €Cy1 yields an rms deviation of 0.51

residues became visible and the fRealue declined 0.6%. A With a rotation of 179.4. This dyad is that indicated by the
. A secondary solution of the self-rotation function. The variable
TheR-value for the antibody structure converged to 20.9%, domains are not related by this 2-fold axis as a consequence of

the freeR-value to 29.7%, a CC of 0.83, and a free CC of different elbow angles for the Fabs. Fabl has an elbow angle of
0.70. The final model contains all 18 sugar residues and 159, in contrast to 143for Fab2. Also seen in this view is the
the entire hinge region, except for six side chains of the lower failure of the Fc dyad axis to intersect the 2-fold axis relating the

. . : Fab constant domains.
hinge which have occupancies of zero. No water molecules
are included. rms deviations from ideal geometry are 0.009 of the antibody, and indeed the molecule exhibits no overall
A for bonds and 1.8for angles. Accordingto PROCHECK, symmetry. Local dyad relationships are, however, present
eight of ten of the stereochemical parameters are “BETTER”; within, or between, individual segments (Figure 3 and Table
the remaining two are categorized as “Better” (Ramachandran3). These include a nearly exact dyad relating the Fc heavy
plot and Zeta angle standard deviation) (Figure 2). The chains and a nearly exact 2-fold axis between the constant
average temperature factor for all protein atoms is 31 A domain pairs (C.Cul) of the Fabs. Variable domain pairs
oligosaccharide chain 1 and chain 2 are Z0eAd 143 A&, (VL:Vy) violate this restraint only as a consequence of
respectively. Averag®-factors vary significantly by IgG  differing Fab elbow angles, 13%r Fabl and 143for Fab2.
domain depending on crystal packing. Domdrfactor The long axes of the two Fabs are close to collinear, so that
averages, for backbone atoms, range from minimum valuesa single axis runs approximately through both segments. The
of 24 A2 for V,, of Fab2 and 26 Afor Cx2 of heavy chain  greatest dimension of the molecule is 161 A, from Fab1
1 to the maximum value of 100%or Cn2 of heavy chain hypervariable loop H2 (Gly55 &) to the corresponding Fab2
2. Most domains, however, average about £0 A H2 (Gly55 Gx). The orientation of the Fc, with respect to

the Fabs, is oblique, with hinge angles between Fabl and

RESULTS AND DISCUSSION Fc of about 6% and between Fab2 and Fc of 215The

Domain Dispositions. The triclinic symmetry of the  dyad axis of the Fc does not intersect that relating the Fab
crystal unit cell places no constraints on the conformation constant domains or the approximate long axis of the Fabs.
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fragment/rat neonatal Fc receptor complex (Burmeister

Table 3: Local Pseudo-2-fold Symmetry ’ .
al., 1994), the upper portions of the;Zdomains were also

dyad rotation (deg) rmsd (A) poorly ordered. For the other 11 Mab231 domains, electron
Fabl G:Cyl and Fab2 €Cyl 179.4 0.51 density displayed minor discontinuities in only a few exterior
Fc heavy chains 179.3 0.90 loops.
Ch2:Cy2 symmetry Cu3:Cy3 symmetry Variable and Hyperariable Regions.The triclinic crystal
rotation (deg) rotation (deg) presented an opportunity to compare an intact antibody’s two
Fc 177.8 178.8 Fab segments exposed to different chemical environments.
VL Vi symmetry G:Cnl symmetry As _noted ab0\_/e, elbow_ angles relating Fab constant and
@ton Uansiat  Tomfion  translat  elbow vanablg dor_nalns are different, b_utL \and Wy associate
(deg) A) (deg) A (deg) ngarly |dent|cally for both ngs (_F|gure 6 and Table 3). In
ey 1720 o1 674 1 159 Figure 6, the variable domain pairWn of Fab_2 is shown
Fab2 173.2 o1 1673 18 143 superimposed onto the respective domain pair of Fabl. The

a Structually equivalent @ were superimposed to determine the rms deviation is 0.59 A using all €. Rearrangements of
rotation angles. Superposition was implemented with both the Lsq variable domains have been observed where both free and

options in “O” (Jones & Kijeldgaard, 1994) and the Fit option in antigen complexed Fabs were determined crystallographically
X-PLOR (Bringer, 1991). (Wilson et al., 1991; Stanfielcet al,, 1993; Edmundsoet
al., 1994; Banet al, 1995). The majority of V-V
_ . rearrangements seen, thus far, fall within the range°®ef 2
The tvv_o local dyads are not coupled, thereby permitting go [see review by Wilson and Stanfield (1994)]. For
nearly independent movement of the Fc and Fabs. Mab231, optimal superposition of *V would require a
The local 2-fold axis relating the Fc heavy chains was relative rotation of 2.3 marginally within that range.
antiCipated and not found exceptional in ||ght of preViOUS In Figure 6 equiva|ent hypervariab|e |oops maintain
X-ray analyses (Deisenhofer, 1981; Silvertenal, 1977;  essentially the same course. Based on the work of Chothia
Guddatet al, 1993), but it is not apparent why such a et al. (1989) and other crystallographic studies [see review
relationship persists between the constant domain pairs ofpy \Wilson and Stanfield (1994)], such similarities in
the Fabs. No crystallographic constraint imposes the dyad,packbone structure are to be expected (Table 4). Rigid body
nor does there appear to be any clear stereochemicaimotions of loops arising from differences in crystallographic
explanation. environment were not observed. For five of the six hyper-
The structure of a second intact monoclonal antibody, variable loops, only slight side chain differences were noted
specific for the drug phenobarbital, has also been solved by (Figure 6), with H3 exhibiting the greatest due to movements
X-ray crystallography in our laboratory (paper in prepara- of tyrosine residues 100H and 100l. CDR-H3 also demon-
tion). This murine IgG1 exhibits the same essential features strated the greateso@ms deviation, 0.84 A. While surfaces
as were observed in the anti-lymphoma IgG2a molecule, anof hypervariable regions appear marginally different as a
overall asymmetry with two independent local dyads ob- consequence of side chain movements, both exhibit a
liquely disposed. Some details, however, such as hinge andhronounced groove running through their antigen binding
elbow angles, and the angle between Fab segments, are quitsite. The binding sites are predominately hydrophobic, with
different. only three charged residues, two Asp and one Lys, occurring
Noncrystallographic symmetry restraints were employed in the hypervariable loop sequences (Table 4).
during the course of refinement for equivalent constant Hyperariable Loop Packing. Packing of molecules in
domains of the CL/Mab231 immunoglobulin (GC41, G2, the crystal involves extensive contacts which impose order
Cu3), but residues involved in packing contacts were not on otherwise mobile elements. In particular, these include
restrained. Noncrystallographic symmetry, furthermore, was interactions of Fab hypervariable loops with Fc segments
not used in refinement of the variable domains; thus, any where switch peptides join{2 to G43. The Fab CDRs of
similarities between corresponding variable portions of the each antibody interact with Fc segments of two neighboring
molecule are unbiased. molecules. Fabl contacts Fc heavy chain 1 of one molecule,
Electron density maps for the molecule were, in general, while Fab2 interacts with Fc heavy chain 2 of another. The
of good quality and side chains could be unambiguously interactions are similar, but not identical. As seen in Figure
positioned (Figure 4). Hypervariable regions were stabilized 7, the two Fabs associate withyZ-Cy3 switch peptides,
in the crystal through packing interactions and were clearly hypervariable loop H3 providing the principal contact in both
visible. The electron density presented in Figure 4A along cases. The buried surface area was 427ck Fabl and
with the corresponding structure for hypervariable loop H3 498 A2 for Fab2 (Table 5), tempting speculation that these
of Fab2 is representative of the density for all 12 of the contacts could be similar to an antibeegntigen interaction.
hypervariable loops. Of the 12-barrel domains, the 2 Indeed, CDRs H3 and L3 in contact with antigens appear to
domain of heavy chain 2 experiences the fewest crystal be favored in such instances [for review, see Sheriff (1993b)
packing interactions and the most exposure to solvent. Thisand Wilson and Stanfield (1994)].
was the only domain where interrupted density presented An examination of Table 5 shows that the interaction
noteworthy ambiguities. The problematic regions were between the hypervariable region of Fabl and chaip2: C
confined primarily to the upper half of the domain most Cg3 involves nine antibody residues, of which seven are
distant from the G2—Cy3 junction, consistent with observed CDR amino acids and only two are framework residues.
high temperature factors (Figure 5). In the human Fc Association between Fab2 and chain2€C,3 uses a total
fragment (Deisenhofer, 1981), the Fc fragment/fragment B of 11 antibody amino acids; nine of these are CDR residues
of protein A complex (Deisenhofer, 1981), and the Fc and only two from the framework. Buried surface area,
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A Tyr 100]

Gly 97

i

Gly 96

Asp 101 IR

Tyr 102 :

FiIGUre 4. (A) Electron density of a Powell minimizeld, — F. omit map, contoured at 3.8, with the corresponding structure of Fab2
hypervariable loop H3 and framework residues Tyr102 and Trp103. (B) Electron density of a Powell mirffgizéd omit map, contoured
at 2.5, with the corresponding oligosaccharide structure from heavy chain 1 of the Fc segment. The carbohydrate N-links to Asn314 on

the G42 domain.

Ficure 5: Canine lymphoma antibody backbone shown colored according to local temperature factors; dark blue desigBatakikwy
red higher, and white highest. Consistent with their appearance in electron density maps, the upper portions,;dfdomeat® and the
hinge polypeptides clearly have a high degree of mobility. Some external loops of the structure also display high thermal factors.

hydrogen bonds, and other interactions are consistent withantigen interaction is more plausible than it might first
those found for other antiboehantigen complexes where appear. The antigen for the antibody described here,
the antigen was a peptide (Sheriff, 1993b). Mab231, has recently been identified as a 29 kDa membrane
The possibility that contacts, observed in the crystal protein that is expressed on the surfaces of canine lymphoma
between CDRs and switch peptides, reflect an antibody cells (personal communication). They are otherwise absent
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FIGURE 6: Stereo diagram of adCsuperposition of the variable domain pairsg (V) of Fabl and Fab2 as viewed directly into the antigen
binding site. Fab1l is in white and Fab2 in blue-green. The rms deviationipaSitions is 0.59 A, using all € atoms for the calculation.

The domain association of the variable pairs is near identical for the two Fabs; furthermore, equivalent CDRs maintain essentially the same
course. Backbone and side chain atoms for the six CDRs are shown and labeled; L indicates light chain CDRs and H indicates heavy chain
(see Table 4 for CDR amino acid sequences). Rigid body movements of the hypervariable loops were anticipated due to different chemical
environments for the Fabs, but they were not observed. For five of the six hypervariable loops only slight side chain differences were noted.
Hypervariable loop H3 exhibited the greatest side chain movement involving, particularly, Tyr100H and Tyr100I. Loop H3 also had the
largest @ rms deviation, 0.84 A.

Table 4: Sequences and Conformations ofavid Wiy Hypervariable Regioris

hypervariable loop sequence framework residues canonical structure
Ll * * * * *
26 27 28 29 30 31 32 2 25 33 71
Ser GIn Asn lle Asn Val Trp lle Ala Leu Phe 2
L2 * *
50 51 52 48 64
Lys Ala Ser lle Gly 1
L3 * *
91 92 93 94 95 96 90
Gly GIn Ser Tyr Pro Leu GIn 1
Hl * * * * *
26 27 28 29 30 31 32 34 94
Gly Phe Thr Phe Ser Asp Tyr Met Arg 1
H2 * *
52A 53 54 55 71
Asn Gly Gly Gly Arg 3
H3
96 97 100H 100l 100J 100K 101
Gly Gly Tyr Tyr Ala Met Asp

@ The canonical structure number refers to the conformations described by Cétotthiél 989), and the residues that are mainly responsible for
these conformations are indicated by an asterisk. H3 does not have canonical classifications. Numbering according@t@IKéles1).

or in very low number on the surfaces of normal lympho- Cryoglobulins are often identified with autoimmune diseases
cytes. Based on binding pattern similarities with other such as rheumatoid arthritis, and their self-association is
antibodies against canine lymphomas, and a number of otherfrequently mediated by interactions of hypervariable regions
immunological properties, it appears that Mab231 may bind with Fc segments of other molecules (Cruse & Lewis, 1995).
to immune receptors on the malignant lymphocyte surfaces The Kol immunoglobulin, for example, is a cryoglobulin
(Steplewskiet al, 1987). These receptors are themselves (Marquartet al., 1980). Its crystal lattice is maintained by
members of the immunoglobulin structural superfamily and contacts involving hypervariable loops with hinge polypep-
generally contain domains similar tai€and G:3 of an IgG,  tides, interactions suggested by the Kol investigators to
and these are joined by switch peptides or a homologue. possibly reflect those producing cryoprecipitate formation.
Thus it is reasonable that either or both of the CDR-switch Hinge Region. The hinge sequence for the mouse IgG2a

peptide interactions, illustrated in Figure 7, might be similar anti-canine lymphoma antibody, with residue numbering

In greater or !e;sgr respects to a tr_ue_ ant|3s.mlyt|gen according to the convention of Kabat al. (1991), is
complex. If this is indeed so, then it is interesting to note

that the modes of interaction of the switch peptides with the

two Fabs are somewhat different. It has, however, been 226 Upper Core Lower 250
previously observed that Fab binding sites can accommodate EPRGPTIKP CPPCKCP APNLLGG
different orientations of an antigen with even nanomolar femmeme genetic hinge------- I

affinities (Arevaloet al.,, 1993, 1994). l-mmoeeees structural hinge--——-- '

It may also be relevant that the antibody studied here
exhibits some “cryoglobulin-like” properties, in that it tends The three cysteine residues in the core (Cys237, Cys240,
to precipitate at cold temperature under low salt conditions. Cys242)form inter-heavy chain disulfide bonds. Cys128 of
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FIGURE 7: Representations of two primary intermolecular contacts responsible for formation and maintenance of the antibody crystal.
These involve (A) the association of Fabl hypervariable loops with the f2e-C,3 switch peptide of heavy chain 1 of a second IgG
molecule (0,—1, 1) and (B) a similar, though not identical, contact of Fab2 with heavy chain 2 of a third antibdgyL(0). In (C) and

(D) these interactions are shown in detail. Thg2€Cy3 switch peptides of heavy chain 1 (green) and that of heavy chain 2 (red) are
bound by the CDRs of Fabl and Fab2, respectively, using principally loop H3 in both cases. The extent of buried surface area and the
presence of hydrogen bonds suggest that these interactions, seen here in the crystal, may occur as well under other conditions.

the Gy1 domain bonds with the terminal cysteine of the light part of the “genetic hinge”, closely maintain the dyad of the
chain (Cys214) to form the heawight chain disulfide. C.:Cyl domain pairs.

Once the structure was near convergence, the hinge Temperature factors rise in a consistent manner from about
polypeptides emerged from difference Fourier maps. Elec- 60 A2 at Arg228 to over 120 Aat Thr231, indicative of the
tron density for the entire hinge, encompassing residues 226onset of mobility in the upper hinge. The “swivel region”
through 250, became completely continuous at a contourincludes Thr231 through Lys235. Though the electron
level of 1o, and much was visible ato2(Figure 8A). The density remains interpretable over this segment, the dyad
upper hinge from Glu226 to Pro236 was clearly present at arelationship between the two heavy chains dissipates.

20 contour level, including both main and side chain atoms.  The hinge core, Cys237 through Pro243, includes three
The first five upper hinge residues (Glu226 through Pro230), disulfides at Cys237, Cys240, and Cys242. The electron
considered “structurally” to belong to the Fab, although a density corresponding to residues Cys237, Pro238, and
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Table 5: Packing of Fab Hypervariable Loops with Symmetry-Related Fcs
(A) Interactions between Fabl (0, 0, 0) and Fc Heavy Chain 1 (0, —1, 1)  (B) Interactions between Fab2 (0, 0, 0) and Fc Heavy Chain 2 (—1, 1, 0)

in contact in contact
segment residues atoms Hbonds saltlinks VDWs segment residues atoms H bonds saltlinks VDWs
Fabl VL:Vy total 9 29 3 2 40 Fab2 Vi:Vy total 11 27 2 0 49
Fabl—V, 6 17 2 2 25 Fab2-Vy 3 7 0 0 12
L-CDRI1 3 12 2 0 19 L-CDRI1 1 5 0 0 9
L-CDR2 1 3 0 2 3 L-CDR2 1 1 0 0 i
L-CDR3 1 1 0 0 2 L-CDR3 i 1 0 0 2
Fabl—Vy 3 12 i 0 15 Fab2—Vy 8 20 2 0 37
H-CDRI1 0 0 0 0 0 H-CDRI1 1 4 0 0 4
H-CDR2 0 0 0 0 0 H-CDR2 2 4 0 0 8
H-CDR3 2 10 0 0 13 H-CDR3 3 10 2 0 23
Fc chain 1 total 7 19 3 2 40 Fc chain 2 total 9 24 2 0 49
Fc 1-Cy2 5 14 2 2 25 Fc2—Cy2 1 1 0 0 1
Fc 1—switch 2 5 1 0 15 Fc 2—switch 4 16 2 0 34
Fe 1—Cu3 0 0 0 0 0 Fc2—Cu3 4 7 0 0 14
buried buried
segment residues atoms surface area (A2) segment residues atoms surface area (A2)
Fabl V_:Vy total 24 66 427 Fab2 V:Vy total 26 74 498
Fabl—V 13 37 293 Fab2—Vy 7 16 103
Fabl—Vjy 11 29 134 Fab2—Vy 19 58 395
Fc chain 1 total 20 61 405 Fc chain 2 total 23 65 512
Fc 1-Cy2 11 37 256 Fc2—Cy2 3 6 22
Fc 1—switch 5 16 123 Fc 2— switch 7 26 249
Fc 1-Cq3 4 8 26 Fc2—Cy3 12 33 241

@ Pairwise contacts were calculated using CONTACSYM (Sheriff, 1993b). Van der Waals interactions were to a maximum of 4.11 A; hydrogen
bonds were included up to a distance of 3.4 A and salt links to 3.8 A length. Buried surface areas were calculated using MS (Connolly, 1983) with
a probe sphere of 1.6 A. Complementary determining region (CDR) sequences used for the calculations are listed in Table 4. Cy2—Cy3 switch
sequence = KPKGSVR (residues 358—365). Lys50 of Fabl CDR L2 and Glu337 of Cy2 form the salt bridge. Glu337, Lys339, and Lys341
comprise the proposed complement Clq binding site on Cx2 (Duncan & Winter, 1988).

Pro239 (particularly Pro238) was consistently more ambigu- therefore, the hinge structure seen here could be indirectly
ous than any other part of the hinge core and was, in fact, influenced by the packing of molecules in the lattice.

only comparable to some parts of the weak lower hinge g. Segment. The Fc structure presented here, as a
region. On the other hand, Cys240-Lys241-Cys242-Pro243 .o mponent of the intact anti-lymphoma antibody, is the first
were lweII deflned by electron density (Figure 8B), including example of a murine Fc determined by X-ray crystallography.
the side chain of Lys241. _ It is 65% identical in amino acid sequence to the human Fc
Residues Ala244 through Gly250 are genetically part of fragment solved previously, and there are no insertions or
the G2 domain but structurally belong to the lower hinge. geletions. As might be anticipated, the remainder of the
This segment is clearly the most mobile portion, and was g3mino acid sequence is highly homologous; thus, the human

the most di_fficult to_interpret,_of the_ entire hinge. The tWo 5,4 mouse Fc domain structures are, with the exceptions
heavy chains making up this region were not, however, yaoscribed below virtually the same.

equivalent, heavy chain 2 appearing better defined in electron _ -
density maps. We noted that this segment on heavy chain The G*.Z domams of the Mab231 '.:C exhibit a pseudo-2-
fold relationship of 177.8 Cy3 domains also have a nearly

2 followed a path which would allow it to contact and . ) . :
possibly hydrogen bond with the exposed loop, Asn344 exact dyad with a rotation angle of 178.8While domain

Pro350, of its G2 domain. This was not the case for the Pars Gi2:Gs2 and G3:G,3 are related by two different
corresponding segment on heavy chain 1. pseudo-2-fold axes, they are very close and yield, overall, a
In the lower hinge, side chain density was present but nearly exact 2-fold relationship for the entire Fc segment

diffuse for residues Asn246, Leu247, and Leu248. These (Table 3).
side chains were set to zero occupancy in the final model. In structures of intact myeloma IgG (Silvertenal., 1977;
In this model, of the 46 hinge residues, all main chain atoms Guddatet al., 1993) and the human Fc/fragment B of protein
were given full occupancy, while a total of six side chains A complex (Deisenhofer, 1981) heavy chains were related
were assigned zero occupancy. by crystallographic symmetry, but analysis of free human
Overall, the hinge, having an extent of 50 A, is clearly Fc fragment (Deisenhofer, 1981) and the human Fc/fragment
very fluid and flexible, likely a continuum of conformations C2 of protein G complex (Sauer-Erikssat al, 1995)
rather than a small, discrete set. This appears consistent witirevealed the symmetry to be only approximate. A compari-
NMR studies of another IgG2a antibody (Kiet al) and son, illustrated in Figure 9, of the Fc segment of the canine
further suggests that the “hinge” is not, in fact, a structural lymphoma antibody with the free human Fc fragment, as
hinge but a “tether” or link between Fc and Fabs. In this well as with structures of Fc fragments complexed with either
crystal, there are no packing interactions involving any part protein A or protein G, shows that thes&Cy3 domains
of the hinge. The relative dispositions of the Fc and Fab can be superimposed with axCms deviation of about 1.0
segments, however, undoubtedly reflect packing contacts, andd. Distinctive differences in the Fc fragments exist,
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Pro 238, OY8 257

Cys 242

“Pro 243 “Pro 243

FiIcurRe 8: (A) Hinge polypeptides (residues 22850) of both heavy chains shown with corresponding electron density of a Powell minimized
F, — Fc. omit map, contoured at & Heavy chain 1 is in red and heavy chain 2 in white. Fab light chains are in orange. The hinge is
composed of a rigid, though mobile core, flanked above and below by highly fluid regions. (B) Electron density of a Powell miRimized

— Fc omit map, contoured at 1.3, for the hinge core with corresponding residues Cys237 through Pro243. The three inter-heavy chain
disulfide bonds are indicated in yellow.

however, regarding the disposition of thejfZxdomains. G2 the binding sites of a wide range of effector proteins (see
domains of the anti-lymphoma antibody can only be super- discussion below).
imposed on those of the free human Fc, if they undergo rigid  Flexibility within the Fc would permit a greater diversity
body rotations of 8.6for heavy chain 1 G2 and 16.6 for of conformations for the entire IgG molecule and could
chain 2 Gi2. In this intact murine antibody, thes€domains  provide a mechanism for the modulation of effector func-
have diverged from one another and inclined towar@:C  tions. Based on analyses to date, however, movements of
Cu3 as compared to their dispositions in the other free and C;2 domains with respect to{3 domains appear substan-
liganded Fcs (see Figure 9). It is somewhat curious that in tially more limited than for Fab elbow motions which aid in
the Mab231 IgG, which has an intact hinge with a core of antigen recognition and binding.
disulfides linking its two G2 domains, these domains are  Carpohydrate ComponentTwo biantennary, complex
spread further apart than in any of the other Fc orpiotein  jigosaccharides, which fortuitously have the same sequence
structures. This is in spite of the fact that all the other FC a5 that assigned to the human Fc (Deisenhofer, 1981), N-link
structures were independent fragments lacking any hingethrough Asn314 (EU number 297) to the FgZdomains
constraint. of Mab231. This was deduced from the carbohydrate
Figure 9 illustrates an additional structural feature that may composition for Mab231 in combination with sequence
be of physiological relevance. For all of the Fc structures, information for oligosaccharides of monoclonal antibodies
in spite of rigid body motions, the helical loop comprised produced by murine hybridomas (Rothman al., 1989;
of residues Pro257Pro270 remains almost invariant in its  Krotkiewski et al., 1990; Coco-Martiret al., 1992; Pateét
orientation and position with respect to thg3domains. al., 1992). It was immediately apparent from difference
This loop forms the principal contact interface between the Fourier syntheses that the cores of the oligosaccharides
Cy2 and 43 domains and seems to serve as the “pivot” for occupied essentially the same locations as for the human Fc
the G2 rigid body motion. It may be relevant as well that structure and, furthermore, they interacted with the same
this structurally invariant pivot is also a major element in amino acid residues. The model carbohydrate of the human
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Ficure 9: C43 domains of crystallographically determined Fc fragment structures, the free human Fc (blue) (Deisenhofer, 1981), the
human Fc from its complex with protein A (red) (Deisenhofer, 1981), and the human Fc from its complex with protein G (yellow) (Sauer-
Erikssonet al,, 1995), optimally superimposed upon thg3@omain pair of the intact, murine Mab231 IgG (white). If thg3@omains

are, as here, made congruent, the @omains display a range of rigid body rotations with respect to one another. (A) and (B) represent
two views of this comparison of the polypeptide backbones. The free human Fc (initial molecular replacement model) and the Fc portion
of the free intact 19gG represent near extremes of the distribution, with g2edGmains of the intact antibody furthest apart and those of

the free human Fc fragment closer together. Rotations &fah6 16.6 are required to superimpose exactly the twg@@omains without

altering the relative @3 dispositions. The hinge segment does not appear to impose any significant constraint on the relative orientations
of the G42 domains. It may be relevant that the only part of th@ @omain that remains fixed, with respect to thg3@lomains, is the

helical loop (residues 257270, indicated with arrows) that forms a major part of th€C,3 interface. This loop seems to serve as the
“pivot” for the C42 rigid body movement.

Fc fragment (chain A) required only slight adjustment to fit (Figure 10). The fucose residue may be of particular interest.
into 2F, — F. maps of Mab231. In both this antibody and the human Fc it interacts with
The entire oligosaccharides on both Fc chains were visible; Tyr313, but the interactions are quite different in the two
however, the sugars on heavy chain 1 were better orderedcases. This fucose is also near the Feceptor binding site
(Figure 4B). The carbohydrate components closely maintain and could influence binding by the receptor.
the pseudo-dyad relationship betwegi2@omains (Figure A major difference between the human Fc and this murine
3), as seen also in the structure of the human Fc (Deisenhoferf-c, involving the carbohydrate, is that no contacts of any
1981). No contact is made between Mab231 carbohydrateform are made between the two oligosaccharides in the latter
moieties of the two heavy chains, but sugar residues docase. Inter-sugar chain contacts and hydrogen bonds exist
interact with side chains of the protein. Some primary within the human Fc fragment which result in what was
protein residues involved in sugar contacts are Phe254,described as a “weak bridge” (Deisenhofer, 1981). In the
Phe256, Lys259, Asp262, Thr273, and Tyr313. When the human Fc, this carbohydrate-mediated interaction provided
human Fc oligosaccharide is compared to the Mab231 the only contact between@ domains; thus in the murine
carbohydrate, the principal differences lie in the orientation Fc seen here, there are no contacts at all betwegh C
and placement of Fuc2 and of the branch ends Gal7 and Nag3lomains. Nonetheless, in both the human and murine Fc, a
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Ficure 10: Comparison of the branched oligosaccharide moiety of the intact IgG (white) with the oligosaccharide of the free human Fc
fragment (beige) described previously (Deisenhofer, 1981). Tt#&backbones were optimally superimposed. As seen here, the cores of

the two carbohydrate chains are virtually congruent, but variations in the orientations of terminal sugar residues exist. The greatest difference
is in the disposition of the fucose residue branching from the first Nag.

Ficure 11: Side chains implicated in other studies as forming binding sites for various biologically important molecules color coded on

a ribbon representation of the intact IgG for canine lymphoma. Antibody light chains are in pale blue, while heavy chains are in white.
Fab2 is in front and Fabl in back. Oligosaccharides are represented by gray CPK. Hypervariable loops involved in antigen recognition are
emphasized in two shades of lavender. Core binding sites for effector function molecules, complement protein Clqraoepkurs

(FcRI, FcRIl, and FcRIII), are colored in orange and cyan, respectively. It is likely, however, that multiple contact points will occur when
large effector molecules such as these dock with intact IgG. Bacterial Fc receptors bind at ti2 G¢3nterface: protein A and protein

G common contact points are indicated in green; unique protein A contacts are shown in red and protein G in dark purple. The rat neonatal
Fc receptor (FcRn) and rheumatoid factor also bind a site overlapping where proteins A and G contact. A second, independent site for
protein G binding is indicated on the FalXdomains in yellow.

dyad relationship betweeny@ domains exists. This rela- between H3 loops and the farthest point Q8,3 of the
tionship must, therefore, arise from constraints imposed by Fc (chain2 Glu450) is about 130 A for Fab1 and 120 A for
the interface with the 3 domains. Fab2, but this could vary substantially depending on the

Effector Functions. Figure 11 is a representation of the disposition assumed by the Fc with respect to the Fab
anti-lymphoma antibody showing elements of the structure S€égments. The closest distance from any part of an Fab to
having particular interest or unique biological function. the Fcis about 15 A, specifically from Fab2's;Cdomain
Residues comprising the heavy and light chain hypervariableto C#2 of heavy chain 1.
loops, which make up the antigen binding sites, are empha- The carbohydrate components linked to the heavy chains
sized at the extreme ends of the Fab arms. The distanceat Asn314 can be seen occluding the cavity at the center of
between the H3 loops of the two Fabs is 151 A (measuredthe Fc. No direct evidence, that we know of, suggests that
from equivalent Tyr100H @s). Binding of antigens onthe the oligosaccharides form part of any effector binding site.
tumor cell surface separated by greater distances wouldDegradation or modification of the carbohydrate has, how-
require spreading apart of the Fabs, a motion restrictedever, been clearly shown to eliminate or reduce effector
ultimately by the core of disulfides in the hinge. The distance functions such as complement activation, binding to Fc



1594 Biochemistry, Vol. 36, No. 7, 1997 Harris et al.

receptors, induction of antigen-dependent cellular cytotox- classes [see review by Breklet al,, (1995)]. The centers
icity, and feedback immunosuppression [reviewed in Fu- of these clusters of amino acids are 70 A and 88 A from the
rukawa and Kobata (1991)]. Galactose residues, in particu-nearest H3 loop, which is that of Fab2, and are 113 and 103
lar, have been demonstrated to be of significant importanceA from H3 of Fab1.
for immunological function (Tsuchiyat al., 1989). Indeed, The question remains as to how binding of antigen could
there is evidence from H-NMR that conformational changes promote complement activation since Fc and Fab segments
in the sugar chains can affect the structure of the Fc (Matsudaare spatially decoupled. The picture of the antibody provided
et al., 1990). here seems to lend further support to ideas dependent on
Bacterial proteins A and G bind at the region of the2€ the association or aggregation of Fc segments from neigh-
Cx3 junction in the Fc segment (Deisenhofer, 1981; Sauer- boring, antigen-anchored IgG molecules to trigger these
Erikssonet al.,, 1995). In Figure 11, amino acid side chains activities. Indeed, the flexibility and mobility implied by
uniguely bound by proteins A and G are shown in red and this structure are entirely consistent with a model relying
dark purple, respectively, while residues bound in common on “dislocation” of Fcs from the plane of the Fabs and
(264—267, 330, and 465) are in green. It may be significant formation of clusters from spatially allied units [for review,
that residues 264267 comprise the first loop of €2, a loop see Burton (1990) and Burton and Woof (1992)]. The core
that is noticeably consistent in its orientation (see above) hinge, Cys23#Pro243, would in that case provide a kind
with respect to the (3 domains in every case where an Fc of stem, while upper hinge residues, Thr23lys235, and
has been visualized (see also Figure 9). lower hinge residues, Ala244Gly250, would serve as
Interfaces between 2 and G;3 domains are clearly of  swivels.
significance in terms of association with other immunologi-  The various binding sites for effector proteins and their
cally important molecules. For example, the region bound physiological significance have been thoroughly reviewed
by proteins A and G has also been defined crystallographi- elsewhere and will not be discussed further here (Burton &
cally as the overlapping binding site for rat neonatal Fc Woof, 1992). As has been previously noted, virtually all of
receptor (FcRn) (Burmeistest al, 1994) as well as for the effector functions are distributed over the surface of the
rheumatoid factor (Corpeat al, 1996). Biochemical studies, Fc segment and appear independent of Fab influence. This
in addition, have indicated this area as the regulatory siteis consistent with the high degree of internal mobility
for both catabolism and transcytosis control [for review, see suggested by this model.
Ghetie and Ward (1995)]. Conclusions. Individual Fab and Fc segments of the
Residues 119, 121, and 21322, shown in yellow inthe = Mab231 antibody, the constituent constant and variable
Cnl domains of the Fab segments, are secondary bindingdomains of the Fabs, as well agZand G;3 domains of
sites for protein G (Derrick & Wigley, 1992). Protein A the Fc, have notably different relative dispositions from those
also has a secondary binding site on the Fab, specifically onobserved in other X-ray crystallographic studies of intact IgG
molecules expressing M| isotype (Sasset al, 1989). A (Silvertonet al., 1977; Guddaet al., 1993; Marquaret al.,
third bacterial 1g receptor, protein L, binds to the variable 1980). The structure illustrates the independence of Fab and
domain ofk light chain (Akerstion & Bjorck, 1989), yet Fc segments (Figure 3), features suggested by other analyses
the exact contact residues on the antibody have not beerusing a variety of methods (Wriglest al, 1983; Roux, 1984;
defined. Ig-binding proteins, such as protein A, G, or L, Wadeet al, 1989; Schneidest al,, 1988; Dangkt al,, 1988;
have been suggested to be important for bacterial virulenceHuberet al, 1976; Amzel & Poljak, 1979). The conforma-

(Kasternet al., 1990; Raeder & Boyle, 1993). tion observed in this analysis is likely to be but one of many,
Amino acids 247251, highlighted in cyan, are involved  but one which has been selected by the constraints of lattice
in the association with high-affinity Bcreceptor, FcRI, interactions. In solution, intact IgG molecules presumably

which is found predominantly on human monocytes (Duncan occupy a variety of structural states, ranging from distorted
etal, 1988). These FcRI recognition residues make up part T-shapes to distorted Y-shapes, as a consequence of inherent
of the lower hinge region. The other two classes of human domain mobility. This antibody is best described as a
leukocyte Fg receptors, FcRIl and FcRIIl, have additionally  distorted T-shape.
been shown to interact with sites which are distinct but  The first five upper hinge residues maintain the Fabs’
overlap that for FcRI (Lunét al, 1991; Sarmasgt al., 1992; constant domain 2-fold; otherwise, no well-defined relation-
Morgan et al, 1995). An electrostatic analysis of the ship exists between the heavy chain segments comprising
surrounding area, near these Fc receptor contact sites at théhe hinge region (Figure 8). These polypeptides serve as
lower hinge, was performed with the program GRASP linkers and probably assume whatever conformation is
(Nicholls et al,, 1991). The three upper loops of theZC necessary to maintain the Fabs and Fc joined. The confor-
domain (residues 27886, 313-318, and 344 350) were mation of the hinge polypeptide, which is not really a hinge
found to form an acidic surface or platform which could, at all, but a “tether”, is ultimately determined by the
because of close proximity, be involved in the complex dispositions of the antigen binding Fabs and the effector
docking interaction. activating Fc. There is no indication from this structure of
The anti-lymphoma antibody presented here does activateany contrary influence.
complement (Rosale=t al., 1988). The residues shown to The observation that hypervariable regions of both Fab
be involved in direct binding by the hydra heads of C1g segments have nearly identical conformations in different
(Glu337, Lys339, and Lys341) are found on the rather mobile crystallographic environments (Figure 6) suggests their
Cn2 domains (Duncan & Winter, 1988) and are designated plasticity may be limited; that is, their structures are relatively
in orange. All IgG isotypes contain this “core” C1g-binding rigid and specified by their amino acid sequence. On the
motif; thus, this site alone cannot account for observed other hand, the hypervariable regions are, in a sense,
differences in complement activation by the antibody sub- “complexed” in that they make intimate and qualitatively
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similar contacts with Fc switch peptides (Figure 7 and Table Alzari, P. M., Lascombe, M.-B., & Poljak, R. J. (1988) Three-
5). This could provide an alternate explanation for the near d'fgfgsg'gnw structure of antibodieAnnu. Re. Immunol 6,
:(fjehntlty of the ICDRkS. and variable domam.é)alrSSSPCIatIOInS,', Arevalo, J. .H., Taussig, M. J., & Wilson, I. A. (1993) Molecular
h t eselcrySta pac '”9 ContfiCts are CO.nSI ered a ‘comp ?X basis of cross-reactivity and the limits of antibody-antigen
interaction, then the minor differences in backbone and side  complementarityNature 365 859-863.

chain atoms between corresponding CDRs of the two FabsArevalo, J. H., Hassig, C. A,, Stura, E. A, Sims, M. J., Taussig,
could be attributed to induced fit complementarity. Differ- M. J., & Wilson, L.A. (1994) Structural analysis of antibody
ence in elbow angles of the two Fabs could be a consequence specificity. Detailed comparison of five Fasteroid complexes,

. - . S Lo J. Mol. Biol. 241, 663-690.
of variable domain pairs adjusting to allow optimization of g, N Escobar. C.. Hasel K. W. Day, J., Greenwood, A., &

CDR contacts at the 2—Cy3 switch peptides. McPherson, A. (1995) Structure of an anti-idiotypic Fab against
Mab231 provides the first structure of a mouse Fc segment, feline peritonitis virus-neutralizing antibody and a comparison

all previous examples being of human or other origin [see _ With the complexed FatFASEB J. 9107-114.
- by Padl 1994 A . " Bernstein, F. C., Koetzle, T. F., William, G. J. B., Meyer, E. F.,
review by Padlan ( )] comparison or our mouse Brice, M. D., Rodgers, J. R., Kennard, O., Shimanonchi, T., &

antibody Fc segment with free and complexed human FC  Tasumi, M. (1977) The protein databank: a computer-based
fragments (Deisenhofer, 1981; Sauer-Erikssbal., 1995) archival file for macromolecular structurek, Mol. Biol. 112
revealed significant differences ofy€ domain dispositions 535-542. _

with respect to the 3 domain pair. The G2 domains of Brekke, O. H., Michaelsen, T. E., & Sandlie, I. (1995) The structural

. requirements for complement activation by IgG: does it hinge
Mab231 diverge from one another compared to the corre- % o hinge2lmmunol. Today 1685-90.

Spondin.Q humar] Fc domains and. in?line _towaﬁB-@H& Briinger, A. T. (1991) Simulated annealing in crystallograghynu.
with switch peptides ensuring flexibility (Figure 9). Rev. Phys. Chemd2, 197-223.

The altered spatial relationships of domains within the Burmeister, W. P., Huber, A. H.,, & Bjorkman, P. J. (1994) Crystal
mouse Fc with respect to the human Fc appear significant iltrl:Cturg7%fsf;'g_%%r2plex of rat neonatal Fc receptor with Fc,

. . ! ature .

but it is unclear whether the observed differences are due togon, p. R. (1990) Antibody: the flexible adapter molecule,
species variations or, more likely, are consequences of other Trends Biochem. Sci. 164—69.
structural considerations. The human Fcs were, for example,Burton, D. R., & Woof, J. M. (1992) Human antibody effector
in every case fragments dissociated from the remainder of _ function, Adv. Immunol 51, 1-84. _ -
the antibody. The Fc in Mab231, on the other hand, may Chothia, C., Lesk, A. M., Tramontano, A., Levitt, M., Smith-Gill,

. . . S. J., Air, G., Sheriff, S., Padlan, E. A., Davies, D., Tulip, W.
sense structural influences or constraints imposed by con- g “Coiman, P. M., Spinelli, S., Alzari, P. M., & Poljak, R. J.

tinuity with the hinge and, ultimately, with the Fabs. The  (1989) Conformations of immunoglobulin hypervariable regions,
observed conformation could, furthermore, reflect the inter-  Nature 342 877-883.
actions of hypervariable regions from neighboring Fabs with Coco-Martin, J. M., Brunink, F., van der Velden-de Groot, T. A.

; ; ; ; M., & Beuvery, E. C. (1992) Analysis of glycoforms present in
switch peptides, though this seems to us less likely. two mouse IlgG2a monoclonal antibody preparatidnsnmunol.

Certainly the most remarkable feature exemplified by the  Methods 155241—248.
Mab231 antibody structure is the intrinsic segmental flex- Colman, P. M. (1988) Structure of antibody-antigen complexes:
ibility of the molecule. This undoubtedly reflects the  implications for immune recognitiomdv. Immunol. 43 99—
functional requirements placed on the IgG. Following 132.

. - Connolly, M. L. (1983) Analytical molecular surface calculation,
antigen binding by CDRs of the Fab segments, Fc-dependent™ Appl. Crystallogr. 16548-558.

association_s apparently occur to trigg_er effe_zctor f_unctions Corper, A. L., Sohi, M. K., Jefferis, R., Steinitz, M., Feinstein, A.,
such as activation of complement or stimulation of immune  Beale, D., Taussig, M. J., & Sutton, B. J. (1996) Structure of a
system cells, i.e., macrophages. Thus, stable and highly human IgM rhe_umatoid_factor complexed with its autoantigen
stereospecific binding at three independent sites must be 9G FG International Union of Crystallography XVII Congress

. L Iy . and General AssemhlBeattle, WA, Aug 817.
coincidentally maintained. In addition, each of the three sites Crowther, R. A. (1972) The fast rotation function.The Molecular

of binding may be in motion with respect to others. Such — Replacement MethogRossman, M. G., Ed) pp 17378,
binding would be difficult, perhaps impossible to achieve,  Gordon & Breach, New York.

except by a flexible “adapter” molecule like that seen here Cruse, J. M., & Lewis, R. E. (1995)lustrated Dictionary of

(Figure 11). Immunology pp 197-198, 263, CRC Press, Boca Raton, FL.
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