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FIG. 4 The ‘antigenic’ surface composed of Np 91-99 peptide (orange) and
MHC atoms (blue, conserved; red, polymorphic; light blue, not conserved or
potymorphic). N-terminal of peptide is to the left, a; domain a-helix top, a,
domain a-helix bottom. Figure generated with RASTER3D. (Of the 12 poly-
morphic residues facing into the binding site, 8 contact the peptide directly
(9, 45, 66, 70, 74, 77, 95, 116) and four do not (67, 97, 114, 156), but 11
of the 12 (66 excluded) are nevertheless completely buried by the bound
peptide. These polymorphic positions must therefore, as anticipated, have
their primary effect on T-cell recognition of HLA-Aw68 through the choice
of peptides that can bind. Of the six polymorphic residues that face more
directly toward solvent (62, 65, 69, 76, 80, 163), four also contact the
peptide (62, 69, 80, 163) but all have atoms accessible to direct recognition
by the TCR and therefore represent polymorphism recognizable by TCRs in
the presence or absence of peptide.)

may not be a major factor in the creation of novel antigenic
surfaces recognized by T cells. On the basis of the number of
atomic contacts, Np 91-99 appears to be bound to HLA-Aw68
predominantly by two main features of the MHC molecule: (1)
conserved MHC residues hydrogen bond to the peptide termini;
(2) polymorphic MHC residues bury the two ‘anchor’ peptide
side chains. Although both of these sets of interactions would
also provide for the peptide-dependent stabilization of the MHC
molecule, only the peptide termini binding sites are conserved
in class I histocompatibility antigen sequences. The overall mode
of peptide binding observed here seems to be a general mechan-
ism for class I MHC presentation now visualized in three human
alleles and one murine allele: HLA-B27>~°, HLA-Aw68'°, HLA-
A2'? and H-2K"(refs 13, 24). O
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CRYSTAL structures of Fab antibody fragments determined by
X-ray diffraction characteristically feature four-domain, 8-barrel
arrangements’~>. A human antibody Fc fragment has also been
found to have four B-barrel domains®. The structures of a few
intact antibodies have been solved®®: in two myeloma proteins,
the flexible hinge regions that connect the Fc to the Fab segments
were deleted®® so the molecules were non-functional, structurally
restrained, T-shaped antibodies; a third antibody, Kol, had no
hinge residues missing but the Fc region was sufficiently disordered
that it was not possible to relate its disposition accurately with
respect to the Fab components”®. Here we report the structure at
3.5 A resolution of an IgG2a antitumour monoclonal antibody
which contains an intact hinge region and was solved in a triclinic
crystal by molecular replacement using known Fc and Fab frag-
ments. The antibody is asymmetric, reflecting its dynamic charac-
ter. There are two local, apparently independent, dyads in the
molecule. One relates the heavy chains in the Fc, the other relates
the constant domains of the Fabs. The variable domains are not
related by this 2-fold axis because of the different Fab elbow
angles of 159° and 143°. The Fc has assumed an asymmetric,
oblique orientation with respect to loosely tethered yet almost
collinear Fabs. Our study enables the two antigen-binding seg-
ments as well as the Fc portion of a functional molecule to be
visualized and illustrates the flexibility of these immune response
proteins.

The specific murine antibody described here reacts with cells
of canine lymphoma®, the most common haemopoietic tumour
in the dog, which resembles human non-Hodgkin’s lymphoma.
This antibody can participate in antibody-dependent cellular
cytotoxicity as well as complement-dependent cytolysis'® and
is used as an anticancer therapeutic’' by veterinarians. The
immunoglobin crystallizes from a low concentration of poly-
ethylene glycol at slightly alkaline pH (ref. 12).

The structure of the triclinic crystals, having one entire anti-
body as the asymmetric unit, was solved using the method of
molecular replacement as implemented in the programs MER-
LOT" for rotation functions and XPLOR'" for translation
functions. By virtue of the triclinic cell there were no symmetry
constraints on the molecule, immediately suggesting that the
antibody has an asymmetric conformation. Molecular probe
coordinates for Fab fragments and the Fc fragment were
obtained from the Brookhaven Data Bank'‘. Sometimes cross-
rotation'” searches were done with probes representing one th1rd
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FIG. 1 Ribbon representation of the structure of the murine antibody against
canine lymphoma determined by X-ray analysis of the triclinic crystals. The
heavy chains are shown in yellow and blue, the light chains in red. The Fc
stem of the molecule projects towards the viewer and assumes an asym-
metric, oblique orientation with respect to the Fabs. This orientation illus-
trates the large difference in hinge angles of about 65° and 115°. The local
dyad relating the heavy chains of the Fc is that dyad indicated by the primary
solution of the self-rotation function. Fab2 is viewed along the axis through
the switch peptides. Fab2 has an elbow angle of 143, in contrast to Fab1,
which has an elbow of 159°. Twenty-three residues in each heavy chain,
comprising the hinge regions seen here, were built into the model with
idealized geometry using both FRODO?® and XPLOR'**%. These residues
were missing from the fragment models taken from the Brookhaven Data
Bank.

FIG. 2 a, stereo diagram of the monocloncal
antibody viewed perpendicular to the approxi-
mate 2-fold axis relating the constant domains
of the Fabs. This dyad was that indicated by
the secondary solution of the self-rotation
function. Apparent here is the difference in
the two elbow angies and the consequent
failure of the variable domains to maintain this
relationship. Also apparent in this view is the
failure of the Fc dyad to intersect the 2-fold
axis relating the constant domains of the Fabs.
Both symmetry axes are apparently indepen-
dent iocal dyads. b, Stereo diagram of the IgG2a
antibody showing the region between the Ch2
domains. In the human igGl Fc fragment®,
carbohydrate was located in this area between
the two CH2 domains and is probabiy in a
similar location in this antibody. No attempt
has yet been made to include the carbohydrate
component in the model. It can also be seen
here that the dyad axis of the Fc does not
intersect the approximate long axis of the
Fabs. Colour coding is the same as in Fig. 1.
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TABLE 1 Crystallographic data, structure solution and refinement

Crystal data: Space group P1; a=66.39 A, b=77.34 A, ¢c=101.42 A «=87.6° B=92.6° y=97.5° Z=1: resolution ~3.0 A. Data collection: SDMS
(Xuong-Hamlin) detectors, Rigaku Ru-200 source, frame size 0.12°, counting time 60- 120 s. Total observations, 114,867; at 3.5 A unique refiections,

24808; 98.7% complete; R,

Operation
Self-rotation function

Fc rotation function

(1) Search probe entire Fc
(2) CH3 domains

(3) CH2 domains

Fab1 rotation function

(1) Search probes were constant domains of 7 different Fabs
(2) Probes were variable domains of 7 different Fabs

(3) An intact Fabl constructed according to above results

=0.098. After F/o =4.0 cutoff, unique reflections at 3.5 A=20964

Result

Two consistent dyad solutions in several resolution ranges

Two p
same
same

eaks related by pseudodyad; r.m.s.*=6.03 and 5.54
solutions as (1): r.m.s.=5.66 and 5.44
solutions as (1); rm.s.=3.41 and 3.14

Exceptional peak with constant domains of HYHEL-5; r.m.s.=86.42
Solution optimal for variable domains of McPC603; r.m.s.=4.35
Outstanding solution consistent with (1) and (2); r.m.s.=7.98

Fab2 rotation function
Range of Fab models with elbows of 120°-180° constructed using
XPLOR by altering Fabl elbow every 5°

Translation function

(1) Fc fixed, Fab1l moving
(2) Fc fixed, Fab2 moving
(3) Fab1 fixed, Fab2 moving

Unambiguous solution for probe with elbow angle 140° r.m.s.=86.27

A self-consistent set of solutions
from all searches (1)-(4);
cct=0.157-0.249 for 4-8 A

(4) Fabl and Fab2 fixed, Fc moving resolution

Refinement

(1) Rigid body with twelve 8-barrel domains; 3.5-12 A R=0.386 cct=0.529

(2) Powell minimization and simulated annealing after insertion of R=0.188 cct=0.876

correct amino-acid sequence (occupancy of 46 hinge residues set to r.m.s. deviations

zero);, 3.5-8 A Bonds 0.017 A
Angles 4.038°
Dihedrals 28.597°
Impropers 0.686°

* All r.m.s. values are stated for 4-8 A resolution searches. 1 cc, Correlation coefficient.

solutions were frequently found even with the probes represent-
ing one sixth of the antibody. Rotation function solutions were
based on the human Fc fragment*, the constant domains of Fab
HYHEL-5 (ref. 18), and the variable domains of Fab McPC603
(ref. 19), including the hypervariable regions. Translation
searches were performed to determine the relative distances
between the three portions of the molecule, the two Fabs and
the Fc (Table 1).

The antibody structure was assembled according to essentially
independent, but internally consistent, molecular replacement
results that ultimately yielded a model fully consistent with the

FIG. 3 Stereo diagram of the packing
of four antibodies in the triclinic cell,
each of a different colour, showing the
intricate network of intermolecular con-
tacts that stabilizes the conformation
of the molecule. The Fc segments,
which lie more or iess along the longest
body diagonal, are immobilized by
muitiple Fab contacts, suggesting why
the Fc¢ in these crystals is ordered. The
constant domains of an Fab2 of one
molecute insert in the elbow region of
Fabl of a different antibody molecule
to fix the dispositions of the Fabs. Not-
able initial exceptions to the otherwise
acceptable packing were three hyper-
variable loops protruding from the vari-
able domains of Fab McPC603. When
the correct sequence for the canine
lymphoma antibody was examined, it
was apparent that the offending
residues corresponded to deletions in
the latter molecule. Thus, when the cor-
rect amino-acid sequence was sub-
stltuted wrtually all of the packing
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stereochemistry of an intact antibody. The packing revealed
good complementarity of surfaces without interpenetration. Lat-
tice contacts immobilize all segments of the molecule to permit
visualization of both Fabs as well as the Fc.

The structure of the antibody is shown in Figs 1 and 2. Its
most prominent features are: (1) There is an approximate 2-fold
axis relating the heavy chains of the Fc portion of the molecule.
The dyad deviates particularly for the CH2 domains; (2) the
disposition of the Fc with respect to the Fab portions is quite
oblique; (3) the hinge angle between the Fc and Fabl1 is approxi-
mately 65° and for Fab2 about 115° (4) the long axes of the
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two Fabs are almost collinear; thus, there is an approximate
long axis running through the entire Fab assembly. The angle
between the Fabs is 170+ 2°, and the Fab axes are offset by 9 A;
(5) Fabl has an elbow angle of 159°, and Fab2 has an elbow
of 143°. These elbow angles are near the middle of the range of
values observed for other Fabs'; (6) the constant domains of
Fabl and Fab2 are related by a near exact dyad axis of symmetry.
The variable domains are not so related because of the difference
in elbow angles of the Fabs; (7) the dyad of the Fc is at an
angle of about 120° with that dyad relating constant Fab
domains; (8) the Fc 2-fold axis does not intersect the dyad
relating the constant domains of the Fabs, nor does it intersect
the approximate long axis of the Fabs; (9) in the crystal, all
segments share extensive interfaces which severely restrict the
dispositions of neighbours. The contacts, illustrated in Fig. 3,
presumably stabilize this particular conformation.

The asymmetric conformation, observed in these crystals of
the antitumour antibody, should probably not be considered as
a static structure which is maintained in solution. The structure
probably represents only one of many possible transient confor-
mations. The unique structure is a product of the intrinsic
flexibility of the antibody and the lattice interactions that stabil-
ize this particular distribution of domains. Indeed, electron
microscopy“®~**, fluorescence polarization®*** and previous X-
ray crystallographic studies®*®*’ have provided extensive
evidence for a wide range of conformations based on segmental
flexibility.

The structure we present is instructive in that it illustrates the
nature and extent of this structural variability, or dynamic range,
which is inherent in the antibody. The Fabs are loosely tethered
to a mobile Fc. Each Fab can assume its own elbow angle as
its environment or function requires. Somewhat unexpected is
the fact that, were the elbow angles the same, the Fabs would
be related by an almost exact 2-fold axis that is quite independent
of the Fc. It is the disposition of the Fc that disrupts the overall
symmetry of the molecule. This is in keeping with the disorder,
or multiple orientations of the Fc, observed in the Kol antibody
structure”

The hinge polypeptides are not really hinges, but rather they
are tethers that allow the Fab components to drift from the Fc
to bind antigen or potentially allow the Fc to move in such a
way to trigger effector functions, such as the activation of com-
plement®>*®. The connecting polypeptides give the Fabs the
freedom to move and twist so as to align hypervariable regions
with antigenic sites on large, immobile carriers, in this case
tumour cells. The crystal structure visually demonstrates that
the antibody is an assembly of units possessing a high degree
of flexibility, a molecule suited to the task of scavenging foreign
objects or activating a cell lysis system. 1
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RETRACTION

Identification by anti-idiotype
antibodies of an intracellular
membrane protein that recognizes a
mammalian endoplasmic reticulum
retention signal

D. Vaux, J. Tooze & S. Fuller

Nature 345, 495-502 (1990)

OUR further characterization of the M, 72,000 (72K) protein
has shown that the data in Fig. 2 of our paper are erroneous
and not repeatable. We retract the statement that the 72K protein
is an integral membrane protein. The present evidence is con-
sistent with this protein being associated with the intermediate
compartment. We also withdraw our speculation concerning its

function.
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