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Fii 4 The ‘antlzgenic’ surface composed of Mp 91-99 peptide {orange) and
H: atoms (blue, conserved: red, palymerphic; light blue, nat conserved or
erphich, M-terminal of peptide is to the left, @, domain «-hellx top, o,
an a-helix bottom. Figure generated with RASTER3D. {Of the 12 poly-
it residues facing into the binding site, 8 contact the peptide directly
WH45,885, 70, 74, T7, 95, 116) and four do not (67, 97, 114, 156), but 11
dihe 12 (86 excluded) are nevertheless completely buried by the bound
e, These palymorphic positlons must therefare, as anticipated®, have
prirmary effect on T-cell recognition of HLA-AwES through the choice
pptides that can bind, Of the six polymorphic residues that face mare
Jrectly toward sclvent (B2, 65, 68, 76, 80, 163}, four also contact the

i (B2, 69, B0, 163) but all have atoms accessible to direct recogniticn
e TCR and therefare represent polymorphism recognizable by TCRs in
UEpresence or ahsence of peptide.)

iy not be @ major factor in the creation of novel antigenic
fiaces recognized by T cells. On the basis of the number of
mic contacts, Np 91-99 appears to be bound to HLA-Aw6E
peedominantly by two main features of the MHC molecule: (1)
served MHC residues hydrogen bond to the peptide termini;
polymorphic MHC residues bury the two ‘anchor” peptide
hains. Although both of these sets of interactions would
(il provide for the peptide-dependent stabilization of the MHC
scule, only the peptide termini binding sites are conserved
tlass I histocompatibility antigen sequences. The overall mode
peptide binding observed herc seems to be a general mechan-
tfor class I MHC presentation now visualized in three human
tlez and one murine allele: HLA-B27°% HLA-Aw68'", HLA-
A and H-2K"(refs 13, 24). [
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CRYSTAL structures of Fab antibody fragments determined by
X-ray diffraction characteristically feature four-domain, S-barrel
arrangements' ™. A human antibody Fc fragment has also been
found to have four f-barrel domains®. The structures of a few
intact antibodies have been solved®™: in two myeloma proteins,
the flexible hinge regions that connect the Fe 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
35 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. (rne relates the heavy chains in the Fe, the other relates
the constant domains of the Fabs, The variable domains are not
related by this 2-fold axis becawse of the different Fab elbow
angles of 159° and 143°, The Fc has assumed an asymmetric,
obligue orientation with respect to loosely tethered yet almost
collinear Fabs. Our study enables the two antigen-binding seg-
ments as well as the Fe 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-Hadgkin'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 glycal at slightly alkaline pH (ref. 12).

The structure of the triclinic crystals, having one entire anti-
body as the asymmetric unit, was salved using the method of
molecular replacement as implemented in the !ﬁmgrams 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. Melecular 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 third
of the asymmetric unit, and in other cases the search probes
comprised only one sixth of the asymmetric unit. Convincing
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FIG. 1 Ribben representation of the structure of the murine antibody
caning lymphema determined by X-ray analysis of the triglinic crystas
heavy chalns are shown in yellow and blue, the light chains in red
stem of the melecule projects towards the viewer and assumas an
metric, ooligue orientation with respect to the Fabe, This arienation &
trates the large difference in hinge angles of about 85 and 11557
dyad relating the heavy chains of the Fe is that dyad indicated by the pes
selution of the self-rotation function. Fab2 is viewed along the adé i
the switch paptides. Fab2 hag an elbow angle of 143% in contrast ofe
which has an elbow of 159° Twenty-three residues in each head o8
comprising the hinge regions seen here, were built into the mode s
idealized geometry using both FRODO™ and XPLOR**% Thasa e
were missing from the fragment models taken fram the Brookhaen
Eank.

Fi5. 2 a stereo diagram of the monccloncal
antibody viewed perpendicular to the approsi-
miate 2-fold axis relating the constant domaing
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 angles and the consequsnt
failure of the variable domains to maintain this
relationship, Also apparent in this view is the
failure of the Fo dyad to intersect thie 2-fold
axis relating the constant domains of the Fabs,
Both symmetry axes are apparently indepon-
dent local dyads. b Stereo diagrarm of the lBG2a
antibody showing the region between the Cu2
domains, In the human lg5l Fo fragment®,
carbohydrate was located in this area between
the two CHZ domains and is probably in a
similar logation in this antibody, Mo attempt
has yet been made to include the carbohydrate
component in the model, It can also be seen
here that the dyvad axis of the Fo 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

Cperation
ptation function

pation function
Search probe entire Fo

retation function

Il Search probes were constant domaing of 7 different Fahs
Franes were varlable domains of 7 different Fabs

4 Anintact Fabd constructed according to above results

ratation function
2 of Fah models with elbows of 120°-180° constructed using
Aby altering Fabl elbow every 5°

gatan function
't fxed, F2bd moving
A fed, Fab2 moving
Fabl fixed, Fah2 moving
Fabl and Fab2 fixed, Fo moving
Emement
Rgid body with twelve G-barrel domains, 2.5-12 4
Poweldl minimization ard simulated annealing after insertion of
e amini-acid saquence (oocupancy of 48 hinge residues et to
358

Ufiid dala: Space group PL a=6639A b=T7344 c=101424 «=876° F=826" y=975" Z=1; resolution ~3.0 A Data callection: SOMS
Huong-Hamlin) detectors, Rigaku Ru-200 source, frame size (U127, counting time B0-120 s, Total observations, 114867: at 3.5 A unigue reflections,
- MA0E; D8.T% complete; A, =0.008, After Fler=4.0 cutel!, unique reflections at 3.5 A =20.954

Riesult
Two consistent dvad solutions in several resolution ranges

Twao peaks related by pseudadyad; rm.s® =803 and 5.54
same solutions as (1); s =566 and 5.44
same solutions as (1) rms. =341 and 3.14

Exceptional peak with constant domains of HYHEL.5; rm.s. =6.42
Solution cptimal for variable domains of McPCE03: rme. =435
Cutstanding solution consistent with (1) and (2 rm.s.=7.98

Unarmbiguous solution far probe with efbow angle 140% rms. =627

A self-consistent set of solutions
from all searches (1)-(4);
crt=0157-0.249 for 4-8 &

resolution

R=0.385 oot =059
R=0,158 ot =0.878
.N.S, oeviations

Bards 0017 &
Argles 4,038
Dinadrals s
Impropers D.6867

CAlrms. values are stated for 4-8 A resolution searches. § oo, Correlation cosfficient,

dlions were frequently found even with the probes represent-
ane sixth of the antibody. Rotation function solutions were
ad on the human Fo fragment”, the constant domains of Fab
EL-3 (ref. 18], and the variable domains of Fab McPCOS03
il 19), including the hypervariable -cgions. Translation
rhes were performed to determine tae relative distances
biween the three portions of the molecule, the two Fabs and
B (Table 1),
b antibody structure was assembled according to essentially
endent, but internally consistent, molecular replacement
I that ultimately yielded a model fully consistent with the

3 5tereo dizgram of the packing
atibodies in the triclinie cetl,
iof & differant colour, showing the
e network of intermclecular can-
that stabilizes the conformation
he molecule. The Foo segments,

e more or less along the longest
dzgonal, are immabilized by
= Fab contacts, suggesting why
in these crystals is ordered, The
ant domains of an Fab2 of ane
stule insert in the elbow region of
of a different antibody molecule
dispositions of the Fabs, MNot-
8l exceptions to the atherwise
le packing were three hyper-
ops protruding from the vari-
2 domains of Fab MePCBED3. Whan
oorect ssquence for the canine
phama antibody was examined, it
apparent that - the offending
corresponced to deletions in
latter motecule, Thus, when the cor-
mino-acid sequence was sub-
virtezglly all of the packing
tiens were eliminated, as shown
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stercochemistry 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 hoth Fabs as well as the Fe,

The structure of the antibody is shown in Figs 1 and 2. Its
most prominent features are: (1) There is an approximate 2-fold
anis relating the heavy chains of the Fo 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
obligue; (3) the hinge angle between the Feand Fabl is approxi-
mately 657 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
hetween the Fabs is 170+ 2%, and the Fab axes are offset by @

(5) Fabl has an elbow angle of 159% and Fab? has an elbow
of 143° These elbow angles are near the middle of the range of
values ohserved for other Fabs'; (6) the constant domaing 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 Fois at an
angle of about 120° with that dyad relating constant Fab
domains; (8] the Fo 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 conflor-
mations. The unigue structure is a product of the intrinsic
fexibility of the antibody and the lattice interactions that stabil-
ize this particular distribution of domains, Indeed, electron
thfﬁSLDszn B fuorescence polarization®™* and previous X-
ray crystatlugmphlc studies™ " have provided extensive
evidence for a wide range of conformations based on segmental
fexibility,

The structure we present is instructive in that it illustrates the
nature and extent of this scructural variability, or dvnamic range,
which is inherent in the antibody. The Fabs are loosely tethered
1o a mobile Foo 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 guite independent
of the Fe. 1t is the disposition of the Fo that disrupts the overall
symmetry of the molecule. This is in keeping with the disorder,
or mu[t]p!c orientations of the Fe, observed in the Kol antibody
structure’™

The Ilmge polypeptides are not really hinges, but rather they
are tethers that allow the Fab components 1o drift from the Fo
to bind antigen or potentially allow the Fo to move in such a
way to trigger effector functions, such as the activation of com-
plement™**, The connecting polypeptides zive the Fabs the
Freedom to move and twist 50 as to align hypervariable regions
wilth antigenic sites on large, immeobile carriers, in this case
temour cells. The crystal structure visually demonstrates that
the antibody is an assembly of units possessing a high degree
al Nexibility, 2 molecule suited to the task of scavenging f'ormgn
abjects or activating a cell lysis system.
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