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Optimal immune responses require both an antigen-specific and a
co-stimulatory signal. The shared ligands B7-1 and B7-2 on
antigen-presenting cells deliver the co-stimulatory signal through
CD28 and CTLA-4 on T cells. Signalling through CD28 augments
the T-cell response, whereas CTLA-4 signalling attenuates it.
Numerous animal studies™” and recent clinical trials** indicate
that manipulating these interactions holds considerable promise
for immunotherapy. With the consequences of these signals well
established, and details of the downstream signalling events
emerging’”’, understanding the molecular nature of these extra-
cellular interactions becomes crucial. Here we report the crystal
structure of the human CTLA-4/B7-1 co-stimulatory complex at
3.0 A resolution. In contrast to other interacting cell-surface
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molecules, the relatively small CTLA-4/B7-1 binding interface
exhibits an unusually high degree of shape complementarity.
CTLA-4 forms homodimers through a newly defined interface
of highly conserved residues. In the crystal lattice, CTLA-4 and
B7-1 pack in a strikingly periodic arrangement in which bivalent
CTLA-4 homodimers bridge bivalent B7-1 homodimers. This
zipper-like oligomerization provides the structural basis for
forming unusually stable signalling complexes at the T-cell sur-
face, underscoring the importance of potent inhibitory signalling
in human immune responses.

The extracellular domains of human soluble (s) CTLA-4, residues
3—-125 (SWISSPROT numbering), and sB7-1, residues 1-214, were
expressed in Chinese hamster ovary (CHO) cells. The complex
containing fully glycosylated sCTLA-4 and sB7-1 was crystallized in
the space group C222,. In the crystal lattice, sSCTLA-4 and sB7-1
monomers each associate as non-crystallographic, roughly two-fold
symmetric homodimers; single copies of each homodimer together
form the asymmetric unit (Fig. la). The association of the four
monomers in the asymmetric unit is driven by the interaction of
three surfaces: the surface mediating sB7-1 homodimerization; the
CTLA-4 homodimer interface; and the receptor-ligand binding
interface.

The structures of the uncomplexed sCTLA-4 (refs 8,9) and sB7-1

[ CTLA-4 dimer d
120 120

FG loop

FG loop

Figure 1 Structural comparison of sSCTLA-4/sB7-1 complex with uncomplexed forms of
SCTLA-4 and sB7-1. a, Ribbon diagram of the sSCTLA-4/sB7-1 complex showing two sB7-
1 (purple) and two sCTLA-4 (cyan) molecules in the asymmetric unit. Disulphide bonds
(green) and sugar moieties (yellow) are also shown. B-sheets involved in the receptor—
ligand interaction are labelled. Glycosylation sites on sCTLA-4 (Asn 78 and Asn 110) and
onsB7-1 (Asn 19, Asn 55, Asn 152, Asn 173 and Asn 192) are all surface exposed. None
of the ordered glycosides is involved in the receptor—ligand recognition. b, Superposition
of the ligand-binding V-set domains of complexed (purple ribbons) and uncomplexed
(cyan ribbons) forms of sB7-1. Apparent displacement of the membrane-proximal
domains does not affect the interactions at the interdomain regions and is perhaps a result
of differences in crystal packing contacts. ¢, Detailed view of the SCTLA-4 homodimer
interface. Residues involved in hydrophobic interactions between the two monomers are
shown in green. Two hydrogen bonds formed at the elbow of the homodimer are indicated
as red dashed lines. Spatial proximity of the C termini (Glu 120) would enable a formation
of disulphide bond between cysteines at positions 122. Asn 110 is the only strictly
conserved glycosylation site in CTLA-4 and CD28. Located between the two monomers,
N-glycans in these positions might stabilize the homodimer. d, Superposition of human
SCTLA-4 dimer (cyan) on murine sCTLA-4 dimer (red). From this orientation, the
contradiction between the two dimerization modes is evident. R.m.s. deviation between
the two individual monomers is 1.5 A for 114 Ca pairs. The FG loop of SCTLA-4 in the
complex is displaced by 2.5 A toward sB7-1. Figure prepared with RIBBONS?.,
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(ref. 10) have shown that the two proteins comprise, respectively, a
single V-set, and paired V-set and Cl-set immunoglobulin super-
family (IgSF) domains. Overall, the sCTLA-4 and sB7-1 monomers
do not show any significant conformational rearrangements on
complex formation, apart from small local changes restricted to
their binding sites. The glycosylated sB7-1 homodimer seen in the
crystals of the complex is essentially identical to that observed in
crystals of deglycosylated sB7-1 (ref. 10): the monomer—monomer
interface is the same size (570 A per monomer; calculated using the
program SURFACE'; probe radius 1.4 A) and involves the same
residues. When the V-set domains of the two sB7-1 homodimers are
superimposed (Fig. 1b), the membrane-proximal C1-set domains
are displaced by only 3 A. Similar variation has been observed in
individual crystals of sB7-1 (S.I. et al., unpublished data), suggesting
that these differences are more likely to result from variability in sB7-1
self-association than from the effects of ligand binding. sB7-1
homodimerization has been confirmed in solution using analytical
ultracentrifugation methods'.

Although the structure of the sCTLA-4 monomer is very similar
to that of the murine sCTLA-4 monomer®, the human and murine®
sCTLA-4 homodimers observed in the two lattices are very different
(Fig. 1c, d). Of the two structures, we consider that the sCTLA-4
homodimer present in the crystals of the complex represents the
more plausible model for native CTLA-4. First, all of the interacting
residues are strictly conserved, in contrast to the conservation of
only four of the ten residues forming the murine dimer interface®.
Second, the human sCTLA-4 homodimer is not precluded by
glycosylation. If used as in human CTLA-4 (ref. 12), an N-linked
glycan at the conserved Asn78 glycosylation site would prevent
murine-like homodimerization in all species. Third, the human
homodimer allows co-ligation of sB7-1 molecules around an axis
orthogonal to the membrane, maintaining the ~140 A intermem-
brane distance thought to be a critical feature of the immunological
synapse Last, the interchain disulphide bond will more readlly
form in the human sCTLA-4 homodimer. The 7.7 A spacing
between the Ca atoms of the last visible residue in each monomer
(Pro119) is more likely to be bridged by the three additional
residues and by the disulphide bond in the human sCTLA-4
dimer than is the equlvalent 30.1 A distance in the murine structure.
Consequently, the murine model for CTLA-4 dimerization and
signalling proposed previously® is most probably not relevant to the
formation of co-stimulatory complexes.

The human sCTLA-4 monomers interact through residues in the

Figure 2 Overview of receptor—ligand interactions. a, Ribbon diagram showing
orthogonal interaction between sCTLA-4 (cyan) and sB7-1 (purple) monomers. Also
shown is the molecular surface representation (white transparent) of the ligand-binding
domain of sB7-1 to emphasize the high geometric match between the two interacting
surfaces. b, Direct receptor—ligand contacts. The *MYPPPY'® loop of SCTLA-4 is buried
in a shallow depression of the sB7-1 GFCC’ surface. Colour coding is as in a. Three out of
five hydrogen bonds formed across the B-sheets of the interacting domains are depicted
as red dashed lines. Several other side chains on CTLA-4 and B7-1 (not shown) may
contribute to the binding through appreciable, but not direct, contacts formed on the
periphery of the binding interface. Figure prepared with BobScript™.
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A and G B-strands (Val 10, Leu 12, Ser 15, Tyr 115, Ile 117, Glu 120),
burylng only 460 A% of surface'’ per monomer. The interface
is essentially hydrophobic except for reciprocal, interchain hydro-
gen bonds between the side chain of Ser 15 and the main-chain
nitrogen of Glu 120 at the elbow of the homodimer (Fig. 1¢). This
weak interaction might explain why, in the absence of the interchain
disulphide (Cys—Cys 122), sCTLA-4 is monomeric in solution
(ref. 9; and Y.Z. and M.S., unpublished data). The amino acids
mediating CTLA-4 dimerization are not conserved in CD28;
however, the equivalent residues exhibit the same overall hydro-
phobicity, implying that CD28 might form similar homodimers.

Differences noted® between the murine structure and the human
sCTLA-4 structure determined by NMR methods’ are also seen in
the complex crystals. In particular, the V-set domain has
C'DEBA:GFCC' rather than DEBA:GFCC'C” topology, and the
three consecutive prolines in the FG loop, MY'*'PPP'®Y, adopt the
cis—trans—cis rather than trans—trans—cis conformation seen in the
NMR structure’. This has important implications for B7-1 binding
(see below).

Mutational data have implicated the membrane-proximal
domain of B7-1 in interactions with CTLA-4 and CD28 (ref. 13),
but these effects must have been indirect as sSCTLA-4 only contacts
residues of the sB7-1 V-set domain. Receptor—ligand binding
occurs through the GFCC’ face of the sCTLA-4 and sB7-1 V-set
domains, with a roughly 90° angle between the interacting 3-sheets
(Fig. 2a). In this orientation, the FG, BC and C'C" loops of sCTLA-4
extend across the base of the sB7-1 five-stranded B-sheet, burying a
total of 1,255 A2 of solvent-accessible surface!! (600 A% from sB7-1
and 655 A? from sCTLA-4). These values are at thg low end of the
range for protein—protein binding sites (600-900 A%)™,

Orthogonal binding mediated by the GFCC'C" face of the V-set
IgSF domains of cell-surface molecules was first seen in rat and
human sCD2 crystal contacts"', and subsequently in the native
complex of sCD2 and sLFA-3 (ref. 17) and in crystals of the coxsackie
virus and adenovirus receptor'®. It seems likely that this orthogonal
binding mode will be a recurrent theme of V-set interactions. There is
no compelling reason why such orthogonal interactions should have
arisen through convergent evolution, but it is possible that these
complexes bear the imprint of primordial IgSF interactions.

Interatomic contacts (85 total; van der Waals radius 3. 9A) are
made between 13 residues of CTLA-4 residues and 13 residues of

APC

Figure 3 Molecular association of SCTLA-4 and sB7-1 in the crystal lattice. Shown are
‘skewed zipper' arrays in which sSCTLA-4/sB7-1 complexes would be evenly spaced along
membrane surfaces with a separation of 105 A In the perpendicular direction, across
membranes, ligated receptors would span 140 A. Geometrically, sugar chains attached at
Asn 173 on B7-1 (bottom) are close to the cell membrane, implying their potential
involvement in interaction with the membrane, perhaps by stabilizing the orientation of the
B7-1 dimers. APC, antigen-presenting cell. Figure prepared with RIBBONS®.
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B7-1. Most of these are hydrophobic contacts, but there are also five
hydrogen bonds. The FG loop of sCTLA-4, which contains the
hydrophobic MYPPPYY'? sequence that is strictly conserved in
CTLA-4 and CD28, dominates the interaction and contributes
400 A? of protein surface'" to the binding interface (Fig. 2b). The
FG loop makes hydrophobic contacts with a largely nonpolar
surface of sB7-1 consisting of Tyr31, Met38, Thr4l, Met43,
Val 83, Leu 85, Ala 91, Phe 92 and Leu 97.

Mutations of the two central residues, Tyr 31 and Met 38, disrupt
B7-1 binding to CTLA-4 and CD28 (ref. 13); the other residues
forming this surface have not been tested. Five hydrogen bonds,
including one between the charged residues Glu 33 on sCTLA-4 and
Arg 29 on sB7-1 are likely to contribute to the specificity of binding
(Fig. 2b). All residues in the MYPPPYY'” sequence, except
Pro 101, are in direct contact with sB7-1, and all alanine substitu-
tions of these residues, including Pro 101, reduce or abolish binding
to B7-1 (ref. 9). Analysis of the complex structure indicates that the
crucial role of Pro 101 is to initiate the cis—trans—cis main-chain
conformation of the FG loop, directing Tyr 100, Pro 102, Pro 103
and Tyr 104 towards interactions with sB7-1. At the core of the
interface, Pro 102 of CTLA-4 and Tyr 31 of B7-1 participate in a
stacking interaction (Figs 2b, 4) that is likely to be conserved both
across species and in interactions involving CD28 and B7-2 (in B7-2
Tyr 31 is replaced by phenylalanine).

Figure 4 A 3 A resolution electron-density map in the region of the receptor—ligand
binding site. Electron density is from an annealed omit map calculated using the
3Fos — 2Fops amplitudes and model phases, with the CTLA-4 atoms excluded from the
refinement and all calculations. The map is contoured at 1o level. Colour coding is as in
Figs 1 and 2.

Table 1 Statistics for data collection and refinement

Data collection

Resolution range (A) 20-3.0 3.11-3.0
Completeness (%) 99.2 941
Total observations 209,381 -
Unique reflections 38,815 3,636
Average //o(/) 191 3.0
Reym*(%) 6.7 35.1
Model refinement .
Maximum resolution (A) 3.0
Number of reflections (free) Fops > 20 Fops > Oc
31,410 (1,887) 35,465

Ruor/Riree (%) 23.1/25.9 25.3/28.2
r.m.s. deviations

Bonds (A) 0.010

Angles (%) 1.48

*Rym = Elly — {»)/El,, where (/) is the average intensity over symmetry equivalents. Numbers in
the second column reflect statistics for the last resolution shell.

FTRuok = ZllF ops| = Fcac /EIF ops|, Rires IS €quivalent to Ry, but calculated for a randomly chosen
6% of reflections omitted from the refinement process.
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Accordingly, the two binding surfaces exhibit a very high degree
of shape complementarity. An algorithm'® measuring the degree of
geometric fit between two protein surfaces gives scores of 0.74—0.77
for the sCTLA-4/sB7-1 binding interface. This value is similar to
those for constitutive oligomeric proteins (0.7-0.76) and much
higher than scores for protein antigen—antibody interfaces (0.64—
0.68) or interacting cell-surface molecules (0.45-0.58; ref. 17 and
references therein). This degree of complementarity accounts for
the enthalpy-driven nature of binding (R. O’Brien et al., personal
communication), whereas the small interacting surfaces and slightly
unfavourable entropy explain the very fast binding kinetics'.

In the crystal lattice, the sCTLA-4 and sB7-1 homodimers pack
together to form a periodic arrangement in which bivalent
sCTLA-4 homodimers bridge bivalent sB7-1 homodimers (Fig. 3).
The sB7-1 and shorter CTLA-4 homodimers associate orthogonally,
thus generating a ‘skewed zipper’ arrangement. It has long been
clear that CTLA-4 exists as a constitutive, bivalent homodimer,
and the affinity of sB7-1 self-association (dissociation constant,
Ky = 20-50 pM) indicates that B7-1 is also likely to exist as a
dimer at the cell surface, albeit in dynamic monomer—dimer
equilibrium'®. We therefore expect oligomeric arrays that are
similar, if not identical, to those seen in the crystals to form at the
membrane interface between T cells and antigen-presenting cells.

Including the ‘stalk’ regions, the extracellular domains of the
ligated receptors are expected to span a distance of ~140 A between
the opposing cell membranes, a distance compatible with that
required by T-cell receptor (TCR)-MHC, natural killer cell
inhibitory receptor (KIR)-MHC or CD2-CD58 intercellular
interactions>'***". Overall, this arrangement is reminiscent of the
‘cell-adhesion zipper’ observed in the crystals of cadherins, which is
thought to be a fundamental feature in adhesive interactions
between cells expressing these molecules™.

As far as is generally known, cell-surface molecules bind their
ligands monovalently and with very low (micromolar) affinities®.
The submicromolar affinity of B7-1 for CTLA-4 (Ky = 0.2—0.4 uM;
ref. 12) is thus unusually high for interacting cell-surface molecules.
Our structural analysis of the complex implies that potent B7-
mediated inhibitory signalling is not based exclusively on the
stability of association between individual homodimers, but
rather that the counter-receptor oligomeric arrays will also
strengthen the interaction between the opposing cells. The combi-
nation of sub-micromolar affinity and oligomeric, high-avidity
binding is, to our knowledge, unique to CTLA-4/B7-1 interactions.

The amplification and attenuation of TCR signalling occurs in a
specialized contact area on the cell surface, termed the immuno-
logical synapse™®, through the recruitment of receptors and their
signalling complexes that effect the phosphorylation state of the
TCR (ref.7). Notably, inhibition of TCR signalling by CTLA-4 has
been seen only to occur when both signals are delivered by the same
cell surface®; however, other data suggest that the regulatory signals
delivered by CD28 and CTLA-4 may not be strictly cell
autonomous”. Regardless of the precise nature of the signals and
mechanisms involved, it now seems that the inhibition of immune
responses by CTLA-4 requires the formation of unusually stable
complexes, the structure of which is revealed by the crystals of
sCTLA-4/sB7-1. Whether such stable complexes are required for the
efficient use of low-abundance CTLA-4 molecules at the T-cell
surface, or enhance the potency of inhibitory CTLA-4 signalling by
concentrating key effector molecules such as the phosphatase SHP-2
(ref. 7) under the immunological synapse, or both, remains to be
established. O

Methods
Production and purification of B7-1 and CTLA-4

Constructs encoding the extracellular portions of human CTLA-4 or B7-1 were fused to an
enterokinase cleavage sequence (DYKDDDDK) followed by the IgG1 CH2-CH3
domains, and expressed in CHO cells. In addition, the cysteine at position 122 of CTLA-4
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was mutated to serine. These were recovered from conditioned medium by protein-A
chromatography, cleaved with enterokinase, further purified and confirmed to be
monomeric by gel-filtration chromatography as described”. Appropriate binding
characteristics for each protein were confirmed by surface plasmon resonance (Biacore)
analysis and found to be consistent with published values'”. For CTLA-4, the final cleaved
protein comprised residues 3—125 (with the C122S mutation) followed by the octa-
peptide DYKDDDDXK at the carboxy terminus. For B7-1, the cleaved protein consisted of
residues 1-214 with the DYKDDDDK octa-peptide again forming the C terminus.

Crystallization and data collection

The B7-1/CTLA4 complex was formed by incubating a 1:1.5 molar ratio of B7-1 and
CTLA4 and purified using a TSK-3000SW size exclusion column (TosoHaas). The purified
complex was buffer exchanged and concentrated to 10 mgmlI™ in 20 mM Tris-HCI,

pH 8.0. Crystals were grown at 18 °C by the hanging drop method by combining 2 pl of
protein solution with 2 wl of 14% PEG 8000, 200 mM magnesium acetate and 100 mM
cacodylate, pH 6.3, and equilibrated against 1 ml of the same solution. Crystals appeared
in 5 days and were soaked in 16% PEG 8000, 200 mM magnesium acetate, 20 mM Tris-HCI
pH 8.0, 100 mM cacodylate, pH 6.3, 20% ethylene glycol for about 1 min before
plunging into liquid nitrogen. Crystals belong to space group €222, with unit-cell
dimensions a = 88.5, b = 183.4, ¢ = 230.8 A and a calculated solvent content of 58% for
two B7-1 and two CTLA-4 molecules per asymmetric unit (adding 82,000 (82K) of
glycosylation estimated from SDS—PAGE gel mobility). The 3.0 A resolution data were
collected from a single crystal at 100K at Beamline 5.0.2 at the Advanced Light Source
using a Quantum 4 CCD. 725 0.2° rotation images were collected and reduced with
HKL2000 (ref. 27) giving statistics outlined in Table 1.

Structure determination and refinement

The structure was solved by molecular replacement in CNS*® using the crystallographic
dimer observed in the human B7-1 structure as the search model". After rigid body
refinement of each B7-1 domain the R factor was 55.3%. Initial electron-density maps
phased with B7-1 alone showed clear electron density for the two CTLA-4 molecules . The
model of murine CTLA-4 monomer (PBD accession number 1dqt) was placed into
electron density and was manually rebuilt in QUANTA (Molecular Simulations) to reflect
the sequence of human CTLA-4. Non-conserved amino-acid residues and loop regions of
CTLA-4 and B7-1, as well as sugar moieties, were entirely built into electron density. A
composite annealed omit map was calculated to check the conformation of CTLA-4 and
B7-1 loop regions. All refinement procedures were done in CNS and used data from
20.0-3.0A. A 20 cut-off was applied during the refinement because of the anisotropy of
the data. Six per cent of the reflections were randomly selected for generation of the R
data set (see Table 1). The anisotropy of the data was corrected for also using CNS.

Tight non-crystallographic symmetry restraints were gradually relaxed during the
refinement process resulting in a final model with R, of 23.2% and Ry, of 25.9%.
Continuous electron density was seen for sugar moieties at four N-linked carbohydrate
sites on CTLA-4 dimer (Asn 78 and Asn 110) and at ten glycosylation sites on B7-1 dimer
(Asn 19, Asn 55, Asn 152, Asn 173 and Asn 192). No saccharides could be modelled at six
other expected glycosylation sites on B7-1 (Asn 64, Asn 177 and Asn 198). The final model
contains two B7-1 molecules (residues A1-A199 and B1-B199), two CTLA-4 molecules
(residues C3—C120 and D3-D120), 20 monosaccharides and shows reasonable geometry:
98.9% of non-glycine ¢ and ¢ angles lie in the allowed regions of the Ramachandran plot
(77.6% in the most favoured regions and 21.4% in additionally allowed regions); six
amino-acid residues (1.1%) have disallowed angles.
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Genetic control and evolution of
sexually dimorphic characters
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The name of one author, Dorothea Godt, was omitted from the
author list but is included above. She is affiliated with the Depart-
ment of Zoology, University of Toronto, Canada. In addition, a gene
name was misspelled: the correct spelling is bric a brac. O
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Nature 408, 708—712 (2000).

The complete mtDNA sequences upon which the analyses are based
can be found at our website (http:/www.genpat.uu.se/mtDB/),
dedicated to the analysis of complete mtDNA genomes of humans.
The 53 sequences are also available in Genbank with the accession
numbers AF346963—AF347015. O
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