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A B3 Integrin Mutation Abolishes Ligand Binding
and Alters Divalent Cation—Dependent Conformation

JosepH C. Lorrus,* TiMOoTHY E. O’TOOLE, EDWARD F. PLOW,
AL1SON GLASS, ANDREW L. FRELINGER III, MARK H. GINSBERG

The ligand-binding function of integrin adhesion receptors depends on divalent
cations. A mutant ayyB; integrin (platelet gpIIb/ITTa) that lacks ligand recognition
shows immunologic evidence of a perturbed interaction with divalent cations. This was
found to be caused by a G— T mutation that resulted in an Asp'’®— Tyr'*®
substitution in the B3 subunit. This residue is proximal to bound ligand and is in a
conserved region among integrins that are enriched in oxygenated residues. The
spacing of these residues aligns with the calcium-binding residues in EF hand proteins,
suggesting interaction with receptor-bound divalent cation as a mechanism of ligand

binding common to all integrins.

ELL-CELL AND CELL-MATRIX ADHE-

sive interactions are essential to de-

velopment, inflammation, hemosta-
sis, and immune recognition. The integrins
are a broadly distributed family of structur-
ally related receptors that contribute to these
adhesive reactions by recognition of a multi-
plicity of extracellular matrix protein ligands
including laminin, collagens, fibrinogen,
and bone sialoprotein (1). In addition, inte-
grins participate in cell-cell interactions by
recognition of integral membrane protein
ligands including the intercellular adhesion
molecules ICAM-1 and ICAM-2 and vascu-
lar cell adhesion molecule-1 (VCAM-1) (2).
Although the integrins differ in ligand rec-
ognition specificity, a requirement for milli-
molar concentrations of physiologic divalent
cations is common to the primary recogni-
tion function of all integrins (3). This de-
pendence of function on divalent cations can
be attributed to a low-affinity divalent cat-
ion-binding site within the integrins, be-
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cause millimolar Ca?* or Mg?* can modu-
late the conformation of a prototype inte-
grin, platelet membrane glycoprotein IIb/
IMMa (opB; also known as gplIb/IIla),
which is detectable by a monoclonal anti-
body (MAb) PMI-1 (4). Loss of the epitope
recognized by this MAb directly correlates
with the capacity of ajB; to bind fibrino-
gen. The Cam variant of Glanzmann’s
thrombasthenia (4) is an autosomal recessive
hereditary disorder of ayy,B; that is associat-
ed with the inability of this integrin to
recognize macromolecular (4) or synthetic
peptide (5) ligands. In addition, divalent
cations do not regulate the expression of the
PMI-1 epitope in Cam platelets (4). These
characteristics indicate that the presumptive
mutation in the Cam receptor leads to de-
fects in binding of both divalent cations and
primary ligands. To elucidate the structural
basis of integrin function, we identified the
point mutation in oypB; that causes the
Cam variant of Glanzmann’s thrombas-
thenia.

Total RNA was isolated from platelets of
normal donors and two affected siblings
with Cam variant. For initial sequencing, we
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amplified a 365-bp fragment of B; that
encodes residues Ser’” to Ala®'® (6) and a
681-bp fragment of ayy, that encodes Ser’?®
to Val*** and contains the four putative
divalent cation—binding sites (7). The B3
region was selected because chemical cross-
linking has indicated its proximity to the
primary ligand-binding site (8, 9). First-
strand cDNA was synthesized from 1 ug of
total RNA by avian myeloblastosis virus
reverse transcriptase and an oligo(dT)j2-1s
primer. The resulting cDNAs were subject-
ed to two consecutive rounds of polymerase
chain reaction (PCR) (10) with two sets of
internally nested primers. Electrophoretic
analysis of the amplified material revealed
that PCR products of the appropriate size
were obtained from both affected and nor-
mal donors. Amplified cDNAs were sub-
cloned into the plasmid vector Bluescript for
sequence analysis. For each subunit, a single
sequence was found from a pool of 50
individual clones. The sequence of the re-
gion of oy, encoding the four putative
divalent cation—binding sites obtained from
the affected individuals was identical to that
present in the normals. In contrast, sequence
analysis of the 365-bp fragment of B; re-
vealed a single G — T base change resulting
in substitution of Asp'*® by Tyr in mature
B3 (Fig. 1). The base change also introduced
an Rsa I restriction site such that the ampli-
fied fragments of normal and affected indi-
viduals could be differentiated by restriction

Fig. 1. First-strand cDNA syn-
thesis was performed with a kit
according to the manufacturer’s
recommendations (Invitrogen).
One-fifth of the reverse tran-
scriptase reaction (50-ul total
volume) was subjected to two
consecutive rounds of PCR
with two sets of internally nest-
ed primers. Sequences of oligo-
nucleotide primers for PCR am-
plification are stated 5’ to 3';
(+) and (—) denote sense and
antisense primers, respectively,
for each primer pair. For gpIIb:
first primer pair: 2PCR3 (+),
CTCGAGTTACCGCCCAG-
GCATCCTT, and 2PCR4 (),
CACAGCTCTTCACAGCA-
GGATTCAG; second pair:
2PCRI1 (+), AGCAACCCAG-

I -

i
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|
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Table 1. Reactivity of the monoclonal antibody
PMI-1 with transfected CHO cells. Flow cytome-
tric analysis of stable transfectants was performed
as described in Fig. 2. PMI-1 was incubated with
cells in the presence of 2 mM calcium or 5 mM
EDTA. Results are expressed as mean linear fluo-
rescence intensity in arbitrary fluorescence units.
Results shown are representative of five separate
experiments.

: PMI-1 with
Cells Anti-
gpIIb/IIIa Caz + EDTA

Untransfected
CHO 5.3 30.3 23.2

Transfectants
(![“,B3 146.2 48.6 96.5
anbBicam 201.7 133.6 107.1

analysis. Only the abnormal restriction pat-
tern was present in both affected individuals,
consistent with homozygosity for an autoso-
mal recessive disease. The authenticity of the
observed sequence change was supported by
its presence in both affected siblings and in
several samples from each individual. No
other point mutations or new polymor-
phisms were detected by sequence analysis
in the normal or affected individuals.

To determine whether the identified mu-
tation is ‘associated with the Cam pheno-
type, the identified single base change was
introduced into the wild-type B3 sequence
by site-directed mutagenesis (17) and exam-
ined for its effect on the expression and

2]
>

{
{

L

AGTACTTCGACGGCT, and 2PCR2 (-), CTGGCTGAGCTCTGTACACAGCCAC. For gpllla:

first
CAGTGGTAAACACCAGCAA; second

primer pair: 3PCR3 (+), A\TCCATCGAGTTCCCAGTGAGTGA, and 3PCR4 (), TGGCAT-
pair: 3A5ECO (+), TCGGAAGAATTCCTCCATCCAA, and

3A3BAM (—), GGCATCTCGGATCCGTGACAC. Underlined bases denotes non-gpllla sequence
substitutions to facilitate directional subcloning. (A) DNA sequence analysis of the amplified gpIlla
RGD peptide cross-linking region from Cam variant. A portion of the autoradiogram of the sequence
from a pool of clones corresponding to bases 443 to 464 [numbering based on (6)] is shown. The single
base substitution of a T for a G at base 453 is indicated with an arrow. (B) Identification of Cam

mutation by restriction analysis. The second-round PCR

product corresponding to bases 387 to 752 (4

pl) was fractionated on a 5% polyacrylamide gel before (—) or after (+) digestion with endonuclease
Rsa L. In control samples, which lacked input cDNA, no product was observed after two rounds of

PCR. NP, pooled normal platelet donors; Caml
Position of size markers is shown on left.
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and Cam2, two affected siblings with Cam variant.

function of ay,B; after transfection into
Chinese hamster ovary (CHO) cells. In ad-
dition, the effect of the mutation on the
ligand-binding function of the vitronectin
receptor (a,B3) was also examined since it
shares the same B subunit with ayy,.

Full-length cDNAs for aym, @y, B3, and
the mutant B3 (Bscam) Were subcloned into
the vector CDM8 for expression studies.
Stably transfected cell lines were established
in CHO cells by cotransfection (12) with the
appropriate a-subunit construct and either
wild-type B; or Bscam- The cells were also
transfected with a separate CDM8 construct
containing the neomycin resistance gene to
allow coselection. The expressed receptors
were detected and clonal cell lines estab-
lished with the use of fluorescence-activated
cell sorting with specific MAbs.

The single base change did not affect the
surface expression of a,B3 and aypBs (Fig.
2). Furthermore, immunoprecipitates with a
polyclonal antibody to B; of all transfectants
contained a corresponding « subunit, indi-
cating’ that both subunits were complexed
on the cell surface (Fig. 3). The agpBicam
transfectant had a divalent cation—binding
defect similar to that of the platelets of
affected individuals. On normal platelets,
the binding of PMI-1 MADb is inhibited by
Ca?* and enhanced by EDTA, whereas
PMI-1 will bind to Cam platelets in the
presence or absence of divalent cations (4).
This pattern is repeated for the wild-type
and the Cam transfectants (Table 1).

The capacity of the expressed receptors to
bind representative peptide ligands that con-
tained ArgGlyAsp [RGD (13)] was exam-
ined by flow cytometry with the MAb
LIBS1 that recognizes an epitope on B3
integrins that is dependent on occupancy of
the receptor by ligand (14) and is not modu-
lated by millimolar concentrations of diva-
lent cations. RGD peptide ligands up-regu-
lated the binding of MAb LIBS1 to wild-
type aypB3 and ayBs3 but did not up-regulate
the binding of this MAb to both receptors
containing Bscam (Fig. 2).

The direct interaction of the expressed
receptors with RGD ligands was further
assessed by affinity chromatography on the
hexapeptide KYGRGDS coupled to Sepha-
rose-4B (15). Detergent extracts of surface
radioiodinated transfected cells were applied
to the affinity matrix. After incubation over-
night at 4°C, the column was washed with
the inactive peptide GRGESP and then
cluted with the active peptide GRGDSP.
Recombinant wild-type ajpB; and wild-
type a.,B; were bound and specifically eluted
from the affinity matrix (Fig. 3). In contrast,
both receptors containing the B3cam subunit
did not bind and clute from the affinity
matrix. These results indicate that the single
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Fig. 2. Flow cytometric analysis of capacity of
transfected cells to bind RGD ligands. Fluores-
cence-activated cell sorting (FACS) was per-
formed as described (12). Briefly, an aliquot of
transfected cells (5 X 10%) in RPMI 1640 was
incubated with the first antibody for 20 min on
ice. Cells were pelleted, washed, resuspended in
RPMI 1640, and incubated with fluorescein iso-
thiocyanate—conjugated goat antibody to mouse
immunoglobulin (Tago). After 20 min on ice, the
cells were pelleted, resuspended in 0.5 ml of
RPMI 1640, and analyzed on a FACS IV analyzer
(Becton-Dickinson). For LIBS1 binding analysis,
the GRGDSP peptide, ar a final concentration of
1 mM, was added together with LIBS1 MAb (0.1
uM) in the first incubation. Results are expressed
as histograms of cell number (linear scale) on the
ordinate versus fluorescence intensity (log scale)
on the abscissa. The reporting antibody is listed in
the upper left of each panel. Antibody to vitronec-
tin receptor 1 (anti-VnR1) is a MADb specific for
QVB:;‘

base change alone established the Cam phe-
notype in both of these B; integrins. Since
the two affected individuals have no evident
manifestation other than bleeding (4), other
integrins [for example, o, Bs (16)] may com-
pensate for the lack of functional o, ;.
Asp“9 is close to Lys'25, which is proxi-
mal to bound RGD peptide (8). This Asp is
absolutely conserved among integrin B sub-
units as are Ser'?!) Ser'??, Asp'26, and
Asp'?’. An oxygenated residue at the posi-
tion corresponding to Ser'** in B; is also
present in all B subunits with the exception
of the drosophila B subunit (17). This clus-
tering of oxygenated residues could provide
coordination sites for divalent cations as
their linear spacing approximates that of the
residues in the calcium-binding loop of EF
hand proteins (18). The occurrence of
Met'?* in place of the invariant Gly in the
EF loop (18) suggests the structure of this
region will differ from the EF loop. Thus,
further analysis will be required to assign

Fig. 3. RGD affinity chromatography and immu-
noprecipitation of extracts of stably transfected
cell lines. CHO cells stably expressing the wild-
type or mutant receptors were radioiodinated by
the lactoperoxidase-H,O, method then solubi-
lized in buffer containing 10 mM Hepes (pH
7.5), 0.15 M NaCl, 50 mM octylglucoside, 1 mM
CaCl,, 1 mM MgCl,, 1 mM phenylmethylsulfon-
ylfluoride (PMSF), 0.1 mM leupeptin, and 10
mM N-ethylmaleimide. The extract was applied
to a KYGRGDS-Sepharose 4B column (1-ml
column volume). Unbound proteins were eluted
with 30 ml of column buffer, identical to lysis
buffer except the octylglucoside was lowered to
25 mM. The column was washed sequentially
with 3 ml of buffer containing GRGESP peptide
(1 mg/ml), followed by 3 ml of buffer containing
GRGESP peptide (1 mg/ml), followed by 3 ml of

OBy Pacam
300 - -
Anti-gpIIb/IlIa LBSt No peptide LIBS1 - No peptide
— GRGDSP — GRGDSP
CHO
— 5P3cam
- "3_ orPy
'g 0 n " e RS A . n
2 300 avBS 0‘vﬁ':icam
3 Anti-VnR1 LIBS1 -~ No peptide LIBS1 - No peptide
— GRGDSP — GRGDSP
CHO
2 By
0‘vB:iCam
10* 100 10* 10° 10

Fluorescence intensity

Fig. 4. Alignment of the region of B3 containing
the Cam mutation with the deduced sequences (6,
16, 17, 30) of other integrin B subunits. The
aligned sequences are from human, avian, and
frog (Xenopus laevis) By, human B, B3, Bs, Bs, and
Be, and Drosophila melanogaster 1(1)mys (lethal myo-
spheroid gene product). Asp'*® of Bs, the residue
substituted by Tyr in affected Cam individuals
is circled. Lys'* of B3, the proposed residue to
which receptor-bound RGD peptide becomes
cross-linked by bifunctional reagents, is boxed.
Oxygenated residues that align with those in the
EF loop consensus sequence are shaded. X, Y, Z,
—X, and —X refer to vertices of the calcium
coordination octahedron (18).

function to the other residues. The proximi-
ty of the ligand-binding and hypothesized
cation-binding site suggests the possibility
of direct interactions between the bound
cation and ligand as has been suggested for
thrombospondin binding to «,B; (19) and
for B, integrin function (20). Ligand bind-
ing to aypP;3 increases the binding of MAb
PMI-1 to its divalent cation—sensitive epi-

Py %uPacam
- -
-8

1 2 3 4 1 2 3 4

G-vﬁg 0:\4'|‘}3Cam
L J s
- -

1 2 3 4 1 2 3 4

buffer, and finally 3 ml of buffer containing GRGDSP (1 mg/ml). Fractions were analyzed by
clectrophoresis on 6.5% SDS-polyacrylamide gels under nonreducing conditions followed by autoradi-
ography. Lanes 1, starting material; lanes 2, GRGESP eluted material; lanes 3, GRGDSP eluted
material; and lanes 4, immunoprecipitate of starting material obtained with a polyclonal anti-B,
antibody. Immunoprecipitation was performed as described (12).
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tope (21), the function of all integrins is
divalent cation—dependent (3, 22, 23), and
the region surrounding Asp'' is conserved
indicating that this may be a general feature
of ligand recognition by integrins. Further-
more, small peptide ligands that interact
with certain integrins [RGDX (23),
LGGAKQAGDV (24), and LHGHPEIL-
DVPST (25)] contain oxygenated residues
and in two cases, the D is critical for func-
tion (26, 27). This hypothesis predicts that
B-subunit mutations affecting the Asp resi-
due corresponding to Asp'" in B3 should
inhibit ligand binding function in other
integrins as would mutations affecting four
other oxygenated residues. In addition to
this proposed common mechanism of ligand
binding, integrins differ in peptide recogni-
tion specificity (28). The structural basis of
this specificity should be elucidated by a
further analysis of the topographv of the
binding interactions (29).
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Presentation of Exogenous Antigen with Class I
Major Histocompatibility Complex Molecules

KeNNETH L. Rock,* SANDRA GAMBLE, LisSA ROTHSTEIN

Soluble antigens (Ags) in the extracellular fluids are excluded from the class I major
histocompatibility complex (MHC)—restricted pathway of Ag presentation in most
cells. However, an exogenous Ag can be internalized, processed, and presented in
association with class I MHC molecules on specialized Ag-presenting cells (APCs).
These APCs express class IT molecules and can simultaneously present exogenous Ags
to both class I and class II MHC—restricted T cells. These APCs may be important
participants in the regulation of host immune responses. This APC activity may

explain several phenomena of cytotoxic T

lymphocyte (CTL) priming in vivo and

might be exploited for eliciting CTL responses to protein vaccines.

NTIGENS IN THE EXTRACELLULAR

fluid are taken up by specialized

APCs, processed in an endosomal
compartment, and subsequently displayed in
association with class II MHC molecules
(1). In contrast, endogenously synthesized
Ags, of virtually all cells, are processed in a
distinct intracellular compartment and are
subsequently displayed in association with
class I MHC molecules (2, 3). These two
pathways for Ag processing and presenta-
tion are segregated, which influences the
specificity of immune responses (3-5). This
segregation helps determine the host re-
sponse to a particular pathogen. For exam-
ple, as a consequence of the segregated

pathways, cytolytic responses are selectively
targeted to virally infected or transformed
cells. However, if there is absolute segrega-
tion of class I and class II MHC Ag-process-
ing pathways, it is then unclear how the
necessary collaboration between T helper
cells and CTLs occurs. Previous studies have
analyzed Ag presentation with APCs in con-
ventional cytolytic assay systems. We have
used a novel, class I MHC—restricted T-T
hybridoma (6) to examine the segregation of
class I and II MHC-restricted pathways of
Ag presentation in APCs that reside in
normal lymphoid organs.

The ability of various APCs to present an
exogenous protein Ag to T cells was ana-

Fig. 1. Presentation of
OVA by different APCs.
(A), (B), (C), and (D)
were assayed with T cells
that are class I restricted.
Some assays in (A) were
also done with T cells
that are class II restrict-
ed. (A) Class I (10°,
RF33.70) (6) or class II
(5 x 10*, DO.11.10)
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(16) MHC-restricted T-
T hybridomas were cul-
tured in the presence or
absence of untreated
LB27.4 APCs (5 x 10%)
(17) with native OVA or
cyanogen bromide—
cleaved OVA (CNBr-
OVA) as described (18).
After 18 hours of incu-
bation at 37°C, a 100-pl
aliquot of supernatant
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was removed from duplicate cultures and assayed for IL-2 content with HT-2 cells (19). (B) Similar to
(A), except that LB27.4 APCs were incubated for 10 min at 37°C with native OVA (10 mg/ml) under
isotonic or hypertonic (Ht) conditions as previously described (5). Cells exposed to Ht conditions were
diluted in hypotonic media and incubated for 3 min at 37°C to cause osmotic lysis of pinosomes, as
described (5, 7). After several washes at 4°C the APCs were cither fixed with paraformaldehyde (20)
immediately or after 3 hours of incubation at 37°C. The number of LB27.4 cells was titrated in cultures
with RF33.70 cells in the absence of exogenous Ag. (C) Similar to (A) but APCs were C57BL/6
splenocytes (10°) that were either untreated (UnTx), fixed (Fix) with glutaraldehyde (21), or incubated
with ricin (2 x 10™° M) for 1 hour at 37°C and washed, and the Ag added to cultures was OVA. (D)
Similar to (C) but the Ag added to cultures was CNBr-OVA. Data points are expressed as the mean
incorporation of [*H]thymidine (counts per minute) into HT-2 cells. Data are representative of at least

three experiments.
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