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Modulation of the Affinity of Integrin oyp,B3
(GPIIb-IIIa) by the Cytoplasmic Domain of oy,

TimoTHY E. O’TooLE, DAVID MANDELMAN, JANE FORSYTH,
SANFORD J. SHATTIL, EDWARD F. PLow, MARK H. GINSBERG*

Intracellular signaling alters integrin adhesive functions in inflammation, immune
responses, hemostasis, thrombosis, and retinal development. By truncating the cyto-
plasmic domain of ayy,, the affinity of integrin ayy,B; for ligand was increased.
Reconstitution with the cytoplasmic domain from integrin ag did not reverse the
increased affinity. Thus, the cytoplasmic domain of the a subunit of GPIIb-IIIa
controls ligand binding affinity, which suggests mechanisms for inside-out transmem-
brane signaling through integrins. These findings imply the existence of hitherto

unappreciated hereditary and acquired thrombotic disorders in humans.

ticipates in diverse biological processes

such as development, inflammation,
wound repair, and hemostasis (7). The cel-
lular repertoire of integrins and the availabil-
ity of adhesive ligands control these pro-
cesses. In addition, integrin function is
dynamically regulated by cells in response to
developmental signals (2), cell-cell interac-
tions (3), or soluble agonists (4). Integrin
adhesive functions are controlled by their
affinity for ligands. For example, oy,B3
(GPIIb-IIIa) (4) or ap,B, (Mac-1) (5) bind
soluble fibrinogen (Fg) only after cellular
stimulation. In ayy,B3, this affinity change is
due to alterations in the conformation of the
receptor (6).

Intracellular signal transduction that in-
volves G proteins, calcium, phospholipid
metabolism, and kinases (7) is implicated in
affinity modulation of integrins, but the link
between these pathways and changes in re-
ceptor conformation has remained elusive.
The putative cytoplasmic domains of o and
B subunits are topographically accessible to
intracellular signals and may therefore medi-
ate these affinity changes. To test this possi-
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bility, we have examined the effect of trun-
cations of the cytoplasmic domains of oy, 83
on its affinity state. This integrin was chosen
because dynamic changes in its affinity (4)
and ligand binding specificity (8) are readily
assayed by use of Fg or an activation-specific
monoclonal antibody (MAb), PAC1 (9),

Fig. 1. o,B; trunca- A
tion in CHO cells. (A)

which binds to an epitope that is only
revealed after activation.

Truncated ayy, and B; subunits were gen-
erated by in vitro mutagenesis (10); the
truncated oy, (0,A991) retained two res-
idues of the putative cytoplasmic domain,
whereas the truncated B3 (B3A728) retained
six residues (Fig. 1A). Chinese hamster ova-
ry (CHO) cell lines that expressed these
constructs were analyzed by immunoprecip-
itation of surface-labeled cells (Fig. 1B) with
site-specific antisera to the extracellular do-
main of oy, (amino acids 859 to 871) (11)
and the cytoplasmic domains of ayy, (amino
acids 989 to 1008) and B; (amino acids 742
to 762) (Fig. 1B). The wild-type a;,B; was
immunoprecipitated with all three antisera.
In contrast, ay;,B3A728 was immunoprecip-
itated with anti-a;,(859-871) and anti-
o;1(989-1008), but not with anti-B3(742—-
762). Conversely, o;,A991B; was precipi-
tated by anti-oy;,(859-871) and anti-
B3(742-762), but not by anti-oy,(989-
1008). A double truncation, oy, A991-
3A728, was immunoprecipitated with anti-
oy, (859-871), but not with the cytoplas-
mic domain antibodies.

The affinity state of ay;,B; in these cell
lines was initially characterized by the bind-
ing of the MAb PAC1 (Fig. 2). This anti-
oy,B; interacts selectively with the active,
not the inactive, receptor and presumably
binds at or near the ligand binding pocket,
because its interaction competes with typical
oppBs ligands (12). The a;,B; and
oy,B3A728 transfected cells did not bind
PACI specifically unless they were activated

Tr ol e B (WT) ITIHDRKEFAKFEEERARAKWDTANNPLYKEATSTETNITYRGT q¢,
1e partial transmem-

brane (bold) and com- P34728  ITIHDRKEF,

plete cytoplasmic ami- Oy, (WT) AMWKVGFFKRNREPLEEDDEEGE ;409

no acid sequence for
wild-type (WT) or
variant oy, and B, 2
constructs. The subscripts denote residue num-
ber, whereas the underlined sequences denote
PCPUL{C ln]nuln()gcn\ '}!r L‘V\'n)pl.l\[nlL \If]nl.l]ﬂ
specific antisera. Single letter abbreviations for
the amino acid residues: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr
(B) Wild-type or truncated ay;,, and B3 subunits
were identified by immunoprecipitation from
extracts of surface-labeled cells. Cells were la
beled with '#°I and then lysed and immunopre-
cipitated as described (6) with polyclonal anti-
sera to an extracellular portion of ey, (859
871) (11) and the q‘trlp].l\ll]h domains of
op(989-1008) and B3(742-762). Immuno-
precipitates were resolved by SDS-6% poly-
acrylamide gels electrophoresis and analyzed by
autoradiography. Lanes 1, 5, 9, and 13, preim-
mune serum; lanes 2, 6, 10, and 14, ant-
oy (859-871); lanes 3, 7, 11, and 15, anu-
B3(742-762); and lanes 4, 8, 12, and 16,
anti-oy, (989-1008).

Oy A911 AMWKV,q,

Qg AMWKLGFFKRSLPYGTAMEKAQLKPPATSDA 1,56

B o Ba ollp B2A728

1R
LR H

1 2 3 4 5 6 7 8

ol pA991P4

9 10 11 12 13 14 15 16

allbA991 B, A728
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Fig. 2. CHO cells ex- ar1bB3

o1 2991 B3

pressing truncated oy,
bind PACI in the ab-
sence of activators. The
binding of PACl to
CHO cells expressing .
B3, apA991B;, or

200- o11pB 34728

opB3A728 was mea-

sured by flow cytometry.
Cells were harvested,
stained with PACl in
the presence or absence
of 10 mM GRGDSP or
6 pM MAD 62, and an-

alyzed by flow cytometry
as described (6). Histo-
grams of PACI1 binding

T L —
104 100 104 100 104

Fluorescence intensity

in the presence of GRGDSP (dotted line) have been superimposed upon histograms of binding in its

absence (solid line).

with MAb 62 (and-LIBS2) (6). MAb 62
binds to the extracellular domain of B3 and
induces a change in oy, B3 that causes in-
creased ligand binding of this integrin (6).
In contrast, a;;,A991B; bound PAC1 with-
out MAb 62 addition, suggesting that it was
constitutively active. PAC1 binding was
specific, because it was blocked with 1 mM
GRGDSP peptide (12).

The o;,A991B;-bearing cells bound sol-
uble '2°I-Fg without addition of MAb 62
(Table 1). Fibrinogen binding was inhibited
with MAb to oyy,B3, 4F10 (13) or EDTA.
In contrast (6), wild-type ay,B; did not
detectably bind soluble Fg in the absence of
an activator. Analysis of the equilibrium
binding of soluble Fg to a;;,A991B; by the
LIGAND (14) program indicated a K, = SE
of 1.25 = 0.13 x 107 M~! (Kp, = 80 nM),
which is similar to the Ky, of 110 nM that
was reported for the activated wild-type

Fg + Ab62

5 - -

Fg + 10E5

i i - -

Fig. 3. Agonist-independent aggregation of cells
bearing o, A9918;. Cells expressing the indicat-
ed integrin a subunit were harvested with trypsin
and EDTA, washed, and resuspended in Tyrode’s
solution at 107 per milliliters (15). Cells (100 pl)
were added to wells of a 24-well tissue culture
plate in the presence or absence of 6 uM MAb 62
and subjected to gyrorotation (100 rpm for 30
min). Fibrinogen (1 pM) was added and aggre-
gation was stopped after 20 min by addition of
2% paraformaldehyde (150 pl). An inhibitory
anti-a,B; [MAD 10ES5, 500 nM (16)] was added
at the time of Fg addmon to the a;;,A991B; cells

(right, lower panel).
846

receptor (6). Fibrinogen binding to
o, A991B; was divalent cation—dependent
and inhibited by a MAb to oy, 83. Thus, the
a,A991B; is probably in the same affinity
state as exogenously activated ayy,B3;. The
a;,A991B85A728 mutant also bound solu-
ble 1251-Fg (K, of 1.43 x 107 M~! £ 0.5 x
107 M™') and PAC1 [mean fluorescence
intensity (MFI) of 71.2; MFI in the pres-
ence of GRGDSP was 15.0] constitutively.
Cells aggregate after Fg binding to activat-
ed ay,B3. The CHO cells that expressed
recombinant oyy,B; exhibited Fg-dependent
aggregation only after addition of activating
antibody (15). In contrast, cells expressing
o, A991 aggregated upon Fg addition in the
absence of activator (Fig. 3) and aggregation
was blocked with MAD to ayy,B3 (16).
Because of the unexpected properties of
a;p,A991B;, we constructed a0, a chi-
meric integrin with the oy, extracellular and
transmembrane domains and an a; cytoplas-
mic domain (Fig. 1). When expressed in
CHO cells, ayy,05B3 was reactive with pro-
totype anti-oyp,B3 antibodies [10E5 (16),
Tab (17), MAb15 (18)] and was constitu-
tively active with respect to PAC1 binding
(MFI of 165.5 and of 19.1 in the absence
and presence, respectively, of GRGDSP,
compared to MFI values of 19.4 and 18.5,
respectively, for oy, B3 transfectants) and Fg
binding (K, + SEof2.1 + 0.6 x 10" M™%,

p = 47 nM). Because the a5 cytoplasmic .

domain is eight residues longer than that of
oy, the activation of a;,A991B; is the
result of deletion of specific oy, sequences
rather than truncation per se.

These results suggest that sequences in the
cytoplasmic domain of ayy, control the af-
finity state of ay;,,B3. These sequences may
bind to an intracellular moiety to maintain
the receptor in a low affinity conformation.
Modification of this moiety during cell acti-
vation could disrupt its interaction with
oy, thereby inducing the high affinity state.
Because CHO cells rather than human plate-

Table 1. S ificity of Fg binding to
o, A9918;. -Fg (200 nM) was incubated
with CHO cclls (2 x 10® cells/ml) bearing
cither the wild-type (oypB3) or the ayy
cytoplasmic domain truncated (oy;,A991B;)
form of the receptor at 22°C for 30 min in the
presence of EDTA (10 mM), an inhibitory
MAD to a;;,B3, 4F10 (2 nM) or no inhibitor.
Activating MAb 62 (6) (6 pM) was added to
the indicated reactions to verify the functional
competence of wild-type ayp,B3. After a 30-min
incubation, bound Fg was measured (6). Data
are expressed as Fg bound (molecules/cell) x
10% + SE.

. +
Inhibitor ;9"1"‘?3 B3 mﬂb%z
None 899+69 166+04 626=+23

EDTA
4F10

271%x23 159+13 21.7+0.38
162+07 21 +06 332=+18

lets were used, such repressors could have a
wide distribution, yet it must be integrin-
specific; the a5 cytoplasmic—domain chimera
did not reconstitute the low affinity state.
Modification of affinity may also involve
cell-specific mechanisms, because platelets
but not CHO cells (6) modulate ay,B3 in

response to agonists. The B3 cytoplasmic tail
might be the moiety recognized by
o(991-1008). Disruption of these intra-
molecular interactions could then induce
high affinity ligand binding. The failure of
B3A728 to be constitutively active or to
reduce the activation induced by ay,,A991
seems inconsistent with this. Although oth-
er interactions involving the cytoplasmic
domain of ayy, can be envisioned, the deter-
minants of integrin activation may be the
nature of repressor-integrin interactions and
whether such interactions can be modified.

Although B subunit—cytoplasmic se-
quences have been implicated in the events
after ligand binding, such as focal contact
formation (19) and adhesion to immobilized
substrate (19, 20), no functional role has yet
been established for a subunit—cytoplasmic
domains. Our results suggest that these se-
quences are involved in affinity modulation
and this is supported by the association of
a, phosphorylation with increased mac-
rophage adhesion to laminin (21). Our data
also suggest that the cell type-specific, de-
velopmentally regulated alternative splicing
of the cytoplasmic domains of o; and ag
(22) may thus alter ligand binding affinities
of 3B, agB; and agB,:

Based on these findings, spontaneous mu-
tations that truncate the cytoplasmic domain
of ayy, should be pathogenic in man. The
oy, subunit is apparently platelet-specific
(23), and platelet aggregation is normal
when only 50% of the ayy,B; is functional
(24), indicating that such mutations would
be dominant. In a hereditary form, the
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predicted disease could have features of con-
genital thrombocytopenia and a thrombotic
tendency due to spontaneous platelet aggre-
gation. Because some myeloproliferative
syndromes are due to clonal proliferation of
stem cells that affects platelets (25), somatic
mutations that truncate ayy, could result in
an acquired thrombotic tendency. Somatic
mutations that affect other integrin a sub-
unit—cytoplasmic domains in malignant cells
may also influence their invasive and meta-
static properties.

REFERENCES AND NOTES

1. R. O. Hynes, Cell 48, 549 (1987); E. Ruoslahti and
M. D. Pierschbacher, Science 238, 491 (1987).
2. K. M. Neugebauer and L. F. Reichardt, Nature 350,
68 (1991).
3. M. L. Dustin and T. A. Springer, ibid. 341, 619
(1989).
4. J. S. Bennett and G. Vilaire, J. Clin. Invest. 64,
1393 (1979); G. A. Marguerie, T. S. Edgington, E.
F. Plow, J. Biol. Chem. 255, 154 (1980).
5. D. C. Altieri, R. Bader, P. M. Mannucci, T. S.
Edgington, J. Cell Biol. 107, 1893 (1988).
6. T. E. O’Toole et al., Cell Regulation 1, 883 (1990).
7. S.]J. Shattil and L. F. Brass, J. Biol. Chem. 262, 992
(1987); L. F. Brass, M. Laposata, H. S. Banga, S. E.
Rittenhous, ibid. 261, 16838 (1986).
. E. F. Plow and M. H. Ginsberg, ibid. 256, 9477
(1981).
. S. J. Shattil, J. A. Hoxie, M. Cunningham, L. F.
Brass, ibid. 260, 11107 (1985).
0. The B3A728 construct was made by Eco RI diges-
tion of BS3a (26), isolation of the coding fragment,
filling in overhangs with T4 polymerase (27), and
ligation to an Xba I linker with a termination codon
in all three reading frames. This fragment was cut
with Xba I, its ends polished with mung bean
nuclease, ligated to a Bst XI linker, digested with Bst
X1, and ligated to Bst XI-digested CDM8 (26). The
oy,A991 construct was made by generating a Sal I
site in BS2b (26) at bases 3061 to 3066 (28). After
digestion with Sal I and isolation of the fragment,
the ends were partially filled in with T4 polymerase
and polished with mung bean nuclease (27). This
fragment was ligated to an Xba I linker containing a
termination codon in all three reading frames, di-
gested with Xba I, and ligated to Xba I-cut and
dephosphorylated CDM8. The oyyp05 chimera was
generated in two steps. A 600-bp Hind ITI-Xba I
fragment that contained the cytoplasmic sequence of
o was isolated from a5 cDNA and ligated to Hind
III + Xba I-digested CDM8 generating CDas3'.
Then, a Hind III site was introduced into oy, at
bases 3058 to 3063. After Hind III digestion, the
coding fragment was isolated and ligated to Hind
III-digested and dephosphorylated CDa3'.
11. J. C. Loftus, E. F. Plow, L. Jennings, M. H.
Ginsberg, J. Biol. Chem. 263, 11025 (1988).

12. R. Taub et al., ibid. 264, 259 (1989).

13. V. L. Woods, Jr., L. E. Wolff, D. M. Keller, ibid.
261, 15242 (1986).

14. P.]. Munson and D. Rodbard, Anal. Biochem. 107,
220 (1980).

15. M. M. Frojmovic, T. E. O’Toole, E. F. Plow, J. C.
Loftus, M. H.: Ginsberg, Blood, 78, 369 (1991).

16. B. S. Coller, E. I. Peerschke, L. E. Scudder, C. A.
Sullivan, J. Clin. Invest. 72, 325 (1983).

17. R.P. McEver, E. M. Bennett, M. N. Martin, J. Biol.
Chem. 258, 5269 (1983).

18. A. L. Frelinger III et al., ibid. 265, 6346 (1990).

19. J. Solowska, J-L. Guan, E. E. Marcantonio, J. E.
Trevithick, C. A. Buck, R. O. Hynes, J. Cell Biol.
109, 853 (1989).

20. M. L. Hibbs, H. Xu, S. A. Stacker, T. A. Springer,
Science 251, 1611 (1991).

21. L. M. Shaw, J. M. Messier, A. M. Mercurio, J. Cell
Biol. 110, 2167 (1990).

22. R. N. Tamura, H. M. Cooper, G. Collo, V. Quar-

anta, Proc. Natl. Acad. Sci. U.S.A., in press.

o

—
o

8 NOVEMBER 1991

23. S. Suzuki et al., J. Biol. Chem. 262, 14080 (1987).

24. T. J. Kunicki, D. Pidard, J-P. Cazenave, A. T.
Nurden, J. P. Caen, J. Clin. Invest. 67, 717
(1981).

25. R. Munker and H. P. Koeffler, in Hematology, R.
Hoffman, E. J. Benz, S. J. Shattil, B. Furie, H. J. Cohen,
Eds. (Churchill Livingstone, New York, 1991), pp.
817-834.

26. T. E. O’Toole et al., Blood 74, 14 (1989).

27. T. Maniatis, E. F. Fritsch, J. Sambrook, Molecular
Cloning: A Lab y Manual (Cold Spring Harbor

Laboratory, Cold Spring Harbor, NY, 1982).

28. T. A. Kunkel, Proc. Natl. Acad. Sci. U.S.A. 82,488
(1985).

29. We thank B. Coller, V. Woods, and R. McEver for
supplying the MAbs 10ES, 4F10, and Tab, respec-
tively, and J. Loftus for help in making constructs.
Supported in part by NIH grants HL16411, HL
28235, HL 39150, and AR 27214. T.E.O. is a
recipient of an Arthritis Foundation Fellowship.

30 May 1991; accepted 22 August 1991

Mechanism for Re

ating Cell Surface Distribution

of Na*, K*-ATPase in Polarized Epithelial Cells

RaAcHEL WiLsoN HAMMERTON,* KATHLEEN A. KRZEMINSKI,
ROBERT W. MAYS, TIMOTHY A. RYAN, DEBRA A. WOLLNER,

W. JAMES NELSONT

Restriction of sodium, potassium adenosine triphosphatase (Na*, K*-ATPase) to
cither the apical or basal-lateral membrane domain of polarized epithelial cells is
fundamental to vectorial ion and solute transport in many tissues and organs. A
restricted membrane distribution of Na*, K*-ATPase in Madin-Darby canine kidney
(MDCK) epithelial cells was found experimentally to be generated by preferential
retention of active enzyme in the basal-lateral membrane domain and selective
inactivation and loss from the apical membrane domain, rather than by vectorial
targeting of newly synthesized protein from the Golgi complex to the basal-lateral
membrane domain. These results show how different distributions of the same

disease states.

ODIUM, POTASSIUM ADENOSINE TRI-
phosphatase (Na*, K*-ATPase) is a
plasma membrane protein in animal
cells that functions in the maintenance of
homeostasis. In many cell types, Na*, K*-
ATPase is uniformly distributed over the cell
surface. However, in polarized epithelial
cells the cell surface distribution of the same
subunits of Na*, K*-ATPase may be re-
stricted to either the apical [for example,
choroid plexus (1), retinal pigmented epi-
thelium (2)] or basal-lateral [for example,
intestine, kidney (3)] membrane domain.
Localization of Na*, K*-ATPase to either
domain establishes a transepithelial Na*
gradient that drives vectorial transport of
ions and solutes between the two compart-
ments separated by the epithelium. In some
epithelial diseases, such as polycystic kidney
disease (4) and ischemia (5), the cell surface
polarity of Na*, K*-ATPase appears to be
partially or completely reversed.
Several mechanisms have been proposed
to explain how cell surface distributions of
membrane proteins are regulated in polar-
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.subunits of Na*, K*-ATPase may be generated in normal polarized epithelia and in

ized epithelial cells. These include sorting of
newly synthesized proteins in the Golgi
complex and vectorial delivery to the appro-
priate membrane domain, rerouting of pro-
tein from one membrane to the other, and
interaction of sorted proteins with the mem-
brane-cytoskeleton (6, 7). To investigate
mechanisms that regulate the cell surface
distribution of Na*, K*-ATPase, we ana-
lyzed stages during differentiation of renal
epithelial cells when unpolarized precursor
cells are converted to polarized epithelial
cells (6). During this time, the initially uni-
form distribution of Na*, K*-ATPase be-
comes restricted to the basal-lateral mem-
brane. We have used MDCK cells as an in
vitro model of polarized renal epithelia (6,
7), in which induction of Ca®*-dependent
cell-cell contacts through E-cadherin results
in the development of structural and func-
tional polarity in stages similar to those that
occur during renal epithelial development in
vivo (6, 8).

Ca®*-dependent cell-cell contacts were in-
duced in confluent monolayers of MDCK
cells (9), and the distribution of Na*, K*-
ATPase was visualized by indirect immun-
ofluoresence with laser-scanning confocal
microscopy (Fig. 1A). For as long as 48
hours after cell-cell contact, we detected
staining of the a subunit of Na*, K*-
ATPase at both the apical membrane and at
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