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gous de novo L718P mutation in the 3 integrin cyto-

plasmic domain of a woman with a life-long history of
severe mucocutaneous bleeding.! Although aspects of the
patient’s platelet function differ from those of patients
with classic Glanzmann’s thrombasthenia, the location of
the mutation focuses attention on the importance of cyto-
plasmic domains in regulating allbp3 function.

Integrins are a family of heterodimeric adhesion recep-
tors that reside on cell surfaces in a finely-tuned equilibri-
um between resting low affinity and active high affinity
conformations.” This equilibrium is particularly important
for platelets. When platelets encounter vascular damage,
the integrin allbp3 is rapidly shifted from its inactive to its
active conformation, enabling it to bind soluble ligands
such as fibrinogen and von Willebrand factor and initiate
platelet aggregation.” However, on circulating platelets,
ollbp3 is maintained in its inactive conformation to pre-
vent the spontaneous formation of intravascular platelet
thrombi.

Crystal structures of the extracellular portion of allbp3,*
and of the homologous integrin avf3,” revealed that the
molecules in the crystals were severely bent, whereas
electron microscopy of the active molecules revealed
extended structures, implying that large conformational
changes occur upon ollbp3 and avp3 activation.”” This
global rearrangement is initiated by signals generated in
the platelet cytoplasm. The signals are then transmitted
across the platelet plasma membrane via the allbf3 and
ovf3 transmembrane helices to extracellular ligand bind-
ing sites. Because integrins lacking transmembrane and
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cytoplasmic domains are constitutively active, these
domains appear to constrain integrins in their resting con-
formations.

Two loci of protein-protein interaction which exert con-
straining effects on integrin activity have been identified.
The first locus consists of a unique a/f transmembrane
domain heterodimer that results from the packing of
complementary small and large side chains on neighbor-
ing helices.® In the case of allbp3, this packing places the
ollb transmembrane helix motif G---G---L in juxtaposi-
tion to the B3 transmembrane helix motif V---I---G (Figure
1). This transmembrane helix packing arrangement, con-
served across the entire integrin family, results in helix-
helix interactions whose strength is appropriate for a sys-
tem that undergoes rapid conformational switching. Thus,
single point mutations that disrupt the transmembrane
heterodimer are sufficient to cause allbp3 activation.’

The second locus involves the integrin cytoplasmic
domains. Because deletion of the conserved membrane-
proximal allb cytoplasmic domain sequence GFFKR or
the conserved B3 cytoplasmic domain sequence LLITTHD
causes allbp3 activation,' it has been proposed that these
sequences interact to form an activation-constraining
‘clasp’, a feature of which may be a stabilizing salt-bridge
between R995 in allb and D723 in B3." However, under
physiological circumstances, ollbf3 activation occurs
when intracellular proteins such as talin and kindlin-3 bind
to highly conserved portions of the (3 cytoplasmic
domain and cause cytoplasmic domain separation.”

To determine a structure for the activation-constraining
clasp, Vinogradova et al. used nuclear magnetic resonance
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Figure 1. Model of the reciprocal “large-small” integrin transmembrane heterodimer interface. The integrin heterodimer is represented as
an idealized pair of helices with large spheres denoting large hydrophobic residues and small spheres representing small polar residues. G,

glycine; L, leucine; V, valine; |, isoleucine; and W, tryptophan.
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Figure 2. Ribbon diagram of the
B3 cytoplasmic domain. The
regions of the domain that inter-
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act with «llb, talin, kindlin-3 and
Src are indicated. The side chains
of the residues that interact with
«llb are shown in blue, green, and
red. The side chains of the
hydrophobic residues that are
either embedded in the mem-
brane or interact with talin are
shown in yellow.
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(NMR) to study interactions between allb and B3 cyto-
plasmic domain peptides, either as full-length native pep-
tides or as fusions with maltose-binding protein.”*
Calculated structures revealed an N-terminal o/f interface
containing both hydrophobic and electrostatic interac-
tions, including an electrostatic interaction between the
guanidyl of allb R995 and the carboxyl of B3 D723.
Subsequently, when NMR was performed in the presence
of dodecylphosphocholine micelles to mimic a membra-
nous environment, B3 residues 716-721 were found to be
embedded in lipid. Lastly, NMR was performed using a
mixture of B3 peptide and the talin FERM domain. The
talin FERM domain binds to two regions of the B3 cyto-
plasmic domain centered on residues 739 and 747 and
phenylalanine residues 727 and 730. Under these condi-
tions, NMR chemical shifts for B3 residues 1720-D723
were perturbed, suggesting that talin binding to the B3
cytoplasmic domain may physically disrupt the mem-
brane-proximal clasp.

Surprisingly, it has been difficult to detect the allb/f3
clasp experimentally. Thus, neither Ulmer et al. who used
NMR to study the structure of the allb and 3 cytoplasmic
domains tethered by a coiled-coil” nor Li e al. who ana-
lyzed the interaction of the allb and B3 transmembrane
and cytoplasmic domain polypeptides dissolved in deter-
gent micelles detected their heteromeric association.'®

To obtain a structure for the allbf3 cytosolic domain
heterodimer as it might exist in resting allbp3, Metcalf et
al. introduced cysteines at ollb residue 987 and B3 residue
712 and dissolved the resulting disulfide-crosslinked con-
struct in dodecylphosphocholine micelles for NMR
experiments (unpublished data). While the allb cytoplas-
mic domain was found to be intrinsically disordered, the
B3 cytoplasmic domain showed considerable structure,
consisting of a proximal helix contiguous with the trans-
membrane helix and two distal helices (Figure 2). The
proximal helix extended to residue D723 and was fol-
lowed by a hinge at residue R724. This hinge allowed the
proximal helix and the first distal helix to pack together at
an angle of 110°, bringing the two distal helices into prox-
imity to the membrane bilayer. Lys716 and Ile719, locat-
ed on the same face of the proximal helix, interacted with
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the allb cytoplasmic domain, perhaps allowing residue
D728 to interact electrostatically with allb R995. The
first distal helix extended from residues K725 to A737 and
was followed by a flexible linker spanning residues 738-
743 and the second distal helix beginning at residue N744
through 1757. The remainder of the cytoplasmic domain,
consisting of its extreme C-terminus, was flexible and
unstructured. It is noteworthy that the two distal helices
are amphipathic and consequently, may interact with the
membrane bilayer. However, they are also dynamic and
likely available in the cytosolic compartment for binding
to cytoplasmic signaling proteins such as talin and
kindlin-3.

These structural studies provide a background for
understanding the pathogenesis of the bleeding disorder
of the patient reported by Jayo et al.' The mutated residue,
1718, is located in the proximal B3 cytoplasmic domain
helix. Replacing it with proline likely ‘breaks’ the helix at
this point, leading to either of two diametrically opposed
outcomes: either the mutation activates allbp3 by dis-
rupting the interaction between ollb and 3 or it inhibits
allbp3 activation by uncoupling talin and kindlin-3 bind-
ing to the B3 cytoplasmic domain and cytoplasmic domain
separation. In Chinese hamster ovary cells, L718P did
cause spontaneous ollbp3 activity, enhanced allbp3 clus-
tering, and disruption of ordered lipid domains. But, in
platelets, where it was expressed heterozygously with
normal B3, the mutation was associated with impaired
platelet aggregation and decreased ligand binding to
ollbp3. Platelets from individuals heterozygous for
Glanzmann’s thrombasthenia express 50% of the normal
amount of ollbp3 and aggregate normally.” Thus, in this
case, either allbp3 containing the L718P mutation impairs
the function of the normal co-expressed allbp3 (a domi-
nant-negative effect) or additional abnormalities con-
tribute to the patient’s bleeding diathesis.

Previously, Peyruchaud et al. reported the case of a
patient with an R995—Q mutation in allb that was pre-
dicted to cause constitutive allbf3 activation by disrupt-
ing the electrostatic interaction between allb R995 and 3
D723."* However, the mutant allbf3 was not constitutive-
ly active and the patient’s thrombasthenia-like phenotype
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was most likely due to a decreased amount of allbf3 on
the platelet surface. Subsequently, Ruiz et al. described a
patient with thrombasthenia whose C560—R mutation in
B3 locked allbf3 in its high affinity conformation.”
Although agonist-stimulated platelet aggregation was
impaired, platelet microaggregates formed spontaneously
in stirred platelet suspensions, ligands such as fibrinogen
bound spontaneously to the mutant allbp3, and fibrino-
gen was present on the surface of circulating platelets.
Nonetheless, the patient presented with a thrombasthenic
phenotype because of a substantially reduced amount of
platelet surface allbp3.

The patient Jayo er al. studied, unlike typical patients
with thrombasthenia, was slightly thrombocytopenic and
had platelets that were smaller than normal.
Consequently, although the amount of ollbB3 on the
platelet surface was slightly decreased, the density of
allbp3 was likely normal or nearly so. Further, unlike typ-
ical thrombasthenic platelets, there was a marked
decrease in ollbp3-independent platelet secretion, sug-
gesting that other platelet function abnormalities were
contributing to the patient’s mucocutaneous bleeding.
Thus, this case underscores the complexity of platelet
function and the difficulty in extrapolating from effects
seen in tissue culture cells expressing recombinant allbB3
to platelets where allbp3 is normally expressed.

Dr. Bennett is a Professor of Medicine in the Hematology-
Oncology Division of the Department of Medicine of the
University of Pennsylvania School of Medicine.

Mr. Moore is a graduate student in the Medical Student
Training Program of the University of Pennsylvania School of
Medicine.

No potential conflict of interest relevant to this article was
reported.

References

1. Jayo A, Conde I, Lastres P, Martinez C, Rivera J, Vicente V, et al.
L718P mutation in the membrane-proximal cytoplasmic tail of {}3
promotes abnormal {o}IIb{B}3 clustering and lipid microdomain coa-
lescence, and associates with a thrombasthenia-like phenotype.
Haematologica. 2010;95(7):1158-66.

2. Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell.
2002;110(6):673-87.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Editorials and Perspectives -

. Bennett JS. Structure and function of the platelet integrin

alphallbbeta3. ] Clin Invest. 2005;115(12):3363-9.

. Zhu ], Luo BH, Xiao T, Zhang C, Nishida N, Springer TA. Structure of

a complete integrin ectodomain in a physiologic resting state and
activation and deactivation by applied forces. Mol Cell. 2008;
32(6):849-61.

. Xiong JB, Stehle T, Diefenbach B, Zhang R, Dunker R, Scott DL, et al.

Crystal structure of the extracellular segment of integrin alpha
Vbeta3. Science. 2001;294(5541):339-45.

. Weisel JW, Nagaswami C, Vilaire G, Bennett JS. Examination of the

platelet membrane glycoprotein IIb/Illa complex and its interaction
with fibrinogen and other ligands by electron microscopy. J Biol

Chem. 1992;267(23):16637-43.

. Takagi J, Petre B, Walz T, Springer T. Global conformational

rearrangements in integrin extracellular domains in outside-in and
inside-out signaling. Cell. 2002;110(5):599-611.

. Berger BW, Kulp DW, Span LM, DeGrado JL, Billings PC, Senes A, et

al. Consensus motif for integrin transmembrane helix association.
Proc Natl Acad Sci USA. 2010;107(2):703-8.

. Li W, Metcalf DG, Gorelik R, Li R, Mitra N, Nanda V, et al. A push-

pull mechanism for regulating integrin function. Proc Natl Acad Sci
USA. 2005;102(5):1424-9.

O'Toole TE, Katagiri Y, Faull RJ, Peter K, Tamura R, Quaranta V, et al.
Integrin cytoplasmic domains mediate inside-out signal transduction.
J Cell Biol. 1994;124(6):1047-59.

Hughes PE, Diaz-Gonzales F, Leong L, Wu C, McDonald JA, Shattil
SJ, et al. Breaking the integrin hinge. A defined structural constraint
regulates integrin signaling. ] Biol Chem. 1996;271(12):6571-4.
Moser M, Legate KR, Zent R, Fassler R. The tail of integrins, talin, and
kindlins. Science. 2009;324(5929):895-9.

Vinogradova O, Velyvis A, Velyviene A, Hu B, Haas T, Plow E, et al.
A structural mechanism of integrin olIbf3 "inside-out" activation as
regulated by its cytoplasmic face. Cell. 2002;110(5):587-97.
Vinogradova O, Vaynberg ], Kong X, Haas TA, Plow EE Qin ]J.
Membrane-mediated structural transitions at the cytoplasmic face
during integrin activation. Proc Natl Acad Sci USA. 2004;101(12):
4094-9.

Ulmer TS, Yaspan B, Ginsberg MH, Campbell ID. NMR analysis of
structure and dynamics of the cytosolic tails of integrin alpha IIb beta
3 in aqueous solution. Biochemistry. 2001;40(25):7498-508.

Li R, Babu CR, Lear JD, Wand AJ, Bennett JS, DeGrado WE
Oligomerization of the integrin alphallbbeta3: roles of the transmem-
brane and cytoplasmic domains. Proc Natl Acad Sci USA. 2001;
98(22):12462-7.

George ]N, Caen JB, Nurden AT. Glanzmann’s thrombasthenia: The
spectrum of clinical disease. Blood. 1990;75(7):1383-95.

Peyruchaud O, Nurden AT, Milet S, Macchi L, Pannochia A, Bray PF,
et al. R to Q amino acid substituion in the GFFKR sequence of the
cytoplasmic domain of the integrin allb subunit in a patient with a
Glanzmann's thrombasthenia-like syndrome. Blood. 1998;92(11):
4178-87.

Ruiz C, Liu CY, Sun QH, Sigaud-Fiks M, Fressinaud E, Muller JY; et
al. A point mutation in the cysteine-rich domain of glycoprotein (GP)
Illa results in the expression of a GPIIb-Illa (alphallbbeta3) integrin
receptor locked in a high-affinity state and a Glanzmann thrombas-
thenia-like phenotype. Blood. 2001;98(8):2432-41.

haematologica | 2010; 95(7) -



