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Discrete functional motifs reside within the cytoplasmic tail of

Oly integrin subunit
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Summary

Previous studies have demonstrated that cell-permeable cyto-
plasmic tail (CT) oy peptides can modulate the activation of
oybs.As oy CT contains an o3 homologous region, a series of
cell-permeable o, and oy, peptides were generated to deter-
mine if oy CT can modulate the activation of 3; integrins in com-
parison to oy, and to identify the minimal bioactive sequences
in oty CT.Using NMR structures and molecular models as guides,
the initial peptides for study encompassed the o3 homologous
sequences of oy CT (0w/(987—1006); V-1), its amino-terminus
(04/(987-993);V-2), a turn motif (cty(993—1001);V-3), the carbo-
xyl-terminus (0/(999-1006); V-4), and corresponding homo-
logous o, peptides. Treatment of platelets and o, 3;-expressing
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cells with the peptides revealed that Ilb-1 inhibited oy,[3; acti-
vation and V-1 inhibited o f; activation, but not vice versa.The
inhibitory capacity of these peptides was mapped to the central
turn-motif region which was encompassed by V-3, but only par-
tially by 11b-3.V-2 and IIb-2 activated both [3; integrins, while V-4
and llb-4 were inactive. The use of truncation and mutant pep-
tides confirmed the importance of the turn motif for inhibitory
activity and identified the side-chain of o, (Q1001) as a critical
inhibitory residue. The difference in the integrin inhibitory ca-
pacity of o, and oy, peptides and their capacity to influence the
assembly of kinases with integrin CTs, reveals a possible diver-
gence in the regulatory control of the two [3; integrins.

Thromb Haemost 2008; 99: 96-107

Introduction

Integrins are a family of cell receptors that mediate cell-cell and
cell-substratum interactions (1). These basic biological events
determine processes of development, haemostasis and thrombo-
sis, inflammation, and tumor metastasis. A typical integrin con-
sists of an o and a 3 subunit that are held together by numerous
contacts and divalent cations. Each subunit is a type I transmem-
brane protein (1, 2). An important regulatory property of inte-
grins is that high affinity ligand binding is usually not constitut-
ive but requires a cellular activation-dependent process, entitled
inside-out signaling or affinity modulation (3). While the precise
details of inside-out signaling remain unknown, it is clear that in-
tegrin cytoplasmic tails (CTs) play a central and critical role in
this process, transposing the signaling of intracellular pathways
into a structural change within the extracellular domain of the in-
tegrin that permits effectual ligand binding (4, 5). The crystal
structures of the extracellular domain of oy,B; and o5 have

been solved with and without bound ligands (6—8). The structure
folds into known and novel domains and comparison of the
structures of o, B; and oy,B5 reveals the atomic basis for o,B;
activation, the swing-out of the hybrid and PST domains of 35 (8).
Mutational studies have since determined the functional signifi-
cance of several residues within or near the RDG-binding site in
the oy, Oy and B; subunits (9—12). Following the ligand binding
to the extracellular domain of integrins, a variety of intracellular
responses are elicited, including cytoskeleton reorganization, in-
tracellular ion transport, kinase activation, and tyrosine phos-
phorylation (3, 13, 14).

The B; integrin family, oy, 5 and o B, provides evidence for
inside-out signaling, and for the importance of the CTs in regu-
lating this process (4, 15, 16). The importance of rapid and regu-
lated changes in integrin affinity is easily appreciated for oy, s,
as platelets must interact with fibrinogen (Fg) in a rapid manner
only following vascular injury to maintain homeostasis. The sig-
nificance of inside-out signaling for 0w B; is also apparent in a
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number of cell types, where cell stimulation leads to an increase
in o B;5-mediated cell adhesion and soluble ligand binding (16,
17). Mutational studies implicate the involvement of both the o
and B CTs in inside-out signaling with point mutations within the
B CT, preventing both o5 and oy, 5 from becoming compet-
ent receptors, while deletion of the membrane-proximal region
of either subunit results in the expression of a constitutively ac-
tive receptor (4, 5, 15, 18). Truncations and mutations within the
o. CT also resulted in constitutive activation and/or inactivation
of oyy,B5 and oy B5 (5, 15, 19, 20). Other studies suggest that the
CTs may generate the inside-out signal as a result of a change in
the o/P cytoplasmic interface (15, 21, 22). The existence and
identity of the amino acids that comprise this interface were first
determined using isolated o and B CTs and subsequently, the
biological importance of one of these intra-subunit contacts was
confirmed by point mutational analysis (15, 21-23). Nuclear
magnetic resonance structures of the oy, CT reveal that its highly
conserved amino (N) juxtatransmembrane region forms an
o-helix, followed by a turn, and then its flexible acidic carboxyl
(C) -terminus folds back onto the N-terminal helix (24). In addi-
tion, structural analysis of oy, CT and of the o/ cytoplasmic
complex support the speculation of the o/ cytoplasmic inter-
face playing a central regulatory role in inside-out signaling and
identified additional intra-subunit contacts (24, 25).

The interaction of integrin B cytoplasmic domains with talin
and other intracellular proteins are implicated in integrin acti-
vation, presumably by altering the structure of the a/b complex
(25-30). A number of proteins are also reported to interact with
the juxtatransmembrane region of integrin a CTs such as actin
(31), talin (32), calcium-integrin binding protein 1 (CIB1) (33),
ancient ubiquitous protein (34), current chloride nucleotide pro-
tein (35), and protein phosphatase 1 (36). However, with the ex-
ception of CIBI1, the significance of these interactions in regulat-
ing integrin activation has not been resolved. The interaction of
CIB1 with o CTs was shown to be specific for oy, as it did not in-
teract with the oi; 0, or o5 (31). More recently, CIB1 was ident-
ified as an endogenous inhibitor of oy, B35 activation by interfer-
ing with talin binding to the B; CT (37). Using a cell-permeable
peptide approach, it was demonstrated that incubation of pla-
telets with o, (989-995), the juxtatransmembrane region of Oy,
resulted in activation of a,b; in an agonist-independent manner
(38, 39), which is consistent with the role for this region in CIB1
binding and oy,B; activation (18, 34, 40). However, treatment
with cell-permeable oy,(989—-1008), resulted in the inhibition of
agonist-induced oy, activation (24), and a subsequent study
further narrowed the region responsible for this inhibitory capac-
ity (41). Thus, there is mounting evidence that there are a number
of bioactive sequences present within the short CT of oyy,. How-
ever, no studies have reported whether cell-permeable peptides
derived from o, exhibit similar functional capacity. Therefore,
as the N-region of oy, CT [0,(987—-1006)] is homologous to the
CT of oyy,, experiments were performed to test whether the CT of
oy has similar biological properties.

In the present work, the capacity of cell-permeable o, CT
peptides to influence oyy,B; and o, 5 activation was determined
in parallel with control homologous oy, peptides. Treatment of
platelets and o P;-expressing cells with oy(989-1008) and
0y (987-1006) revealed that there is specificity in the capacity of

these two peptides to inhibit B, integrin activation. Using a series
of truncated CT peptides, 0:(993-1001) was identified as the
minimal inhibitory sequence within o, CT that inhibited B ac-
tivation, while its homologous oy, counterpart was inactive.
Using additional truncated and mutant o(993-1001) peptides,
0y(Q1001) was identified as a critical residue for endowing in-
hibitory capacity to 0y(993-1001). As 0,(993-1001) prevented
the dissociation of Csk from the CTs of oy, 35 and Src activation,
the capacity of 0y(993-1001) to suppress integrin activation
maybe linked to a disruption in kinase-integrin interactions.
These findings support the hypothesis that the aCTs of integrins
play a central role in regulating integrin activation and identify
commonalities and differences in the mechanism by which B; in-
tegrin activation is regulated.

Materials and methods

Antibodies and reagents

PAC1 and FITC-labeled PAC1 were obtained from Becton Dick-
inson (Oakville, ON, Canada). LM609 and human vitronectin
were obtained from Chemicon International (Billerica, MA,
USA). AP3, talin and phospho-Src antibodies were obtained
from GTI, Sigma and Cell Signaling (Waukesha, WI, USA;
Danvers, MA, USA), respectively. All other kinase, integrin and
anti-IgG antibodies were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Human prothrombin was obtained
Enzyme Research Laboratories (Swansea, UK). Fluorescence
labeling reagents and anti-fluorescein antibodies were obtained
from Molecular Probes (Burlington, ON, Canada). Laboratory
chemicals were obtained from VWR International (Mississauga,
ON, Canada). CM5 sensor chips were obtained from Biacore,
and Super Signal and GelCode Blue were obtained from Pierce
(Piscataway, NJ, USA and Rockford, IL, USA).

Cell culture and cytotoxicity assay

o Ps-expressing cell lines, GM1500s, and bovine aortic en-
dothelial cells (BAECs), were grown in DMEM F-12 media con-
taining 10% FBS following standard procedures (16). Human
platelets were prepared from peripheral venous blood of appar-
ently healthy volunteers and isolated by gel filtration on Sepha-
rose CL 2b as previously described (42). Cell and platelet con-
centrations were measured on a Z1 dual threshold coulter
counter (Beckman Coulter, Fullerton, CA, USA). The cytotoxic-
ity effects of the peptide treatment was evaluated using the co-
lorimetric MTT assay kit from Chemicon (Billerica, MA, USA)
following manufactures recommended procedures. Cells were
plated onto 96 wells plates, treated with a number of the test pep-
tides at a concentration of 100 uM, and then incubated for four
hours at 37°C for MTT cleavage to occur. MTT cleavage was
measured at 570 nm on a SpectraMax M2e microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

Protein isolation

Human talin was obtained from outdated platelets by a com-
bination of ion-exchange and size-exclusion chromatography as
previously described (43). The head domain of talin (talin-H)
was obtained during talin purification or prepared by cleavage of
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O;;;, 989 KVGFFKRNRPPLEEDDEEGE

V-3(d995-d998) RVrppgEEQ

o, 987 RMGFFKRVRPPQEEQEREQLQPHENGEGNSET 1018

B O, 989 KVGFFKRNRPPLEEDDEEGE 1008

o, 987 RMGFFKRVRPPQEEQEREQL 1006
N-term C-term
Turn

C
IIb-1 KVGFFKRNRPPLEEDDEEGE
IIb-2 KVGFFKR
IIb-3 RNRPPLEED
IIb-4 EEDDEEGE
oIIb (PP-AA) KVGFFKRNRAALEEDDEEGE
Scr sIIb-2 VTVLALGALAGVGVG - KFKFVRG
V-1 RMGFFKRVRPPQEEQEREQL
V-2 RMGFFKR
V-3 RVRPPQEEQ
V-4 EEQEREQL
ov(1001a) RVRPPQEEA
0V (993-1000) RVRPPQEE

Scr sv-2 VTVLALGALAGVGVG - FRFMRGK
T-1 KVGFFKRNRPPLEEDDEE

T-2 FFKRNRPPLEEDDEEGE

T-3 FFKRNRPPLEEDDEE

T-4 FKRNRPPLEEDDE

1008

Figure I: o0 CT peptide sequences. A) The
sequence of the cytoplasmic domains of
04,(989-1008) and 0,,(987-1006). B) Sequence
alignment of oy,(989-1008) and 0.,(987-1006)
with their structural regions highlighted. The
structural regions of o;,,(989-1008) were taken
from PDB# IDPK. C) Nomenclature and par-
tial listing of the oy, and oy cell-permeable
peptides used in this study. The cell-permeable
peptides used were N-terminal myristoylated.
Exception: slIb-2, sV-2 and their scrambled
peptides (scr sllb-2 and scr sV-2) — o, B; signal
peptide was inserted onto their N-terminus.
The sequence in scr sllb-2 and scr sV-2 prior
to the hyphen is that of the B; signal peptide
used. In the V-3 D-isomeric mutant peptide,
V-3(d995-d998), the D-amino acids are dis-
played with lower case letters.

talin with m-calpain (Sigma). Human Fg was purified and la-
beled as previously described (42).

Peptide synthesis, purification, resuspension and
characterization
Peptides were synthesized, cleaved and purified by reverse
phase-HPLC on Vydac columns to a purity of 3 98% and their
molecular weights were confirmed by mass spectroscopy as pre-
viously described (23, 44). The N-terminal coupling of myristate
and bromoacetate was performed following a standardized
protocol (24). Facile formation of disulfide bonds in disulfide-
cyclized peptides was carried out using Ekathiox resin (Sigma,
Danvers, MA, USA). Fluorescent peptides were labeled on resin.
A scrambled B;(716-762) peptide with a N-terminal cysteine
was kindly donated by Dr. G.C. White I (UNC, Chapel Hill, NC,
USA). The peptides were dissolved in either aqueous buffers or
buffers containing 10% ethanol. The maximum final concen-
tration of ethanol that the cells were exposed to was 0.08%.
Circular dichroism spectroscopy and secondary structural
analysis was performed as previously described (21).

Peptide internalization

The percentage of cell-bound peptides that were internalized by
platelets and cells was determined by fluorescence quenching of
FITC- and Oregon Green 488-labeled peptides(45). Fluor-

escence quenching was performed either by the addition of 0.2%
Trypan blue (final concentration), or by centrifugation of the cell
suspensions and then incubating the cells with anti-FITC anti-
bodies for 30 minutes at 4°C. Fluorescence was measured on an
EPICS Elite flow cytometer (Beckman Coulter, Fullerton, CA,
USA) and a SpectraMax M2e microplate reader.

Surface plasmon resonance spectroscopy

Surface plasmon resonance (SPR) spectroscopy experiments
were carried out on a Biacore-X (Biacore Inc. Piscataway, NJ,
USA) located at the Saskatchewan Structural Sciences Centre.
Peptides were coupled to carboxymethylated CM5 chips via
N-terminal cysteines (22). Data was corrected for nonspecific
binding using a sensor chip on which only cysteine was coupled.
Surface plasmon resonance experiments were performed at
25°C using a running buffer composed of 20 mM Hepes, 10 mM
NaCl, 1 mM CacCl,, 0.05% surfactant P20, pH 7.2.

Molecular modeling

Molecular modeling studies were carried out using InsightIl
(Accelrys Inc., San Diego, CA, USA) as previously described
(21). Molecular models for the transmembrane and CT of o,
were constructed by alignment of the sequence of 01y,(987-1004)
with oy,(985-1008) and imposing the NMR average structure of
oy, CT (PDB# 1DPK) onto o The initial structure for
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0y(1005-1018) was assigned using secondary structural predic-
tions and CD analysis.

Cell adhesion assay

Cell adhesion experiments were performed using o, B;-express-
ing cells and ligand-coated surfaces as previously described (17,
19). Briefly, Falcon 96-well microtitre plates were coated over-
night at 4°C with 4 ug/well of Fg, prothrombin, vitronectin or
BSA. The wells were rinsed and blocked for two hours with 1%
BSA. Calcein AM-labeled cells (1 x 10° cells/ml.) were pre-
treated for 60 minutes at 37°C with peptides and then transferred
to the ligand-coated plates for a one hour incubation in the pres-
ence or absence of 200 ng/ml PMA. The plates were washed
three times with PBS and then counted on the SpectraMax M2e
microplate reader.

Soluble ligand binding to platelets and cells

Fg binding to activated platelets was performed using gel-fil-
tered platelets suspended in Tyrodes buffer (24). Briefly, pla-
telets (3 x 103/ml) were preincubated for 30 minutes at 22°C with
300 nM '°I-Fg and various concentrations of peptides. ADP (10
uM) and epinephrine (20 uM) were added and after a 30 minute
incubation, 50 pl of each sample were loaded over a 20% sucrose
solution and the tubes centrifuged. The tips of each tube were cut
off and counted in a gamma counter. The binding of FITC-PAC1
and Oregon green488-Fg to gel-filtered platelets and cells were
performed using a modified version of the Fg binding assay and
by FACS analysis (16). The binding of ligands to activated pla-
telets was performed in Tyrodes buffer containing 1 mM CaCl2,
ImM MgCl2, and 0.1% BSA and was monitored in the FL1
channel on the gated population of platelets from histograms.

Results

Effects of cell-permeable o peptides on [3; integrin function
NMR structures of oy, CT revealed that the tail consists of a
N-terminus helix, 0(989-995), a central turn motif,
o(995-1001), and a flexible acidic carboxyl-terminus
0yp(1001-1008). Thus, overlapping oy, peptides (IIb peptide
series) were synthesized to encompass all three of these struc-
tural regions (Fig. 1B and C). As the CT of o, contains a homo-
logous region to Oy, 0(987-1006), a similar series of peptides
were generated (V series). To endow cell-permeability to the
peptides, either a N-terminal myristate or signal peptide was
added. To confirm that the peptides were being internalized, a
number of them were fluorescently labeled and their % internal-
ization were calculated by fluorescence quenching (Fig. 2). As
expected, proteins, non-cell-permeable peptides (soluble V-1) or
large peptides (B; CT) were not efficiently internalized, while all
other peptides of equivalent sequence length were equally inter-
nalized to a maximum of 50% (Fig. 2B). Thus, any difference in
the functional capacity of an oy, peptide versus its o, counter-
part was not due to differences in their % internalization. In ad-
dition, none of the control or myristoylated peptides tested ex-
hibited any toxic side effects as evaluated using the MTT assay
(data not shown).

V-1 and IIb-1 were first used to begin the comparison be-
tween o and oy, peptides. Pretreatment of platelets with in-
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Figure 2: Cell-permeable peptide internalization. A) Linearity of
fluorescence quenching. The capacity of 0.2% trypan blue to quench the
fluorescence of solvent exposed Oregon Green 488-labeled V-3 is linear
over a wide concentration range. Varying amounts of Oregon Green
488-labeled V-3 were placed in 96 well plates and after a five minute in-
cubation with 0.2% trypan blue, fluorescence was measured. Grey lines
represent the mean of all concentrations. Similar results were obtained
using other fluorescent-labeled peptides and proteins. B) Effect of myris-
toylation and peptide size on internalization. Platelets were preincubated
with fluorescent-labeled proteins and peptides for one hour, treated
with % 0.2% trypan blue for five minutes and then their fluorescence was
measured. The fluorescence units were converted into % internalization
using mean maximal quenching value of 91.4% for a solvent exposed flu-
orochrome, as determined in panel A. All peptides tested of similar se-
quence length were equally internalized, regardless of the charge on the
peptide. Similar results were obtained when the fluorescence was
quantitated by flow cytometry, with GM1500 cells, or when the platelets
were washed and the fluorescence was quenched using anti-fluorescein
antibodies.

creasing amounts of [Ib-1, resulted in a dose-dependant decrease
in agonist-induced Fg binding to o35 (Fig. 3A), while V-1 had
no effect. Similar results were also obtained by flow cytometry
using TRAP as the stimulus (Fig. 3B). Trap stimulation resulted
in a 140-fold increase in Fg binding which was inhibited equally
by cRGD peptide and IIb-1, while V-1 was ineffective. To test the
effect of the CT peptides on ow,B; activation, cell adhesion ex-
periments were performed. In this o[, functional assay, pre-
treatment of GM 1500s with IIb-1 had no effect on PMA-induced
cell adhesion, while V-1 completely blocked the stimulated cell
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Figure 3: Specificity in the inhibition of a.yf; and 0,83 acti-
vation by o CT peptides. A) lIb-1 suppressed oy,B; activation.
Washed platelets were preincubated for 30 minutes with 300 nM '%|-Fg
and varying concentrations of llb-1 orV-1. Fg binding was then measured
30 minutes following the addition of ADP and epinephrine. Peptide pre-
treatment had no effect on basal Fg binding to non-stimulated platelets.
The data are expressed as mean + S.D. performed in quintuplicate and
are representative of three separate experiments. B) Fg binding as as-
sessed by flow cytometry. Platelets were pretreated with peptides as de-
scribed in panel A using Oregon Green 488-labeled Fg. Platelets were
stimulated with 10 WM TRAP and Fg binding was measured by flow cyto-
metry. Nonstimulated platelets, black line; ADP/epinephrine stimulated,
red line; IIb-1, green line; V-1, grey line; 250 UM cRGD peptide, blue line.
Similar results were obtained using FITC-PACI as the ligand or ADP/epi-

adhesion (Fig. 3C). Thus, completely opposite results were ob-
tained with the two peptides depending on which integrin family
member mediates the biological process being assayed. Simi-
larly, V-1 was inhibitory when vitronectin was replaced with pro-
thrombin as the oPs-ligand, and o(987-1018), which en-
compasses the entire CT of o, also inhibited o [3; activation
(Fig. 3D). The stimulated cell adhesion was determined to be
oy Ps-specific as treatment with o fB; function-blocking anti-
bodies LM609 and 7E3, resulted in > 95% inhibition of the
PMA-stimulated adhesion. The specificity and the intracellular

nephrine as the stimulus. The data are representative of three separate
experiments, each performed in triplicate. C) V-1 suppression of o3;
activation. GM1500s were pretreated with peptides and following the
addition of 200 ng/ml PMA, cell adhesion to vitronectin-coated plates
was measured. llb-1, red line; V-1, black line; non-stimulated cells (NS)
incubated with V-1, blue line. The data are expressed as mean + S.D. per-
formed in quintuplicate and are representative of three separate experi-
ments. (D) V-1 and 0,,(987-1018) suppression of 0w f3; activation. Experi-
ments were performed as described in panel C using prothrombin-
coated wells. Pretreatment with V-1 or o,(987-1018) blocked stimulated
GMI500 cell adhesion. Non-stimulated Fg binding and cell adhesion lev-
els were subtracted from values in panels A and D (0.357 x 10° cpm and
2.508 x 103 units, respectively).

mode-of-action was also confirmed as non-myristoylated pep-
tides, myristoylated non-CT peptides, and myristic acid were all
devoid of activity.

Determining the biological activity of cell-permeable
peptides derived from the o. CTs of B; integrins

As both IIb-1 and V-1 contained biological activity, the next set
of experiments was performed to determine whether their
biological activity could be restricted to a structural region.
Previously, it had been demonstrated in studies that
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Figure 4: Effect of N-terminal oo CT peptides on integrin
activation. A) N-terminal oo CT peptides derived from both oy, and oy,
activate oy;,P3; independent of a cell agonist. Platelets were incubated
with 20 pg/ml FITC-labeled PAC-1 alone (ADP) or with 50 uM

of myristic acid (ADP + myr), llb-1 (ADP + [Ib-1) or V-1 (ADP +V-1).
Thirty minutes after the addition of the stimulus, PAC-1 binding was
measured by flow cytometry. ADP and epinephrine (ADP) resulted in

a 72-fold increase in PAC-I binding in comparison to non-stimulated
platelets (NS). Control non-stimulated platelets in the absence of PAC-I
(Plt) are displayed. To measure the capacity of lIb-2 and V-2 to activate
platelets, platelets incubated with PAC-1 were treated with | mM of
myristic acid (myr), sllb-2, sV-2, or scrambled peptides (Scr sllb-2 and
Scr sV-2), and 30 minutes later PAC-1 binding was measured.

No additive effect on PACI binding was observed when ADP and
epinephrine were added to platelets treated with sllb-2. Data are
expressed as geometric mean fluorescence * S.D., performed in
quadruplicate and are representative of two separate experiments.

B) N-terminal CT peptides derived from oy, or oty activate 0w f3;.
GM1500 PMA-stimulated cell adhesion to prothrombin-coated plates
were measured following pretreatment with either buffer (PMA), or
with 50 uM of lib-1 (PMA + IIb-1) or V-1 (PMA +V-1).V-I, but not llb-1,
blocked the stimulated adhesion to non-stimulated (NS) levels. Cell ad-
hesion was also measured in the absence of PMA following the addition
of one mM of sllb-2, Scr sllb-2, sV-2, or Scr sV-2. Thus, both slIb-2

and sV-2 can activate O f3;. Similar results were obtained using
vitronectin-coated plates. Experiments were performed in quadruplicate
and are representative of three separate experiments.
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Figure 5: A functionally active oy turn-motif peptide. A) The cen-
tral turn peptide of o, suppresses Fg binding to platelets. The effect of
IIb-3, V-3, an optical isomeric V-3 peptide [V-3(d995-d998)], or
o(1001A) on stimulated Fg binding to platelets were measured as de-
scribed in Figure 3A. Of the four peptides tested, only V-3 was inhibitory.
B) The central turn peptide of o, suppresses oy 3;-mediated cell ad-
hesion. PMA-stimulated cell adhesion to vitronectin was performed as
described in Figure 3C. GMI500s were pretreated with increasing con-
centrations of Ilb-3, V-3, 0,,(993—1000) or ou,(1001A). Only V-3 was in-
hibitory. C) a,(Q1001) is a biologically critical residue. Stimulated
GMI500 cell adhesion to vitronectin was performed as described in Fig-
ure 3C. Only pretreatment with 100 uM of V-3 blocked the PMA-stimu-
lated adhesion. oy,(995-1002), oy, (993-1000), I1b-3, o, (1001A), and
V-3(d995-d998), and control cell-permeable peptides containing a turn
motif, RANITYRG and RANPLYRG, were all non-inhibitory. None of the
peptides used in these experiments altered non-stimulated Fg binding or
cell adhesion levels (data not shown).
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Figure 6: Assessing the capacity of C-terminal and o, turn-
motif peptides to suppress [3; integrin activation. A) The C-ter-
minal o CT peptides do not influence Fg binding to platelets. The effects
of pretreatment with lIb-4,V-4, or an extended V-4 peptide
[04/(998-1006)] on Fg binding to stimulated platelets were evaluated as
described in Figure 3A. None of the peptides were inhibitory while pre-
treatment with 100 UM Ilb-1 decreased Fg binding to nearly non-stimu-
lated levels (1394 £ 206 cpms). B) C-terminal peptides do not influence
oP3-mediated cell adhesion. PMA-stimulated GM1500 cell adhesion to
vitronectin was not blocked by pretreatment with Ilb-4, V-4, or

o,(K989-R995) can activate oyy,B5 (38, 39). Therefore, myris-
toylated forms of this peptide and its homologous o, sequence
were synthesized (1Ib-2 and V-2, Fig. 1) and tested for biological
activity. However, considerable data variation occurred using
these peptides; therefore 11b-2 and V-2 were resynthesized with a
B signal peptide added to endow cell-permeability (sITb-2 and
sV-2, respectively). The addition of 1 uM of sIIb-2 or sV-2 in-
duced PAC-1 binding, even greater than that induced by ADP/
epinephrine stimulation (Fig. 4A). Myristic acid and scrambled
peptides were functionally silent. sIIb-2 and sV-2 also induced
Fg binding to platelets and the formation of platelet aggregates
(data not shown). When added to GM1500s, slIb-2 and sV-2
caused a marked increase in cell adhesion, equal to levels ob-
tained using PMA (Fig. 4B). Thus, the N-terminus of the CT of
both o, and oyy, are capable of activating B integrins.

0y(998-1006), while V-3 was inhibitory. Experiments were performed as
described in Figure 3C. C) Effect of mutated oy, CT peptides on Fg
binding to stimulated platelets. The effects of pretreatment with oy, (PP-
AA), oy,(E1008Q), 0y,(P998G) and 0y, (P999G) on Fg binding to stimu-
lated platelets were evaluated as described in Figure 3A. All peptides
were as effective as llb-1 (1394 £ 206 cpms, at 100 uM) in reducing Fg
binding, with the exception of oy,(PP-AA). D) Effect of truncated oy, CT
peptides on Fg binding to stimulated platelets. Experiments were per-
formed as described in panel C using lIb-3, and truncation peptides T|,
T2,T3, and T4. Only Ilb-3 was non-inhibitory.

IIb-3 and V-3 were the next set of peptides to be examined.
Preincubation of platelets and BAECs with V-3 inhibited ADP/
EPI induced Fg binding and PMA-induced cell adhesion (Fig.
5A and 5B), while IIb-3 was inactive. To confirm that IIb-3 was
biologically silent, two cyclized versions of IIb-3 were syn-
thesized using disulfide and thioether linkages. Both cyclic IIb-3
peptides were inactive while the two corresponding cyclic V-3
peptides had similar potency as V-3. C-terminal truncation pep-
tides of V-3 and IIb-3, 0/(993-1000) and 0y,,(995-1002), were
both inactive (Fig. 5B and 5C). These data indicated that
0y(Q1001) was required for endowing biological activity to V-3,
as its truncation from 0t,(993—-1001) resulted in an inactive pep-
tide. To verify if the side chain atoms of o, (Q1001) were essen-
tial for endowing biological activity to V-3, an 0,(Q1001) to al-
anine mutant peptide was tested, o, (1001A). This peptide ex-
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hibited little to no activity (Fig. 5A, 5B and 5C). Thus, the side
chain atoms of 0,,(Q1001) endowed biological activity to V-3. As
the major structural feature within V-3 is a turn, a mutant V-3
peptide was synthesized with D-amino acids incorporated into
positions occupied by the turn, V-3(d995-d998). When tested,
V-3(d995-d998) was also inactive (Fig. 5A, 5C).

Finally, the capacity of the C-terminal o, and oy, peptides to
block B; integrin-mediated Fg binding and cell adhesion were
evaluated. Both C-terminal peptide (IIb-4 and V-4) had no effect
on Fg binding (Fig. 6A). Equally inactive was o(998-1006), a
N-terminal extension of V-4. All three peptides were also ineffec-
tive at altering PMA-stimulated cell adhesion (Fig. 6B). Thus,
the C-terminal region of oy, and its homologous counterpart in
oy were functionally inactive.

The foregoing experiments revealed that only the sequence in
V-1 responsible for inhibiting o3;-mediated cell adhesion was
minimized to V-3, while the inhibitory sequence of IIb-1 was still
unaccounted for. Therefore, a series of mutant and truncated oy,
peptides were constructed and their capacity to block Fg binding
to activated platelets was evaluated (Fig. 6C and 6D). As a con-
trol, the double proline mutant peptide of IIb-1, oy, (PP-AA),
was shown to be non-inhibitory (Fig. 6C). As this mutation re-
sulted in misfolding of oy, (24), more structurally conservative
single glycine mutant peptides were synthesized [o,(P998G)
and 0y,(P999G)]. Conservation of the secondary structural
composition of oy, CT was confirmed by CD. In contrast to
oyp(PP-AA), at 100 uM both oy, (P998G) and oy, (P999G) were
as effective as IIb-1 at blocking Fg binding (Fig. 6C). Thus, the
side chains of the prolines in the turn of oy, CT were not essen-
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Figure 7: Surface plasmon resonance analysis of the effect of
CT peptides on cytosolic complexes. A) Formation of a cytoplasmic
complex between o, and B;. B3(716-762) with an N-terminal cysteine
was coupled to a CM5 sensor chip via thiol linkage. Increasing concen-
trations (10 to 200 uM) of 0(987—-1018) were passed across the
[3;-coated chip for 360 seconds, followed by a dissociation phase of an
additional 360 seconds. Similar affinity constants were obtained using
chips on which three and ten-fold less b3(716-762) was coupled. B) Spe-
cificity of interaction. Specificity was confirmed by passing 100 uM
0y(987—-1018) over B3(716-762)-coated (black line) versus a scrambled
B3(716-762)-coated chip (scr b3), and by preincubating 0,,(987-1018)

for one hour with a five-fold excess of soluble [3;(716-762) (+b3) prior
to injection. For comparison, 100 UM o,(1001A) was also passed over
the B3(716-762)-coated chip (green line, offset by —10 RU). C) V-3 did
not block ow/B; cytoplasmic complex formation. Fifty UM o.,(987-1018),
200 uMV-3, or 50 uM 0/ (987-1018) plus 200 M V-3 were passed over
the P3(716-762)-coated chip. D) Influence of CT peptides on Talin-H
binding to B;. 100 nM of talin-H was passed over CM5 sensor chips
coated with either 3(716-762) (black line) or a scrambled [;(716-762)
peptide (scr 33). Talin-H was also preincubated for one hour in solution
with 200 pM IIb-1 (green line) or V-1 (red line) prior to injection.
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Figure 8: Blockage of Csk dissociation and Src phosphorylation
by V-3. A) Blockage in platelets. Gel-purified platelets were suspended in
HEPES-modified Tyrodes buffer and allowed to adhere to a Fg matrix for
one hour or allowed to remain in solution over a BSA matrix (BSA). Pla-
telets were preincubated for 30 minutes with either buffer alone (BSA,
Fg and Fg NRS) or with 100 uM of V-3 (FgV-3) or lIb-3 (Fg Ilb-3) prior to
plating over Fg-coated wells. The platelets were lysed with detergent and
the soluble fraction was immunoprecipitated with a polyclonal antibody
to B (B3, first four lanes) or with a normal rabbit serum (last lane). Im-
munoprecipitates were probed on Western blots with antibodies to
p418-Src, Csk, FAK, and [;. Data shown are representative of three sep-
arate experiments. B) Blockage in GM1500 cells. Experiments in panel A
were repeated using GM1500 cells adhering to vitronectin (Vn) and pro-
bing the blots with anti-p418-Src and anti-Csk antibodies.

tial for endowing inhibitor capacity to IIb-1. Similarly, the C-ter-
minal glutamate was not required for inhibitor capacity, as
oup(E1008Q) was inhibitory. This result was further confirmed
using a series of C- and N-terminal truncation peptides, T1-T4
(Fig. 1C). All four truncation peptides were inhibitory, while
1Ib-3 was not (Fig. 6D). Thus, T4 was the shortest ayy, peptide
tested that still retained inhibitory capacity.

Capacity of o CT peptides to form and to disrupt
intracellular complexes

Experiments were performed to determine whether the capacity
of the CT peptides to block integrin activation was a result of
them interfering with the interaction of the cytoplasmic tails with
an intracellular binding partner. The three binding partnerships
that were assessed were: the o-f integrin CT complex (23), the
talin-f; complex (28, 46), and the association of kinases with the
B; CT (27).

While studies have demonstrated that the CTs of oy, 35 inter-
act to form a complex (22, 23), none have established that this is
a general property of integrins, and whether the CTs of o, B; in-
teract with each other. Therefore, the interaction of o, and b,
CTs was examined and characterized by SPR (Fig. 7). The inter-
action of 0y (987-1018) with B5(716-762) was assessed by pas-
sing increasing amounts of 0y (987-1018) across a 3;(716-762)-
coated chip (Fig. 7A). Combined analysis of the association and

v ]
R987
F991
L f R : b
A~ E1002 E1000

041,(989-1008) 0,,(987-1006)

D isomer

E1000
L isomer

Figure 9: Structural models of the a0 CTs of 3; integrins.

A) Structure of 0y,(989—1008) and 0,(987—-1006). Molecular models of
the o, CT were generated using the NMR backbone structure of
oy5(989-1008) (yellow left structure) as a starting template. Displayed is
the initial oty substituted structure of 0, (987-1006) (red right structure)
which shows that the position of N996 and L1000 in o, are swapped in
oy (Q998 andV994). B) D isomeric replacement of the 0,(995-998) re-
sulted in major backbone and side chain realignments. The L-amino acids
in 0n(995-998) were replaced with D-residues and the resulting struc-
ture was allowed to relax into a minimized structure. The original L
structure (red) and the D structure (yellow) are displayed in stick
fashion using the backbone structure of 0,,(989-994) to align the two
structures. The conformational changes that occurred to allow for the
reorientation of the side chains resulted in spatial replacement of several
amino acids, such as Q998 replaced with R995, and E1000 with Q998.
Heavy atoms are only displayed in both panels and the position of a
number of side chains are indicated.

dissociation phases generated a dissociation constant K4 of 23.6
V 4.9 uM. Formation of the o, and B complex was specific as
replacement of B;(716-762) on the chip with a scrambled pep-
tide or preincubation of the oty (987-1018) buffer with a five-fold
excess of soluble B;(716-762) abolished complex formation
(Fig. 7B). In contrast to 0, (987-1018), V-3 failed to interact with
B5(716-762) (Fig. 7C). Furthermore, the addition of 200 uM of
V-3 during the association and dissociation phases of
0y(987-1018) with B5(716-762) had minimal impact. Thus, it
appeared unlikely that the capacity of V-3 to block B, integrin ac-
tivation was related to a direct perturbation of the o/ CT com-
plex.

Since a number of studies have proven that talin-H is a possi-
ble activator of oy,P; (28, 43), experiments were performed to
see if the inhibitory capacity of IIb-1 or V-1 was related to the ca-
pacity of these peptides to interfere with the binding of talin-H to

|04

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Haas: o functional motifs

B5(716-762). Passage of a running buffer containing 100 nM
talin-H over a B4(716-762)-coated sensor chip resulted in high
affinity interaction of talin-H with B (K4 = 3 nM). The addition
0f 200 uM of IIb-1 or V-1 to the running buffer during the associ-
ation and dissociation phases did not alter this interaction (Fig.
7D). Therefore, the inhibitory capacity of IIb-1 or V-1 did not in-
volve talin-H binding.

The third interaction that was assessed was between the as-
sociation of kinases with the B; CT (Fig. 8). Human platelets
were incubated over a non-adherent BSA matrix or a Fg matrix to
which they adhere and spread on. The platelets were solubilized
and immunoprecipitation of oy,P; from platelets demonstrated
that FAK and Csk were associated with ligand-free oy, 35 (BSA),
but that Csk dissociated from oy, 3; when it was bound to Fg. The
decrease in Csk was associated with an increase in tyrosine-418
phosphorylated Src (Src-p418), a marker of Src activation. Pre-
treatment of the platelets with 100 mM of V-3 resulted in a block-
age of Src phosphorylation and retention of Csk. Similar results
were obtained using GM1500 cells. In contrast, [Ib-3 pretreat-
ment had no effect. FAK levels remained unaltered by all treat-
ment conditions. Thus, the inhibitory activity of V-3 towards in-
tegrin activation may be a result of V-3 disrupting the coor-
dination in the binding of Csk and possibly other kinases, but not
FAK, with the B; CT.

Discussion

Previous studies have indicated that interaction between the inte-
grin o35 two cytoplasmic domains regulates its activation, and
that the CT of oyy, plays a major role in this regulation. In the
present work, it was demonstrated that the CT of oy, also regu-
lates integrin activation and sequences within both o CTs that
mediated this regulation were identified. Of most interest were
three novel findings: 1) cell-permeable o, cytoplasmic peptides
can block [3; integrin activation in a subfamily-specific manner;
2) 0yQ1001 in the CT of oy, was identified as a critical residue in
suppression of o35 activation; and, 3) the inhibitory capacity of
the o CT peptides was associated with their capacity to disrupt
the interaction of the integrin CT with Csk and Src activation.

In regards to the use of CT peptides for the development of
anti-cancer and anti-platelet therapeutics, 0, (987-1006) block-
ed oy B;-mediated cell adhesion while ot;,(989-1008) was com-
pletely ineffective (Fig. 3), and conversely oup,,(989-1008) block-
ed Fg binding to platelets while 0,(987-1006) was silent. These
two homologous sequences differ in identity at nine sites, includ-
ing two substitutions proximal to the PP-turn motif. Comparison
of the NMR structure of oy, versus molecular models of oy (Fig.
9A) revealed that the reversal in position of the two amino acids
proximal to the turn motif resulted in the swapping of a hydro-
phobic residue with a hydrophilic hydrogen-bonding residue. If
these two residues are important for intracellular ligand binding,
this swapping may, in part, account for the functional specificity
of the two peptides.

The unique C-terminal extension of oy; 04(1007-1018),
does not appear to play a major role in regulating integrin acti-
vation as the capacity of 0, (987-1018) to suppress o, P acti-
vation was similar to that of a(987-1006) (Fig. 3). The acidic
C-terminus of oy, and its homologous sequence in oi; peptides

IIb-4 and V-4, were both functionally silent (Fig. 6). In oy; the
minimal CT sequence with inhibitory capacity was defined by
0(993-1001), while its oy, counterpart [04p,(995-1003), 11b-3]
was inactive (Fig. 5). Others have reported that IIb-3 has activity
(41). However, herein IIb-3 and cyclized versions of this peptide
were all biologically inactive. These differences in the activity of
I1b-3 may be a result of differences in the design of the cell-per-
meable peptides — palmitoylated versus myristoylated and/or
amide versus carboxyl terminus. However, extension of I1b-3 by
four amino acids resulted in an active peptide (T4,
0,(993-1005); Fig. 6D). Therefore, this and the previous study
both determined that oy, (993—1005) contains the inhibitory do-
main of the oy, CT. As to the mode-of-action of the minimalized
peptide, the capacity of the CT peptides to suppress integrin ac-
tivation was not related to a perturbation of the o/ CT complex,
as 0y(993-1001) had low affinity for B; and was ineffective at
preventing the a,, CT from interacting with B (Fig. 7).

Previous studies demonstrated that ou;,(989-997) can activate
oy,P; in a cell-agonist independent manner (38, 39). Using a sig-
nal peptide attached to the N-terminus of ai,(987-995) as the
means of endowing cell-permeability, a(987-995) was shown
to contain similar integrin activation properties (Fig. 4). Studies
have shown that CIB1 interacts with o,(983-997), which en-
compasses Oy,(989-997), but it does not interact with the CT of
oy (22, 33, 40). Recently, it was demonstrated that CIB1 can in-
hibit agonist-induced oy, activation by disruption of talin bind-
ing to the B; CT (37). Thus, while the activation of integrins by
0,(989-997) may in part be attributed to CIB1, it is unlikely that
the capacity of ai(987-995) to activate integrins involved CIB1.
The head domain of talin (talin-H) is a putative activator of oy, 35
(28, 43). Using platelet-derived talin-H, high affinity binding of
talin-H to 5 was confirmed (Fig. 7). In contrast to CIB1 (37),
neither oy,(989-1008) nor 0, (987-1006) blocked talin-H bind-
ing to B5. Thus, the inhibitory capacity of these peptides was not
related to a disruption in talin-H binding. Other studies have
identified kinases that interact or become associated with the cy-
toplasmic domain of integrins. Some of these kinases are possible
candidate proteins whose interaction with integrin CTs is per-
turbed by the synthetic a cytoplasmic peptides. Of these kinases,
Csk, Syk and Src are likely candidates (27, 47).

In this study, V-3 and IIb-3, 0(993-1001) and ouy,(995—
1003), respectively, were tested for their capacity to influence the
binding of kinases to oyB;. 0(993-1001) but not o, (995—
1003) inhibited the dissociation of Csk from the 3; CT and sub-
sequent activation of Src. Thus the inhibitory capacity of
0y(993-1001) to block integrin activation may be due to its ca-
pacity to disrupt the intracellular mechanisms involved in coor-
dination the binding of Csk with the B; CT. More detailed experi-
ments are required to identify the complex mechanism(s) in-
volved in regulating the association and dissociation of Csk from
the B; CT, and subsequently how 0y(993-1001) interferes with
this regulation.

Our previous study indicated that a major structural feature
in the CT of oyy, was its turn motif and that destruction of this
turn resulted in a biologically inactive peptide (24). Given the
high sequence homology between 0y,(989-1008) and
0y(987-1006) and the functional data presented herein, a
number of control peptides were used to determine what features
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of'the turn are required for this biological activity. Single glycine
substitutions of 04;,(989—1008) at 0;,(P998) and 0y, (P999) re-
mained inhibitory while the double proline mutant oyy, peptide,
o(PP-AA), was inactive (Fig. 6C). Similar to oy, (PP-AA), re-
placement of the amino acids that form the turn in oy, CT with
their optical D isomers (D-amino acids) abolished the capacity
of 0(993-1001) to block integrin activation (Fig. SA). Structur-
ally, the double proline to alanine mutation resulted in a mis-
folded tail (PDB# 1PDQ) while the more conservative single
glycine mutant peptides preserved the structural composition of
Oy, CT. The L- to D-amino acid conversion resulted in the pres-
ervation of the turn structure (Fig. 9B), but the direction of the
fold and the spatial orientation of the side chains were reversed.
Therefore, it was concluded from these findings that the side
chain atoms of the prolines present in the turn of these two o CTs
most likely do not directly participate in endowing the inhibitor
capacity to the CT peptides. However, the backbone structure of

Finally, the truncation peptide 0(993-1000) was biologi-
cally silent, while 0y,(993-1001) was potent at suppressing [3; in-
tegrin activation. Mutation of glutamine 1001 into alanine,
oy(Q1001), resulted in a peptide that exhibited minimal func-
tional activity. Thus, the side chain atoms of 0, (Q1001) en-
dowed biological activity to o, CT peptides. However, the mini-
malized o, CT peptide, V-3, did lose the specificity exhibited by
its parent peptide in suppressing only o5 activation. Identify-
ing the residues responsible for the integrin family member spe-
cificity of both o, and oy, peptides will allow for the devel-
opment of anti-cancer/anti-angiogenesis versus anti-platelet
therapeutics.
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