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ecules that are critical for cell adhesion in many im-

portant biological processes. The platelet integrin
aypPs is perhaps the most studied of all integrins as it
plays a major role in arterial hemostasis and thrombo-
sis, and its platelet specificity has identified it as an
ideal target for anti-platelet therapy in the treatment of
thrombotic disease. However, the recent failure of the
oral integrin ay;p33 antagonists to safely treat patients
with cardiovascular disease has highlighted the need to
better understand the complex intracellular signaling
network that both permits and propagates integrin acti-
vation (1, 2). A better understanding of these processes
may allow the development of better anti-platelet or
anti-integrin agents.

The importance of the cytoplasmic domain of oy, in
regulating the affinity of o535 for its ligand has been es-
tablished (3, 4). The highly conserved KVGFFKR
a-integrin signature motif maintains the integrin in a de-
fault low-affinity state through a coordinated associa-
tion with the integrin 85 cytoplasmic tail (3, 5-7). In con-
trast, dissociation of the integrin - tails results in
integrin activation (4, 8, 9). Moreover, deletion of the
KVGFFKR regulatory region or introduction of mutations
induces a constitutive activation of the integrin (4, 10).
Thus, the a-integrin signature motif plays a critical role in
regulating integrin function in the platelet.

In addition to its association with the {35 tail, the KVG-
FFKR motif also acts as a recognition site for multiple in-
tracellular proteins such as CIB1 (11), AUP-1 (12), PP1C
(13), PP2A (14), ICln (15), RN181 (16), and TIM (17).

I ntegrins are a family of cell surface receptor mol-
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ABSTRACT A synthetic cell-permeable peptide corresponding to the highly con-
served a-integrin signature motif, Palmityl-K°®*VGFFKR®?> (Pal-FF), induces inte-
grin activation and aggregation in human platelets. Systematic replacement of the
F?°2-F%°3 with amino acids of greater or lesser hydrophobicity to create Pal-KVGxxKR
peptides demonstrate that hydrophobic amino acids (isoleucine, phenylalanine,
tyrosine, tryptophan) are essential for agonist potency. In marked contrast, substi-
tution with small and/or hydrophilic amino acids (glycine, alanine, serine) causes
a switch in the biological activity resulting in inhibition of platelet aggregation, ad-
hesion, ADP secretion, and thromboxane synthesis. These substituted, hydro-
philic peptides are not true pharmacological antagonists, as they actively induce
a phosphotyrosine signaling cascade in platelets. Singly substituted peptides
(Pal-AF and Pal-FA) cause preferential retention of pro- or anti-thrombotic proper-
ties, respectively. Because the a-integrin signature motif is an established dock-
ing site for a number of diverse cytoplasmic proteins, we conclude that eliminat-
ing critical protein—protein interactions mediated through the hydrophobic amino
acids, especially F°°3, favors an anti-thrombotic pathway in platelets. Agents de-
rived from the inhibitory peptides described in this study may represent a new
therapeutic strategy for anti-platelet or anti-integrin drug development.
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Thus the oy, cytoplasmic tail is emerging as a molecu-
lar scaffold for the coordination of interactions of cyto-
plasmic and cytoskeletal proteins in the regulation of
downstream signaling to promote or modulate platelet
responses. However, the mechanisms by which these
interactions act to regulate integrin signaling in a dy-
namic cell system have yet to be fully elucidated. There-
fore, understanding the role of the KVGFFKR motif of
the oy cytoplasmic tail is critical for understanding inte-
grin activation and its control in platelets.

We have previously demonstrated, using cell-
permeable synthetic KVGFFKR peptides, that this region
both regulates integrin activation and independently ini-
tiates integrin signaling in platelets (10, 18). The critical
role of the hydrophobic phenylalanine residues FP22-F%3
of this motif was illustrated by Vinogradova (19) and
Weljie (20) in their respective models of the structure
of the cytoplasmic tails of the platelet integrin. Finally,
mutation studies in which one or both of these residues
is replaced with alanine induces constitutive ligand
binding, demonstrating the role for F22-F%3 in the facili-
tated activation of the integrin (21). However, we have
recently demonstrated that despite this activation of the
integrin’s capacity for ligand binding, replacing the hy-
drophobic phenylalanine residues also results in a dis-
turbance in the capacity of the “activated” integrin to
convey the correct signals within the cell in mutant
CHOayp, F?2A,F °2A B5 cells (10). Moreover, replace-
ment of phenylalanine residues with the less hydropho-
bic alanine in cell-permeable peptides results in a loss
of agonist potency in synthetic KVGAAKR peptide stud-
ies. Thus, the KVGFFKR motif coordinates both integrin
activation and downstream signaling events including
actin assembly. In this Article, we will explore the molec-
ular requirements for this regulatory process.

We examine the effects of synthetic cell-permeable
peptides in assays of platelet function and tyrosine
phosphorylation as an index of platelet response. All
data is quantified relative to a maximal response ob-
tained in the presence of a thrombin-receptor activator.
We observe that some peptides actively inhibit platelet
responses to agonists. Studies to explore this unex-
pected result demonstrate that the inhibitor peptides
are integrin-specific but are not true integrin antago-
nists, as they independently provoke a tyrosine phos-
phorylation response. Thus, they will be useful tools in
dissecting the integrin-activated pathways in platelets.
In this Article we will establish the chemical characteris-
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tics of pro-thrombotic and anti-thrombotic peptides in
order to gain a better understanding of integrin signal-
ing pathways in human platelets.

RESULTS AND DISCUSSION

Importance of F?2-F*3 for Regulation of Integrin
aypPs3. We have previously demonstrated that a cell-
permeable, palmitylated KVGFFKR peptide (Pal-FF), cor-
responding to the regulatory motif of the major platelet
a-integrin cytoplasmic domain, but not a related peptide
Pal-KVGAAKR (Pal-AA), induces platelet activation (10).
To explore the precise requirements for the hydrophobic
phenylalanines on the function of the integrin regula-
tory motif, we used palmitylated substituted KVGxxKR
peptides (Pal-XX) as follows: Pal-KVGFFKR (Pal-FF), Pal-
KVGAAKR (Pal-AA), Pal-KVGIIKR (Pal-I), Pal-KVGYYKR
(Pal-YY), Pal-KVGWWKR (Pal-WW), Pal-KVGGGKR (Pal-
GG), and Pal-KVGSSKR (Pal-SS). Two control peptides
were used: an irrelevant sequence from a membrane-
adjacent region of another platelet protein, Pal-
EIIEDIKRHK (Pal-Ell), or KVGFFKR peptide conjugated to
a palmityl-like hexadecylamine group moiety on its
C-terminus (FF-Pal). Using the protocol illustrated
(Figure 1, panel a), we compared the platelet aggrega-
tion after 3 min of treatment with buffer (Figure 1,
panel b), control peptides (Figure 1, panel c), or Pal-XX
peptides alone, with responses obtained following a se-
quential stimulation with TRAP (10 wM). We demon-
strate that the submaximal platelet aggregation ob-
tained by Pal-FF can be enhanced to a full response by
the subsequent addition of agonist (Figure 1, panel d).
In order to compare the potency of this response across
all of our peptides, we recorded the maximal aggrega-
tion response to increasing doses of peptide alone af-
ter 3 min and plotted results in classical dose—
response curves (Figure 1, panels e and f).

The specificity of the aggregation induced by these
peptides is demonstrated by the use of the control pep-
tide, KVGFFKR-Pal. This peptide is inactive, demonstrat-
ing the importance of the specific orientation of the pep-
tide sequence in producing this pro-thrombotic
response. Our previous studies demonstrate that
palmityl-peptides remain attached to the platelet phos-
pholipid membrane by virtue of their lipid tail (18).
Moreover, a maximal response to TRAP is obtained in
the presence of this peptide, confirming that the pres-
ence of palmitylated peptides does not per se affect
platelet responses.
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Figure 1. Replacement of the phenylalanine amino acids within the Pal-KVGFFKR sequence reveals an inhibitory potency in these pep-
tides. Washed human platelets (3 x 10® mL~*) were monitored in a Biodata PAP-4 platelet aggregometer according to the timeline in
panel a. Real-time recording of platelet aggregation in the presence of (b) buffer or (c) control peptide C-terminally palmitylated
KVGFFKR-Pal in the presence or absence of TRAP (10 wM). d) Representative real-time recording of platelet aggregation to Pal-FF

(30 nM). e,f) Effects of increasing doses of the indicated peptides on platelet aggregation recorded after 3 min incubation and before
the addition of TRAP. g) Representative real-time recording of platelet aggregation to Pal-AA (10 p.M). h,i) Effects of increasing doses of
the indicated peptide on aggregation responses recorded 3 min after the addition of TRAP, expressed as a percentage of maximal ag-
gregation. In all cases except Pal-WW, data represent the mean + SEM of four independent experiments. For the Pal-WW peptide, data
represents the mean of duplicate observations of a single dose—response experiment.

concentrations below 50 M, but surprisingly are po-
tent inhibitors of aggregation responses when used in
combination with thrombin or TRAP (Figure 1, panel g).
This unexpected result, indicating an inhibitory activity
in synthetic integrin-derived peptides, is dose-
dependent and reaches a maximal effect, wherein plate-
let aggregation to TRAP is completely abrogated, at

10 M peptide (Figure 1, panel i). Some inhibitory activ-
ity is observed with the Pal-FF peptide, but only at doses

Peptides containing hydrophobic or large amino ac-
ids (isoleucine, tyrosine, or tryptophan) in place of the
phenylalanines are equivalent to the parent Pal-FF pep-
tide in their direct effects on platelet aggregation when
added alone and permit a maximal platelet aggregation
response when used in combination with TRAP. In con-
trast, peptides containing small or hydrophilic amino ac-
ids (alanine, glycine, or serine) in these positions have
weak agonist potency when used alone, especially at
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Figure 2. Inhibitory effect of Pal-AA peptide is observed in multiple assays of platelet function. a) Washed platelets were coincubated with
peptide (50 M) and thrombin (0.2 U mL™*) and assayed for integrin activation (PAC-1 antibody) or «-granule secretion (CD62P antibody).
b) TXA, synthesis was determined in the presence or absence of 0.2 U mL~* thrombin. c) Platelet secretion of ADP was recorded using a
chronolume assay in the presence of increasing concentrations of Pal-AA peptide or control (Pal-Ell) peptide. d) Platelet aggregation in re-
sponse to A23187 (0.1 M, black bar), phorbol 12-myristate 13-acetate (1 1M, gray bar), or thrombin (0.2 U mL™?, white bar) was equally
inhibited by Pal-AA peptide (10 .M). Data represent the mean = SEM for four independent experiments (NS = nonsignificant; * indicates P
< 0.01; Student’s t tests). ) Inhibition of platelet spreading by Pal-AA peptides is shown as representative data following incubation for

5, 15, and 45 min on glass slides coated with 20 ug mL™* fibrinogen in the presence of the indicated peptides. Platelets were stained with
FITC phalloidin. Panels represent a 50 um? section of the glass slide. Each treatment was performed a minimum of four times.
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above 50 wM (Figure 1, panel h). Pal-WW peptide is in-
termediate in its activity and can cause only a partial in-
hibition of TRAP-induced platelet aggregation. Thus, all
peptides exhibit some degree of agonist action on plate-
let aggregation, especially at high doses. In contrast,
some peptides have an additional inhibitory effect at
lower doses.

Pal-AA Inhibits Multiple Platelet Responses to
Agonists. Agonist-induced activation of platelets in-
duces TXA, synthesis, CD62P surface expression, ADP
release, and enhanced binding of the integrin-specific
activation-dependent PAC-1 monoclonal antibody (10,
18, 22, 23). Here we demonstrate that Pal-AA inhibits all
these responses with the single exception of CD62P ex-
pression (Figure 2). It is noteworthy that this response
is an integrin-independent event in human platelets as
a-granule release is unaffected in Glanzmann’s patients
(24). Thus, the opposing agonist and inhibitory effects
of the modified integrin-derived peptides are main-
tained in a number of separate assays of platelet activa-
tion (Figure 2, panels a—c). The inhibitory activity of the
Pal-AA peptide is also confirmed for other platelet ago-
nists including phorbol 12-myristate 13-acetate (PMA),
calcium ionophore (A23187), and thrombin (Figure 2,
panel d). In addition, Pal-AA peptide inhibits platelet
spreading on an immobilized fibrinogen substrate
(Figure 2, panel e). These data imply that the site of the
inhibitory action of the peptide is downstream of the
well-characterized agonist-stimulated pathways in
platelets and occurs subsequent to calcium release
and PKC activation.

Pal-AA Peptide Is Not a True Antagonist. To estab-
lish if the Pal-AA peptide is a true antagonist of platelet
activation, its capacity to inhibit or provoke a phospho-
tyrosine response in the presence or absence of TRAP
(10 M) was examined. Western blot analysis of plate-
lets lysates prepared after incubation with peptide alone
for 3 min and stained with the phosphotyrosine-specific
antibody 4G10 is shown in Figure 3, panel a. The pro-
file of the phosphotyrosine response to Pal-FF is similar
to that obtained with TRAP alone. However, in contrast,
the phosphotyrosine pattern induced by Pal-AA is clearly
different, demonstrating reduced phosphorylation of a
phosphoprotein at approximately 80 kDa and absence
of 100 kDa phosphoprotein. Similar differences in phos-
photyrosine profiles are observed when platelets are co-
treated with peptides and agonist (Figure 3, panel b).
Thus, Pal-AA provokes an altered phosphotyrosine pro-
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file in platelets when incubated in the absence of plate-
let agonists. It is therefore not a true antagonist of inte-
grin activation since, classically, antagonists have no
intrinsic activity but merely block an agonist-induced re-
sponse. Pal-AA must be working via preferential interac-
tion with downstream signaling pathways and may pro-
mote a physiological counter activity that inhibits
platelet function.

Further probing of the phosphotyrosine response to
peptide stimulation can enhance our knowledge of the
precise pathways involved in this response. FAK phos-
phorylation is a downstream event in integrin signaling
(25) that occurs after integrin activation, talin binding,
and clustering. Immunoprecipitation of FAK (MW 125
kDa), followed by anti-phosphotyrosine Western blot
analysis, showed that Pal-AA failed to support phospho-
rylation of FAK. Furthermore, TRAP-induced FAK tyrosine
phosphorylation was prevented by Pal-AA (Figure 3,
panel ¢). Thus Pal-AA peptide actively diverts the inte-
grin signaling pathways away from focal adhesion path-
ways. This is entirely consistent with our previous re-
ports that CHO cell lines expressing oy, (FP2?A,FP23A) 35
have impaired cytoskeletal assembly when adhering to
immobilized fibrinogen. These data argue strongly
against a passive role for the inhibitory peptides, in-
stead suggesting an active involvement in an inhibitory
or anti-thrombotic pathway that directly impacts on inte-
grin phosphorylation and downstream events.

Because of the known close association of FAK and
a-actinin in the platelet phosphotyrosine cascade (26),
we also examined phosphorylation of a-actinin
(Figure 3, panel d). Phosphorylation of a-actinin (MW
100 kDa) and Syk kinase (MW 72 kDa) were equivalent
in the presence of Pal-FF and Pal-AA peptides, suggest-
ing that neither of these proteins are responsible for the
altered phosphotyrosine profile observed in Pal-AA-
treated platelets. Elucidating the precise molecular path-
ways by which Pal-FF and Pal-AA peptides mediate
theirindependent effects on platelet function will neces-
sitate further studies.

The inhibitory activity identified for Pal-AA, Pal-SS,
and Pal-GG cannot be attributed to a classical antago-
nist potency of these peptides for two reasons. First,
these peptides demonstrate some agonist-like activity
at doses of 50 wM and above. Second, classical antago-
nists should bind to a “receptor” and prevent an
agonist-induced response but should have no intrinsic
activity by themselves. Pal-AA/GG/SS peptides demon-
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Figure 3. Outside-in tyrosine phosphorylation is differentially modulated by peptide treatment of platelets. Washed platelets (6 x 10® mL~*) were
either (a) stimulated with peptide (50 ;1M) and allowed to aggregate for 3 min or (b) preincubated for 3 min with peptide prior to the addition of
TRAP (1 uM) and allowed to aggregate for a further 3 min. Platelet lysates were separated on 7.5% SDS—PAGE gels and Western blotted with a
4G10 anti-phosphotyrosine monoclonal antibody. The Pal-AA peptide caused a reduced phosphotyrosine profile relative to agonist peptides or
thrombin, most notably, a protein in the 100 kDa region (arrow). Lysates from washed platelets prepared as in panels a or b were immunoprecipi-
tated with (c) anti-FAK, (d) anti-«-actinin, or (€) anti-Syk antibodies and Western blotted using 4G10 phosphotyrosine specific antibodies (upper
panels). Identical samples were probed with antibodies specific to FAK, «-actinin, or Syk to illustrate equal loading (lower panels). Data represents
observations from at least three independent experiments.
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strate strong intrinsic activity in assays of tyrosine phos-
phorylation. Thus, these peptides could be described
as partial agonists, which are capable of inducing a
lesser maximal response than a full agonist but are
nonetheless able to induce some responses in the
platelet. However, unlike classical partial agonists, Pal-
AA/GG/SS can reduce the response to a standard dose
of TRAP (10 wM) to less than their own maximal re-
sponse at low peptide doses. This may be because the

¢ 2009 BERNARD ET AL.

system is more complicated than normal, as TRAP is
not a direct activator of integrin occupancy but an indi-
rect activator via “outside-in” signaling pathways. An al-
ternative explanation is that these peptides (Pal-AA/GG/
SS) activate a complementary negative regulatory
pathway within platelets and therefore mimic a physi-
ological inhibition of platelet function. Differentiation be-
tween these two modes of inhibition must await a more
detailed understanding of the precise molecular mecha-

www.acschemicalbiology.org



Figure 4. Superposition of KVGXXKR backbones (green) to the 1KUP_KVGFFKR backbone (red). Peptide structures were
modeled using the ESYPRED3D program (35) and superimposed on the template backbone of the integrin allb cytoplas-
mic (1KUP) (20) using the superposition algorithm of VMD (39). Details regarding the fit of these models are shown in

Table 1.

nisms underlying their actions. Studies are underway in
our laboratories to address this issue (27).
Structure—activity Relationship of KVGXXKR
Peptides. In order to further our understanding of the
structure—activity relationship of the integrin cytoplas-
mic tail peptides, we examined the relationships be-
tween the 3D structural parameters of these peptides
obtained from their homology models (Figure 4) and
their physicochemical parameters derived from various
predictions (Table 1) with their biological activity. We
postulated that the hydrophobicity might be an impor-
tant estimator of the biological activity of these synthetic
peptides, as it is established that many known interac-
tions with the integrin cytoplasmic tail are hydrophobic
in nature (27, 28). Because all peptides have dual activ-
ity, it was difficult to correlate effects with classical phar-
macological parameters such as ECs; or ICso. We there-
fore compared parameters to the observed effects of
30 M peptide, a dose that clearly delineated an ago-
nist peptide from an inhibitory one. The results obtained

www.acschemicalbiology.org

indicate that the peptides stratify into agonist or inhibi-
tory peptides depending on the hydrophobicity of the
substituted XX residues (p = 0.009 and p = 0.74) and
their degree of disorder (p = 0.015 and p = 0.71). No
correlation was found between the biological responses
of the peptide and other biophysical indices of peptide
structure such as aliphatic index, a-helical content or
the root-mean-square deviation (rmsd) of the average
distance between the backbones of superimposed
peptides.

Positive correlations were observed between aver-
age backbone extension of peptides with the helical
content of the peptide (Agadir index) and their aliphatic
indices (p = 0.0320 and p = 0.7136; p = 0.0069 and p
= 0.7581, respectively) suggesting that more helical
peptides have extended backbones. The superposition
of the KVGxxKR backbones to the KVGFFKR portion of the
1KUP template (Figure 4) shows that in most of the
cases the peptide backbones fit to the «-helical back-
bone of the oy, template. In particular, the native KVG-
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1ABLE 1. Physicochemical characteristics and 3D structural parameters from homology models for KVGXXKR

.
a
peptides

Biological response Physicochemical properties Hydrophobicity determination scales IKUP

% Agonist % Inhibition

response  of TRAP L A

Theo Instabili Aliphatic . . . Octanol E rmsd
XX to30 by 30 Mw . ty . P GRAVY Disorder Eisenberg Rose Janin Engelman ABE
Pl index index scale (k)/mol) (Al

M M

peptide peptide
Il 36.32 0.7 813 11.17 6.63 152.86 0.071 0.216 =i 5.02 =27/ =200 5.86 148.24 5.03 20.19
FF 16.78 4.2 881 1117 941 41.43 —0414  0.105 ~1.59 5.02 -31 -189 4.68 77.68 188 14.59
ww 17.72 273 959.1 1117 48.51 41.43 —1.471 0.233 —2.35 4.96 -3.5 —22.5 3.92 48.79 2.86 15.77
Y 9.69 342 913 10 3639 41.43 -1.586  0.288 —3.45 4.78 -49 -27.7 6.68 —6.19 15 15.81
AF 67.18 —6.3 804.9 11.17 -2.71 55.71 —0.557 0.441 —2.16 4.88 -33 -21 6.89 132.14 3.88 17.15
FA 21.28 69.7 804.9 1117 30.89 55.71 —0.557 0.349 —2.16 4.88 =53 2 6.89 58.15 3.07 15.93
55 10.65 83.2 760.8 11.17 58.4 41.43 —1.443 0.952 —4.33 4.58 —43 =251 9.02 73.74 5.54 17.77
GG 11.34 83.2 700.8 1117 54.01 41.43 =3P 0.868 =50 4.7 =55 —243 10.4 266.47 3.35 15.88
M 249 95.8 7288 1117 1876 70 -07 0.780 -2.73 474 -35 -231 9.1 96.95 431 17.92

value

0.308 0.319 0.091 0.731 0.301 0.015 0.037

—0.339 0332 0.534 0.118 —0.343 0.706

—0.632

0.006 0.060 0.035 0.009 0.811 0.699 0.184

—0.771  —0.582 —0.636 0.741 —0.082 0.132 0.433

IMW refers to peptide molecular weight; Theo Pl is the theoretical isoelectric point of each peptide; GRAVY is the grand average of hydropathy index.
These parameters are determined as described in Methods. Eisenberg, Rose, Janin, Engleman, and Octanol are different hydrophobicity indices. ABE is
the average backbone extension for peptides built on the 1KUP template. P values and Spearman p values are statistical correlations of the indi-
cated parameter with the capacity of each peptide to inhibit TRAP-induced platelet aggregation. Additional information and fits to other pdb models
are available in the Supplementary Table. Bold text indicates statistically significant P value compared to the biological response.
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FFKR peptide sequence yields a structure correspond-
ing to the published IKUP structure. However, peptide
models lacking hydrophobic amino acids showed much
greater structural divergence from the 1KUP template
KVGFFKR region of the oy, cytoplasmic tail. This lack of
conformity correlates with the observed difference in
biological activity of these peptides. Thus the structural
analysis of the peptides suggests that hydrophobicity
and peptide disorder are the most important predictors
of potency. However, relative hydrophobicity within this
group did not predict the rank order of potency, suggest-
ing that additional factors also contribute to the
response.

Although tryptophan is considered to be a hydropho-
bic amino acid, the biological activity of Pal-KVGWWKR
peptide is observed to be less than would be expected.
It is interesting to note therefore that the two aromatic
tryptophan residues stack on top of each other
(Figure 4), resulting in a more contracted backbone.
This is also evident from the distance between the aro-
matic centroids (2.9417 A for the tryptophan centroids
in the KYGWWKR peptide). Such a stacking interaction is

¢ 2009 BERNARD ET AL.

absent in the Pal-KVGYYKR and Pal-KVGFFKR peptides,
as evident from their respective centroid—centroid dis-
tances (7.2915 and 8.0498 A, respectively), and may ex-
plain the differences in activity.

Cell Permeability of Pal-KVGXXKR Peptides. All pep-
tides tested, both activatory and inhibitory, showed a
very high capacity to associate with cell membranes,
suggesting similar capacity to permeate a biological cell
membrane. Red blood cells (RBCs) were used as model
cell membranes in these experiments. The cell perme-
ability of the palmitylated peptides, but not the non-
palmitylated control peptides, is evident from the HPLC
and H NMR spectral images (Figure 5). The disappear-
ance of the peptide peaks in the HPLC chromatograms
and the absence of specific palmityl resonances in the
'H NMR spectra after the addition of RBCs demonstrate
that the palmitylated peptides are no longer present in
abundance in solution but have associated with the RBC
membrane or translocated into the cell. In contrast, in
the control peptides (without palmityl tag), the peptide
peaks are clearly visible in solution even 15 min after
the addition of RBCs. Because palmityl-peptides can

www.acschemicalbiology.org
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Figure 5. Palmitylated peptides but not non-palmitylated peptides are membrane-permeable. Pal-KVGFFKR peptide (Pal-
FF, 1 mM), Pal-KVGAAKR (Pal-AA, 1 mM), or corresponding unpalmitylated control peptide containing an additional 4
amino acids at the N-terminal domain, Ac-LAMWKVGFFKR (Control-FF, 1 mM) or Ac-LAMWKVGAAKR (Control-AA, 1 mM)
were incubated with washed RBCs for 15 min at 37 °C. For HPLC analysis (left panels), RBCs were removed by centrifuga-
tion and the peptide present in the supernatant was separated on a Jupiter C5 250 mm x 4.6 mm column with a 40 min
gradient of water/acetonitrile of 70/30 to 15/85. Data is shown as red lines. For comparison, the chromatogram of pep-
tide alone is shown as green lines. In parallel experiments, peptides were analyzed alone (green lines) or in the presence
of RBCs (black lines) by *H NMR with D,0 as a reference. The absence of specific palmityl resonances in the 'H NMR
spectra after the addition of RBCs demonstrates that the palmitylated peptides are no longer present in abundance in so-
lution but have associated with the RBC membrane or translocated into the cell. In contrast, in the control peptides
(without palmityl tag), the peptide peaks are clearly visible in solution even 15 min after the addition of RBCs.

cause cell lysis at the high concentrations necessary At the concentrations used in platelet function assays
for detection, additional peaks are present in the spec- (1—50 M), no lysis is observed in RBCs. No significant
tra after the addition of RBC (right panel B and D, black  extra protein peaks have been observed for the control
spectra) that are neither present in the peptides alone peptides after the addition of RBCs (right panel A and C,
nor present in the background spectrum for RBC alone.  black spectra), verifying that nonpalmitylated peptides
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Figure 6. Pal-FA and Pal-AF have opposite biological effects. Platelet aggregation was monitored in washed human platelets (3 x 10® mL™?) ac-
cording to the timeline in Figure 1, panel a. a) Indicated concentrations of Pal-AF and Pal-FA peptides were incubated for 3 min, and effects re-
corded before the addition of TRAP. Pal AA and Pal FF are shown for reference. b) Inhibitory effects of the peptides on aggregation responses, re-
corded 3 min after the addition of TRAP. Data represent the mean = SEM of 3 or 4 independent experiments.
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both remain in solution and have no effect on the integ-
rity of the RBC membrane. In the control peptides, the
acetyl resonances at 2 ppm are still present 15 min af-
ter the addition of RBCs (right panel A and C, green spec-
tra), thereby proving that these peptides still remain in
solution to be detected by NMR. In contrast, the palmi-
tyl methylene resonances at 1.2 ppm are not observed
in the presence of RBCs, suggesting that the palmity-
lated peptides have permeated the cell membrane and
are no longer available in solution to be detected by
NMR. Similar experiments were performed with syn-
thetic liposomes and demonstrated that only palmity-
lated peptides but not-nonpalmitylated peptides associ-
ated with the liposomes (data not shown). There was
no difference quantitatively between agonist and inhibi-
tory peptides, typified by Pal-FF and Pal-AA, in their abil-
ity to associate with cell membranes. Finally, we have
previously demonstrated that fluorescently tagged
palmityl-peptides associate with the membrane of plate-
lets or cells, suggesting the lipid tail confines the pep-
tides to the juxta-membranous region in cells (18).
Pal-FA and Pal-AF Have Opposite Biological Effects.
NMR structural analysis of the a-integrin cytoplasmic
tail indicates that the hydrophobic amino acids F° and
F?%3 within the a-integrin regulatory motif provide cru-
cial hydrophobic contacts with the {35 tail that facilitate
the maintenance of a resting integrin structural confor-
mation (19, 20, 29). In particular, Vinogradova et al.
demonstrate that F*°2 forms hydrophobic contacts with
B3 (7?9 and Bs (H"??). These interactions normally main-
tain the integrin in a resting conformation. Disruption of
these interactions by the introduction of mutations in-
cluding F?2A perturbs the o interface and can initiate

BERNARD ET AL.

the “inside-out” signaling that culminates in activation
(8). According to this model, FP** is involved in interac-
tions with distal regions of the o, cytoplasmic tail,
namely, oyp,-P1°% and -D'%, In contrast, Weilje et al.
identified F*°> but not F°2 as central to the dimer inter-
face between integrin a8 cytoplasmic tails (20). The cru-
cial difference between the Vinogradova and Weilje
studies is the use by the latter of truncated peptide se-
quences that lack the C-terminal portions of the integrin
cytoplasmic tails. However, both studies concurred that
additional interactions were also mediated between oy,
V2% and -R%° with residues 719—725 of the 35 sub-
unit. Thus it seems that, when present, the charged
C-terminal tails of the a-integrin form strong associa-
tions with F°23. When absent, the P°*3 residue is free to
interact with the B-cytoplasmic tail. These data indicate
that within the integrin cytoplasmic tails, the capacity for
more than one specific orientation of the peptide tails
exists. Cell-permeable peptides containing single sub-
stitution of amino acids to yield Pal-FA and Pal-AF pep-
tides also demonstrates preferential roles for the indi-
vidual amino acids in platelet agonist or inhibitory
activity, respectively (Figure 6, panels a and b). These re-
sults demonstrate that the biological responses are dif-
ferentially modulated by each phenylalanine: the first
phenylalanine, F°2, is critical for inhibitory potency (its
absence in Pal-AF yields a peptide with no inhibitory ac-
tivity, whereas its presence in Pal-FA reveals a potent in-
hibitory effect), while the second phenylalanine, F3, is
critical for an agonist response (its absence in Pal-FA
yields a peptide with little agonist potency, whereas its
presence in Pal-AF permits a potent agonist response
unaffected by the inhibitory effect of F??). Thus, we can
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Figure 7. Molecular docking of peptides onto the structure of CIB1. A) CIB1-FF Model-1 (E = —9524.085 kj/mol). B)
CIB1-FF Model-2 (E = —9464.827 kj/mol). C) CIB1-FA Model (E = —9416.685 kj/mol). D) CIB1-AF Model (E = —9464.156
kJ/mol). Green spheres: CIB1 residues (other than those reported by Barry et al. as important). Pink spheres: CIB1 resi-
dues (reported by Barry et al. but not identified as interacting in our models). Red spheres: CIB1 residues (reported by
Barry et al. and identified as interacting in our models). Yellow ball and stick: KVGKR residues. Blue ball and stick: XX
residues (XX = FF in panels A and B, FA in panel C, and AF in panel D).

conclude that F?? presents an inhibitory switch in these
peptides. In contrast, F> presents an activation switch.
The presence of both phenylalanines probably allows
regulatory control of downstream integrin signaling
pathways.

The downstream molecular mechanisms underlying
the effects of these peptides are not currently known.
However, the differential activatory or inhibitory effects
of the Pal-KVGxxKR peptides may be due to differential
interference with known integrin o8 subunit interac-
tions. Thus, peptides may interfere with the capacity of
the a-integrin helical region to interact with the corre-
sponding B-integrin membrane-proximal region by com-
petitively displacing essential contacts with oy,V°° and
R%%°, Pal-AF peptide would be expected to selectively in-
terfere with molecular contacts normally established by
aypPP%3. Consequently, in the resting integrin conforma-
tion, Pal-AF may interfere with the long-range contacts
between %3, P19, and D% (Vinogradova model), forc-
ing an activated conformation in the integrin cytoplas-
mic tail and exposing it for binding to any one of a num-
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ber of known integrin-regulatory proteins such as CIB1
(11), PP1c (13), ICIn (15), AUP-1 (12), TIM (17), or RN181
(16). In contrast, Pal-FA may be unable to compete for
these F?3-specific contacts, explaining the differences
in the relative activity of these two peptides. However, in
this simple model, it is impossible to explain why or
how Pal-AF peptide is more potent than Pal-FF at induc-
ing an agonist response. Similarly, the inhibitory poten-
cies of Pal-FA and Pal-AA peptides are difficult to explain
using this simple model.

It is therefore necessary to invoke an alternate model
that contains a negative regulatory step (Figure 8, pan-
els Cand D). In such a model, Pal-FF peptide mimics the
effect of a positive regulatory pathway by interacting
with one set of downstream protein interactors. In con-
trast, Pal-AA interacts with a different set of downstream
proteins and provokes an inhibitory response. There is
strong recent evidence for a number of diverse integrin
-binding proteins in the platelet and other systems. For
example, we have demonstrated novel interactions of
the KVGFFKR integrin motif with a chloride channel regu-
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lator and a ubiquitin pathway modifier (15, 16). Here
we demonstrate using molecular docking that a KVG-
FFKR peptide will dock efficiently and with low energy
onto the structure of CIB1, the best characterized of all
a-integrin-binding proteins. Two different low-energy
models of KVGFFKR are presented in Figure 7, panels A
and B. This short peptide forms contact with 6 or 7 of
the 10 CIB1 residues identified by Barry et al. (28) as es-
sential for interaction with the entire oy, tail. In con-
trast, KVGAFKR and KVGFAKR demonstrate contacts with
only three CIB1 residues or four CIB1 residues, respec-
tively, although the predicted energy of interaction is
equivocal. As a result, it can be expected that the interac-
tion of these peptides with CIB1 and by inference with
other known integrin-binding proteins is altered by subtle
changes in the amino acid sequence. Studies are cur-
rently underway to elucidate the preferred molecular part-
ners for native and altered integrin tails (27). Pal-XX pep-
tides will provide ideal tools for interrogating these
pathways.

In summary, we have explored the functionality of
an evolutionarily conserved regulatory region of the
a-integrin cytoplasmic tail in isolation. By using cell-

permeable peptides, we demonstrate that this motif
acts as a pivot point for regulation of activatory or in-
hibitory downstream signaling events in the human
platelet. Activity is critically dependent on the central
hydrophobic diphenylalanine motif and can be quali-
tatively tuned by careful selection of replacement
amino acids within the sequence. In separate stud-
ies, we have shown that this region acts as a binding
hub for many different cytosolic proteins in the course
of platelet activation (15, 16, 27). Together this im-
plies that the Pal-XX peptides will be useful tools for
the identification and interrogation of the signaling
pathways that promote (Pal-FF, -Il, -YY) or inhibit (Pal-
AA, -GG, -SS) platelet function. This peptide study has
identified a previously unknown functionality in the
KVGFFKR motif, in that qualitative disruption of spe-
cific interactions involving the hydrophobic phenylala-
nines reveals novel aspects of integrin signaling path-
ways that have a negative regulatory role on integrin
function and platelet aggregation. Therapeutic agents
derived from the inhibitory peptides described in this
study may represent a new therapeutic strategy for
anti-platelet or anti-integrin drugs.

METHODS

Antibodies and Reagents. All reagents were obtained from
Sigma. Antibodies: PAC-1-FITC and CD41a-PE from Becton Dick-
inson (Oxford, UK); 4G10 anti-phosphotyrosine monoclonal an-
tibody and anti-FAK (clone 4.47) from Upstate Biotechnology
(Lake Placid, NY); CD41a from Immunotech (Marseille, France);
horseradish peroxidase-conjugated secondary antibody and Su-
perSignal West Pico from Pierce (Rockford, IL).

Peptide Synthesis and Purification. TRAP (SFLLRN) and
integrin-derived KVGXXKR peptides were synthesized as previ-
ously described (10, 23). Integrin-derived peptides were
N-terminally palmitylated and amidated at the C-terminus. Con-
trol peptides are either Pal-Ell: Pal-EIIEDIKRHK or FF-Pal:
KVGFFKR-Pal. Peptides were purified using reversed phase HPLC
on Phenomenex Jupiter 5 um C5 300 A columns, and their
masses were confirmed using a Bruker Reflex Il MALDI-TOF
mass spectrometer.

Platelet Function Assays. Platelet aggregation was monitored
in washed human platelets as previously described (18). Briefly,
250 pl of washed platelets (3 X 10% mL™?) were stirred at 1100
rpm at 37 °C for 1 min before the addition of peptide
(1—100 M) for 3 min, followed by addition of TRAP (SFLLRN;
10 M) for a further 3 min. Thus for each peptide, two
dose—response curves were generated recording the response
of the platelets to increasing doses of peptide alone and the
responses of the platelets to the peptide in the presence of
agonist. For thromboxane determination, thromboxane B,, the
stable metabolite of thromboxane A,, was determined by
ELISA (Assay Designs, Inc.; Ann Arbor, MI). Platelet adhesion
assays were performed as previously described (10). Adherent
platelets were stained with FITC phalloidin and analyzed by
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confocal fluorescent microscopy on a Zeiss LSM500 micro-
scope. FITC-PAC-1 was used as a marker for integrin activa-
tion, and PE-labeled CD62P was used as a marker for
a-granule secretion. Flow cytometry was used to determine
the activation state of both of these markers as described pre-
viously (22). Data acquisition and analysis were performed
with Cell Quest software on a Becton-Dickinson FACS-Calibur
flow cytometer at 488/510 nm. ADP release was monitored us-
ing a chronolume assay (23).

Immunoprecipitation and Immunoblotting. Samples from ag-
gregation assays were solubilized in ice-cold 10X lysis buffer
(50 mM ethylmaleimide, 10% Triton-X-100, 5% N-octyl-
glucoside, 10 mM sodium orthovanadate, 20 mM PMSF,

200 wg mL~! soya bean trypsin inhibitor, 10 mM EDTA,

100 mM benzamidine, pH 7.4) for 1 h and stored at —80 °C un-
til needed. Platelet lysates were separated on 7.5% SDS acryl-
amide gels with or without prior immunoprecipitation and
transferred onto PVDF. After transfer, the PVDF membrane was
blocked with 5% BSA for 2 h and washed with NT buffer
(100 mM NaCl, 10 mM Tris-HCl, 0.1% IGPAL). The membrane
was incubated with the monoclonal antibody 4G10 (1/2000)
for 2 h followed by secondary antibody (goat anti-mouse con-
jugated with horseradish peroxidase [1/20000]) for 1 h and
washed with NT buffer and developed with SuperSignal.

Primary Sequence Analysis, 3D Structural Modeling, and
Protein—Protein Docking. The biophysical characteristics of the
peptides were calculated using EMBOSS (European Molecular
Biology Open Software Suite) (30, 31). In addition, hydropho-
bicity was computed from an optimal hydrophobicity scale
based on 28 published scales (32). The packing average (av-
erage backbone extension, ABE) defined as the mean pairwise
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Figure 8. Model showing a possible mechanism of action for activatory and inhibitory peptides. A) In resting platelets, the

integrin allbB3 is maintained in a resting conformation through an interaction with an integrin tethering protein (ITP).
Association of ITP with the integrin cytoplasmic tails promotes inhibitory signals that prevent platelet activation. Other
proteins capable of binding to the integrin are present in the platelet cytoplasm but are precluded from interacting with
the integrin cytoplasmic tails. Such proteins are indicated as Protein X, Protein Y, and Talin. Proteins X and Y may repre-

sent families of proteins. B) In activated platelets it is established that the integrin cytoplasmic tails undergo a conforma-

tional change and bind talin (19). We previously proposed that this was due to a dissociation of the ITP, an event that
then allows access of other integrin-binding proteins such as talin and Proteins X and Y. In this model we propose that
proteins in the X family promote integrin signaling events that result in platelet aggregation and proteins in the Y family
inhibit these events. A balance between inhibitory and activatory signals determines the degree of platelet activation. C)
Dissociation of ITP is accelerated by the activating peptide pal-KVGFFKR (18) allowing access of Protein X to the unteth-
ered «llb cytoplasmic tail and thus promoting an activatory pathway resulting in platelet aggregation. D) In contrast, the
inhibitory peptide, pal-KVGAAKR, is unable to dissociate ITP from its binding site but has enhanced affinity for the in-
hibitory Protein Y family, resulting in an inhibition of platelet aggregation. Alternatively, pal-KVGFFKR and other activat-
ing peptides may bind to Protein X > Protein Y, promoting platelet activation (panel C), whereas inhibitory peptides may
have a greater affinity for the Protein Y family than for the Protein X family, thus resulting in an inhibition of platelet acti-

vation (panel D).

distance between all C, atoms of each heptamer peptide, cal-
culated as ([0, — x2)2 + (1 — ¥2)2 + (21 — 22)%]Y?)/21 was
calculated for all these 3D models. The 3D structures of the
peptide homology models were superimposed to the KVGFFKR
backbone in each of the four templates using the SUPER-
POSE algorithm (33) to obtain their rmsd values. Short signal-
ing motifs often occur in disordered regions of peptides; hence
we have calculated the IUPRED disorder prediction for each
of the KVGXXKR sequences studied (34). The statistical analy-
ses was carried out using STATA 8.0 (Stata Corporation, TX).
Homology models of KVGXXKR (XX = FF, FA, and AF) peptides
were generated using the 1KUP KVGFFR backbone using
ESYPRED3D algorithm (35). These models were then docked
to CIB using Cluspro algorithm (36, 37). The 3D images of CIB-
KVGXXKR (XX = FF, FA, AF) were generated using RASMOL
(38).

HPLC Analysis of Peptide Permeability. One agonist peptide
(Pal-FF; 1 mM), one antagonist peptide (Pal-AA; 1 mM), and
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their non-palmitylated controls (1 mM each) were analyzed
alone using high performance liquid chromatography (HPLC)
on a PerSeptive Biosystems BioCad/Sprint chromatography
system using a Jupiter C5 250 X 4.6 mm column with a 40 min
gradient of water/acetonitrile 70/30 to 15/85, to obtain a
chromatogram of each peptide. Red blood cells (RBC), ob-
tained from blood withdrawn in sodium citrate anticoagulant,
were washed 4 times with PBS and adjusted to 1.2 X 10°
wL~. Peptides, at a final concentration of 1 mM, were
added to 300 pL of RBCs and incubated at 37 °C for 15 min.
RBCs are precipitated by centrifugation at 150g for 5 min. The
supernatant was filtered on an Amicon Ultra centrifugal filter
unit with a molecular weight cut-off of 10 kDa to remove any
contaminants. The clear filtrate obtained was injected on HPLC
using the same conditions as for peptides
alone.

NMR Analysis of Peptide Permeability. The 'H NMR spectra of
Pal-FF, Pal-AA and the two control peptides, Ac-LAMWKVGFFKR
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and Ac-LAMWKVGAAKR (1 mM), were recorded using Bruker
Avance Il 600 NMR triple resonance cryoprobe NMR spectrom-
eter. The RBCs used were prepared as described for the HPLC
experiments. A first spectrum of a background of RBC was re-
corded as following: 450 L of RBC + 50 pL of D,O were
added to a NMR tube, and the 'H NMR spectrum was re-
corded. Peptide-alone H NMR spectra were also recorded for
each peptide at a concentration of 1.2 mM as reference. After
this recording, 50 pL of RBC was added to the same tube, and
NMR spectra were recorded for the peptides in the presence
of RBC immediately after addition and every 3 min up to 15
min.
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