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Abstract

Therapeutic modulation of protein interactions is challenging, but short linear motifs (SLiMs)
represent potential targets. Focal adhesions play a central role in adhesion by linking cells to
the extracellular matrix. Integrins are central to this process, and many other intracellular
proteins are components of the integrin adhesome. We applied a peptide network targeting
approach to explore the intracellular modulation of integrin function in platelets. Firstly, we
computed a platelet-relevant integrin adhesome, inferred via homology of known platelet
proteins to adhesome components. We then computationally selected peptides from the set
of platelet integrin adhesome cytoplasmic and membrane adjacent protein-protein inter-
faces. Motifs of interest in the intracellular component of the platelet integrin adhesome
were identified using a predictor of SLiMs based on analysis of protein primary amino acid
sequences (SLiMPred), a predictor of strongly conserved motifs within disordered protein
regions (SLiMPrints), and information from the literature regarding protein interactions in the
complex. We then synthesized peptides incorporating these motifs combined with cell pene-
trating factors (tat peptide and palmitylation for cytoplasmic and membrane proteins respec-
tively). We tested for the platelet activating effects of the peptides, as well as their abilities to
inhibit activation. Bioactivity testing revealed a number of peptides that modulated platelet
function, including those derived from a-actinin (ACTN1) and syndecan (SDC4), binding to
vinculin and syntenin respectively. Both chimeric peptide experiments and peptide combina-
tion experiments failed to identify strong effects, perhaps characterizing the adhesome as
relatively robust against within-adhesome synergistic perturbation. We investigated in more
detail peptides targeting vinculin. Combined experimental and computational evidence sug-
gested a model in which the positively charged tat-derived cell penetrating part of the pep-
tide contributes to bioactivity via stabilizing charge interactions with a region of the ACTN1
negatively charged surface. We conclude that some interactions in the integrin adhesome
appear to be capable of modulation by short peptides, and may aid in the identification and
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characterization of target sites within the complex that may be useful for therapeutic
modulation.

Introduction

Protein interactions control many key cellular processes, but are often difficult to target with
compounds. Short linear motifs represent potential targets for peptides and peptidomimetics,
but they often act co-operatively[1]. Integrin signaling between the states of the extracellular
matrix and intracellular actin filaments[2] relies not only on direct interactors [3-7], but on
large focal adhesion complexes characterized as an ‘adhesome’ comprising over 180 proteins
and at least 742 interactions [2,8]. This adhesome plays a key role in platelet signaling, as integ-
rin activation is the final common step that leads to platelet activation following stimulation
via numerous pathways[9]. Platelet activation is an important therapeutic target for the treat-
ment of coronary artery disease[10], and integrin signaling is also important in Multiple Scle-
rosis[11]. Platelet integrins[12] are targeted extracellularly via small molecule, peptidomimetic
and antibody therapeutics[13], but given their “inside-out” signaling mechanisms, it is also of
interest to modulate the multiplicity of different adhesome conformations, targeting various
intracellular adhesome interfaces.

The adhesome network superficially resembles a robust system that may be resistant to
therapeutic modulation, in the sense that many of its components have multiple interactions,
permitting compensation for the knockout of any factor by other interacting components.
Adhesome proteins that are embryonic lethal (see S1 Table) tend to have many interactors (i.e.
are “hub” proteins, such as integrin, paxillin, Grb2 and FAK), while those with fewer interac-
tors such as tensin, vimentin and IAP have less deleterious consequences [8][14]. Knockout of
the highly connected Src is not lethal, perhaps because of compensation by the homologous
kinases Lyn and Fyn[8]. However, knockout and over-expression studies of proteins ignore
their many separate domains and motifs, which may have synergistic, antagonistic or indepen-
dent effects. To develop potential therapeutic strategies, more reagents are needed which spe-
cifically target particular interaction interfaces within the adhesome, including short linear
peptide motifs, and there is a need to map their co-operative properties.

We constructed a virtual platelet integrin adhesome and screened computationally across
the network of candidate proteins to discover motifs likely to play a role in protein interac-
tions. We investigated their effects on integrin activation and its inhibition, delivering syn-
thetic peptides inside the cell individually, in chimeric combinations, and as combinations of
independent peptides.

Results

Integration of integrin adhesome and platelet expression data to generate a
platelet-relevant integrin adhesome

Here, we considered the integrin adhesome as a set of interacting short linear motifs. To gener-
ate a set of proteins that make up the platelet integrin adhesome, we first created a dataset
describing the set of proteins present in platelets. This dataset was then used to find platelet-
expressed members and homologues of the components of the curated integrin adhesome [2].
This platelet proteome dataset was assembled from three sources: (A) Merging a number of
published proteomics datasets [6]-[10]. Generally each dataset targeted a different fraction of
the proteome, thus providing a more complete view of the entire proteome. (B) The Normal
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Clinical Tissue Alliance dataset, published on GPMDB [15] contains proteomics data which
indicates which proteins are frequently found in different tissue types and biological samples.
(C) A third dataset containing proteins from an integrin pull-down experiment listing proteins
that are likely to associate with integrin oIIbB3 was obtained ([3]; NM unpublished data). All
three of these datasets were merged to create the platelet proteome. Uniprot mappings were
updated using the Uniprot retrieval tool and proteins were then matched by ID.

This merged dataset was then used to select protein members of the platelet integrin adhe-
some. Each protein in the integrin adhesome was mapped to platelet proteome proteins, using
BLASTP 2.2.25+ with default settings. Results were then filtered (query sequence coverage > =
50%, sequence identity > = 25%, E-value < = 1.10®). Proteins which did not match perfectly
were then subject to a manual literature and platelet web [16] search to determine their pres-
ence in platelets as described in the methods section. The result was a smaller network of puta-
tive platelet adhesome proteins (Fig 1; S1 Data).

Of the 189 integrin adhesome proteins that were matched to a platelet proteome drawn
from three described platelet protein sets, a total of 141 were present in platelets (see first sheet
of S1 Data). Manual curation of the homology search results versus the platelet proteome was
used to supplement the platelet adhesome with an additional 11 platelet proteins (PDLIM5,
TSPAN2, ADAMY, CD2AP, ARHGAP25, FHL1, PLCG2, NECTIN2, DOCK5, KALRN and
AKT2). These were homologous to integrin adhesome proteins that were not themselves
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Fig 1. Platelet integrin adhesome highlighting proteins containing bioactive peptides. Diamonds represent proteins from which peptides were derived. Red:
proteins from which active palmitylated peptides were derived. Green: proteins from which active tat peptides were derived. Circles: other proteins. Edges
represent interactions annotated in the integrin adhesome [2], and inferred homologous interactions.

https://doi.org/10.1371/journal.pone.0210337.9001
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Table 1. Features of selected peptides.

present in the platelet proteome, and are therefore good candidates to fulfil their role in the
platelet. Thus, a total of 152 proteins were identified as likely platelet integrin adhesome com-
ponents for further peptide searching. 13 of these were integrin proteins, but we wanted to
focus our efforts on the primary platelet integrins olIIb and B3, so we excluded the other 11
integrin proteins (ITGAV, ITGA5, ITGA2, ITGAS6, ITGA3, ITGAX, ITGB6, ITGB2, ITGB1,
ITGB5 and ITGB7) from our peptide selection, yielding a search set of 141 proteins.

We selected peptides from those proteins likely to act at interfaces between nodes in this
network, based on known protein-protein interactions of residues within the peptide
(Table 1), combined with computational predictions within the disordered regions of proteins,

Peptide Name | Peptide Choice | Gene Sequence Activation |Inhibition | Phospho | Average |Max SLiMPrints
Rationale name SLiMPred | SLiMPred
pal-ITGA2B_JM | Interaction[21] | ITGA2B | pal-KVGFFKR-(NH2) 17* 50 R 0.23 0.3 -
pal-ITGA2B_tail | Interaction[23] | ITGA2B | pal-LEEDDEEGE 2 52 0.13 0.43 -
pal-ITGB3_tail | Interaction[24] | ITGB3 pal-TNITYRGT 3 71 0.01 0.04 -
pal-ITGB3_JM Interaction[25] | ITGB3 pal-KLLITTHDRKE-(NH?2) 4 73 0.03 0.06 -
pal- Interaction[26] | ITGB3 pal-FAKFEEERAR-(NH2) 0 45 0.04 0.2 -
ITGB3_middlel
pal- Interaction[24] | ITGB3 pal-NNPLYKEA-(NH2) 1 74 0.16 0.41 0.6
ITGB3_middle2
pal-SDC4_JM SLiMPred; SDC4 pal-RMKKKDEGSYD-(NH2) 0 4 0.41 0.64 -
Interaction[27]
pal- Interaction[27] | SDC4 pal-LGKKPIYKK-(NH2) 0 3* 0.13 0.25 -
SDC4_middle
pal-SDC4_tail SLiMPred; SDC4 pal—APTNEFXA 7 34> 0.51 0.71 -
Interaction[27]
Tat Interaction[24] tat-(NH2) 73 0.07 0.16
TGFB1I1_LD- SLiMPrints; TGFB1I1 | TLELDRLMASLSDFRVQNHLP-tat- 3 66 R 0.15 0.57 0.004
tat SLiMPred; (NH2)
Interaction[28]
tat-ACTNI1_VBS | Interaction[29] | ACTN1 | tat-WEQLLTTIARTINEVENQI-(NH2) 66* 61* R 0.04 0.22 -
tat-VCL SLiMPred, VCL tat-EPDFPPPPPDLE-(NH2) 4 70 0.58 0.88 0.14
Interaction[30]
tat-VASP SLiMPrints; VASP tat-AGAKLRKVSKQE- (NH2) 3 74 0.22 0.49 0.01
Interaction[31]
tat-CAST_1 Interaction[32] | CAST tat- 3 72 A 0.06 0.2 -
DPMSSTYIEELGKREVTIPPKYRELLA-
(NH2)
tat-CAST_2 SLiMPred; CAST tat-SKPIGPDDAIDALSSDFTS-(NH2) 3 74 0.18 0.59 -
Interaction[33]
tat-MSN Interaction[34] | MSN tat- 3 73 0.1 0.41 0.07
GRDKYKTLRQIRQGNTKQRIDEFESM
tat-NHERF1 SLiMPrints; NHERF1 | tat-KRAPQMDWSKKNELEFSNL 3 70 0.18 0.44 0.04
Interaction[35]
tat-FAK_1 Interaction[36] | PTK2/ tat-EGERALPSIPKLAN-(NH?2) 4 72 0.07 0.23 -
FAK1
tat-FAK_2 SLiMPrints; PTK2/ tat-SVSETDDpXAEIIDE-(NHZ) 3 71 0.06 0.17 0.001
Interaction[36] | FAK1
AMAPI1-tat SLiMPrints; ASAP1/ | SSTLSKKRPPPPPPGHKRTLSD-tat- 4 72 0.25 0.49 0.002
Interaction[37] | DDEF2 | (NH2)
PTPN1-tat SLiMPrints | PTPN1 | GIESMSQDTEVRSRVVGGS-tat 77 0.14 0.37 <0.00001
INPP5D-tat SLiMPred; INPP5D | KLSQLTSLLSSIE-tat 4 74 0.46 0.9 0.01
SLiMPrints
(Continued)
PLOS ONE | https://doi.org/10.1371/journal.pone.0210337 January 28, 2019 4/19
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Table 1. (Continued)

Peptide Name | Peptide Choice | Gene Sequence Activation |Inhibition |Phospho | Average |Max SLiMPrints
Rationale name SLiMPred | SLiMPred

PTPN12-tat SLiMPred; PTPN12 | NSDTPPRPDRLPL-tat 3 75 0.48 0.89 0.003
SLiMPrints

Identification of peptides modulating platelet aggregation. Pal: peptides are N-terminally palmitylated (peptides tested at 20uM). tat: addition to the peptide of the cell-
penetrating peptide sequence GRKKRRQRRRPPQ at the indicated terminus (peptides tested at 50uM). Activation: platelet aggregation induced in resting platelets after
6 minutes incubation with peptides, quantified as optical density using an aggregometer, n> = 3. Inhibition: platelet aggregation induced by 4uM TRAP in platelets pre-
incubated with peptide. Phospho: Phosphorylation changes associated with peptide treatment, R: in resting platelets, A: after TRAP activation. Underlined bold residues
represent known phosphorylation sites: the tat-FAK_2 peptide was synthesized in its phosphorylated form (indicated by Y preceded with a lower case p). Cell delivery
mechanisms are indicated as pal and tat. JM = juxtamembrane. Peptide Choice Rationale: “Interaction” indicates that there is an experimental evidence that residues in
this peptide are involved in adhesome protein-protein interactions; “SLiMPred” indicates a maximum score for a residue in the peptide > 0.5; and “SLiMPrints”
indicates a significance (Sig) score of less than 0.05 for a motif within or overlapping the peptide.

*: significantly (p<0.05; see S1 Fig) higher aggregation than resting platelets (activation column) or lower than TRAP-activated platelets (inhibition column).

https://doi.org/10.1371/journal.pone.0210337.t001

in which short linear motifs (SLiMS) are enriched[17]. Known interactions were identified by
a reading of the available literature, with a focus on those where the regions of interaction were
identified. Thus, while some of the peptides were identified purely computationally, others
were supplemented by a reading of the literature, and in many cases there was overlap between
the two groups (Table 1), with the final choice of peptides drawing on the evidence from both
sources. The computational prediction methods used were SLiMPred[18], a machine learning
predictor of SLiMs which relies on the primary amino acid sequence of the protein, and SLiM-
Prints[19], which identifies motifs based on their enriched local evolutionary conservation in
orthologues.

Screening for peptide effects on platelet activation and inhibition

Prioritized peptides which were derived from the cytoplasmic regions of integrin and synde-
can transmembrane proteins were synthesised with a palmitylation at their N-terminus. This
membrane-anchoring peptide delivery approach not only delivers the peptide to the cell, but is
also intended to target the peptide closer to its natural context[20-22] by replacing the trans-
membrane region that anchors the peptide with a lipid group. For synthesized peptides from
other proteins, a cell-penetrating tat peptide was added to a peptide terminus.

We identified in Table 1 a number of peptides that either stimulated platelet aggregation, or
inhibited platelets from being activated by the thrombin receptor activating TRAP peptide
[38]. Fig 1 shows the proteins from which these peptides were derived, in the context of the
platelet adhesome.

Platelet activation was inhibited by three peptides spanning the short cytoplasmic tail of
syndecan-4 (SDC4) (Table 1). Each peptide has a different candidate binding partner (S2
Table), with SDC4_JM in the juxtamembrane region binding syndesmos [39]; SDC4_middle
binding to PKCai[40], and SDC4_tail region binding to syntenin via its PDZ binding motif
[41]. Scrambled versions of the positively charged pal-SDC4_JM and pal-SDC4_middle pep-
tides also inhibited platelet aggregation (S2 Fig), implying that their action may depend on
amino acid composition, increasing the likelihood of off-target effects unrelated to SDC4
interactions. Surface plasmon resonance (SPR) indicated that a slightly extended version of the
SDC4_tail peptide had higher affinity for syntenin than a scrambled version (S3 Fig) which
did not inhibit platelet activation (S2 Fig), consistent with specific interaction of the peptide
with its binding partner as an explanation for its effects on platelet function.
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As expected, platelet activation by TRAP increased tyrosine phosphorylation of many pro-
teins (S4 Fig). Tat-CAST1 increased the phosphorylation intensity of the TRAP activated plate-
lets, despite having no effect on phosphorylation in resting platelets (p = 0.03, S4C Fig).
CAST1 is a known inhibitor of Calpain, a protease that cleaves many proteins involved in
phosphorylation.

Chimeric and combination peptide effects

The integrin adhesome is likely to be a relatively flexible complex, adopting different conforma-
tions in different structural and signaling contexts. Accordingly, chimeric peptides containing
multiple motifs could induce novel protein interactions that alter activity. Chimeric peptides
were generated that joined motifs of the following classes: integrinyintegrin, integrinyactinin,
integriny TGFBI111, integrinysyndecan, and syndecanysyndecan, where a subscripted U indi-
cates a chimerization of two active peptides. Those involving integrin peptides did not appear to
be strikingly more potent inhibitors or activators (53 Table). One of the strongest inhibitory
syndecanysyndecan chimeras spanned the middle (variable) and tail regions of SDC4 (S5 Fig);
notably this is a natural peptide, bringing the two regions together in their natural sequence.
This may potentiate the chimera binding to multiple partners simultaneously, since the variable
region binds PKC and PIP2, while the C-terminal tail region binds syntenin.

Another approach to explore the cooperation of SLiMs in the adhesome is to simulta-
neously target multiple interfaces with combinations of separate peptides, which are not steri-
cally limited by the linkages of chimeric peptides. We considered all pairwise combinations of
ten peptides (S4 and S5 Tables), investigating additive effects, where the two peptides in com-
bination had a greater effect than either peptide alone at the same dose, and synergistic effects,
where the peptides in combination had a greater effect than either of the two peptides alone at
a doubled concentration[42], meeting a strict definition of true synergy[43]. For platelet acti-
vation, the pal-ITGA2B_tail peptide combined additively with the three tat-ligated peptides
tat_ CAST_1, TGFB1I1_LD_tat and tat_ ACTN1_VBS (Fig 2), and synergistically with tat_
ACTN1_VBS (combination more activatory than a double concentration of either tat_
ACTNI1_VBS, p = 0.03; or pal-ITGA2B_JM, p = 0.04). While still significant when the experi-
ment was repeated (p = 0.04, p = 0.05 versus double doses, S6 Fig), we noted that these effects
could be more simply explained by synergy of pal-ITGA2B_tail with tat peptide alone, even
though tat on its own had no activatory effect. The positively charged peptide sequence of the
tat peptide may synergize with pal ITGA2B_JM activation by potentiating its delivery through
the membrane, or it may act on independent targets in the platelet.

Vinculin binding peptide bioactivity

We further investigated the binding of vinculin-binding peptides. Tat-ACTN1_VBS co-local-
ized with vinculin in HeLa cells, consistent with a direct action on vinculin, and did not co-
localize with a control adhesome protein paxillin, a homologue of the platelet’s TGFB1I1 (Fig
3A). Co-localization was restricted to intracellular puncta, with peptide-free vinculin concen-
trated at points resembling membrane focal adhesions. This colocalization is consistent with a
model in which the peptide primarily binds intracellular vinculin. Tat peptide alone failed to
localize with vinculin and was spread more evenly throughout the cell (S9 Fig). Vinculin pres-
ent in focal adhesions may be tightly bound to ACTN1 and other proteins, and therefore not
available for binding with peptide. Since vinculin has roles in both integrin activation and inhi-
bition[14], the co-localization of peptide with vinculin seen here could be consistent with a
damping of its potential inhibitory effects, but may act through a number of potential
mechanisms.
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Fig 2. To explore potential synergy of peptides of interest, combinations of peptides were investigated (same result above and below diagonal). Left:
platelet aggregation induced in resting platelets after 6 minutes incubation with peptides, quantified as optical density using an aggregometer, n = 3 (lowest
unactivated values in green, highest activated combinations in orange/red). Right: inhibition of TRAP (2 uM) activation of platelets after pre-incubation of the
platelets for 6 minutes with the peptides, n = 3 (full activation is indicated in bright green, greatest inhibition of activation is shown in dark blue). Peptide
concentrations: 4 uM for pal-peptides and 10 pM for tat-peptides; 1X: peptide alone at that concentration; 2X: peptide alone, but at twice that concentration.
See S7 and S8 Figs for more details.

https:/doi.org/10.1371/journal.pone.0210337.9002

Platelet aggregation was activated by the tat-delivered peptide, tat-ACTN1_VBS, which was
derived from the vinculin-binding region of a-actinin. Locating the tat peptide at the C-termi-
nus (ACTN1_VBS-tat) resulted in a weaker platelet activating effect than the N-terminal
attachment of the tat-ACTN1_VBS peptide (S10 Fig). The dissociation of tat-ACTN1_VBS
from immobilized vinculin in a Surface Plasmon Resonance (SPR) experiment indicated that
this peptide indeed bound with relatively higher affinity than the peptide with tat at the C-ter-
minus (ACTN1_VBS_tat), or ACTN1_VBS peptide lacking the tat (Fig 3B). Different peptides
are known to bind vinculin in opposite orientations. The TLN1 binding site binds in the oppo-
site N to C terminal orientation to ACTN1, justifying the choice of the tat ligation at the C
terminus of the peptide, and it showed a stronger binding affinity than ACT1_VBS-tat, consis-
tent with the computational model of charge interactions.

A computational model using FlexPepDock[28] predicted that tat-ACTN1_VBS indeed
formed a more stable interaction, with the tat region in contact with negatively charged
regions of the vinculin surface (Fig 3). In this model, the initial pose of the VBS peptide region
was determined by the peptide pose in the complex of peptide and vinculin (Fig 3C), and this
alpha helical pose was maintained during the modelling, while the tat peptide conformation
was computed. The conformation of the C-terminally attached tat was unstable (Fig 3D),
while that of the N-terminally attached tat was stable (Fig 3E). The factors which stabilize one
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Fig 3. Specificity of vinculin binding region peptides. (A) HeLa cells treated with 5SFAM-labeled tat-ACTN1-VBS peptide and immunostained with either
vinculin (right) or paxillin (left) antibody. Blue: nuclear stain; green: tat-ACTN1-VBS peptide, conjugated with the 5SFAM fluorophore at the N terminus; red:
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paxillin or vinculin staining, as labeled; yellow: co-localization of protein and peptide. Full results in S10 Fig. (B) Surface plasmon resonance sensorgrams for
serial peptide injections at 1 mM onto immobilised vinculin on a flow cell of a CM5 sensor chip. Relative binding affinity tat-ACTN1_VBS > TLN1_VBS-

tat > ACTN1_VBS-tat > ACTN1_VBS. (C) Electrostatics of the vinculin surface: Electrostatic surface showing the active site of the alpha actinin peptide
ACTN1-VBS (not including tat) binding to vinculin (PDB entry 1YDI). The region in which the positively charged tat sequence is likely to bind is a negatively
charged (red) region of vinculin. Positively charged regions are shown in blue. (D) FlexPepDock [28] was used to predict the binding poses of the
ACTNI-VBS-tat peptide where the tat peptide is located at the peptide C-terminus, to the PDB entry 1YDI, contrasting alternative termini for coupling with
tat. (E) As for (D), but with the more stably binding tat-ACTN1-VBS peptide, in which the tat region at the N-terminus of the peptide (top right of image)
appears to have been stabilized in comparison with (D), via interactions of the positively charged tat peptide with a negatively charged surface region of
vinculin.

https://doi.org/10.1371/journal.pone.0210337.9003

tat orientation versus the other may include a number of possible interactions in addition to
the electrostatic interactions, and it is likely that the interactions in the central VBS peptide
region are dominated by van der Waal interactions between the hydrophobic faces of the pep-
tide and vinculin, as previously shown[29].

Discussion

Our screen of bioactive peptide action and interaction in the platelet adhesome identified acti-
vators and inhibitors of platelet aggregation, which may represent interfaces of interest for per-
turbation (Fig 4). The integrin adhesome appeared relatively robust against the challenge
presented by combinations of agents. While the lack of synergy among covalently joined chi-
meric peptides could arise from particular steric hindrance or distance constraints within the
adhesome, the lack of very marked synergies among combined separate peptides of the adhe-
some suggest that robustness versus synergistic effects may be a feature of signalling within the
adhesome network. While marked synergies were not shown, we observed a number of clear
additive effects, and those between integrin and syndecan intracellular peptides are consistent
with prior evidence that their proteins synergize functionally[27]. The integrin adhesome is
critical to the final step of platelet aggregation, and may interact via its different components
with other pathways. It is possible that the adhesome may have evolved to exaggerate particular
responses to particular combinations of external stimuli via different receptors, but to dampen
synergies within the complex.

Identification of peptides of interest relied firstly on computational predictions, combined
with literature evidence. SLiMPred relies on a neural network trained on known short motifs
that bind to peptide binding domains of proteins, while SLiMPrints identifies conserved
motifs embedded within more rapidly evolving regions of disordered tracts of proteins. While
we originally set out to rely entirely on computational predictions from the primary sequence
of the interactors alone, investigation of the literature for the most interesting peptides pro-
posed by computational analysis revealed that useful insights into peptides of interest could
also be gleaned from the literature, by identifying known interaction interfaces between pro-
teins, based on structural and other studies. Among the eight peptides with literature evidence
of involvement in interaction surfaces that lay in disordered regions permitting SLiMPrints
score calculation, five had significant SLiMPrints scores (below 0.05; Table 1). This enrichment
supported the use of SLiMPrints score alone in some other tested peptides.

Of the 21 tested peptides selected with literature evidence of interaction, one third showed
bioactivity (Table 1); three of the seven selected with SLiMPred evidence showed bioactivity;
and one of the eight selected peptides with SLiMPrints evidence showed bioactivity. SLiM-
Prints is best suited to the detection of bioactivities within the context of long extended tracts
of disorder, and protein interactions within the integrin adhesome appear more dominated by
ordered interaction surfaces such as alpha-helices. In predicting and designing potential bioac-
tive peptides for experimental screening, the choice of computational tools and of literature
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Fig 4. Integrin adhesome components with peptide interfaces modulated by synthetic peptides. Top of image: extracellular. Bottom of image: intracellular.
Red and blue lines spanning the membrane: integrin subunits. Green line: SDC4 protein. Light blue rectangles: proteins. Other colored rectangles indicate
motif regions in the proteins mimicked by synthesized peptides (gray are inactive). Black straight lines: protein-protein interactions.

https://doi.org/10.1371/journal.pone.0210337.9004

surveys of protein interaction surfaces is likely to be determined in part by the nature of the
complexes under study. However, such choices may only become apparent to the researcher
after spending a considerable amount of time surveying the literature and inspecting the distri-
bution of disordered and ordered tracts in different proteins within the complex, and accord-
ingly, a multi-pronged approach selecting predicted bioactives using a number of
computational and literature-based strategies may well be a useful approach.

There are a number of important caveats in a study such as this. Firstly, the peptides may
not enter the cells and encounter the integrin adhesome at the concentrations that they are
provided in solution outside the platelets: depending on their sequences, aggregation of pep-
tides, along with differential efficiencies of membrane crossing, compartmentalization, traf-
ficking and degradation within the cell, can lead to false negatives. Nevertheless, the general
evidence is that palymitylated [44] and tat-associated peptides can enter the cell. While nega-
tive charge seen on some peptides may militate somewhat against cell entry, many peptides are
likely to enter at some degree of efficiency, and peptides with a net negative charge in their
non-tat section are included amongst the active peptides in our screen (Table 1). Visualisation
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of localization in HeLa cells of one of the active peptides from ACTN1 (Fig 3) is consistent
with the main peptide pool migrating to an intracellular body, where vinculin is also accumu-
lating, rather than accumulating at the target adhesome site on the membrane; it is difficult to
visualize protein localization in subcellular regions of platelets, but it is possible that the pep-
tides may be inducing or following vinculin re-localisation under different conditions. While a
comprehensive analysis of the localization of peptides using fluorescent labelling would be of
great interest, it was beyond the scope of this present study.

The identification of peptide effects among scrambled peptides is a cause for concern.
While we had hoped that the synergy analysis would reveal activities at much lower peptide
concentrations, where the likelihood of off-target effects and effects by scrambled peptides at
those matching concentrations should be reduced, the set of synergistic interactions we
explored failed to identify peptide activities at very low doses in the context of synergy. A
wider analysis of synergy, using not only peptides but also compounds with potent effects,
may be required in order to be successful with this strategy. Other strategies to overcome the
likely off-target effects indicated by scrambled peptide activities include analysis with physi-
cally constrained peptides, which may adopt less promiscuous poses and thus interact with
fewer targets. Such peptides are more complex to synthesise, and typically such a strategy
requires structural knowledge of the peptide target interface to direct the peptide design.

The modest additive synergistic effects noted in this study could be of some interest, but
must be interpreted in the light of certain scrambled peptide controls showing effects, which
diluted the strength of these observations. In addition, the tat synergism with the pal-
ITGA2B_tail peptide suggested the possibility of some non-specific effects of the tat peptide
when in synergy with other peptides, regardless of its cargo.

Peptide screens need to present the peptide ideally as far as possible in a context that
matches that in which they may occur biologically. Tat peptides may promote or discourage
binding to the peptides interaction site, and palmitylation may encourage the correct binding
mode, or sterically inhibit it by bringing the peptide too close to the membrane. Indeed, our
SPR findings indicated a better binding of the more extended SDC4_tail peptide to syntenin,
potentially consistent with some steric hindrance of the shorter peptide.

The computational tools SLiMPred and SLiMPrints enabled two broad strategies for motif
discovery in a protein, the first focused on sequence properties and the second on evolutionary
conservation. There are many other tools that can perform similar tasks to these. Anchor [45]
seeks to identify interaction-like regions that are much longer than those targeted by
SLiMPred, but we were interested in shorter regions that are more amenable to experimental
perturbation. Methods exist which can explicitly take into account the network structure of a
protein interaction complex, to identify motifs over-enriched in common interactors with a
given domain, such as SLiMFinder [46] and Dilimot [47]. These have relatively little power in
a smaller network, where there are relatively few recurrences of protein domain interaction
motifs in non-homologous proteins. Simple regular expression-based searches based on
known SLiM definitions [48] represent an alternative approach, and it would be interesting to
know whether such alternative strategies could yield more potent modifying peptides of the
system. Simpler strategies of relying on alpha-helical [49-51], disorder [52] or surface predic-
tion may also potentially prove a more efficient means of enriching for bioactive peptides in a
complex such as the integrin adhesome.

The small platelet cell has over 80,000 integrin dimers per cell [53], and relatively high pep-
tide concentrations were needed to modulate integrin signaling. However, there is a good
prospect of developing more potently binding peptides or peptidomimetics: while many
human SLiMs have evolved with what appears to be deliberately modest affinity[54], pathogen
peptides, including one targeting the intracellular regions of the adhesome[55], can bind with
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much higher affinity[54]. Future analyses of synergy within the integrin adhesome and
between it and other signaling pathways may well require investigating combinations of pep-
tides, peptidomimetic, and other small molecule activators and inhibitors. This work high-
lights the value of computational and literature evaluation when screening for lead peptide
modulators of protein interactions derived from human proteins.

Materials and methods
Ethics statement

This work was approved by the IRB Committee of the Royal College of Surgeons in Ireland,
approval for the use of blood samples from donors for platelet function analysis.

Platelet proteome

A dataset of proteins found in platelets was assembled from three different sources:

A). A collection of published proteomics datasets [6]-[10] were merged to create a litera-
ture based platelet proteome.

B). The Normal Clinical Tissue Alliance dataset, published on GPMDB([15] contains prote-
omics data which indicates which proteins are frequently found in different tissue types and
biological samples.

C). An integrin pull-down experiment listing proteins that are likely to associate with integ-
rin oIIbB3 ([3]; NM unpublished data).

Uniprot IDs were updated with the Uniprot retrieval tool and datasets were then merged
via uniport ID.

The platelet proteome merged from these three resources is presented in S1 Data (an excel
format .xlsx workbook).

Platelet adhesome

The adhesome proteins and interactions were defined from literature[2] and each node in the
network was mapped to a suitable platelets protein. A subsequent adhesome data resource [56]
was not available at the time of peptide design, and so was not included in the study. Each pro-
tein in the integrin adhesome was mapped to proteins from the platelet proteome. Adhesome
proteins that matched exactly were considered common to multiple cell types and added to the
platelet adhesome dataset. Platelet proteome nearest homologues of integrin adhesome pro-
teins were identified using BLASTP 2.2.25+ with default settings. Results were then filtered to
choose matches with a query sequence coverage > = 50%, a sequence identity > = 25%, and
an E-value < = 1.10~%, They were then investigated in literature and the plateletweb database,
and added to the dataset if there was evidence to support their presence in platelets. While sev-
eral integrins were found within the dataset, we restricted our dataset to only include the
major integrin alIbB3 proteins for SLiM analysis.

Antibodies and concentrations

Phosphotyrosine western blots were performed using anti-phosphotyrosine, clone 4G10
(Millipore, Ireland), antibody with a dilution of 1 in 1000. Paxillin (610619, clone 165, from
BD Biosciences) and vinculin (ab18058, clone SPM227, Abcam, UK) primary antibodies were
used in microscopy experiments with dilution of 1/100. All general materials were purchased
from Sigma Aldrich, Ireland. Thrombin Receptor Activating Peptide (TRAP) was purchased
from BACHEM, Switzerland. All platelet aggregation materials were purchased from BIO/
DATA Corporation, UK.
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Peptide synthesis

Peptides were synthesized by Peptide2 (www.peptide2.com) and verified by HPLC and mass
spectrometry. Purities greater than 80% were required for all peptides. Peptides used in SPR
experiments were of at least 95% purity. Modifications for particular peptides were conjugated
with a palmityl group or with the 5SFAM fluorophore at the N-terminus, and addition of a tat
peptide sequence at the terminus indicated for each peptide.

Peptide preparation

Peptides were stored in powder form at -80°C. Prior to use, they were left at room temperature
for one hour. They were then mixed with a specific volume of deionised water to bring them
toa ImM concentration and were then aliquoted and frozen at -80°C. They were thawed a sin-
gle time before use and discarded after an experiment. Peptides which were not soluble in de-
ionised water (pal-APTNEFYA, pal-LEEDDEEGE, pal-TNITYRGT and pal-KLLITTHDRKE)
were dissolved in a 10% DMSO and 90% deionised water solution (leading to a final concen-
tration of 0.2% DMSO when combined with platelets, see below). These peptides were further
diluted during platelet aggregations.

Washed platelet preparation

Blood was drawn from healthy volunteers into a syringe containing a final volume of 15%
Acid Citrate Dextrose (ACD). The blood/ACD mixture was then aliquoted into 15 ml Cellstar
tubes, at volumes of 5ml per tube, and centrifuged at 150 rcf for 10 minutes to obtain platelet
rich plasma (PRP). PRP was then transferred to a 50ml tube using a pipette. The pH was then
adjusted to 6.5. Prostaglandin (PGE1) was then added with a final concentration of 1uM. The
PRP was then centrifuged at 750 rcf. After centrifugation the platelet poor plasma (PPP) was
discarded and the pellet was resuspended in buffer A (6 mM dextrose, 130 mM NaCl, 9 mM
NaHCO3, 10 mM sodium citrate, 10 mM Tris base, 3 mM KCl, 0.81 mM KH2PO4 and 0.9
mM MgCI26H20, pH 7.4). A platelet concentration of 3x10°/pl or 1x10°/ul was obtained by
dilution depending on the experiment in which they were used. Platelets were left to rest for 45
minutes and supplemented with 1.8mM calcium chloride prior to use.

Platelet aggregation

A platelet concentration of 3x10° /ul was used when performing standard aggregations and a
concentration of 1x10° /ul was used for sample preparation for western blot analysis. The
extent of platelet aggregation was measured by quantifying the optical density of the samples
using the Bio-Data PAP-8 aggregometer (platelet aggregation profiler, Horsham, PA, USA).
A temperature of 37°C was maintained and samples were stirred using magnets spinning at
1100 rpm. 200 ul of washed platelets was added to each aggregation tube. Different volumes
of buffer, peptide and TRAP were added to achieve the desired concentrations. Peptide/
buffer was added to each well after two minutes. TRAP, with a final concentration depending
on the experiment, was added 6 minutes later and data was collected for an additional 7
minutes.

Sample preparation

After the aggregation step, tubes were immediately placed on ice. 27 ul of lysis buffer was then
added and the tube was vortexed vigorously. Lysates were left on ice for one hour and vortexed
frequently. Proteins were then centrifuged at 14,000 rcf for 10 minutes to remove debris. Sam-
ples were then mixed with 2x sample buffer. 50 pl each sample was added to 50 pl of sample
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buffer. The protein was then denatured by heating to 95°C for 5 minutes. 10 pl of lysate was
kept for protein quantification. All samples and lysates were frozen at -80°C.

Protein quantification

The Bradford assay was then performed on the lysates to determine protein concentration.
Protein concentrations were measured using the Bio-Rad DC Protein Assay. A calibration
was created using samples containing a known concentration of bovine serum albumin.
These were prepared in advance by sequential dilutions with final concentrations of 1.5mg/
ml, Img/ml, 0.8mg/ml, 0.6mg/ml, 0.4mg/ml, 0.2mg/ml, Omg/ml. Samples were then dis-
pensed into a 96 well plate and the Bio-Rad DC reagents were added as described in the pro-
tocol. Samples were left to rest for 15 minutes and were then read using 690 0.15 mode on
the Wallac plate reader. A standard curve was calculated from the standard samples of
known concentration and the y = ax+b equation was used to determine the concentration of
the other samples.

Western blotting

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed to
separate proteins by molecular weight. Polyacrylamide gels were prepared (see Reagents sec-
tion). Samples or molecular markers were loaded in volumes to give 20 pg of protein. The gels
were then run for approximately 80 minutes or until the samples reached the end of the gel.
The proteins were then transferred to polyvinylidene difluoride (PVDF) membranes using a
Bio-Rad Wet Blot Transfer Cell apparatus. During the transfer the membranes were sub-
merged in 1x transfer buffer (10% 10x transfer buffer, 70% deionised water and 20% metha-
nol). Transfer was performed either overnight at 40 volts at 4°C, or at 100 volts for 1 hour
cooled with an ice block. After the transfer the membranes were blocked for 1 hour using 3%
bovine albumin serum (BSA) dissolved in TBS-T. Membranes were incubated with 4G10 anti-
body with a 1:1000 dilution. Unbound primary antibody was washed off with TBS-T three
times for 5 minutes each. Membranes were then incubated with anti-mouse IgG secondary
antibody (Millipore) with a dilution of 1:30,000. Membranes were submerged in chemilumi-
nescence ECL solution (Thermo Scientific). They were then measured using the western blot
developer UVP. One image was taken every 80 seconds for 40 minutes. Numeric data was
extracted from selected blots using Image].

Microscopy

HeLa cells were seeded on a 24-well plate with inserted coverslips at a density of 30000 cells/
well. After 24h the cells were treated with 15 uM peptide for the desired amount of time (5, 10,
15 minutes). Cells were then fixed in 3% paraformaldehyde (PFA, Sigma) for 20 minutes and
permeabilized with 0.1% Triton X-100 (Sigma) for 5 minutes at room temperature. Cells were
then washed 3 times with PBS and stained with antibodies. Staining with primary antibody
(paxillin/vinculin (Abcam)) was performed for 30 minutes, followed by three PBS washes and
secondary staining using goat anti-mouse Alexa 568 antibody (Life Technologies) for 30 min-
utes. Then the nuclei were stained with 0.2 pug/ml Hoechst33342, the coverslips were thor-
oughly washed with PBS and mounted on glass slides with Mowiol mounting medium. The
slides were then imaged on a FluoView FV1000 laser scanning microscope (Olympus) with
60x UPLSAPO 1.35NA (Olympus) oil immersion objective.
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Surface plasmon resonance

The SPR experiments were performed using a Biacore T200 system (GE Healthcare), and
Series S CM5 or SA chips with 4 flow cells each.

Vinculin-binding experiment. Lyophilized vinculin was dissolved in flow buffer to a con-
centration of 1 mg/ml and covalently coupled onto the carboxymethylated dextran matrix of
CMS5 sensor chips using standard amine coupling. The flow buffer contained 10 mM HEPES,
150 mM NaCl, 3 mM EDTA, 0.05% surfactant P20. The chip was activated with an injection of
70 ul of a mixture of 0.05 M EDC and 0.2 M NHS, followed by the injection of approximately
70 pl of 10 pg/ml vinculin in 10 mM sodium acetate, pH 5.0 in one flow cell to yield a response
of 7200 RU. Remaining reactive groups in the channel were blocked with an injection of 100 pl
ethanolamine. Binding experiments were performed by injecting peptides for 120 s at a flow
rate of 20 ul/min, at a concentration of 1 mM in the flow buffer over the chip surface to moni-
tor association kinetics, followed by buffer flow for 120 s to measure dissociation kinetics.
Between experiments, the surface was regenerated by injecting a 60 second pulse of 10 mM
glycine pH 2.

Syntenin-binding experiment. Using the inverse of the approach from the previous
experiment, 4 biotinylated peptides were immobilised on individual streptavidin surfaces of a
Biacore SA chip. Each peptide was injected in flow buffer for 420 s at a flow rate of 10pl/min,
at a concentration of 1 uM. Total immobilisation for each peptide was 500-600 RU. Syntenin-
1 was then injected at a concentration of 31.25 nM in flow buffer. Chip surface regeneration
was attempted by injecting a 60 second pulse of 0.25% SDS/20 mM EDTA, but was
unsuccessful.

Statistical analysis

All statistical analysis was performed using R, python, and Rpy2. All statistical tests of signifi-
cance used a one-tailed or two-tailed Wilcoxon signed-rank test compared with controls. We
chose the Wilcoxon signed-rank test because of the non-normal distribution of data points.
We used a one-tailed test in each analysis, because we were testing for inhibition of platelet
activation in one set of experiments, and for activation of resting platelets in another set.
Where the number of replicates is large enough a two tailed test is used. Error bars represent
the standard error of the mean.
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S1 Fig. Aggregation results before and after TRAP activation for all peptides.
(PDF)
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