
Contents lists available at ScienceDirect

Journal of Proteomics

journal homepage: www.elsevier.com/locate/jprot

Defining the TLT-1 interactome from resting and activated human platelets

Anna M. Schmokera,⁎, Leishla M. Perez Pearsona,b, Claudia Cruza,b, Luis G. Colon Floresb,
Siobhan Branfeildb, Fabiola D. Pagán Torresa, Karmen Fonsecaa, Yadira M. Cantresd,
Carla A. Salgado Ramirezd, Loyda M. Melendezc,d, Bryan A. Ballifa,⁎, A. Valance Washingtonb,⁎

a Department of Biology, University of Vermont, 109 Carrigan Drive, 120A Marsh Life Sciences, Burlington, VT 05405, USA
bDepartment of Biology, University of Puerto Rico-Río Piedras, Department of Biology, San Juan, PR, USA
c Department of Microbiology and Medical Zoology, University of Puerto Rico, Medical Sciences Campus, San Juan, PR, USA
d Translational Proteomics Center, Comprehensive Cancer Center, University of Puerto Rico, Medical Sciences Campus, San Juan, PR, USA

A R T I C L E I N F O

Keywords:
TLT1
TREML1
Platelet activation
Platelet aggregation
LC-MS/MS
Fibrinogen

A B S T R A C T

The triggering receptor expressed on myeloid cells (TREM) protein family forms a class of type I transmembrane
proteins expressed in immune cells that play important roles in innate and adaptive immune responses. The
TREM family member TREM-like transcript 1 (TLT-1, also TREML1) is expressed in megakaryocytes and
packaged into platelet granules. TLT-1 binds fibrinogen and plays a role in bleeding initiated by inflammatory
insults. Here, we describe a proteomics screen that maps the TLT-1 interactome in resting and activated human
platelets. Several identified TLT-1 interactors are involved in cell adhesion and migration, as well as platelet
activation. Select interactors, including β3-integrin, RACK1, GRB2, and Rabs 5A, 7, and 11A, were additionally
characterized in co-immunoprecipitation/immunoblotting experiments. Finally, several phosphorylation sites
were found on immunoprecipitated TLT-1, including Thr280, a novel, regulated site on a conserved residue near
the TLT-1 ITIM regulatory sequence.
Significance: Platelet function relies on the secretion of active molecules from intracellular vesicles, or granules,
which contain soluble and membrane-bound proteins that are essential for platelet aggregation, coagulation
reactions, and pathogen defense mechanisms. TLT-1 is sequestered in α-granules and transported to the plasma
membrane, where it plays a unique role in hemostasis after inflammatory insults. Despite the known importance
of TLT-1 in platelet biology, our knowledge of TLT-1 mechanistic signaling is limited. This study defines the TLT-
1 interactome in resting and active human platelets, identifying several novel TLT-1 interactors, as well as TLT-1
phosphorylation sites, all with likely signaling implications in platelet aggregation dynamics.

1. Introduction

Platelets are anucleate blood cells derived from megakaryocytes
that are essential for regulating hemostasis and immune responses.
Platelet function relies on the secretion of active molecules from in-
tracellular vesicles, including dense (δ) granules, alpha (α) granules,
and lysosomes. These granules contain soluble and membrane-bound
proteins that are essential for platelet aggregation, coagulation reac-
tions, and pathogen defense mechanisms. Platelet activation is induced

by secreted factors, including thrombin or adenosine diphosphate
(ADP), as well as exposure to extracellular matrix components in the
vascular wall (i.e. collagen or podoplanin). Following platelet activa-
tion, platelet granules are rapidly mobilized to the plasma membrane,
to which they fuse, exposing their membrane-tethered factors and re-
leasing their soluble cargo into the extracellular environment [1–3].

The triggering receptor expressed on myeloid cells (TREM) protein
family forms a class of single-pass transmembrane proteins expressed in
a variety of immune cells that function to modulate innate and adaptive
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immune responses [4]. The TREM family member TREM-like transcript
1 (TLT-1, also TREML1) is expressed in megakaryocytes and platelets,
and is known to play essential roles in platelet aggregation and he-
mostasis [5–7]. TLT-1 resides in platelet α-granules, prepackaged from
megakaryocytes, and is rapidly transported to the membrane following
platelet activation [5,8]. However, a portion of TLT-1 reserves are se-
questered in the platelet center, called the granulomere, distinct from
α-granules, in a region hypothesized to be the contracted microtubule
bundle, or the marginal band, which forms during platelet activation
[5].

The majority of TREM family members interact with DNAX-acti-
vating protein 12 (DAP-12) following various external stimuli [4]. DAP-
12 contains an immunoreceptor tyrosine-based activation motif (ITAM;
YXXI/LX6-12YXXI/L) [9]. Phosphorylation of the DAP-12 ITAM tyrosine
activates signaling cascades that result in cell adhesion, survival, and
calcium mobilization [4]. TLT-1 possesses an extracellular Ig super-
family V-set domain and, unlike other TREM family members, houses
two intracellular immunoreceptor tyrosine-based inhibitory motifs
(ITIMs; S/I/V/LXYXXI/V/L) within its C-terminal tail [5,8]. These
tyrosine-based motifs surround the only two tyrosine residues within
the TLT-1C-terminal tail, Tyr265 and Tyr281. The SH2 domain-con-
taining protein phosphatases SHP-1 and SHP-2 have been shown to co-
immunoprecipitate with TLT-1 following induction of tyrosine phos-
phorylation via pervanadate treatment, likely through an SH2–pho-
sphotyrosine interaction [8,10]. Barrow, et al. demonstrated that
phosphorylation of both Tyr265 and Tyr281 was regulated by tyrosine
phosphatases, however, only phosphorylation of Tyr281 induced the
TLT-1/SHP-2 interaction [8]. The classical ITIM motif is thought to
bind SHP-2 and reverse the effect of src family kinases, given its role in
recruiting tyrosine phosphatases to signaling hubs following phos-
phorylation of the ITIM tyrosine [11]. However, phosphorylation of
Tyr281 within the TLT-1 ITIM is required for FcεRI-mediated calcium
mobilization through SHP-2 [8]. Additionally, a soluble form of TLT-1
that is released upon platelet activation is on its own capable of indu-
cing platelet aggregation in vitro [6,7,12]. Intriguingly, TLT-1 signaling
following platelet activation appears to be distinct from that of other
TREM family members [4,5]. However, our knowledge of TLT-1 me-
chanistic signaling is limited.

In order to expand our understanding of TLT-1 signaling, we con-
ducted a proteomics analysis to define TLT-1 protein-protein interac-
tions in both resting and activated platelets. TLT-1 was im-
munoprecipitated from biological replicates of resting human platelets
and platelets activated with collagen. Proteins in immune complex with
TLT-1 were identified via liquid chromatography tandem mass spec-
trometry (LC-MS/MS) (Fig. 1), revealing a TLT-1 interactome that is
functionally enriched in platelet degranulation and cell motility. This
work presents several novel TLT-1 interacting partners that were vali-
dated biochemically in 293 cells and/or platelets, including GRB2,
RACK1, β3-integrin, and Rabs 5a, 7, and 11a, which may coordinate
with TLT-1 prior to or during platelet activation.

2. Materials and methods

2.1. Ethics statement

The University of Puerto Rico Institutional Review Board
(Federalwide Assurance no. FWA00000944) approved the study, and
donors provided written informed consent before enrollment (protocol
no. 1213-126; primary investigator, A. Washington). All donors, gen-
ders unnoted, were between 21 and 60 years of age and had not taken
aspirin, non-steroidal anti-inflammatory agents, or anti-platelet drugs
within one month of giving blood.

2.2. Materials

Penicillin/Streptomycin 100× solution and Dulbecco's Modified

Eagle Medium (DMEM) were obtained from Mediatech (Manassas, VA,
USA). Fetal bovine serum (FBS) and cosmic calf serum (CCS) were
purchased from Hyclone (Logan, Utah, USA). The ProFection®
Mammalian Transfection System kit for calcium phosphate transfec-
tions and the trypsin used in enzymatic digests prior to LC-MS/MS
analysis were from Promega (Madison, WI, USA). Protein G resin was
obtained from G-Biosciences (St. Louis, MO, USA). Protein A resin and
enhanced chemiluminescence (ECL) reagents were purchased from
Pierce (Rockford, IL, USA), and x-ray film was from Denville Scientific
(Metuchen, NJ, USA). Packing material used for HPLC was 5 μm C18-
coated silica beads, 200 Å pore size, purchased from Michrom
Bioresources Inc. (Auburn, CA, USA). Nitrocellulose membranes were
from GVS Life Sciences (Sanford, ME, USA). All additional reagents
were purchased from Sigma (St. Louis, MO, USA) unless otherwise
noted.

2.3. Plasmids and antibodies

Mammalian expression constructs for full-length mouse TLT-1
(MR224649), RAB5A (MR202355), RAB7 (MR202190), and RAB11A
(MR202384) in pCMV6-Entry, tagged with MYC and FLAG sequences at
C-termini, were obtained from Origene (Rockville, MD, USA). pLX304
V5-tagged human TLT-1 (HsCD00436793) and RACK-1
(HsCD00441268) constructs were obtained from the DNASU Plasmid
Repository (Tempe, AZ, USA). ITGB3-MYC-His (pcDNA3.1-beta-3,
#27289, originally from the lab of Timothy Springer) and SHP-2-MYC
(pIRES2-EGFP-SHP2WT, #12283, originally from the lab of Anton

Fig. 1. Work flow for the identification of TLT-1 interactors in resting and
collagen-activated human platelets. Platelets obtained from two healthy donors
were divided into two treatment groups, each. Platelets in the “Resting” group
were left untreated, and those in the “Activated” group were treated with
collagen. Each treatment group was split for immunoprecipitation with α-TLT-1
or beads alone as a control. Immunoprecipitations were subjected to SDS-PAGE
and silver staining. Proteins in each treatment group were divided into 12 re-
gions by molecular weight prior to tryptic digest and analysis via LC-MS/MS.
Acquired spectra were searched against a human proteome using the SEQUEST
algorithm. Proteins and peptide filters are described in the methods. Proteins
identified in the control immunoprecipitation (IgG) were subtracted from the
experimental dataset unless 5× overrepresented in the experimental set.
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Bennett) were obtained from Addgene (Cambridge, MA, USA).
The mouse α-FLAG (M2) antibody was used for Western blotting at

a concentration of 0.5 μg/mL. Cell Signaling Technologies, Inc.
(Danvers, MA, USA) was the source of the α-FLAG (M2, rabbit mAb),
which was used at a dilution of 1:1000 for Western blotting. The rabbit
α-pT280TLT-1 antibody (used at 1:500) was raised against the sequence
CSKPVpTYATVIFPGGNK (human TLT-1 peptide) by Bon Opus
Biosciences (Millburn, NJ, USA). Our in-house antibody, AB69 (mouse
IgG2b mAb with reactivity to the TLT-1 extracellular domain) [13], was
used for immunoprecipitations and Western blotting of human TLT-1
from platelets. The phosphotyrosine antibody, α-pY (4G10; 1:1000),
was from EMD Millipore (Billerica, MA, USA). All primary antibodies
for use in Western blotting of 293 cell extracts were diluted in 1.5% BSA
in Tris-Buffered Saline (0.9% NaCl, 0.4% Tris-HCl, and 0.1% Tris-base)
with 0.05% Tween 20 (TBS-T) and containing 0.005% sodium azide.
For Western blotting of platelet extracts, antibodies were diluted in 5%
BSA in Tris-Buffered Saline. Horseradish peroxidase (HRP)-conjugated
secondary antibodies were obtained from EMD Millipore and used at
the following concentrations: goat α-mouse IgG-HRP (1:5000) and goat
α-rabbit IgG-HRP (1:15,000). All secondary antibodies were diluted in
TBS-T.

2.4. Platelet preparation, activation and lysis

Platelet preparation and isolation protocols were obtained from
[14]. Blood was obtained by venipuncture and whole blood was col-
lected in acid citrate dextrose (1:7) from healthy donors and cen-
trifuged at 800 ×g for 20 min to remove red blood cells. Platelets were
isolated by centrifugation at 2100 ×g for 10 min and resuspended in
Tyrode's solution (2 mM MgCl2, 137 mM NaCl, 2.68 mM KCl, 3 mM
NaH2PO4, 0.1% glucose, 5 mM HEPES, pH 7.35) at a final concentration
of 3.2 × 108 cells/mL. Platelets were incubated at room temperature
for 30 min prior to use. Prostaglandin E1 (20 nM) and apyrase (0.02 U/
mL) were added at the stage of PRP and to the final prep. Platelets were
activated with Ca2+ (2 mM) and thrombin (0.2 U/mL). Collagen acti-
vation was the same as thrombin except it was added at 5 μg/mL.

2.5. HEK 293 cell culture, transfection, and lysis

HEK 293 cells were cultured in DMEM supplemented with 5% each
of FBS and CCS, 50 U/mL penicillin, and 50 μg/mL streptomycin at
37 °C in 5% atmospheric CO2. For transfection, cells were grown to 60%
of confluence and transfected with 5 μg DNA per plasmid per 10-cm
dish via calcium phosphate precipitation. Six hours post-transfection,
cells were washed with phosphate-buffered saline (PBS) and returned to
full medium overnight before lysis. Hydrogen peroxide (H2O2) treat-
ments were conducted at 8.8 mM H2O2 for 15 min at standard culture
conditions prior to lysis. Calyculin A treatments were conducted at
100 nM calyculin A in dimethyl sulfoxide (DMSO) for 30 min at stan-
dard culture conditions. Following treatment, cells were lysed on ice
with Brain Complex Lysis Buffer (BCLB: 25 mM Tris pH 7.2, 137 mM
NaCl, 10% glycerol, 1% igepal, 25 mM NaF, 10 mM Na2H2P2O7, 1 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 μg/mL each
leupeptin and pepstatin-A). Lysates were centrifuged and the super-
natant was reserved for analysis.

2.6. Immunoprecipitation, SDS-PAGE and Western blotting

For immunoprecipitations from 293 cell lysates, protein levels were
normalized, and lysates were incubated with α-FLAG Affinity Gel, or
the α-V5 or α-MYC antibodies with a 50/50 mixture of protein A and G
resin, rocking overnight at 4 °C. The beads were washed and bound
proteins were eluted and denatured in 25 μL sample buffer (150 mM
Tris pH 6.8, 2% SDS, 5% β-mercaptoethanol, 7.8% glycerol, 0.25 ng/
mL bromophenol blue) at 95 °C for 5 min. For Western blotting of whole
cell extracts (WCEs), samples were denatured in sample buffer and

15 μg total protein was loaded per lane. Immunoprecipitations and
WCEs were separated on 10% acrylamide gels (30% w/v and 37.5:1
acrylamide:bis-acrylamide) following stacking over 4.2% acrylamide
gels, unless otherwise indicated. Proteins were transferred to a ni-
trocellulose membrane in a submersible transfer unit at 4 °C.
Membranes were blocked with 5% non-fat dry milk in TBS-T prior to
incubation with primary antibody solutions overnight at 4 °C and HRP-
conjugated secondary antibody solutions for three hours at 25 °C.
Membranes were incubated with ECL reagents prior to exposure to x-
ray film.

Platelets were lysed in a buffer containing 1% triton (1% triton-X,
150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 1 mM PMSF, 20 mM
NaF, 10 mM NaVO4 and 1× protease inhibitor). Immunoprecipitations
from platelet lysates (3 × 108 platelets/mL) were conducted with 5 μg
α-TLT-1 (clone AB69; 50% slurry of Protein A and G resin) in 500 μL
platelet lysate. Immunoprecipitations and WCEs were separated on 12%
acrylamide gels (30% w/v and 37.5:1 acrylamide:bis-acrylamide) fol-
lowing stacking over 4.2% acrylamide gels. Proteins were then trans-
ferred to a PVDF membrane, and membranes were blocked and in-
cubated with primary and secondary antibodies as described above.

2.7. Sample preparation for liquid chromatography/tandem mass
spectrometry (LC-MS/MS)

Following SDS-PAGE, acrylamide gels containing 293 and platelet
immunoprecipitates were stained with Coomassie Brilliant Blue (293
immunoprecipitates) or silver staining (platelet immunoprecipitates)
and divided into eight and ten sections, respectively, per lane. For
Coomassie staining, gels were rocked in 40% methanol/20% acetic acid
with 0.1% Coomassie Brilliant Blue for 1 h and room temperature, and
destained overnight in 30% methanol/10% acetic acid. For silver
staining, gels were stained and destained with a FOCUS FASTsilver kit
(G-Biosciences; St. Louis, MO, USA). Excised sections were diced to 1-
mm cubes and transferred to separate microcentrifuge tubes. Gel pieces
were de-stained according to the respective staining protocols and
subjected to tryptic digest (4–6 ng/μLtrypsin in 50 mM NH4HCO3) and
incubated overnight at 37 °C. Peptides were extracted from gel pieces
dried prior to LC-MS/MS analysis.

2.8. LC-MS/MS spectral acquisition and analysis

Dried peptides were re-suspended in 2.5% MeCN/0.15% FA
(Solvent A) and separated on a reverse-phase high performance liquid
chromatography (HPLC) column packed in house with 5-μm C18 beads
(column length was 12 cm × 100 μm (i.d.), bead pore size was 200 Å).

Platelet immunoprecipitations (two biological replicates) were
analyzed on the LTQ-Orbitrap Discovery mass spectrometer fitted with
a Finnigan Surveyor Pump Plus and Micro AS autosampler (Thermo
Electron; San Jose, CA, USA) and controlled with Xcalibur™ 2.1
Software (Thermo Fisher Scientific, Inc.; Waltham, MA, USA).
Following a 15-min loading phase onto the C18 column in Solvent A,
peptides were eluted with a 0–50% gradient of Solvent B (99.85%
MeCN, 0.15% FA) over 38 min and electrosprayed (2.1 kV) into the
mass spectrometer. This gradient was followed by 7 min at 100%
Solvent B prior to a 10-min equilibration in 100% Solvent A. The flow
rate was maintained at 500 nL/min throughout the analysis. The pre-
cursor scan (360–1700 m/z) was followed by ten low energy collision-
induced dissociation (CID) tandem mass spectra (normalized collision
energy (NCE) was 35%). CID spectra were acquired for the top ten most
abundant ions in the precursor scan (isolation width was±2 m/z). All
mass spectra were obtained in centroid with precursor ion spectra ac-
quired in the orbitrap (resolution = 3 × 104, scan speed was 1 Hz) and
fragment ion spectra in the linear ion trap (positive ion mode, dynamic
exclusion disabled).

The single 293 immunoprecipitation was analyzed on the LTQ-XL
mass spectrometer. The 15-min loading phase (Solvent A) was followed
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by a 0–50% gradient of Solvent B over 43 min, 7 min at 100% Solvent
B, and 10 min in 100% Solvent A. The flow rate was maintained at
500 nL/min over the column throughout the analysis. The precursor
scan (400–1600 m/z) was followed by ten low energy CID MS2 spectra
(NCE was 35%) for the top ten most abundant ions in the MS scan
(positive ion mode, dynamic exclusion settings: repeat count = 2, re-
peat duration = 30 s, exclusion list size = 180, exclusion dura-
tion = 60 s, isolation width = ±1.5 m/z).

For targeted analyses of TLT-1 ITIM-containing species in human
platelets, cysteine residues were reduced and alkylated with dithio-
threitol and iodoacetamide prior to tryptic digest, given the presence of
cysteine in the ITIM-containing peptide (VLVCSKPVTYATVIFPGGNK).
Peptides were separated via HPLC using the Easy n-LC 1200 prior to
MS/MS analysis on the Q Exactive Plus mass spectrometer fitted with a
Nanospray Flex ion source (Thermo Fisher Scientific, Inc.; Waltham,
MA). Chromatography columns (30 cm long, 100 μm inner diameter)
were packed in-house with 1.8 μm C18 packing material. Peptides were
eluted using a 0–50% gradient of Solvent B (80% acetonitrile, 0.15%
formic acid) over 175 min, followed by 10 min at 100% Solvent B. Each
precursor scan (scan range = 400–1500 m/z, resolution = 7.0 × 104,
AGC = 1.0 × 106, maximum ion time = 100 ms) was followed by
targeted MS2 of the human TLT-1 ITIM-containing peptide VLVCSKP-
VTYATVIFPGGNK in phosphorylated (m/z = 744.0496, z = 3+) and
unphosphorylated (m/z = 717.3941, z = 3+) states (resolu-
tion = 3.5 × 104, AGC = 5.0 × 104, maximum ion time = 50 ms,
isolation window = ±0.4 m/z, collision energy = 26%). Note that the
masses given include the added mass of cysteine carbamidomethyla-
tion.

SEQUEST (version 28) searches for TLT-1 interactors were per-
formed using a forward and reverse 2011 Uniprot Human Protein da-
tabase [15] requiring tryptic peptides and permitting the following
modifications: phosphorylation of serine, threonine and tyrosine
(+79.966 Da), oxidation of methionine (+15.995 Da), and acrylami-
dation of cysteine (+71.037 Da) with parent ion mass tolerances
of± 4 ppm for LTQ-Orbitrap and Q Exactive Plus data and ± 2 Da for
LTQ-XL data, fragment ion tolerances of± 1 Da and ± 0.01 Da for
MS2 data acquired in linear ion trap (LTQ-XL and LTQ-Orbitrap) and
orbitrap (Q Exactive Plus) analyzers, respectively, and a unique ΔCorr
of ≥0.2, resulting in a false positive rate < 1%. Peptides identified in
the control lanes were removed from the corresponding experimental
dataset unless they were present in the experimental set at an abun-
dance five times greater than in the control set. A complete list of
identified proteins from each experimental condition and replicate can
be found in Supplementary Tables 1 & 2.

For phosphorylation analysis of TLT-1, raw data for each experi-
ment were separately searched via SEQUEST (version 28) against a
forward and reverse mouse or human TLT-1 sequence including
common contaminants with no enzyme specified, permitting the same
modifications and mass tolerances specificed above. No enzyme was
specified in order to expand the single-sequence database and reduce
the false discovery rate. Resulting peptide tables were filtered to in-
clude only tryptic peptides (Supplementary Tables 3 and 4).
Phosphopeptides resulting from this search were manually validated to
confirm positive database hits (Supplementary Fig. 2).

Protein functions were assigned based on annotations in
PhosphoSitePlus [16] and UniProt [17]. Known TLT-1 interactors were

Table 1
TLT-1 binding partners identified in resting platelets. TLT-1 was immunoprecipitated from untreated human platelets from two healthy donors, and subjected to SDS-
PAGE. Gel regions were subjected to in-gel tryptic digestion prior to LC-MS/MS analysis of extracted peptides (Fig. 1). Spectral counts of proteins identified in both
biological replicates using the SEQUEST algorithm are indicated.

Gene symbol Uniprot Acc Protein name Total # peptides

Donor 1 Donor 2

ACTN4 Actinin alpha 4 22 35
AHCYL2 Adenosylhomocysteinase like 2 4 3
ARHGAP6 Rho GTPase activating protein 6 4 9
ATP5A1 ATP synthase F1 subunit alpha 4 42
AZGP1 Alpha-2-glycoprotein 1, zinc-binding 5 5
CYB5R3 cytochrome b5 reductase 3 4 4
DBN1 Drebrin 1 11 7
EIF3D Eukaryotic translation initiation factor 3 subunit D 3 5
EPB49 Dematin actin binding protein 6 8
FHL1 Four and a half LIM domains 1 3 10
GIT1 GIT ArfGAP 1 6 4
HIST1H1E Histone cluster 1 H1 family member e 8 8
ITGB3 Integrin subunit beta 3 20 25
MMRN1 Multimerin 1 3 15
MYO18A Myosin XVIIIA 17 5
NAP1L4 Nucleosome assembly protein 1 like 4 3 6
OSBPL8 Oxysterol binding protein like 8 6 5
PPP1R9B Protein phosphatase 1 regulatory subunit 9B 5 20
RAB11A RAB11A, member RAS oncogene family 9 12
RAB13 RAB13, member RAS oncogene family 3 4
RAB1A RAB1A, member RAS oncogene family 6 3
RAB27B RAB27B, member RAS oncogene family 12 5
RAB6A RAB6A, member RAS oncogene family 9 3
RAB7A RAB7A, member RAS oncogene family 7 3
RDH11 Retinol dehydrogenase 11 8 14
SLC2A3 Solute carrier family 2 member 3 5 4
SYNPO2 Synaptopodin 2 3 4
TGFB1I1 Transforming growth factor beta 1 induced transcript 1 4 15
TMED8 Transmembrane p24 trafficking protein family member 8 6 73
TUBB Tubulin beta class I 45 63
USO1 USO1 vesicle transport factor 3 3
USP15 Ubiquitin specific peptidase 15 7 3
VPS41 VPS41, HOPS complex subunit 5 3
TLT1 TREM-like transcript 1 126 144
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identified by The Biogrid curations [18] and primary literature sear-
ches. Gene ontology (GO) enrichment analyses were conducted with the
Metascape Enrichment tool using default settings with the following
databases selected: GO Biological Process, GO Molecular Function, GO
Cellular Component [19]. Protein-level identifications of TLT-1 inter-
actors in platelets were obtained from The PlateletWeb [20].

3. Results

3.1. Identification of novel TLT-1 binding partners in resting and activated
platelets

As a first step in elucidating the mechanism of TLT-1 in platelet
aggregation, we conducted a proteomics screen that aimed to identify
novel TLT-1 interactors in resting and activated platelets. Briefly, TLT-1
was immunoprecipitated from resting and collagen-activated human
platelets and immune complexes were analyzed via SDS-PAGE (Fig. 1).
Control immunoprecipitations using only beads were conducted for
each condition from the same platelet lysates (Fig. 1). Experimental and
control lanes were each divided into ten sections, subjected to in-gel
tryptic digestion, and extracted peptides were subjected to LC-MS/MS
analysis (Fig. 1). Two biological replicates were performed for each
condition.

Proteins identified in immune complex with TLT-1 in resting and
activated platelets, common to both biological replicates and therefore
representing strong candidate interactors with importance in TLT-1
signaling, are summarized in Tables 1 & 2, respectively. Full tables
containing TLT-1 peptides and those of its interactors identified in each
biological replical are included in Supplementary Tables 1 & 3. A total
of eight proteins were unique to activated platelets and 31 were found
only in resting platelets. Only two TLT-1 interactors were common to
both platelet environments: Histone H1E and RAB7A. In addition to
RAB7A, several additional Rab family members were found to interact
with TLT-1 uniquely in resting or activated platelets. TLT-1 is known to
be rapidly mobilized to the membrane from α-granules following pla-
telet activation, which likely involves a change in the Rab protein po-
pulation on the granule surface.

Functional classification of TLT-1 interactors in resting and active
platelets are summarized in Fig. 2A. Proteins involved in trafficking,
cell adhesion, and cytoskeletal dynamics were highly represented in
immune complex with TLT-1 (Fig. 2A). A gene ontology (GO) term
enrichment analysis (GO cellular component, GO molecular function,
GO biological process) conducted via the Metascape platform (www.
metascape.org) [19] revealed an enrichment (FDR > 0.01) of terms
related to Rab proteins and vesicular trafficking, as well as cell
spreading, adhesion, and migration (Fig. 2B, Supplemental Table 5).
Importantly, “Platelet Degranulation” (FDR = 2.8 × 10−6) was

considered enriched in the data set. All proteins annotated with this
term originated from the TLT-1 immune complex in active platelets,
with the exception of RAB5A and USP9X (Supplemental Table 5).

3.2. TLT-1 interacting partners and phosphorylation near the ITIM are
dynamically regulated

Platelet activation is known to stimulate a variety of signaling cas-
cades. The observed changes in TLT-1 binding partners across resting
and active platelets could result from changes in subcellular localiza-
tion of either TLT-1 or its interactors, or through regulated post-trans-
lational modification. We considered that TLT-1 phosphorylation, in
particular, would be a strong candidate modifier of TLT-1 interacting
partners. We chose 293 cells as a simple model in which to express TLT-
1 at high levels to assist in the identification of phosphorylation sites
with potential relevance to platelet biology. Regulated TLT-1 tyrosine
phosphorylation has been demonstrated in the presence/absence of
pervanadate, a tyrosine phosphatase inhibitor [8,10]. H2O2 on its own
is also a strong tyrosine phosphatase inhibitor. To determine whether
H2O2 would alter TLT-1 phosphorylation, 293 cells transiently expres-
sing the mouse allele of TLT-1 were stimulated with H2O2. The mouse
allele was chosen given its availability with C-terminal MYC and FLAG
epitope tags and its relevance to studies involving the TLT-1−/− mouse
[6]. Immunoprecipitated TLT-1 (α-FLAG) was subjected to SDS-PAGE
and Western blotting (α-FLAG and α-pY; Fig. 3A). Strong phosphotyr-
osine signals were observed in the immunoprecipitation from H2O2-
treated cells in the highest molecular weight protein product of TLT-1
(45–50 kDa), as well as a species of ~30 kDa (Fig. 3A). Interestingly,
these two bands of lower molecular weight are apparent only following
H2O2 stimulation (Fig. 3A), suggesting that the inhibition of tyrosine
phosphatases or the cellular response to oxidative stress leads to TLT-1
truncation, as opposed to its normal alternative splicing [6,7,12]. TLT-1
shedding is known to be regulated at least in part by ADAM17 [21].
Given the FLAG epitope tag is located on the TLT-1C-terminus, the
immunoprecipitated truncation could represent the C-terminal cleavage
product of a phosphotyrosine-dependent proteolytic event.

The single known tyrosine phosphorylation site (PhosphoSite.org
[16]) falls within the ITIM at Tyr281 of the human sequence (Fig. 3G),
which is hypothesized to be important to the role of TLT-1 in platelet
biology. This is one of only two intracellular tyrosines (Supplementary
Fig. 1), which suggests that the strong induction of tyrosine phos-
phorylation originated from one or both of these sites (Fig. 3A). We
employed mass spectrometry to identify TLT-1 phosphorylation sites in
the stimulated and unstimulated states observed in Fig. 3A. TLT-1 was
immunoprecipitated from unstimulated cells and H2O2-treated cells as
described above and analyzed by SDS-PAGE and Coomassie staining
(Fig. 3B). Bands containing TLT-1 were excised and subjected to tryptic

Table 2
TLT-1 binding partners identified in active platelets. TLT-1 was immunoprecipitated from human platelets from two healthy donors, activated in vitro with collagen,
and subjected to SDS-PAGE. Gel regions were subjected to in-gel tryptic digestion prior to LC-MS/MS analysis of extracted peptides (Fig. 1). Spectral counts of
proteins identified in both biological replicates using the SEQUEST algorithm are indicated.

Gene symbol Uniprot acc Description Total # peptides

Donor 1 Donor 2

GSTP1 Glutathione S-transferase pi 1 12 3
HIST1H1E Histone cluster 1 H1 family member e 3 3
MOBKL1A MOB kinase activator 1B 6 4
MYO5A Myosin VA 3 4
RAB37 RAB37, member RAS oncogene family 10 7
RAB5A RAB5A, member RAS oncogene family 8 4
RAB5C RAB5C, member RAS oncogene family 11 3
RAB7A RAB7A, member RAS oncogene family 17 10
RAN RAN, member RAS oncogene family 9 6
USP9X Ubiquitin specific peptidase 9 X-linked 4 3
TLT1 TREM-like transcript 1 113 71
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digest prior to LC-MS/MS analysis of extracted peptides (Fig. 3B).
TLT-1 phosphorylation sites identified across conditions in 293 cells

are summarized in Supplementary Table 6 with fragmentation spectra
included Supplementary Fig. 2. For comparison, we have included the
phosphorylation sites identified on human TLT-1 in resting and active
platelets (Supplementary Table 6, Supplementary Fig. 2), from the
proteomics screen described above. All but one site we identified on the
mouse sequence in 293 cells were conserved in the human sequence
(Fig. 3G, Supplementary Fig. 1). We identified one novel phosphor-
ylation site on a conserved residue, Thr280, near the ITIM sequence
(Fig. 3G). Fragmentation spectra of various phosphorylation states of
the peptide containing the ITIM sequence are shown in Fig. 3C–F. As-
terisks denote fragments that demonstrate the accurate identification of
each phosphorylation site. Noteably, all TLT-1 peptides were identified
in the band containing full-length TLT-1; no peptides were found in the
band containing the assumed cleaved C-terminal peptided observed in
Fig. 3B. Phosphorylation of Tyr281 was identified only in the stimu-
lated cells, while peptides housing phosphorylated Ser278 and Thr280
were present in both stimulated and unstimulated conditions (Supple-
mentary Table 6). Given the conservation and novelty of Thr280
(Fig. 3G) and its proximity to the ITIM tyrosine, we generated a
phospho-specific antibody to this site. To determine whether Thr280
phosphorylation was regulated, we treated cells transiently-expressing
TLT-1 with calyculin A, a serine/threonine phosphatase inhibitor. Im-
munoprecipitates (α-FLAG) were subjected to SDS-PAGE and Western
blotting for phosphorylation of TLT-1 Thr280 (α-pThr280TLT-1,
Fig. 3H). The induction of phosphorylation at Thr280 following caly-
culin A treatment suggests that this is a regulated phosphorylation site.
The close proximity of Thr280 to the ITIM tyrosine (Tyr281) indicates
that this may be an important regulatory region within the TLT-1 in-
tracellular domain. Interestingly, the peptide containing the ITIM was
not identified with multiple sites phosphorylated, suggesting that
phosphorylation of these sites could be counterregulatory to one an-
other. However, it remains possible that multiply-phosphorylated
peptides may be present at low abundance, but remain undetected by
LC-MS/MS.

To determine whether the ITIM-proximal phosphorylation sites
found in 293 cells could potentially be relevant to platelet biology, we
employed a targeted approach to identify these phosphorylation sites in
platelets. TLT-1 was immunoprecipitated (α-TLT1) from activated
human platelets or platelets treated with H2O2, and im-
munoprecipitates were analyzed by SDS-PAGE and Coomassie staining.

TLT-1 bands were excised, subjected to reduction/alkylation of cysteine
residues and digested with trypsin. Peptides were analyzed via LC-MS/
MS, targeting the mass of the human peptides containing the ITIM
tyrosine (Y281) and proximal threonine (T280) that were found phos-
phorylated in 293 cells (Fig. 3C-F). Peptides containing the phos-
phorylated Y281 were identified in both H2O2 treatments and activated
platelets (Supplementary Fig. 3). The annotated spectrum of the un-
phosphorylated peptide (Supplementary Fig. 3A) is shown alongside
spectra of the phosphopeptides identified in H2O2 treated and activated
platelets (Supplementary Fig. 3B-C). Due to a co-eluting ion within the
isolation window used for fragmentation, considerable background was
observed in the spectrum of the phosphopeptide obtained from acti-
vated platelets (Supplementary Fig. 3C). However, the presence of
characteristic fragments observed in clean spectra of the unpho-
sphorylated and phosphorylated ITIM-containing peptides (Supple-
mentary Fig. 3A-B) confirms that the phosphopeptide was correctly
identified. Diagnostic fragments demonstrating phosphorylation site
localization on the ITIM tyrosine (Y281) in Supplementary Fig. 3B are
denoted by boxed fragment ion annotations. Fragments distinguishing
between phosphorylation of Y281, T280, and S276 were not apparent
from the phosphopeptide ion in activated platelets (Supplementary
Fig. 3C), however, the elution time of the phosphopeptide identified in
activated platelets was close to the confirmed pY281-containing species
in H2O2-treated platelets (Supplementary Fig. 3D-E). Given that the
various ITIM-containing phosphopeptides from mouse (Fig. 3D-F) ex-
hibited markedly different elution times (the peptide containing phos-
photyrosine eluted at 35% MeCN, phosphoserine at 40% MeCN, and
phosphothreonine at 45% MeCN), the phosphorylated species identified
in activated platelets likely contains pY281.

Although pT280 was not identified in the TLT-1 immunoprecipitate
from human platelets via LC-MS/MS, we concluded that it may be
present at levels below our limit of detection, and turned to Western
blotting with the α-p280TLT1 probe in an attempt to visualize T280
phosphorylation platelets. TLT-1 was immunprecipitated from human
platelets after various activation times and subjected to Western blot-
ting for α-TLT-1 and α-p280TLT1. Phosphorylation of T280 was visible
following 10 min of platelet activation (Supplementary Fig. 4). Given
the identification of the two ITIM-proximal phosphorylation sites ob-
served in both platelets and 293 cells, we concluded that 293 cells were
an appropriate model in which to study TLT-1 signaling.

The most robust induction of phosphorylation observed from the
mass spectrometric studies and Western blotting was observed

Fig. 2. Functional characterization and gene ontology (GO) enrichment analysis of TLT-1 interactors in human platelets. A) TLT-1 interactors are categorized by
general function. B) A GO enrichment analysis was conducted using the Metascape platform [19]. GO terms with P<10−3 are shown. Genes within each enriched
group are tabulated in Supplementary Table 5.
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Fig. 3. Identification of a regulated phosphorylation site on conserved TLT-1 Thr280 near ITIM. A) TLT-1 tyrosine phosphorylation is inducible by H2O2. TLT-1 was
immunoprecipitated from 293 cells expressing mouse TLT-1 with a FLAG C-terminal tag. Cells were either left untreated or were treated with a tyrosine phosphatase
inhibitor (H2O2) for 15 min prior to lysis. Immunoprecipitations were subjected to SDS-PAGE and immunoblotting for TLT-1 (α-FLAG) and phosphotyrosine (α-pY).
B) Coomassie-stained immunoprecipitation and schematic for the identification of TLT-1 phosphorylation sites. 293 cells transiently expressing TLT-1-FLAG (mouse)
were treated with H2O2 for 15 min prior to lysis. α-FLAG immunoprecipitations were subjected to SDS-PAGE and Coomassie staining. Bands containing α-FLAG
signals in A were excised and digested with trypsin prior to LC-MS/MS analysis. C–E) Fragmentation spectra of tryptic peptide containing the ITIM. b and y ions are
annotated. Asterisks denoted fragments that define phosphorylated residue. G) TLT-1 domain structure, phosphorylation site identifications curated on phosphosite.
org, conservation of ITIM and surrounding residues. H) Regulated phosphorylation of TLT-1 Thr280. 293 cells transiently expressing TLT-1-FLAG (mouse) were
treated with a serine/threonine phosphatase inhibitor (calyculin A) prior to lysis. Immunoprecipitations (α-FLAG) were subjected to SDS-PAGE and immunoblotting
with an antibody raised against a TLT-1 peptide (human sequence) containing phosphorylated T280.

Fig. 4. Biochemical validation of TLT-1 interactors. MYC-FLAG- (mouse) or V5-tagged (human) TLT-1 was transiently expressed alone or with SHP-2-MYC (A), RAB
(X)-MYC-FLAG (5A, 7, or 11A) (B), RACK-1-V5 (C), or ITGB3-MYC-His (D) in 293 cells. Cells were either left untreated or were treated with H2O2 (8.8 mM) prior to
lysis. Immunoprecipitates (IPs) of the indicated epitope tag were subjected to SDS-PAGE analysis and Western blotting for the immunoprecipitated and co-expressed
proteins. Whole cell extracts (WCEs) were immunoblotted for co-expressed proteins, unless otherwise indicated, and tubulin as a loading control. A) SHP-2, a known
TLT-1 interactor, exhibits H2O2-induced binding to TLT-1. SHP-2 expression levels are shown in the α-MYC IP, as the signal was not observed in the WCE. B) TLT-1
exhibits H2O2-induced binding to RABs 5A, 7, and 11A. C) The TLT-1/RACK-1 interaction is independent of H2O2 stimulation. TLT-1 signal in the α-FLAG blot of the
α-V5 IP is indicated by a triangle. The asterisk denotes a background signal from the heavy chain of the antibody. The α-V5 blot of the α-V5 IP was obtained on a 15%
gel to separate the signal from the light chain of the antibody. D) The TLT-1/ITGB3 (β3-integrin) interaction is independent of H2O2 stimulation. E) GRB2 binds to
TLT-1 in a H2O2-dependent manner. TLT-1-MYC-FLAG was expressed alone in 293 cells, and immunoprecipitates (α-FLAG) were blotted for endogenous GRB2 (α-
GRB2). F) TLT-1 and ITGB3 interact in resting platelets. TLT-1 was immunoprecipitated (α-TLT-1) from resting and active (+ collagen) platelets. An isotype control
(IC) was employed to ensure ITGB3 was binding in a specific manner. G) TLT-1 and GRB2 interact in active platelets. TLT-1 was immunoprecipitated (α-TLT-1) from
resting and active (+ collagen) platelets.
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following H2O2 treatment. We asked whether any of the proteins
identified as TLT-1 interactors in resting and active platelets might be
induced to associate or dissociate upon TLT-1 tyrosine phosphorylation.
We compared proteins that were bound to TLT-1 in the im-
munoprecipitation shown in Fig. 3B to those identified in platelets.
Each gel lane was divided into eight sections and excised bands were
digested with trypsin prior to analysis of extracted peptides by LC-MS/
MS. As controls, 293 cells that were not expressing TLT-1 were treated
with or without H2O2 were subjected to the same procedures for im-
munoprecipitation and LC-MS/MS.

Proteins identified in immune complex with TLT-1 in 293 cells are
summarized in Supplementary Table 7. A total of 19 proteins were
unique to cells treated with H2O2 and 31 were identified only in un-
treated cells, while 13 proteins identified in complex with TLT-1 in both
conditions. Surprisingly, the TLT-1 interactors identified in 293 cells
did not appreciably overlap with the two biological replicates obtained
from platelets, with the exception of ATP51A. Notably, a known tyr-
osine phosphorylation-dependent TLT-1 interactor in platelets, PTPN11
(SHP2), was identified as a H2O2-induced binding partner
(Supplementary Table 7). Of the proteins identified as TLT-1 binding
partners in 293 cells, 81% have been detected at the protein level in
platelets (Supplementary Fig. 5A) [20]. General functions and enriched
GO terms of the TLT-1 interactors identified in 293 cells are summar-
ized in Supplementary Figs. 5B & 5C (Supplementary Table 8). Given
the lack of overlap in TLT-1 interactors, this experiment was not re-
plicated. However, proteins identified as TLT-1 interactors in 293 cells
with known roles in platelet biology were considered for biochemical
validation.

3.3. Biochemical validation of known and novel TLT-1 interactors

Several of the novel TLT-1 interactors identified in the two biolo-
gical replicates in platelets and complimentary study in 293 cells were
of biological interest for further biochemical validation. The 293 cells
were chosen as a simple system in which to validate the interactions
identified via LC-MS/MS. Using transiently expressed proteins in this
manner, we were easily able to test several potential interactions and
their ability to be regulated in a phosphorylation-dependent manner.
We were particularly interested in the enrichment of functional terms
related to cell motility and platelet aggregation (Fig. 2B). Notably, we
identified several Rab proteins that differentially bound to TLT-1 in
resting and active platelets, suggesting a potential role of the TLT-1/
Rab interaction in vesicle trafficking prior to or following platelet ac-
tivation. Three family members identified in immune complex with
TLT-1 in platelets (Rabs 5A, 7, and 11A) were chosen to confirm bio-
chemically in 293 cells. In addition, proteins that are known to play
roles in platelet activation and possess phosphotyrosine-binding do-
mains were confirmed: the Src-homology 2 (SH2) domain-containing
proteins SHP2 (PTPN11, a known TLT-1 interactor), growth factor re-
ceptor bound protein 2 (GRB2), and receptor of activated protein C
kinase 1 (RACK1), which were all identified in the TLT-1 im-
munoprecipitation from 293 lysates. The TLT-1/GRB2 interaction was
additionally tested in resting and active platelets. Also essential to
platelet activation, the β3 integrin subunit (ITGB3), which bound TLT-1
in platelets, was validated biochemically in both platelets and 293 cells.

For co-immunoprecipitation experiments in 293 cells, mammalian
expression constructs of SHP-2, RACK1, ITGB3, and RAB5A, RAB7, and
RAB11A were each co-expressed individually with TLT-1-FLAG-MYC
(mouse) or TLT-1-V5 (human). Either TLT-1 or the co-expressed inter-
actor was immunoprecipitated, and immunoprecipitates were subjected
to SDS-PAGE and immunoblotting for the other protein in the presence/
absence of H2O2 (Fig. 4A-D). To confirm the interaction between TLT-1
and growth factor receptor-bound protein 2 (GRB2), TLT-1 was ex-
pressed alone in 293 cells, and immunoprecipitates (α-FLAG) were
blotted for endogenous GRB2 (α-GRB2) in the presence and absence of
H2O2 (Fig. 4E). The phosphorylation-dependent TLT-1/SHP-2

interaction, previously demonstrated [8], was recapitulated here with
H2O2 treatment (Fig. 4A). Other interactors that demonstrated H2O2-
induced interactions were the Rab family members (Fig. 4B) and the
SH2-domain containing adaptor GRB2 (Fig. 4E). RACK-1 and β3-in-
tegrin exhibited phosphorylation-independent interactions with TLT-1
(Fig. 4C,D). The TLT-1/β3-integrin and TLT-1/GRB2 interactions was
also validated by co-immunoprecipitation in human platelets. Im-
munoprecipitations from active and resting platelets revealed β3-in-
tegrin in immune complex with TLT-1 (α-TLT-1) in resting, but not
active platelets (Fig. 4F), in agreement with the LC-MS/MS data (Tables
1 & 2). GRB2, however, was induced to bind to TLT-1 upon platelet
activation (Fig. 4G).

4. Discussion

Herein, we report the identification of several novel TLT-1 inter-
actors in resting and active platelets as well as 293 cells, revealing
several proteins that are known to play important roles in platelet ag-
gregation (Fig. 2, Tables 1 & 2). Of these, we confirmed seven TLT-1
interactors, all known to be essential to platelet function during acti-
vation, through co-immunoprecipitation and immunoblotting (Fig. 4).
These included three Rab proteins, the adaptors GRB2 and RACK1, and
β3-integrin (Fig. 4B–E), in addition to the known TLT-1 interactor SHP-
2 (Fig. 4A). Interestingly, several of these novel interactors exhibited
regulated binding to TLT-1 in the presence/absence of H2O2, suggesting
that TLT-1 post-translational modification (i.e. phosphorylation) may
be required to induce their interaction.

Rab proteins are small G proteins that orchestrate vesicular traf-
ficking, a mechanism that is central to the release of active molecules
from intracellular granules to drive platelet aggregation, coagulation,
and defense against pathogens. Several Rab proteins exhibited differ-
ential binding across resting and active platelets (Tables 1 & 2), likely
the result of a Rab shift from the population coating intracellular
granules to Rabs involved in granule exocytosis following platelet ac-
tivation. Rabs 5, 7, and 11 are all pre-packaged into platelets from
megakaryocytes, although RAB11 and RAB7 are thought to be re-
presented at higher levels than RAB5 [22]. RAB11 is involved in the
recycling of vesicles to the plasma membrane, while RAB5 family
members (A–C) regulate endocytosis and trafficking through early en-
dosomes and RAB7A traffics late endosomes and multivesicular bodies
[22–25].

Interestingly, RAB 11 and 7 were found in complex with TLT-1 in
resting platelets, while 7 and 5 were bound to TLT-1 in activated pla-
telets. This may reflect the new paradigm of granule release which
suggests that few granules actually fuse with the plasma membrane.
Granules have been demonstrated to fuse to other granules upon acti-
vation. Cargo from the fused granules is released though a small neck or
tube-like structure of the few granules that fuse to the plasma mem-
brane. Thus, trafficking in platelets may have slightly different dynamic
than seen in with the constitutive secretion pathways of cell.

The RAB/TLT-1 interactions tested in 293 cells revealed H2O2-
regulated binding to TLT-1. Given that Rab proteins do not possess
phosphorylation-dependent binding domains, these are not likely direct
interactions between TLT-1 phosphorylated residues and Rab family
members. Whether these interactions are phosphorylation-dependent
or the result of the activation of multiple signaling pathways following
H2O2 treatment will require further investigation in future studies.

The β3 subunit of the β3-integrin family was identified as a TLT-1
binding partner in resting platelets. Although both β3 heterodimers,
αvβ3 and αIIbβ3, are packaged into platelets, the αIIbβ3 is represented at
higher levels and serves as a major mediator of platelet aggregation
following activation [26,27]. In resting platelets, granules serve as a
reservoir of a subset of the αIIbβ3 heterodimer population, although the
majority of the αIIbβ3 pool is localized to the plasma membrane. Upon
platelet activation, granular αIIbβ3 integrins are rapidly transported to
the membrane to increase surface localization of αIIbβ3, amplifying
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platelet aggregation [28,29]. Similarly, TLT-1 is known to play a role in
platelet aggregation [5–7]. The identification of the TLT-1/β3 interac-
tion in resting platelets may indicate a concerted role of TLT-1 and β3-
containing integrin heterodimers in facilitating platelet aggregation
following activation. This interaction was also validated in 293 cells,
but was found to be phosphorylation-independent (Fig. 4D).

RACK1 (also GNB2L1), which was also identified in immune com-
plex with TLT-1 in 293 cells (Supplementary Table 7), is known to as-
sociate with β3-integrins and facilitate signal transduction through β3-
integrins during platelet aggregation [30]. RACK1 possesses seven WD
repeats, which complex phosphoserine/threonine residues on target
proteins. This allows RACK1 to act as an adaptor protein, facilitating
protein complex assembly at signaling hubs. Canonically, RACK1 binds
phosphorylated residues of various active protein kinase C (PKC) iso-
forms, bringing PKC in proximity to its substrates. RACK1 has been
shown to constitutively bind β3-integrins, linking integrin complexes to
the β isoform of activated PKC (PKCβ) [30]. The β3/RACK1/PKCβ
complex is required for platelet spreading during platelet aggregation
[30]. Like β3-integrin, RACK1 did not exhibit differential binding to
TLT-1 in the presence and absence of H2O2 (Fig. 4C). RACK1 could act
as an adaptor between TLT-1 and other interactors, for example β3-
integrin, given the identification of intracellular TLT-1 phosphoserine
and phosphothreonine residues, which remained phosphorylated in the
presence and absence of H2O2 (Supplementary Table 6).

GRB2, another protein identified in immune complex with TLT-1 in
activated platelets (Fig. 4G) and H2O2-stimulated 293 cells (Fig. 4E,
Supplementary Table 7), is also known to associate with β3-integrin, as
well as the TLT-1 interactor SHP1 [31]. GRB2 is an adaptor protein
containing one SH2 domain flanked by dual N- and C-terminal SH3
domains that is involved in a variety of cellular processes related to Ras
signaling [32]. The GRB2 SH3 domains bind signaling molecules such
and the Ras-GEF Son of Sevenless (SOS), transporting these GEFs to
phosphotyrosine residues through the GRB2 SH2-binding motif, which
induces proximal Ras-GTPase activity and downstream signaling
[33–36]. GRB2 is involved in thrombin-induced platelet aggregation,
where it forms complexes with β3-integrin via the GRB2 SH2 domain,
bringing SH3-bound signaling proteins to the integrin complex [31].
The phospho-dependent recruitment of GRB2 to the TLT-1 complex
further supports the participation of TLT-1 in the β3-integrin complex,
along with RACK1 and SHP2, forming a functional complex in platelet
activation.

Previously, the TLT-1 interactors moesin, ezrin, and radixin were
identified bound to TLT-1 in platelets following two minutes of acti-
vation [6]. Interestingly. these proteins were not found in immune
complex with TLT-1 in this study. However, the activation times prior
to platelet lysis were markedly different between the two studies; pla-
telet activation in the previous study was only two minutes [6], in
comparison to the ten-minute activation employed here. Moesin, ezrin,
and radixin are likely important TLT-1 interactors at early time points
following platelet activation, and dissociate between two and ten
minutes of platelet activation.

Given the lack of TLT-1 enzymatic activity, post-translational
modification of TLT-1 is likely central to its function in platelet ag-
gregation. Here, we report multiple phosphorylation sites on TLT-1 in
293 cells and platelets, as well as a novel threonine phosphorylation site
near the C-terminal ITIM. Phosphorylation of Thr280 was found to be
regulated by serine/threonine phosphatases (Fig. 3H), which is con-
served in mouse and human sequences (Supplementary Fig. 1). The
proximity of this conserved residue to the ITIM tyrosine suggests that
the TLT-1C-terminal tail could be an important regulatory region of the
protein. Phosphorylation of Thr280 could act to promote or inhibit
interactions of ITIM-binding proteins, given its location immediately N-
terminal to the ITIM tyrosine. In addition to phosphorylation, we ob-
served a truncated form of TLT-1 in H2O2-treated cells via Western
blotting (Fig. 3A), signifying a potential cleavage product. A secreted
form of TLT-1 with functional implications in platelet activation has

been described [6,7,12], and the observations reported here could de-
monstrate a phosphorylation-regulated release mechanism of the TLT-1
ectodomain. Peptides from the truncated form were not identified with
mass spectrometry, although this likely reflects the differences in sen-
sitivity between Western blotting and LC-MS/MS. Shedding of the TLT-
1 ectodomain has is at least partially regulated by the metalloprotease
ADAM17 [21], which may indicate that TLT-1 tyrosine phosphorylation
is an important step in the release of soluble TLT-1 from the membrane-
bound precursor.

5. Conclusions

Using LC-MS/MS methodology, we have mapped the TLT-1 inter-
actome in resting and active platelets. The set of proteins found to in-
teract with TLT-1 was enriched in proteins involved in cell adhesion
and migration, as well as platelet activation (Fig. 2). Select interactors
were validated via immunoblotting in co-immunoprecipitation experi-
ments (Fig. 4). Specifically, we have demonstrated H2O2-regulated
binding of novel TLT-1 interactors GRB2, RAB5A, RAB7, and RAB11A
(Fig. 4B), as well as the known TLT-1 phosphotyrosine-dependent in-
teractor SHP2 (Fig. 4A), and H2O2-indifferent binding of RACK1 and β3-
integrin (Fig. 4C & D) in 293 cells. We have also validated the TLT-1/β3-
integrin and TLT-1/GRB2 interactions in resting and active platelets
using Western blotting (Fig. 4E). Additionally, we have identified
Thr280 as a novel, regulated TLT-1 phosphorylation on a conserved
residue near the TLT-1 ITIM sequence (Fig. 3), suggesting it may be an
important regulator of TLT-1 function, likely through affecting the
binding of TLT-1 interactors. This study defines several novel TLT-1
interactors with likely signaling implications in platelet aggregation
dynamics.
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