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ABSTRACT

Protein arginylation by arginyl-transfer RNA protein transferase (ATE1) is emerging as a regulator protein function
that is reminiscent of phosphorylation. For example, arginylation of f-actin has been found to regulate lamellipodial
formation at the leading edge in fibroblasts. This finding suggests that similar functions of -actin in other cell types
may also require arginylation. Here, we have tested the hypothesis that ATE1 regulates the cytoskeletal dynamics
essential for in vivo platelet adhesion and thrombus formation. To test this hypothesis, we generated conditional
knockout mice specifically lacking ATE1 in their platelets and in their megakaryocytes and analyzed the role of
arginylation during platelet activation. Surprisingly, rather than finding an impairment of the actin cytoskeleton
structure and its rearrangement during platelet activation, we observed that the platelet-specific ATE1 knockout led
to enhanced clot retraction and i# vivo thrombus formation. This effect might be regulated by myosin II contractility
since it was accompanied by enhanced phosphorylation of the myosin regulatory light chain on Ser19, which is an
event that activates myosin in vivo. Furthermore, ATE1 and myosin co-immunoprecipitate from platelet lysates. This
finding suggests that these proteins directly interact within platelets. These results provide the first evidence that
arginylation is involved in phosphorylation-dependent protein regulation, and that arginylation affects myosin func-

tion in platelets during clot retraction.

Introduction

Arginyl-transfer RNA protein transferase (ATE) is an evolu-
tionarily conserved enzyme. It is represented by four splice
variants in mammals (ATE1-1, ATE1-2, ATE1-3 and ATE1-4),
which are required for viability and participate in stress
responses.”® ATE1 specifically catalyzes the transfer of argi-
nine from tRNA to proteins.* Post-translational arginylation
was once thought to play a singular role in the N-end rule
pathway of protein degradation.”” However, recent evidence
shows that protein arginylation also regulates a wide variety
of crucial biological processes, which include embryogenesis,
cardiovascular development, angiogenesis, and neural crest
cell migration."*" Yet, despite the contribution of ATE1 to
these diverse cellular and developmental events, the molecu-
lar mechanism by which arginylation alters the function of
proteins remains enigmatic.

Previous studies have shown that a large number of pro-
teins that undergo arginylation i vivo are major structural
constituents or regulators of the cytoskeleton.""
Furthermore, in fibroblasts, arginylation of B-actin regulates
lamella formation at the leading edge during cell locomo-
tion.”" In platelets, in which B-actin is the predominant iso-
form, rapid reorganization of the actin cytoskeleton is the ear-
liest event in platelet activation, a process that is essential for
the morphological changes that lead to shape change, granule
release, and aggregation. We speculated that arginylation

within platelets would regulate their cytoskeleton in a way
similar to that seen in fibroblasts, and that such regulation
would consequently contribute to the biomechanics of
platelets in vivo.**"

To test this hypothesis, we generated mice that contained a
platelet- and megakaryocyte-specific deletion of the ATE1 gene
and were, therefore, unable to arginylate proteins within their
platelets. Contrary to our predictions, we did not observe any
obvious defects in the overall platelet morphology or in the
amount or distribution of actin filaments. Instead, we observed
a significant increase in clot retraction in the ATE1 knockout
platelets. Remarkably, this effect correlated with elevated
phosphorylation of the myosin regulatory light chain (RLC).
This suggests that ATEl-mediated arginylation directly regu-
lates myosin phosphorylation and controls myosin contractili-
ty. This is the first demonstration of an effect of arginylation on
myosin activity, and the first indication that regulation via
arginylation and phosphorylation may be inter-connected in
the regulation of essential i vivo functions.

Methods

All of the mice used for this study were maintained in the animal
facility at the University of Pennsylvania in accordance with the
National Institute of Health guidelines, and under the approved ani-
mal protocols of the Institutional Animal Care and Use Committee
Review Board of the University of Pennsylvania. Reagents and
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chemicals are described in the Online Supplementary Methods sec-
tion.

Animal model

Platelet-specific ATE1 knockout mice were generated by cross-
ing ATEl-floxed mice (ATE1") with mice transgenic for the
expression of Cre recombinase under the control of the mouse
platelet factor-4 promoter (PF4 Cre®).”*® The platelet-specific tar-
geting was further confirmed by immunoblotting platelet lysates
for ATE1. For all experiments shown, ATE1"" PF4 Cre" littermates
were used as control mice.

Preparation of platelets for functional analysis,
immunoblotting, and immunoprecipitation

Mouse blood was collected as previously described.” For
immunoblotting, 1x10° murine, washed platelets were lysed in
RIPA buffer with protease inhibitor cocktail (Sigma). For lysates
prepared for probing pRLC, we used the method described by
Getz et al., which is to terminate the platelet activation by adding
ice-cold 0.6 N HCIO,, followed by centrifugation at 13,000 g for
10 min at 4°C.” The pellet was solubilized in RIPA buffer, and the
lysate was fractionated on a 4-12% bis-tris gel prior to
immunoblotting. Immunoprecipitation was done by lysing
1.5x10° murine, washed platelets in HEPES-Tyrode buffer. After
centrifugation at 14,000 g at 4°C for 10 min, the supernatant was
incubated with anti-non-muscle myosin IIA antibody, under gen-
tle rotation at 4°C overnight. The immunocomplex was captured
by incubating with 50 uL rProtein G agarose slurry, and centrifu-
gation at 4°C for 30 min. This immunoprecipitate was then frac-
tionated by sodium dodecylsulfate polyacrylamide gel elec-
trophoresis and immunoblotted with either anti-myosin or anti-
ATE1 antibodies. Methods for platelet aggregometry, clot retrac-
tion, platelet spreading, platelet adhesion, coagulation assays, and

in vivo thrombosis studies are described in the Online Supplementary
Methods.

Biochemical fractionation of actin and the distribution
of G-actin and F-actin

Murine, washed platelets (1.5x10° in HEPES-Tyrode buffer
were stimulated with 1 U/mL thrombin at room temperature. The
reactions were stopped by adding 1/5 volume 5X PHEM buffer at
a final concentration of 1% Triton X-100, 2 uM phalloidin, 10 nM
hirudin, and protease inhibitors at pH 7.2. The G-actin in the sol-
uble fraction was separated from the F-actin in the insoluble frac-
tion by ultracentrifugation at 100,000 g for 1 h at 4°C. The insolu-
ble fraction was lysed in RIPA buffer. The two fractions were run
on a 4-12% bis-tris gel prior to immunoblotting for actin. The rel-
ative G-actin and F-actin levels were quantified based on the inten-
sity of their blots using Image J Software.

Mass spectrometry analysis of arginylated proteins
Whole platelet pellets were subjected to trypsin digestion, liquid
chromatography-mass spectrometry/mass spectrometry analysis,
and the data were processed to identify arginylated sites as
described by Wong et al.” The full list of peptides arginylated in
platelets is presented in Online Supplementary Table S1. Raw data
files and data analysis parameter files can be found at
htwp://fields.scripps.edu/published/arginylation_platelets/.

Statistical methods

The Student t-test was used to determine whether the two sets
of data generated from ATE1 knockout mice and their littermate
control mice were significantly different. P values <0.05 were con-
sidered statistically significant. The statistical analyses were per-
formed using Excel (Microsoft Corp.).

Results

Generation of mice lacking ATE1 in platelets

To test whether ATE1 is expressed in platelets, we ana-
lyzed the presence of individual ATE1 isoforms in wild-type
mouse platelets by reverse transcriptase polymerase chain
reaction (Figure 1A).”> We found that ATE1-2 was the pre-
dominant platelet isoform, that small amounts of ATE1-1
were detectable, and that there were no detectable mRNA
transcripts of either ATE1-3 or ATE1-4. Immunoblotting
with an antibody that recognizes all four isoforms of ATE1
indicated that the overall amount of ATE1 in platelets is sim-
ilar to that found in mouse fibroblasts when normalized to
total protein levels (Figure 1B).*

Because global ATE1 deletion leads to embryonic lethality
in mice, to analyze ATE1 function in platelets, we engi-
neered mice lacking ATE1 specifically in their megakary-
ocytes and in their platelets.! This was achieved by pairing
ATE1" mice with an established mouse line that expresses
Cre recombinase under the megakaryocyte-specific PF4 pro-
moter.” The resulting mice, ATE1"" PF4 Cre* mice had nor-
mal complete blood counts, despite completely lacking
ATE1 protein in their platelets. This was confirmed by west-
ern blots (Figure 1C). These mice and their littermate control
siblings, ATE1"" PF4 CRE" mice, were indistinguishable and
exhibited no spontaneous hemorrhages or thromboses.
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Figure 1. ATE1 expression in mouse platelets and its abolishment in
ATE1 knockout animals. (A) Reverse transcriptase polymerase chain
reaction of RNA extracted from wild-type (WT) mouse platelets with
ATE1 isoform-specific primer sets.? ATE1-2 was the dominant iso-
form, while ATE1-3 and ATE1-4 were not detectable in platelets. (B)
Comparisons of ATE1l levels in platelets and fibroblasts. (C)
Immunoblot of the lysates from ATE1-deleted (Knockout) platelets or
ATE1-floxed PF4 CRE- (control) platelets verified the absence of ATEL
protein in the platelets of the mouse knockout model.
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Loss of platelet ATE1 has no effect on the actin
cytoskeleton

Reorganization of the platelet cytoskeleton has been
shown to contribute to the regulation of platelet adhesion,
secretion, and aggregation. Given that the deletion of
ATE1 causes defects in spreading and lamella formation in
fibroblasts, we anticipated that platelets lacking ATE1
would have similar defects.”” However, we found that
thrombin-stimulated platelets that lack ATE1 spread nor-
mally upon fibrinogen, and extended normal amounts of
lamellipodia and filopodia (Figure 2A and 2B.)
Immunostaining of fully spread control and ATE1-null
platelets showed no differences in the distribution of f-
actin or in the overall quantity of phalloidin-stained actin
stress fibers (Figure 2C). In addition, the footprint area of
fully spread platelets was unaffected by the loss of ATE1
(Figure 2D). These data demonstrate that, in contrast to
the situation in fibroblasts, ATE1 is not essential for actin
assembly in platelets. Accordingly, we were also unable to
detect any contribution of ATE1 in platelet aggregation,
secretion, or adhesion (Figure 3).

Platelets lacking ATE1 undergo accelerated
clot retraction

It is notable that many cytoskeletal proteins other than
B-actin are also prominent targets of ATE1, and collective-
ly, these cytoskeletal proteins participate in generating
contractile forces in different cell types.”* To test the pos-
sibility that ATE1 affects the ability of platelets to generate
contractile forces, we analyzed the effect of ATE1 knock-
out on platelet clot retraction. Remarkably, platelet-rich
plasma derived from ATE1"" PF4 Cre* mice had signifi-
cantly enhanced clot retraction when compared with
platelet-rich plasma derived from ATE1"" PF4 Cre" litter-
mate control mice (P<0.03) (Figure 4A and 4B). Given that
clot retraction is driven by myosin, which is a motor pro-
tein that interacts with actin and plays an essential role in

Control

~
Ate1 ko* —T0um

the contractile behavior of cells, we hypothesized that the
observed accelerated clot retraction in ATE1-null platelets
is due to enhanced myosin-mediated force applied to the
existing actin cables."

Myosin arginylation in platelets correlates
with changes in myosin regulatory light chain
phosphorylation

To test the hypothesis that myosin is a target of ATE1,
we first analyzed whether myosin was normally arginylat-
ed within activated platelets. Analysis of thrombin-stimu-
lated platelets by mass spectrometry demonstrated that
both the heavy and the essential light chain subunits of
myosin were arginylated (Online Supplementary Table S1).

Myosin activity is controlled by phosphorylation of its
RLC. In platelets, as in many other non-muscle cells,
myosin RLC can be phosphorylated at two distinct amino
acid residues in response to thrombin stimulation: Ser19
and Thr18.°%% To test whether enhanced clot retraction
in ATE1-null platelets correlates with changes in myosin
RLC phosphorylation, we probed thrombin-stimulated
platelets with phospho-Ser19 and phospho-Thrl8 anti-
bodies. Remarkably, Ser19 phosphorylation was enhanced
in ATE1-null platelets, while Thr'"® phosphorylation was
normal (Figure 4C-E, P<0.05). We further analyzed
whether there was a direct interaction between ATE1 and
platelet myosin. In addition, we observed that ATE1 co-
immunoprecipitates with myosin in platelet lysates
(Figure 5). These findings show that loss of ATE1 in the
platelets of ATE1" PF4 Cre" mice causes increased phos-
phorylation of myosin RLC. Collectively, our evidence
suggest that ATE1 regulates myosin activation and clot
retraction.

Loss of platelet ATE1 enhances stable thrombus
formation in vivo
Since actin-dependent myosin contractility is thought to

.

Figure 2. Platelet spreading on fibrino-
gen in response to thrombin. (A and B)
Control and ATE1 knockout (ko)
platelets were allowed to spread on fib-
rinogen-coated coverslips in the pres-
ence of thrombin. The cells were fixed
and stained with phalloidin to detect F-
actin (green) and antibodies were
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contribute to thrombus stability in the arterial system,”
we analyzed the role of platelet ATEl in supporting
thrombus formation and thrombus stability in vivo. This
was initially analyzed by comparing the tail bleeding
times of ATE1"" PF4 Cre* and ATE1" PF4 Cre™ mice. We
observed that mice lacking ATE1 in their platelets stopped
bleeding more rapidly than control mice in this assay
(Figure 6A.) This difference was not due to an alteration in
the function of coagulation factors in the plasma, since the
prothrombin times and activated partial thromboplastin
times were identical in the ATE1"" PF4 Cre* mice and the
ATE1" PF4 Cre mice (Figure 6B). We further analyzed the
ability of platelets lacking ATE1 to form thrombi in vivo by
inducing a chemical injury to the carotid artery of ATE1"*
PF4 Cre* and ATE1"" PF4 Cre™ mice. Stimulation of throm-
bus formation by FeCl-induced injury of the carotid

A Thrombin stimulation

artery showed that that the Ate1™ PF4 Cre® mice formed
thrombi faster than their littermate controls (Figure 6C
and 6D.) Thus, ATE1 deletion in platelets causes enhanced
clotting in vivo. This accelerated thrombus formation is
likely due to increased myosin light chain phosphoryla-
tion and thereby enhanced myosin activation facilitating
clot retraction and clot stability.

Discussion

Our results demonstrate that ATE1 deletion in platelets
causes a significant effect on clot retraction, potentially
because of an increase in the phosphorylation of the
myosin RLC on Ser19, which in turn stimulates actomyosin
contractility. This finding provides the first evidence that
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Figure 3. Platelet aggregation
and secretion. (A) Aggregation
tracings of platelets derived
from control and ATE1 knock-
out (ko) mice after stimulation
with various agonists. (B)
Platelets derived from control
or ATE1 KO platelets were ana-
5 25 lyzed for secretion of ATP using
a luceriferase assay.
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Figure 4. Increased clot retraction and
phosphorylation of myosin in
platelets lacking ATE1. (A) Platelet-
rich plasma from ATE1 knockout (ko)
and control mice was stimulated with
thrombin at 37°C to induce clotting.
Clot formation and retraction were
continuously photographed before
and after thrombin stimulation at 15
min intervals. Representative images
at each time point show increased
clot retraction in ATE1 ko platelets as
compared to control platelets. (B)
Quantification of clot retraction at
each time point was measured as the
percentage of the retracted area as
compared to the initial total area of
the clot (n=5.) Deletion of ATE1 signif-
icantly increased clot retraction
(P<0.05, except at 60 min). The mean
+ standard deviation are shown. (C)
Phosphorylation of RLC at residues
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on the immunoblots of platelets stim-
ulated with thrombin. The level of
Ser*-RLC phosphorylation was signifi-
cantly increased in platelets lacking
ATE1 as compared to that in the con-
trols (P<0.05) at 15 seconds (P<0.03)
and at 30 seconds (P<0.05) after ago-
nist stimulation. In contrast, Thr**-RLC
phosphorylation remained the same
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arginylation of a platelet protein has a cellular and organism
effect. It is also the first demonstration of a likely functional
connection between arginylation and phosphorylation,
which are two global biological regulators.

It was previously shown that arginylation of B-actin, but
not y-actin, regulates lamella formation at the leading edge
of fibroblasts during cell locomotion.”"* Deletion of ATE1
caused a 2.5-fold reduction in polymeric actin and a dramat-
ic collapse of the leading edge. As in all eukaryotic cells,
actin is highly abundant in platelets. However, what is
unique to platelets is that B-actin is five times more abun-
dant than y-actin.”’” Surprisingly, unlike in fibroblasts, there
were no obvious effects of the ATE1 knockout on the actin
cytoskeleton structure in platelets.”" This difference can be
explained by the fact that in platelets, unlike in fibroblasts,
B-actin does not appear to be a prominent arginylation tar-
get, as we determined by mass spectrometry. Moreover,
since our genetic approach only impaired the arginylation
in mature megakaryocytes, proteins with long-half lives
that were synthesized in immature megakaryocytes could
still exist in their arginylated state in circulating platelets.
Consistent with this, we found that some arginylated pro-
teins were still present in the platelets of ATE1" PF4 Cre*
mice. This was evidenced by mass spectrometry analysis of
platelet preparations from these mice. Since arginylation-
dependent signaling is expected to be tightly and temporal-
ly regulated, we predict that such long-lived arginylated
proteins likely play a structural rather than regulatory role,
and contribute to the overall platelet architecture rather
than to platelet-dependent signaling events.

It is notable that we have observed arginylation of
myosin's essential light chain, but not arginylation of

in both groups. The mean + standard
deviation are shown.

45
Stimulation time (seconds)

30 60

myosin’s RLC, which is regulated by phosphorylation.
The effect of the arginylation of other polypeptides in the
myosin complex on the phosphorylation of the RLC is
likely achieved via an arginylation-dependent conforma-
tional change in the myosin neck region that indirectly
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IP: Anti-Myosin Anti-Myosin

1B: Anti-Myosin Anti-Ate1

Figure 5. ATEX1 and myosin co-immunoprecipitate in murine
platelets. Myosin was immunoprecipitated from lysates of ATE1
knockout (KO) and control platelets. The immunoprecipitates were
fractionated by polyacrylamide gel electrophoresis and immunoblot-
ted with myosin or ATE1 antibodies. On the left, an anti-myosin
immunoblot demonstrates that myosin was equally immunoprecip-
itated from control and ATE1 knockout platelets. The immunoblot on
the right demonstrates that the anti-myosin immunoprecipitates
also contain ATE1.
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Figure 6. Accelerated in vivo thrombus formation in mice with platelets that lack ATE1. (A, B, and C) Mice lacking ATE1 in their platelets had
shorter tail bleeding times than their littermate controls (P<0.05), but the prothrombin time (PT) and activated partial thromboplastin time
(aPTT) were identical in these two genotypes (P>0.05 for both PT and aPTT). (D) Carotid injury was induced by the application of FeCl,-soaked
filter paper for 2 min, and arterial blood flow was monitored by a Doppler ultrasound probe. As shown by the representative tracings, ATEL KO
platelets were more likely to occlude faster and form stable thrombi. (E) The mean time of the thrombus formation is indicated by the short
horizontal bar in the graph. Thrombus formation was quicker in the mice lacking ATE1 in their platelets (P=0.024).

affects the RLC phosphorylation state. For example,
arginylation of this region within myosin may inhibit the
binding of the myosin light chain kinase, thereby impair-
ing its ability to phosphorylate the myosin residue Ser19.
This arginylation-induced conformational effect on
myosin is likely very specific, since it does not affect Thr*®
phosphorylation. Mapping of the arginylation sites on the
three-dimensional structure of the myosin motor complex
(Figure 7) suggests that the arginylated sites in the essen-
tial light chain are exposed on the protein’s surface. We
hypothesize that the addition of a bulky Arg residue to
these sites significantly affects the conformation and pro-
tein-protein binding in this region.

Since both phosphorylation and arginylation have
emerged in recent studies as essential modifications and
global regulators of protein activity, our finding that these
two post-translational modifications directly affect each
other in vivo constitutes a major and important discovery.
It has been previously found that arginylation facilitates
Arg-methylation.® Our finding that it also regulates phos-
phorylation suggests that arginylation plays an important
role in the hierarchical network of post-translational mod-
ifications and likely underlies major regulatory pathways.
It is also notable that arginylation and phosphorylation
add oppositely charged chemical groups to the protein sur-
face. This suggests that they confer different chemical
properties that may neutralize each other. We hypothe-

Figure 7. RLC regulation of the 19" amino acid phosphorylation site
by ATE1 arginylation of the essential light chain (ELC). Structural
model of the myosin head and neck region (pink and green for two
myosin heavy chain fragments) with the bound light chains (PDB
identifier 1184). The arginylated sites (denoted by yellow dots, arrows,
and letters R) are found in the myosin ELC (blue and gray), adjacent
to the RLC (brown and gold). It is likely that arginylation in these
regions affects myosin conformation and/or binding of the enzymat-
ic machinery that regulates myosin motor activity.
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