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Impact statement

Rho-activated kinases, known as ROCK(s),
are significant signaling components in cells
that lead alterations in cellular function. The
central role of ROCK in smooth muscle cel-
lular homeostasis makes it an important
therapeutic target. Small molecule kinase
inhibitors target enzyme active site com-
peting for ATP binding. Although effective,
ATP binding active sites are similar among
very different kinases, and many small mol-
ecule inhibitors suffer from non-specific
inactivation which as therapeutics can lead
to substantial side effects. Here, we
designed experiments to identify ROCK
inhibitors that do not target ATP binding,
rather develop peptides that inhibit ROCK in
the presence of ATP. We identified a peptide
that binds the activation loop of the enzyme
and effectively inhibits activity. This will allow
a development of a new class of drugs with
exquisite specificity for the ROCK kinases
and potentially revolutionize treatment of
high blood pressure, cardiac hypertrophy,
and many more diseases.

Abstract

Rho-activated kinases (ROCKSs) regulate many cellular functions such as proliferation,
migration, and smooth muscle contractility, but they are also associated with pathogen-
esis of many human diseases such as heart failure and hypertension. We used phage
display libraries to identify inhibitory polypeptides that bind to the ROCK1 catalytic
domain, but do not compete with the ATP-binding pocket, by screening in the presence
of high ATP concentrations (1 mM). Peptide7, a promising ROCK inhibitory peptide for
both ROCK isoforms, measured at 1.45+0.28 uM for ROCK1 (1-553) and 5.15+1.15
uM for ROCK2. Peptide7 reduced cellular migration in wound healing assays. The bind-
ing epitope on ROCK1 was mapped to the flexible activation loop within the catalytic
domain. Peptide alanine scanning mutants helped identify critical amino acids to gener-
ate optimized Peptide22. This compact ROCK inhibitor facilitated vascular relaxation,
blocked neovascularization of endothelial cells, and inhibited MLC phosphatase phos-
phorylation. Our novel ROCK peptide inhibitors may provide potential treatment of hyper-
tension and PAH progression.
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Introduction

Rho-activated kinases (ROCKSs) are a major regulator of
physiological processes such as cell adhesion, cell morphol-
ogy, cell motility, and smooth muscle contraction that are
associated with actin cytoskeleton dynamics and genera-
tion of actin-myosin contractility."” This regulation is
achieved by phosphorylation of several downstream tar-
gets such as myosin light chain (MLC), the myosin binding

ISSN 1535-3702
Copyright © 2019 by the Society for Experimental Biology and Medicine

subunit of myosin phosphatase gMYPTl), LIM kinases,
adducin, and the ERM proteins.2’3’ -7 Both ROCK isoforms
are involved in a broad range of human diseases such as
cardiovascular disorders,">® metabolic and neurologic dis-
orders,”™" cancer,>®'? and glaucoma.13 Attenuation of
ROCK signaling effectively reduced progression in many
preclinical models of cardiovascular diseases, including
agonist- or myocardial infarction-induced pathologic cardi-
ac remodeling, hypertrophy, heart failure,'>'* high blood
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pressure and hgpertensmn pulmonary arterial hyperten-
sion (PAH), 16-19 atherosclerosis,?’ and endothelial dysfunc-
tion.”* Thus ROCK is an 1mportant therapeutic target for
these diseases and stirs great interest in the development of
novel inhibitors of the ROCK signaling pathway.

ROCKs are down-stream effectors of the small GTP-
binding protein, RhoA, and have two isoforms, ROCK1
(p160ROCK, ROKDb) and ROCK2 (ROKa). ROCK1 and
ROCK?2 are highly homologous in their kinase catalytic
domain (92% and 65% similarities in their kinase domain
and overall sequences, respectively).’>*>** This serine-
threonine kinase is composed of three domains including
the N-terminal catalytic domain, a coiled-coil and Rho-
binding-binding domain (RBD) and the C-terminal
Pleckstrin homology domain (PH domain) that contains
an internal cysteine-rich region.’>**-* ROCK activity is
negatively regulated by the PH domain.?***%
Activated Rho-GTP activates ROCK by binding to its
RBD, which disrupts the interaction between the C-termi-
nal inhibitory region and the kinase domain, leading to
displacement of the PH domain and kinase activation
(Figure 1(a)).
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Several molecules inhibit ROCK activity>>* and

among the most widely studied are fasudil®® and
Y-27632.** Fasudil attenuates cerebral vasospasm caused
by subarachnoid hemorrhage®* Also, Y-27632 is a
potent ROCK inhibitor that has been used to study ROCK
activity in numerous systems.”>® Most of the current small
molecular inhibitors of ROCK are type I, which target the
ATP-binding pocket of the ROCK catalytic domain in its
active conformation, competing with ATP.?® Both Y-27632
and fasudil bind to ROCK1 and ROCK2 due to 92% identity
in their kinase domain sequences and, at higher concentra-
tions, can inhibit other serine-threonine kinases including
PKA and PKC.*?*% To avoid selecting compounds that
bind to the ATP pocket, we used phage display libraries
to identify inhibitory polypeptides that were capable of
blocking ROCKT1 activity in the presence of high concentra-
tions of ATP (1 mM). This approach led to identification of
an inhibitory peptide, Peptide7, and others with simi-
lar sequences.

The binding epitope for Peptide7 was mapped to the
activation loop on ROCK1 using a chemical cross-linking
reagent. Alanine scanning and truncated mutants of
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Figure 1. Identification of enriched phage display peptides that inhibit ROCK1 autophosphorylation. (a) Structure of ROCK1 and ROCK2 contains an N-terminal kinase
domain (92% identity), followed by a coiled-coiled region containing a Rho-binding domain (RBD), and a C-terminal cysteine-rich domain located within the pleckstrin
homology (PH) motif domain. (b) The catalytic domain of ROCK1 (5-348) was fused to the maltose-binding protein (MBP) and expressed in baculovirus expression
system, and (c) was incubated with the Ph.D-12 phage display library of 12 amino acids in length under high ATP levels (1 mM) to screen for peptides with strong

binding affinity to ROCK N’ terminal catalytic domain. (d) Identification of Rock inhibitory peptides by the luciferase-based kinase assay. Several inhibitory peptides
shared overlapping amino acid sequences with the strongest ROCK1 inhibitor, peptide7 (ERTYSPSTAVRS) in the N’ terminal (blue lettering) and the C’ terminal (red

lettering) ends. (A color version of this figure is available in the online journal.)
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Peptide7 were used to identify amino acids critical for con-
tacting ROCK1’s activation loop. Optimized shorter 7
amino acid peptides such as Peptide2?2 facilitated vascular
relaxation, blocked neovascularization (NV) of endothelial
cells (ECs), and inhibited MLC phosphatase phosphoryla-
tion. We demonstrated that inhibition of the Rho/ROCK
pathway may provide potential beneficial treatment in con-
trolling hypertension and PAH progression. The discovery
of highly selective and effective Rho kinase inhibitory pep-
tides (Peptide7 and Peptide22) highlights the activation
loop of ROCKs, as a novel locus for designing a new class
of highly specific inhibitory drugs.

Materials and methods

All animal studies were approved by the Institutional
Animal Care and Use Committee (IACUC) of Baylor
College of Medicine. Mice used in these studies were
back-crossed on C57BL6 background for 10 generations.

Cloning, overexpression, and purification of
MBP-ROCK1 (5-348) in E. coli

All recombinant DNA techniques were performed accord-
ing to published procedures.’” The ROCK fragments were
PCR amplified from plasmid pBSP1603'UTR—full length
ROCKI. The sequences of the primers used to amplify
ROCK1 were as follows: F: 5-GGGGACAAGTTT
GTACAAAAAAgaaaacctgta  ttttcagggcGACAGTTTTGAG
ACTCGATTTG-3, R: 5-GGGGACCACTTTGTACAAGA
AAGCTGGGTCtHaGAGCGTTTCCCAAGCCCACT G-3'.
Underlined sequences were for Gateway system and
Italic sequences indicate TEV cleavage site and stop
codon. ROCK1 fragment was intergraded into plasmid
PLP16 as His6-MBP-TEV-ROCK1. The construct PLP16-
ROCK1 was used to transform the expression host strain
E. coli BL21 (DE3). For large-scale production of ROCK, 0.5
mM isopropyl-1-thio-p-D-galactopyranoside (IPTG) induc-
tion and 16°C overnight expression temperature were used
to obtain induced culture. Cells were harvested by centri-
fugation and disrupted by sonication. For MBP-ROCK1 (5-
348) purification, all manipulations were carried out at 4°C.
Standard Ni-resin purification procedure was followed as
instructed in pET system Invitrogen manual.

Cloning, overexpression, and purification of ROCK2
(20-415) in baculovirus system

All recombinant DNA techniques were performed accord-
ing to published procedures.*” Briefly, the DNA fragments
containing ROCK2 gene were amplified by PCR from plas-
mid pBSP1603'UTR —full length ROCK2. The sequences of
the primers used to amplify ROCK were as follows:
Forward: 5-CTGCTGCGGGATCCCAAATCG-3' Reverse:
5'-GAATTCTCGAGttaTCTGTTATCATTAGGATTTG-3'.

Underlined sequences were inserted as restricted enzyme
sites BamHI and Xhol. ROCK2 fragment was integrated
into plasmid pFastBac HT-A. Exponentially growing Sf9
cells were infected with recombinant baculovirus at an m.
o.. of 1. After 64 h, Sf9 cells were harvested. ROCK2 was
purified using standard Ni-resin purification procedure

which was followed according to the Invitrogen pET
system manual.

Screening the inhibitory peptides from phage
display assay

The procedure was followed according to the New England
BioRad phage display protocol. Briefly, 10° phage particles
were mixed with MBP protein at room temperature for 1
h to avoid the negative selection by eliminating phages that
could bind to MBP. After 1 h, the complex of MBP proteins
and bound phages were trapped and pulled down using
amylase resin. The supernatant which contained only non-
MBP-binding phages was incubated with MBP-ROCK1
(5-348) at room temperature for 1 h. The fresh amylase
resin was added into the enzyme-phage mixture to pull
down the complex of MBP-ROCK and bound phages. The
resin was washed nine times using TBS, and the bound
phages were eluted from amylase resin using 0.2 M
Glycine-HCI. Three rounds of panning procedure were car-
ried out. The stringency was gradually increased at each
round by raising the Tween 20 concentration starting at
0.1% to 0.5% in the second round and shortening the bind-
ing time from 30 min to 20 min for the second round and 10
min for the third round. E. coli HB101 cells were infected
with eluted phages and grown. DNAs were extracted and
sequenced to determine the sequences of bound peptides.

Luminescent kinase assay

Phage particles from 1 ml of culture was precipitated and
dissolved into 50 pL of TBS. Ten microliters of phage con-
taining TBS (~ 10° pfu) individually was mixed with 3.5 uM
MBP-ROCK1-1 and 10 pM ATP. The consumption of the
ATP was monitored by the luminescent assay.

Luciferase-based kinase assay

Quantitative analysis of kinase activity was performed
using Kinase-Glo'™ kinase assay kit (Promega) according
to the manufacture’s manual. Briefly, kinase assays were
carried out in 384-well white plates in a total volume of
10 pL of 4 ng ROCK1 in kinase buffer (40 mM Tris, 7.5; 20
mM MgCly; 0.1 mg/ml BSA; 50 pM DTT) in the presence of
0.2 pg/pl S6 peptide (Rho Kinase substrate) and 5 uM ATP
and with the inhibitory peptide or DMSO. The reaction was
incubated for 1 h at room temperature and then equal
volume of Kinase Glo reagent was added to each well,
the plate was further incubated for 40 min and lumines-
cence was read in microplate reader. The percent inhibition
was calculated relative to an enzyme control without inhib-
itor. IC50s were calculated by four-parameter nonlinear
regression using Prism software (GraphPad Software, La
Jolla, CA).

Cross-linking reaction

Inhibitory peptide (Peptide?) was mixed with 30 ug MBP-
ROCK at 1:1 ratio in 200 uL of PBS buffer, and the mixture
was incubated at room temperature for 20 min. The mixture
was loaded into 25 pL prewashed amylase resin for 30 min.
Tubes were taped occasionally to ensure better binding.



Resin was washed with 200 uL. PBS buffer three times and
re-suspended in 200 pL of PBS. Washed resin was mixed
with 20 pL of disuccinimidyl suberate (DSS) from 100 uM of
stock solution and incubated at room temperature for 15
min and washed with 200 pL of PBS three times again. The
resin was analyzed by mass spectroscopy. The control
sample was prepared following the same procedure, how-
ever, without the presence of the inhibitory peptide.

Surface plasmon resonance

The binding affinity of the inhibitory peptide and ROCK
was measured by surface plasmon resonance (SPR) method
using Biacore 2000 apparatus. Approximately 440 response
units (RU) of MBP-ROCK1 (5-348) and ROCK2 (20-415)
were covalently immobilized on the surface of CM5
sensor chip using amine-coupling reaction. The immobili-
zation procedure was followed according to the manufac-
turer manual. Phosphate buffered saline (8 mm Na,HPO,,
1.5 mm KH,PO,, pH 7.4, 2.7 mm KCl, 137 mm NaCl, and
0.005% Tween 20) was used as running buffer. The flow rate
of 30 pl/min was maintained during SPR measurements.

Saturation transfer difference-NMR

NMR samples were prepared according to the following
procedure: 10 pM ROCK (20-415) protein (purified with
PBS buffer with no Tris content) were mixed with 0.2 mM
inhibitory peptide in 500 pL of PBS buffer containing 5%
D,0. Control samples were 10 pM ROCK alone and 0.2 mM
inhibitory peptide alone. The NMR data were collected
using saturation transfer difference-NMR (STD-NMR)
method, developed by the Keck/IMD NMR Center at the
University of Houston.

Detection of apoptosis

To identify apoptotic cells in cultured cells, the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP end
labeling (TUNEL) assay was performed using TUNEL
Apoptosis Detection Kit from Millipore (CA, USA) accord-
ing to the manufacturer’s instructions.

Cell culture

NIH-3T3 and Hela cells were purchased from ATCC and
were grown and maintained in HyClone™ DMEM
medium with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Human umbilical vein endothelial
cells (HUVEC) were purchased from ThermoFisher
Scientific (USA) and were grown and maintained in
LSGS-supplemented medium 200PRF containing 2%
(v/v) FBS and 3 ng/ml bFGF (ThermoFisher
Scientific, USA).

Actin immunofluorescence staining

NIH-3T3 cells (1 x 10*/well) were plated onto eight-well
chamber slides in serum-free medium with the presence/
absence of ROCK inhibitor. After 24 h, cells were washed
with PBS twice and fixed with 4% paraformaldehyde in
PBS, rinsed in PBS three times, and blocked/permeablized
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in PBS containing 0.5% Triton X-100 and 5% BSA. Cells
were washed and stained with Alexa-Fluor 488-conjugated
phalloidin (Invitrogen) to allow visualization of actin fila-
ments. Cells were washed three times with PBS and
mounted using Prolong Gold Anti-fade reagent (Life
Technologies). The content of F-actin was determined by
fluorescence microscopy.

Wound healing assay

Hella cells (2 x 10*/well) were plated onto eight-well cham-
ber slides. After 24 h incubation, cells grew to 100% conflu-
ence and were wounded with a sterile pipette tip to remove
cells by two perpendicular linear scratches. Floating cells
were washed off with three times PBS buffer wash before
serum-free DMEM medium with the presence or the absence
of ROCK inhibitor was added into wells. Cells were incubat-
edina 5% CO, incubator at 37°C. The cell migration in each
group was observed and photographed at 0 h and after 12
h and 24 h. The gap distance was measured for each cross
using the NIS-Elements AR software by Nikon and changes
in migration were calculated using the following formula:
Change in migration (%) = [distance (0 h)-distance (24 h)]/
distance (0 h) x100% and reported as mean =+ SD for at least
three independent experiments.

Isometric tension from aortic ring

Changes in isometric force were measured as described pre-
viously.*"*? Briefly, young adult (eight weeks) mice pairs
were deeply anesthetized with a ketamine-xylazine-
acepromazine combination followed by administration of
50 units of heparin. Under sterile conditions, the abdominal
aorta was opened, and the thoracic aorta was flushed with
ice-cold HBSS via cardiopuncture. The thoracic aorta was
carefully removed, placed into a dish containing ice-cold
HBSS, and cleaned of connective tissue and visceral fat.
The aortae were cut into 2-mm rings from the proximal
end and mounted on metal stirrups attached to a myogra-
phy (ChuelTech, Houston, TX). Each aortic ring was sus-
pended in a water-jacketed organ bath (22 ml) maintained
at 37°C. The rings were allowed to equilibrate for 60 min
under minimal force followed by slowly increasing the
force to a resting tension of 1.2 mN, which was maintained
throughout the experiment. Rings were then contracted with
40 mmol/1 KCI in Krebs buffer (in mmol/I): 119 NaCl, 4.7
KCl, 1 MgSO,, 1.2 KHyPO,, 24 NaHCO;, 11 glucose, 2.5
CaCl,, and washed with normal Krebs buffer (KCl 5.4
mmol/1) after full contraction were observed. Rings were
repeatedly contracted with 40 mmol/1 KCl in Krebs buffer
until the force developed was constant from 2-consecutive
contractions. Only one experiment was performed on each
aortic ring. At the end of each experiment, rings were con-
tracted with 40 mmol/1 KCl to ensure the healthiness of the
rings and validate the acquired results. Isometric force was
measured at 37°C in Krebs buffer. The buffer was equilibrat-
ed with a gas consisting of CO, 5% /O, 20% /N, balance for
pH =74. Krebs buffer was refreshed every 20 min. Changes
in force in each ring were measured using a Research
Isometric Transducer (Harvard Apparatus, Holliston, MA).
Ring contraction data were acquired and analyzed using



944  Experimental Biology and Medicine Volume 244 August 2019

Powerlab/8sp (AD Instruments, Colorado Springs, CO) at
10 Hz by LabChart v4.2.4 (AD Instruments).

Tube formation assay

HUVECs (1.8-2.2 x 10* cells/well) in LSGS-supplemented
medium 200PRF containing 2% (v/v) FBS and 3 ng/ml
bFGF (ThermoFisher Scientific, USA) with the presence/
absence of Rho-Kinase inhibitor were seeded in 48-well
plates precoated with 100 pL of Geltrex (ThermoFisher
Scientific, USA). Cells were incubated at 37°C, 5% CO,.
Images were taken 12 h post-seeding by Nikon light micro-
scope. For quantification of tube networks, Image J with the
Angiogenesis Analyzer plugin was used analyze the
images and the average mesh sizes in treated /non-treated
cells were calculated as mean & SD for at least three inde-
pendent experiments. Cells used for every experiment
using this assay had passage numbers less than four.

Immunoblot analysis

HUVECs were passaged onto six-well plates and treated
with/without ROCK inhibitor in serum-free medium.
Twenty four hours post treatment, cells were washed two
times with ice cold PBS buffer and were lysed in ice cold
RIPA buffer with protease and phosphatase inhibitor tab-
lets (Roche, Basal, Switzerland). Cells were then incubated
on ice for 15 min and spun at 14,000 r/min for 5 min.
Lysates were stored at —80°C until further use. A bicincho-
ninic acid assay (Life Technologies) was performed to
determine the protein concentration. Thirty micrograms
of proteins were loaded and run on a 4-12% Bis-Tris Plus
Gel (Life Science, USA), followed by a transfer to a nitro-
cellulose membrane. The membrane was blocked for 1 h at
25°C in Tris-Buffered Saline plus Tween-20 solution (TBST).
The membrane was incubated with 1:1000 dilution of anti-
MYPT1, anti-phospho-MYPT1 T853, or GAPDH (Cell
Signaling Technology In., Danvers, MA) primary antibod-
ies in TBST buffer overnight at 4°C. The membrane was
washed three times in TBST and then probed with a
1:5000 dilution of corresponding HRP-conjugated second-
ary antibody (Cell Signaling Technology). Signals were
visualized using SuperSignal™ West Femto Maximum
Sensitivity Substrate kit from ThermoFisher Scientific.
Quantification analysis was performed using Image ]
(Ver. 1.46). GAPDH quantification was used to account
for differences in protein loading, and the signals obtained
for each protein were normalized to GAPDH and plotted as
mean + SEM for at least three independent experiments.

Results

Identification of a Rho kinase inhibitory peptides by
screening phage display libraries

The major challenge for developing a protein kinase inhib-
itor is to specifically target that particular protein kinase.
One of the rational ways to achieve this goal is to find or
design an antagonist that can target the regulatory domains
of the kinase instead of the highly conserved ATP-binding
pocket. Phage display is a powerful research tool for

high-throughput screening of protein interactions.*>**The
catalytic domain of ROCK1 (5-348) (Figure 1(a)) fused to
the maltose binding protein (MBP) (Figure 1(b)) allowed for
serial enrichment of phage by repeated passages through
amylose agarose (Figure 1(c)). We conducted the screening
procedure under high levels of ATP (1 mM) to detect pep-
tides that bind to the ROCK N’ terminal catalytic domain of
ROCK. Peptides with consensus sequences, R/K-X-S/T or
R/K-X-X-S/T present in ROCK substrates were culled from
our candidate list. Next, sequencing of a focused group
revealed several peptides that shared overlapping sequen-
ces shown in Figure 1(d), such as YSPST (blue) and or
ASVRS (red), which culminated in the strongest ROCK1
inhibitor, peptide7 (ERTYSPSTAVRS).

Peptide7 binds to activation loop of Rho kinase

Cross-linking reactions between ROCKI1 catalytic domain
and Peptide7 were performed to determine the Peptide7
binding site. (Figure 2(a)). Among the tryptic peptides ana-
lyzed by MALDI-TOF-MS, we observed a unique peptide
with m/z of 1430.1 only present from DFDNB cross-linked
inhibitory Peptide7/ROCK kinase complex. This peptide
was absent in the tryptic peptide in samples cross-linked
with only ROCK (Figure 2(b)). The unique peptide corre-
sponded to Peptide7 (ERTYSPSTAVRS) binding to
MNKEGMVR fragment on ROCK, which is located on the
edge of ROCK’s activation loop (Figure 2(c)). Interestingly,
the “Activation Loop,” which in many kinases is the site of
regulatory phosphorylation or interaction with activity mod-
ulators,>**® showed considerable structural diversity. This
diversity extended from the C-terminal portion of (9
strand to the o.EF coil. The most exciting aspect of identifying
the activation loop, as a site for targeting drugs, is their vir-
tual specificity for each kinase; thus, increasing the chances
for generating specific protein kinase inhibitors, with little or
no cross-inhibitory activity.

The strength of interactions between Peptide7 and
ROCK1 and ROCK2 was then analyzed by performing an
SPR study (Supplemental Figure 1). The binding of
Peptide7 to ROCK1 as compared to ROCK2 demonstrated
small differences even though bith proteins have 92% sim-
ilarity in sequence in the catalytic domain. Upon inspec-
tion, there are only 3 amino acid differences in the
activation loop (Supplemental Figure 2). The average of
three experiments yielded Kp values of 1.4584+0.28 uM
for ROCK1 (1-553) and 5.153+1.15 uM for ROCK2.
Interestingly, slight differences in the Kp values of
ROCK1 and ROCK2 are consistent with findings from
cross-linking and STD-NMR studies (Supplemental
Figure 3), suggesting the Activation Loop of ROCK, as
the Peptide?7 binding site.

Peptide7 disrupted the cellular cytoskeleton and
reduced cell migration

The biological activity of Peptide7 was investigated by
studying the changes of cytoskeletal actin filaments and
by a wound healing assay, shown in supplemental data.
To facilitate cellular intake and permeability, Peptide7
was synthesized with addition of TAT sequence at its N’



mfz 303.315
HN- ERTYSPSTAVRS Pep7

§

HN

(a) miz 962.16
ROCK-1 MNKEGMVR

Ny

H
N
N o
DFDNB ﬁ miz 204.09
Spacer Arm: 3.0A =
|

0 0
ik“ 2HF m/z 20,00

H M

N N

RVMGEKNMﬁ ER miz 1429.56

B A~
b ’i Observed m/z 1430.02
0 Q

—_—
(=2
=

1400971  Rock-1+Pep7+DFDNB

u j #1431.965

Rock-1+DFDNB

Intens. [a.u.]
- .Eaff..a.é.z.ﬁ.

:

| #1410.176
41432168

Intens. [a.u.]

1405 1410 1415 1420rmz1425 1430 1435 1440

Abbasgholizadeh et al. RHO kinase inhibitor peptides

Binding Pocket
For Y27632

Figure 2. Mapping Peptide7 binding epitope in ROCK1 using crosslinking, trypsin digestion, and mass spectroscopy. (a) Highly purified MBP-ROCK1 was mixed with
Peptide7 and cross-linking reagent DFDNB. MBP-ROCK1 plus cross-linked Peptide7 were digested with Trypsin and (b) the peptide fragments were detected by mass
spectroscopy, as described in Materials and Methods section. The top panel is from Peptide7 and ROCK complex cross-linking reaction. The bottom panel is ROCK
alone cross-linking reaction. Arrows point at the peak m/z 1430.02. The peaks represent the DNFB linking Peptide7 and ROCK-1 segment corresponded to Peptide7
binding to the fragment MNKEGMVR on the active loop of ROCK1. (c) X-ray crystal structure of the ROCK1 catalytic domain showed the activation loop that overlaps
with the fragment sequence. (A color version of this figure is available in the online journal.)

end terminal (TAT-peptide?). The HIV Tat-derived peptide
(RKKRRQRRR) is a small basic peptide that has been suc-
cessfully shown to deliver a large variety of cargo, from
small particles to proteins, peptides, and nucleic acids.”®
No significant change in the number of apoptotic cells
(FITC-positive) was observed in TAT-peptide7-treated
NIH-3T3 cells and HUVECs up to 200 puM, indicating the
safe dose of TAT-peptide7 at 200 uM (data not shown). The
effect of TAT-peptide7 on actin-cytoskeleton was assessed
in HUVECs (Supplemental Figure 4(a)). Actin stained cells
treated with 100 pM TAT-peptide7 for 24 h exhibited dis-
associated or “melted” cellular actin cytoskeleton, similar
to ROCK inhibitor, Y-27632. The TAT polypeptide sequence
alone was ineffective. By dynamically regulating the cyto-
skeleton, ROCK plays an important role in cell attachment,
migration, and contraction events that are critical to wound
healing.*> Also, TAT-peptide7 efficiently reduced wound
healing by almost 29% compared with the non-treated
cells, and this inhibition was not mediated by TAT peptide
(Supplemental Figure 4(b)).

Identification of essential residues of Peptide7

To identify the critical amino acid residues of Peptide?7 that
determines its inhibitory property, we synthesized alanine-

substituted mutants, so that a single alanine was substitut-
ed for each original amino acid in Peptide7, as shown for
Peptides 8 through 18 (Figure 3(a)). Alanine substitutions
for glutamic acid, tyrosine, serine, and proline drastically
reduced the inhibitory efficacy of the peptide, indicating
the importance of the YSPS residue in the inhibitory func-
tion of the peptide (Figure 3(a) and (b)). STD-NMR was
used to observe the resonances from peptide atoms that
are in contact with ROCK. The STD spectrum demonstrat-
ed that an interaction exists between ROCK and Peptide7
by displaying resonances at 6.8 and 7.0 ppm from Peptide7
Tyr He and HS and 2.85-29 ppm from Tyr Hp
(Supplemental Figure 3). These results indicate that
Peptide7 (ERTYSPSTAVRS) makes contacts with ROCK
that include the unique Tyr residue. TOCSY and ROESY
NMR experiments on the free peptide were also collected
and assigned using backbone ROE transfer information.
Interestingly, the signal from tyrosine4 on the peptide
remained unattenuated, indicative of its role in the
peptide-binding interface.

Evaluation of biological activities of Peptide7 and its
derivatives. Due to its relatively long sequence of TAT-
Peptide7, we chose to optimize for shorter inhibitory
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Alanine scanning mutations Peptides
H=-ERTYSPSTAVRS-NH2 Peptide7
H-ARTYSPSTAVRS-NH2 Peptide8
H-EATYSPSTAVRS-NH2 Peptide9
H-ERAYSPSTAVRS-NH2 Peptidel0
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Figure 3. Identification of critical residues of ROCK1 inhibitory Peptide?. (a) Alanine scanning mutations were generated by synthesizing peptides in which an alanine
(A) was inserted sequentially from the N’ terminus of Peptide7 to produce Peptides8-18. (b) Peptides were assayed for inhibiting ROCK1 activity by the luciferase
kinase assay. Alanine substitution at positions E1, Y4, S5, P6, and S7 all reduced the effectiveness of Peptide7, while the addition of alanine at R2, T3, T8 and V10
enhanced inhibitory activity. (c) Peptides were designed based on Peptide7’s critical residues to identify any peptides with enhanced ROCK inhibition. (d) Wound
healing assay with cultured Hela cells were treated with 100 uM of Peptides19-24 in serum-free medium in the presence of 0.1% DMSO. (e) Relative cell migration
assays (n =5 trials) revealed Peptide22, as the best inhibitor at dual time points (12 h and 24 h). (f) A dose curve displayed an apparent migratory inhibition between 30
um and 40 um of Peptide22. (A color version of this figure is available in the online journal.)

peptide fragments based Peptide7’s critical residues. As
shown in Figure 3(e), Pep22 (ERTYSPS) inhibited cell
migration effectively at 12 and 24 h of treatment. The effec-
tive dose of Peptide22 was evaluated by wound healing
assay (Figure 3(f)) in which 40 pM, appeared as an optimal
biological ~dose. Next, the phosphorylated/non-
phosphorylated ratio of S6, a ROCK substrate, was evalu-
ated in the presence of Peptide22 by mass spectroscopy
(Supplemental Figure 5). Peaks representing phosphorylat-
ed and non-phosphorylated S6 substrates were quantified
led to the observation that Peptide22 repressed the phos-
phorylation of substrate S6 by ROCK. Bioluminescence-
based kinase assay was performed to measure the inhibi-
tory effect of Peptide7 and Peptide22 on the activity of
ROCK1. The V. and K, measurements for ROCK1
kinase activity in the presence or absence of Peptide7 and
Peptide22 under 1 mM ATP concentration are summarized
in Supplemental Figure 5. In the presence of Peptide22,
Vmax and K, values showed a significant decrease by
approximately 93.9% and 81.0%, respectively, indicating
Peptide22’s efficiency in inhibiting ROCK activity. In

addition, the calculated ICs, value of Peptide22 for
ROCK1 was 44.4 uM.

ROCK inhibitory Peptide22 caused vascular relaxation.

Wire myography was performed to assess the efficacy of
our developed ROCK inhibitors on precontracted aorta
rings relaxation. It has been reported that stimulation of
the TXA; receptor can activate downstream Rho-kinase sig-
naling pathway.”” We used U46619, a TxA, (thromboxane
A,) mimetic, which can induce vascular muscle contraction
through activation of the Rho-kinase signaling pathways by
mediating phosphorylation of MYPT1. To find the effective
contractile inducing dose of U46619, following the relaxa-
tion of the rings after the KCl contraction, the rings were
subjected to contractile assays, by adding different doses of
U46619, and 1-3 nM U46619 was chosen as the preferred
dose (Supplemental Figure 6). In this regard, the experi-
mental procedure was modified, and rings were pretreated
with Peptide22 for 20 min, before induction of contraction
(Figure 4, top panel). Next, aortic rings were contracted, by
adding the U46619 compound to measure the contraction
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Figure 4. ROCK inhibitory Peptide22 facilitates vascular relaxation. Murine aortic rings were first allowed to contract by adding an optimized dose of the U46619
compound (see Supplemental Figure 6) to identify the contraction force in the absence of peptide22. Next rings were washed with Krebs buffer, were then
preincubated with an increasing dose curve of peptide22 (50 uM, 100 pM, 150 uM, 200 puM, 250 pM, and 300 M) in the presence of 0.1% DMSO for 20 min and then
allowed to contract with U46619 (top panel). Incubating aortic rings with different concentrations of the peptide22 showed suppression of U46619 induced contractility
in a dose-dependent manner (bottom panel). (A color version of this figure is available in the online journal.)

force in the absence of Pep22. Following the completion of
isometric contraction, rings were refreshed twice with
Krebs buffer to eliminate U46619 and induce relaxation.
Subsequently, rings were pre-incubated with a dose curve
from 50 pM to 300 uM) in 0.1% DMSO for 20 min, and then
U46619 was applied again to contract the rings. The affect
was measured by the difference of the highest response of
U46619 in the presence and absence of Peptide22.
Experimental results indicated that the Peptide22 showed

attenuation of U46619’s induced contractility in a dose-
dependent manner (Figure 4, bottom panel), thus demon-
strating the effectiveness of Peptide22 up to 250 uM with
the calculated ICsq of 150 pM.

Peptide7 and its derivative Peptide22 inhibit NV. To
examine the ability of Peptide7 and its derivative
Peptide22 to diminish NV, a tube formation assay was per-
formed in the presence/absence of the inhibitory peptides
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Figure 5. Rock1 inhibitory peptides block neovascularization of endothelial cells. Tube formation assay was performed in the presence and or absence of the
inhibitory peptides. HUVECs were incubated with 100 of uM TAT-peptide, 100 uM of TAT peptide7, 100 uM of Peptide22, and 10 uM of Y-27632 in the presence or the
absence of 0.1% DMSO for 12 h before image acquisition. Relative average mesh sizes in newly formed tubes were calculated and graphed (n = 3). (A color version of

this figure is available in the online journal.)

(Figure 5). HUVECs were incubated with 100 uM of TAT-
peptide?7, 100 uM of TAT peptide, 100 pM of Peptide22, and
10 M of Y-27632 in the presence or the absence of 0.1%
DMSO for 12 h before image acquisition. Tube formation
results (Figure 5(e)) indicate that TAT-peptide? efficiently
reduced the average mesh size to 53.0+6.6% and 55.1
+4.9% in the absence and the presence of 0.1% DMSO com-
pared with non-treated cells, and this effect was not medi-
ated by TAT peptide. The efficiency of the observed
inhibition was similar to the treatment with 10 uM of
Y-27632 in the presence of 0.1% DMSO, which resulted in
47.84+6.2% reduction. Treatment with 100 uM Peptide22
without the presence of 0.1% DMSO did not exhibit any
significant inhibitory effect (98.4 £6.2%), while the addi-
tion of 0.1% DMSO dramatically improved the inhibition
efficacy to 64.0+2.3%.

In order to investigate the involvement of Rho kinase
pathway and its inhibition in the observed reduction in
average mesh sizes, Rho kinase activity was measured as
previously described.*® ROCKs can activate MLC by
increasing its phosphorylation directly or through deacti-
vating MLC phosphatase (MYPT1) by phosphorylating and
inhibiting its myosin-binding subunit (MBS) (Figure 6(a)).*”
HUVECs were incubated with 100 uM of TAT-peptide?,
100 pM of TAT peptide, 100 uM of Peptide22 and 10 pM
of Y-27632 in the presence or the absence of 0.1% DMSO for
12 h. Consistent with the results of tube formation assay, the
amount of MYPT1 phosphorylation for each treatment
directly correlates with the reduction in relative average
mesh sizes, indicating the involvement of Rho kinase in
the formation of tubes (Figure 6(b)). TAT-peptide7 attenu-
ated MYPT1 phosphorylation to about 20.0 +3.1% and 17.1
+5.3% in the absence and the presence of 0.1% DMSO

compared with control cells. Predictably, Peptide22 demon-
strated robust Rho kinase inhibitory effect, only in the pres-
ence of 0.1% DMSO. The percentage of MYPT1
phosphorylation following 12 h treatment with 100 uM of
Peptide22 was 60.1+8.7% and 18.4+6.2% in the absence
and the presence of 0.1% DMSO, respectively. As for 10 pM
of Y-27632 treatment, the amount of MYPT1 phosphoryla-
tion was dropped to 30.1£6.1% in the absence of 0.1%
DMSO and 14.2+£3.0% in the presence of 0.1% DMSO,
which is directly proportional to observed attenuation in
average mesh size of formed tubes.

Discussion

Rho/Rho kinase pathway is the major regulator of cytoskel-
etal dynamics and actin-myosin contraction. Its pathophys-
iologic activity has been linked to progression of many
human diseases, which suggests ROCK as a promising
target for limiting the pathogenesis of these diseases.
Here, we reported the discovery of a highly selective allo-
steric ROCK inhibitory peptide (Peptide?) that effectively
blocked ROCK activity in cell/non-cell-based assays.
However, due to its relatively long sequence, Peptide7 con-
tains many cleaving sites and can become a substrate for
many endogenous proteases, which can limit and shorten
its duration of action. Therefore, we designed several
shorter peptides based on the identified critical residues
of Peptide7 and evaluated their ROCK inhibition efficacy
using wound healing assay. Peptide22 (ERTYSPS) was
identified as the most efficient peptide among other pepti-
des, inhibited ROCK more effectively in a dose-dependent
manner with 40 pM identified as the minimum dose of
Peptide22 showing the maximum response (Figure 2).
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Figure 6. Rho kinase pathway peptide inhibitors inhibited MLC phosphatase phosphorylation. (a) ROCKs can activate myosin light chain (MLC) by increasing its

phosphorylation directly or through deactivating MLC phosphatase (MYPT1) by phosphorylating and inhibiting its myosin-binding subunit (MBS). (b) HUVECs were
incubated with 100 uM of TAT-peptide7, 100 uM of TAT peptide, 100 uM of Peptide22, and 10 uM of Y-27632 in the presence or absence of 0.1% DMSO for 12 h. The
amount of MYPT1 phosphorylation for each treatment was measured through immunoblotting (n = 3). (A color version of this figure is available in the online journal.)

Increased myocardial fibrosis is one of the major causes
of heart failure due to increased myocardial stiffness and
eventual systolic dysfunction.**** Myocardial stiffening is
mainly caused by excess production and accumulation of
collagen, one of the extracellular matrix structural proteins
which might be due to hyperactivity of existing fibroblasts
or migration and recruitment of fibroblast precursor cells
that reach myocardium and transform into fibroblasts.”
ROCK contributes to the pathogenesis of fibrosis through
different mechanisms including promoting migration of
myofibroblasts to the site of injury in response to released
chemokines®*”! and upregulation of subset of profibrotic
cytokines, TGFB1, TNF-a, and IL-1B,%>°? and its inhibition
has shown to attenuate fibrosis progression. As a major
regulator of cytoskeleton, ROCK can promote accumula-
tion and stabilization of actin filaments by blocking
cofilin-dependent actin depolymerization® and thus regu-
lating cell migration.”* Treating NITH-3T3 cells with TAT-
Peptide7 resulted in the disruption of cytoskeletal actin
filaments and intense reduction in these cells’ migration
capability (Supplemental Figure 4).

In addition, the ROCK inhibitory peptide, Peptide22,
effectively relaxed the aortic rings contracted through the
activation of Rho/ROCK pathway in wire myography. The
RhoA /Rho kinase pathway is a major regulator of smooth

muscle contraction and its abnormal activity is associated
to many vasculature disorders including high blood pres-
sure and PAH. Many vasoactive substances including
angiotensin II and serotonin can activate this pathway
and promote the pathogenesis of PAH.'**° In the wire
myography assay, preincubating aortic rings with
Peptide22, effectively lowered the ring’s contractile
response to the similar dose of contraction inducer,
U46619, and this effect is mediated in a dose-dependent
manner with maximum inhibitory effect observed at 250
uM (Figure 4).

Both ROCK inhibitory peptides, Peptide7 and
Peptide22, were also shown to be effective in corneal NV
model. Formation of new blood vessels, inflammation,
edema, and scaring are all characteristics of corneal NV
which can compromise visual acuity.”” Rho/Rho kinase
pathway can exacerbate the pathogenesis of the disorder
by regulating processes that are involved in NV including
EC polarity, cell adhesion, and cell motility.***® Treating
HUVECs with 10 pM of Y-27632, 100 pM of TAT-peptide?,
and 100 uM of Peptide22 resulted in significant reduced
average mesh sizes as compared with control and TAT pep-
tide treated cell (Figure 5). Inhibition of ROCK activity
results in reduction in cells ability to migrate, which subse-
quently translates into formation of narrower tubes. TAT-
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peptide? efficiently reduced the relative average mesh size
to 53.0+£6.6% and 55.1 £4.9% in the absence and the pres-
ence of 0.1% DMSO compared with non-treated cells,
which is comparable to the activity of widely used ROCK
inhibitor, Y-27632 with 65.6 +4.1% and 47.8 +6.2% reduc-
tion in relative average mesh sizes in the absence and the
presence of 0.1% DMSQO, respectively. Peptide22 was
shown to require the assistance of penetration enhancer,
DMSO, for its intracellular delivery. There are many reports
indicating improvements in drug permeability across bio-
logical membranes after the addition of DMSO to the for-
mulation.”®* In the presence of 0.1% DMSO, Peptide22
were able to effectively reduce relative average mesh size
(64.0 £2.3%), while it was shown to be ineffective in the
absence of DMSO (98.4 +6.2%).

Furthermore, a direct correlation was observed between
the decrease in ROCK activity and the reduction in the rel-
ative average mesh size of formed tubes during the tube
formation assay (Figure 6). ROCK activity was evaluated
by measuring the amount of MLC phosphatase (MYPT1)
phosphorylation as previously described.*® TAT-peptide7
attenuated MYPT1 phosphorylation to about 20.0+3.1%
and 17.1+5.3% in the absence and the presence of 0.1%
DMSO compared with control cells which directly corre-
lates with observed reduction in the relative average
mesh size to 53.0 + 6.6% and 55.1 +4.9%, following its treat-
ment in the absence and the presence of 0.1% DMSO.
Similarly, ROCK activity remained relatively high (60.1
+8.7%) following treatment with Peptide22 in the absence
of 0.1% DMSO which resulted in insignificant reduction in
relative average mesh size, while it was greatly reduced to
18.4+6.2% in the presence of 0.1% DMSO which let to
prominent reduction in relative average mesh size.

Altogether, the results of experiments using these tissue-
and organ bath-based models of human diseases indicate
the efficacy of both Peptide7 and Peptide22 in controlling
the pathogenesis of these diseases at the cellular/organ
level and nominate them as promising candidates for fur-
ther studies. However, more investigation is required to
evaluate their activity and efficacy as well as safety in in
vivo models. This can be achieved by modifying their struc-
ture and developing formulation to improve their stability,
safety, physiochemical properties, and target delivery
which allow them to be applied and evaluated in animal
models of human diseases.
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