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� Present a novel direct activity probe
for ROCK.

� Demonstrate a limit of detection of
10 pM ROCK2.

� Demonstrate the ability to screen
small molecules for ROCK2 inhibitors.

� Identify two previously unreported
ROCK2 inhibitors.

� Provide conditions to selectively
monitor ROCK activity.
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Inhibitors of Rho-associated protein kinase (ROCK) enzymatic activity have been shown to reduce the
invasive phenotype observed in metastatic hepatocellular carcinoma (HCC). We describe the design,
synthesis, and evaluation of a direct probe for ROCK activity utilizing a phosphorylation-sensitive sul-
fonamido-oxine fluorophore, termed Sox. The Sox fluorophore undergoes an increase in fluorescence
upon phosphorylation of a proximal amino acid via chelation-enhanced fluorescence (CHEF,
ex. ¼ 360 nm and em. ¼ 485 nm), allowing for the direct visualization of the rate of phosphate addition
to a peptide substrate over time. Our optimal probe design, ROCK-S1, is capable of sensitively reporting
ROCK activity with a limit of detection of 10 pM and a high degree of reproducibility (Z’-factor ¼ 0.6 at
100 pM ROCK2). As a proof-of-principle for high-throughput screening (HTS) we demonstrate the ability
to rapidly assess the efficacy of a 78 member, small molecule library against ROCK2 using a robotics
platform. We identify two previously unreported ROCK2 inhibitor scaffolds, PHA665752 and IKK16, with
IC50 values of 3.6 mM and 247 nM respectively. Lastly, we define conditions for selectively monitoring
ROCK activity in the presence of potential off-target enzymes (PKCa, PKA, and PAK) with similar substrate
specificities.

© 2015 Elsevier B.V. All rights reserved.
se; HCC, hepatocellular carcinoma; HTS, high-throughput screening; CHEF, chelation-enhanced fluorescence; Sox,
reitol; EGTA, ethylene glycol tetraacetic acid; PBS, phosphate-buffered saline; KD, equilibrium dissociation constant.
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Fig. 1. A single amino acid in a peptide substrate is replaced with CSox (left). Phos-
phorylation of an adjacent amino acid leads to CHEF, which can be quantified by
excitation at 360 nm and monitoring emission at 485 nm (right). The increase in
fluorescence over time is proportional to kinase enzymatic activity.
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1. Introduction

The five-year survival rate for HCC is 15% [1], due in large part to
the aggressive nature of the disease when diagnosed in the clinic.
As a consequence, significant efforts are needed to both enhance
early detection and develop approaches for inhibiting the meta-
static phenotype of HCC. Towards the latter goal, protein kinases
represent attractive candidates for inhibitor development [2e4]
and subsequent clinical intervention [5e8]. Previous work has
shed light on the signaling molecules responsible for the invasive
phenotype observed in HCC [9,10]. As a result of this work, ROCK
has emerged as a potential target for inhibiting metastasis in HCC.
ROCK1 and ROCK2 were originally identified as selective RhoA-GTP
interacting proteins [11e13] and share 89% homology between
their respective kinase domains [14]. ROCK couples Rho activation
with contractile force generation through the direct phosphoryla-
tion of LIM kinases [15,16], the regulatory subunit of the myosin
light chain [17,18], and the myosin-binding subunit of myosin light
chain phosphatase [17]. Together these phosphorylation events
lead to productive cell movement [19]. Interestingly, two HCC cell
lines (Li7 and KYN-2) were found to have increased cell motility
in vitro that could be blocked using C3 exoenzyme, a Rho inhibitor
[9]. Stable transfection of a dominant negative form of ROCK into
these cell lines also decreased cell motility and metastatic rate
in vivo compared to the parent cell lines. In addition, a small
molecule inhibitor of ROCK activity, Y27632 [20], significantly
impaired the ability of Li7 cells to form metastatic nodules in mice
[10]. Overall, this work adds to the growing evidence that ROCK
activity is necessary for the metastatic phenotype observed in HCC
and that ROCK inhibitors could provide ameans for interfering with
the progression of HCC in the clinic.

In general, current protein kinase activity assays rely on the use
of radioactivity or high-cost reagents and/or instrumentation
[21,22]. A variety of assay formats have been described that
leverage the specificity and sensitivity of antibody-based reagents
[23e25]. These techniques represent powerful approaches to
monitoring kinase activity; however, the costs of these assay for-
mats, and in certain cases the necessity of specialized equipment,
can hinder their application in HTS. Alternatively, peptide-based
kinase activity probes, capable of producing a change in fluores-
cence signal upon phosphorylation, can provide a straightforward,
low-cost alternative for HTS [26e33]. As one example, the Imperiali
laboratory has recently described the use of the phosphorylation-
sensitive Sox fluorophore as a general platform for the design of
sensitive serine/threonine and tyrosine kinase activity sensors
[28,29,34,35]. These Sox probes detect phosphorylation of a prox-
imal residue through CHEF upon binding of Mg2þ. However, initial
Sox-based probe designs required deletion of sequences either N-
or C-terminal to the phosphorylation site in order to install a b-turn
to allow for productive CHEF. To address this issue, a second gen-
eration probe designwas envisioned inwhich a cysteine derivative,
termed CSox, could be substituted for a native amino acid proximal
to the site of phosphorylation [36]. These second generation CSox-
based sensors allow for productive CHEF while necessitating only a
single amino acid substitution in a peptide substrate (Fig. 1). As a
consequence, CSox-based probes display tighter KM values for their
target kinases, allowing for the use of reduced sensor concentra-
tions in assays [37e40]. CSox-based probes for protein kinase ac-
tivity can be rapidly constructed using standard solid-phase
peptide synthesis and can provide a direct, real-time readout of
kinase enzymatic activity [41]. Moreover, the Dalby laboratory has
recently demonstrated the use of CSox-based probes to identify
inhibitors of eEF-2 from aHTS screen using 32,960 compounds [30].
This work demonstrates that CSox-based probes can reduce the
false positive rate associated with autofluorescence of inhibitors in
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HTS, since fluorescence changes are monitored over time as
opposed to endpoint assays. The goal of the current work was to
determine whether CSox could be employed to construct a sensi-
tive and robust sensor for ROCK enzymatic activity, with the long
term goal of utilizing this probe to discover novel ROCK inhibitors
as well as interrogate ROCK activity in human disease states.

2. Experimental

2.1. General reagents, instrumentation, and procedures

Fluorescence assays were conducted using a BioTek SynergyH2
microplate reader. Assays were excited at 360 nm and the emission
was recorded at 485 nm. Reactions were incubated at 30 �C during
fluorescence analysis. The plates used for fluorescence assays were
either 384-well or 96-well half area plates (Corning: 3824 or 3992
respectively). The total volume for assays was 40 mL (384-well
plates) or 120 mL (96-well plates). All assays were conducted in
triplicate unless otherwise noted.

2.2. Peptide synthesis

Peptides were synthesized as previously described [41]. The
peptides were purified using preparative reverse-phase HPLC and
peptide identity was confirmed using ESI-MS (Table S1). To deter-
mine peptide concentration, the absorbance of each construct was
measured and concentrations were calculated using the molar
absorptivity of Sox, 8247 M�1 cm�1 at 355 nm in 1 mM Na2EDTA
and 0.1 M NaOH [34].

2.3. Determination of Mg2þ affinity and fold fluorescence increase

Stock solutions of Mg2þ were prepared from Alfa Aesar Pura-
tronic grade MgCl2 salt and standardized by titration with EDTA in
the presence of Eriochrome Black T. The Mg2þ KD was determined
by measuring the fluorescence of each construct in the presence of
0.5, 1, 5, 10, 50, and 75 mM MgCl2 in a buffer containing 50 mM
TriseHCl (pH ¼ 7.5 at 22

�
C) and 150 mM NaCl. Peptide was added

to each assay at a final concentration of 1 mM. Fluorescence in-
tensity was plotted and fit to a single site binding isotherm using
Kaleidagraph to determine the KD by fitting to Eq. (1).

emission at 485 nm ¼
�
Bmax*

h
Mg2þ

i�.�
KD þ

h
Mg2þ

i�
(1)

where Bmax is the maximum specific binding in arbitrary fluores-
cence units and [Mg2þ] is the concentration of Mg2þ.

The fold fluorescence increase of phospho- versus nonphospho-
sensors was performed for each set of peptides. The Mg2þ
nce-based assay for Rho-associated protein kinase activity, Analytica
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concentrations used for each set of constructs were chosen based
on the KD of the corresponding phospho-peptide. For each con-
centration of Mg2þ, two concentrations of ATP were investigated
(0.1 mM and 1 mM).

2.4. Recombinant enzyme assays

Recombinant ROCK2 (Life Technologies, PV3759), was diluted in
enzyme dilution buffer: 50 mM TriseHCl (pH ¼ 7.5 at 22

�
C), 1 mM

EGTA, 0.01% Brij (v/v), and 10% glycerol (v/v). Kinase assays were
conducted in a buffer containing: 50 mM TriseHCl (pH ¼ 7.5 at
22

�
C), 0.1 mM ATP, 1 mM EGTA, 2 mM DTT, 0.01% Brij (v/v), and the

optimal Mg2þconcentration for each sensor. Assays were equili-
brated to 30 �C for 20 min before the addition of recombinant
enzyme. Reaction velocities were determined by correcting for the
loss of substrate fluorescence as previously described [34]. Kinetic
parameters were determined by plotting reaction velocities as a
function of substrate concentration and fitting to Eq. (2) in Kalei-
dagraph [42].

velocity ¼ ðVmax*½S�Þ=ðKM þ ½S� þ ð½S�2=KSÞÞ (2)

where Vmax is the maximum velocity, [S] is the concentration of
substrate, KM is the MichaeliseMenten constant, and KS is the
dissociation constant for substrate inhibition. The limit of detection
for the assay was defined as the smallest concentration ROCK2 that
produced a signal that was three standard deviations above assay
noise.

Enzymes used in the panel assay were purchased through Life
Technologies and diluted in enzyme dilution buffer. Where indi-
cated the following inhibitor cocktail was added to the panel as-
says: PKItide (0.4 mM), PKC inhibitor peptide (4 mM), GF109203X
(5 mM), and calmidazolium (4 mM) [35].

2.5. High-throughput screening

Inhibitors were purchased from Tocris (3514) and supplied at
10 mM in DMSO. Inhibitors were diluted with PBS to a working
concentration of 1 mM prior to screening. HTS assays were con-
ducted using a robotics platform to prepare quadruplicate wells
containing 1 nM ROCK2, 5 mM ROCK-S1, 1 mM ATP, 10 mM MgCl2,
50 mM TriseHCl (pH ¼ 7.5 at 22

�
C), 1 mM EGTA, 2 mM DTT, 0.01%

Brij (v/v), and 10 mM of the indicated inhibitor. The final concen-
tration of 10 mM inhibitor was chosen in order to identify potential
weak inhibitors. Wells with 10 mM GSK429286, no inhibitor, or no
inhibitor and no enzyme were used as controls. Assays were per-
formed in 384-well plates. Reaction slopes for each inhibitor were
averaged and percent inhibition was calculated by comparison to
controls. Two compounds from the initial 80 compound commer-
cial library (TCS359 and SB431542) are not included in the final data
analysis due to extremely high autofluorescence, at a concentration
of 10 mM, which resulted in detector overload. We did not observe
any effect from DMSO on the rate of phosphorylation in these as-
says. Reaction slopes were determined using the initial linear re-
gions of fluorescence data; fits contained at least 15 points.

3. Results and discussion

3.1. Rational design and characterization of preliminary ROCK
activity probes

As a first step towards the development of a CSox-based ROCK
activity sensor we set out to identify optimal peptide substrates for
ROCK. Recent work from the Katayama laboratory has examined
the ability of ROCK2 to phosphorylate a library of 136 peptides [43].
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From this work, a sequence dubbed R22 was identified with a KM of
1.9 mM. We hypothesized that this sequence could be employed to
generate a CSox-based chemosensor with low mM affinity for
ROCK2 in order to allow for minimal sensor usage during HTS.
Accordingly, we synthesized two CSox-based activity probes using
R22 as the template sequence with CSox placed at the þ2 and �2
positions relative to the site of phosphorylation, ROCK-S1 and
ROCK-S2 (Table 1). These two probe sequences represent important
steps in sensor optimization, as previous work has demonstrated
that the positioning of CSox in a peptide substrate sequence can
dramatically alter the sensitivity of probe constructs [36,40]. In
addition, we synthesized the corresponding positive control se-
quences containing phospho-threonine at the site of phosphory-
lation, ROCK-P1 and ROCK-P2 (Table 1).

Next, wemeasured the affinity of each peptide construct forMg2þ

(Fig. S1). Although positive control (phosphorylated) sequences are
expected to display stronger affinities for Mg2þ, it is important to
quantify the difference in affinities of substrate and product se-
quences such that Mg2þ concentrations can be appropriately
controlled for each construct [41]. Indeed, previous work from our
laboratoryhasdemonstrated that this optimization step canprovidea
dramatic enhancement in assay performance [40]. Using these
experimentally determined Mg2þ affinities as a guide (Table 1), we
measured the increase in fluorescence of each pair of product versus
substrate peptides under varying Mg2þ and ATP concentrations
(Table S2). Under optimized conditions, using 0.1 mM ATP, we were
able to obtain robust enhancements in probe fluorescence in
response to phosphorylation (Table 1). Importantly, previous work
has demonstrated that the KM of ROCK2 for ATP is 1.4 mM [44], indi-
cating that 0.1 mM ATP could be used for enzymatic assays without
severely interfering with the rate of substrate phosphorylation.

3.2. Evaluation of probe efficiency for ROCK2

Using the optimized Mg2þ and ATP concentrations identified
above, we interrogated the preference of ROCK2 for the position of
CSox within our probe sequences. Accordingly, we varied the
concentration of each substrate and measured the resulting rate of
product formation (Fig. 2). Interestingly, we observed substrate
inhibition for each probe design at increasing sensor concentra-
tions. These results highlight the importance of fully characterizing
CSox-based activity probes, as the use of higher concentrations
(>10 mM) of the sensors described in this paper would lead to
diminished assay performance. Comparison of kcat/KM for each
sensor design indicated that ROCK-S1 was 188-fold more efficient
for ROCK2. In particular, we observed a 33-fold decrease in probe
turnover by positioning CSox at the �2 position relative to the site
of phosphorylation in ROCK-S2. This indicates the sensitivity of
ROCK2 to CSox at this position. Using these experimental results as
a guide, we chose to employ ROCK-S1 at a concentration of 5 mM for
all subsequent experiments.

3.3. ROCK-S1 limit of detection for ROCK2

One significant source of cost during HTS is recombinant kinase.
As a consequence, assays with low detection limits and high
reproducibility are desirable. To determine the sensitivity of ROCK-
S1, we measured sensor phosphorylation in the presence of
decreasing amounts of ROCK2. These experiments indicated the
ability to detect ROCK2 activity at concentrations as low as 10 pM
(Fig. 3). The trend line for this data is y¼ 701.7xe 4.1 (R2 ¼ 0.9991),
where y is the average reaction slope in AFU/min and x is the
concentration of ROCK2 in nM. Moreover, these assays were highly
reproducible (Z’-factor¼ 0.6 at 0.1 nM ROCK2), validating the use of
ROCK-S1 for HTS [45].
nce-based assay for Rho-associated protein kinase activity, Analytica



Table 1
Sequences of ROCK activity probes.
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3.4. ROCK-S1 can report on ROCK2 inhibition

As an initial test of whether ROCK-S1 could report on ROCK2
inhibitionwe assessed ROCK-S1 phosphorylation in the presence of
increasing concentrations of GSK429286, a well-characterized ATP-
competitive ROCK2 inhibitor [46]. As expected, we observed a
Fig. 2. Kinetic parameters for ROCK-S1 (A) and ROCK-S2 (B) with ROCK2 (1 nM). Data
were fit by using a modified form of the Michaelis-Menten equation [42], given in the
Experimental Section, in order to account for substrate inhibition.

Please cite this article in press as: M.I. Kelly, et al., A real-time, fluoresce
Chimica Acta (2015), http://dx.doi.org/10.1016/j.aca.2015.07.058
concentration dependent decrease in ROCK-S1 phosphorylation
that correlated with the literature IC50 value of 63 nM (Fig. 4) [47].
These data indicate the ability to straightforwardly monitor ROCK2
inhibition using ROCK-S1 in a 384-well format.

3.5. Optimization of HTS conditions

As a proof-of-principle for HTS using ROCK-S1 we chose to
screen a commercially available 78 compound library of kinase
Fig. 3. ROCK-S1 (5 mM) phosphorylation as a function of ROCK2 concentration.

Fig. 4. ROCK-S1 (5 mM) can report on the inhibition of ROCK2 (0.5 nM) by a well-
characterized ATP-competitive inhibitor.

nce-based assay for Rho-associated protein kinase activity, Analytica



Fig. 6. The indicated inhibitors were assayed against ROCK2 (0.25 nM) and inhibition
was monitored using ROCK-S1 (5 mM) in the presence of 0.1 mM ATP. Each scaffold
displays low mM to high nM inhibition of ROCK2.
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inhibitors (Table S3). Importantly this library contains five known
inhibitors of ROCK2; fasudil [48], Y27632 [20], HA1100 [49], H89
[50], and GW5074 [51] as well as the broad spectrum inhibitor
Ro318220 [50]. Utilizing an automated robotics assay platform we
assessed the percent inhibition of each compound in our library at a
concentration of 10 mM in quadruplicate 384-well plate assays
(Fig. 5A). As expected, we observed >50% inhibition of ROCK2 by
fasudil, Y27632, HA1100, H89, GW5074, and Ro318220 (Fig. 5B).
Interestingly, we also observed >50% inhibition by two additional
inhibitors (PHA665752 [52] and IKK16 [53]) that to the best of our
knowledge have not been previously reported as ROCK2 inhibitors
in the primary literature (Fig. 5B). To further investigate the po-
tency of these inhibitors we obtained IC50 values for each of these
scaffolds against ROCK2 (Fig. 6). Although these inhibitors dis-
played low mM to high nM potency for ROCK2 in the presence of
0.1 mM ATP, the relatively high concentrations of inhibitors
generally used during cell-based assays may lead to off-target
effects. As a consequence, the off-target effects of these inhibitors
could have important ramifications for the interpretation of
phenotypic assays. In the long term, the conditions outlined in this
work could be used to screen larger compound or fragment li-
braries for novel ROCK2 inhibitor scaffolds.

3.6. Selectivity of ROCK-S1

Another significant advantage of CSox-based activity sensors is
the ability to selectively report on the activity of protein kinases in
heterogeneous biological samples such as cell lysates and tissue
homogenates [37,38,54,55]. However, in these complex samples
off-target activity can be observed from enzymes with overlapping
sequence specificity. In these situations off-target inhibitors have
been effectively employed to reduce potential false positive signal
in CSox-based assays [35,39,41,54]. As a first step towards defining
conditions for monitoring ROCK activity in heterogeneous samples
we assessed the selectivity of ROCK-S1 across a panel of protein
kinases including ROCK2, ROCK1, PKCa, PKA, and PAK. Importantly,
previous data demonstrated that the peptide sequence that serves
as a template for ROCK-S1 could act as a substrate for PKCa, PKA,
and PAK [15,43]. Our data demonstrates that our CSox-based probe,
ROCK-S1, could also be phosphorylated by PKA and PKCa (Fig. 7A).
We next investigated whether PKA and PKCa activities could be
suppressed with known inhibitors [35]. Accordingly we chose to
employ well-characterized PKA and PKCa inhibitors: PKItide, PKC
inhibitor peptide, calmidazolium, and GF109203X [35]. This in-
hibitor cocktail preserved a significant portion, 58%, of ROCK2
Fig. 5. Proof-of-principle HTS for ROCK2 inhibitors. (A) Compounds (10 mM) were assayed against ROCK2 (1 nM) in the presence of 1 mM ATP. Percent inhibition was calculated
from quadruplicate assays. A complete compound list is given in Table S3. Position A1 corresponds to 10 mM GSK429286 (positive control) and position B1 represents no inhibitor
(negative control). (B) Eight compounds from the library displayed >50% ROCK2 inhibition. Six have been previously reported as ROCK2 inhibitors (grey bars) while two have, to the
best of our knowledge, not been previously reported to inhibit ROCK2 (red bars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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activity (Fig. S2). However, the same inhibitor cocktail was capable
of completely abolishing the off-target phosphorylation of ROCK-S1
(Fig. 7B). Although our panel does not contain every possible off-
target enzyme present in cell lysates, this work represents an
important first step towards defining conditions for the analysis of
ROCK activity in complex biological samples such as cell lysates and
tissue homogenates. Future experiments will be aimed at identi-
fying optimized inhibitor cocktails that have a reduced effect on
ROCK activity as well as accessing ROCK-S1 selectivity in cell
lysates.

4. Conclusions

Taken together, this work defines a new CSox-based probe along
with optimized assay conditions for the direct analysis of ROCK2
activity. We have demonstrated the ability to utilize ROCK-S1 to
rapidly screen inhibitor libraries in a 384-well plate format using an
automated robotics system. This bioanalytical tool provides a
straightforward approach to screening small molecule or fragment
libraries for potential ROCK2 inhibitors. The ROCK2 inhibitor scaf-
folds identified in this study (PHA665752 and IKK16) could provide
Fig. 7. Selectivity of ROCK-S1 among a panel of protein kinases. (A) The phosphory-
lation of ROCK-S1 (5 mM) in the presence of the indicated enzyme (10 nM). (B) The
same as panel A except the off-target inhibitors PKItide (0.4 mM), PKC inhibitor peptide
(4 mM), GF109203X (5 mM), and calmidazolium (4 mM) are included.
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a starting point for the development of ROCK2 inhibitors, although
the target specificity of these scaffolds would certainly need to be
optimized. In addition, we have defined conditions that allow for
the selective monitoring of ROCK activity in the presence of po-
tential off-target enzymes. The sensitivity of ROCK-S1, 10 pM
ROCK2, is on par with previously described Sox-based probes that
have been successfully utilized to detect kinase activity in unfrac-
tionated cell lysates [34,35,38,39,54]. Consequently, our laboratory
is currently investigating the use of ROCK-S1 to identify novel in-
hibitors of ROCK as well as interrogate ROCK activity perturbations
in HCC.
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