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ABSTRACT. Rho-associated coilectoil kinase, ROCK, is implicated in Rho-mediated cell adhesion and
smooth muscle contraction. Animal models suggest that the inhibition of ROCK can ameliorate conditions,
such as vasospasm, hypertension, and inflammation. As part of our effort to design novel inhibitors of
ROCK, we investigated the kinetic mechanism of ROCK |. Steady-state bisubstrate kinetics, inhibition
kinetics, isotope partition analysis, viscosity effects, and presteady-state kinetics were used to explore the
kinetic mechanism. Plots of reciprocals of initial rates obtained in the presence of nonhydrolyzable ATP
analogues and the small molecule inhibitor of ROCK, Y-27632, against the reciprocals of the peptide
concentrations yielded parallel lines (uncompetitive pattern). This pattern is indicative of an ordered binding
mechanism, with the peptide adding first. The staurosporine analogue K252a, however, gave a
noncompetitive pattern. When a pulse’#-y-ATP mixed with ROCK was chased with excess unlabeled
ATP and peptide, 0.66 enzyme equivalenf®f-phosphate was incorporated into the product in the first
turnover. The presence of ATPase activity coupled with the isotope partition data is a clear evidence for

the existence of a viable [EATP] complex in the

kinase reaction and implicates a random binding

mechanism. Thé&../K, parameters were fully sensitive to viscosity (viscosity effects of41.@d.2 and

0.9+ 0.3 for ATP and peptid8, respectively), and therefore, the barriers to dissociation of either substrate
are higher than the barrier for the phosphoryl transfer step. As a consequence, not all the binding steps
are at fast equilibrium. The observation of a burst in presteady-state kinleties 0.2+ 2.1 s*) and

the viscosity effect oo 0f 1.3+ 0.2 characterize the phosphoryl transfer step to be fast and the release
of product and/or the enzyme isomerization step accompanying it as rate-limitiigs,atonditions.

From the multiple kinetic studies, most of the rate constants for the individual steps were either evaluated

or estimated.

Binding agonists such as 5-HTangiotensin I, and PDGF

kinase, ROCK, is one of the most important Rho effectors

to receptors at the cell surface relay specific signals inside and is essential for the formation of contractile actomyosin

the cell. Small GTPases of the Rho family are one of the
primary mediators of the signals from such extracellular
stimuli. Rho GTPases play a central role ir’Gaensitized
vascular smooth muscle contractial),(actin cytoskeleton
reorganizationZ), negative regulation of neurite growtB)(

cell migration @), adhesion and motilitys), and cytokinesis
(6). Modulating the Rho-mediated signaling is, therefore,
potentially beneficial for treating hypertension—8), ath-
erosclerosis9), cancer 10), inflammation (1), fibrosis (L2),

and vasospasni®). The various activities of Rho appear to
be regulated by multiple signaling pathways, which may be
driven by multiple effectors. Rho-associated coitedil
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fibers (14).

Two isoforms of ROCK have been identified to date,
ROCK | and ROCK II. The isoforms exhibit high sequence
homology (about 65% identical amino acid residues and
>90% similarity if conservative substitutions are counted).
Both isoforms are ubiquitously expressed in most tissues with
the exception of brain tissues, where ROCK Il is predomi-
nant. ROCK phosphorylates and controls the activity of a
number of proteins, such as MLQH), MLC phosphatase,
LIM kinase, ERM proteins, and Na-H* exchangers1),
all of which are essential players in cyctoskeleton organiza-
tion. The conditional in vivo activation of ROCK has been
shown to induce tumor cell dissemination and angiogenesis
(10, 17. Fasudil, an approved drug for cerebral vasospasm,
and Y-27632 are two small-molecule inhibitors of ROCK
that have been used extensively in biochemical and phar-
macological experiments to delineate the biological role of
ROCK (18—21). Ischemia and reperfusion injuries result in
Rho-ROCK activation leading to the recruitment of neutro-
phils and the generation of reactive oxygen species. Rats
administered with Y-27631 h prior to ischemic reperfusion
injury showed improved liver function and tissue protection
(19). Administration of fasudil in water over a period of 5
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months to spontaneously hypertensive rats decreased thé&aCl, 2 mM s-mercaptoethanol, 10% glycerol). After the
phosphorylation of the MLC phosphatase subunit and mechanical disruption of the cells in a microfluidizer
reduced the medial thickening of the aorta compared to those(Microfluids Corp., Newton, MA), the lysate was centrifuged
in the normotensive rat2(). Therefore, ROCK inhibitors  at 43 00@ for 1 h. Imidazole (to 5 mM) and Talon TM resin
have great therapeutic potential as disease modifiers by(1:200 v/v) were added to the supernatant. The resin was
regulating the signaling via Rho-GTPase. washed with 10 volumes of buffer A gul M NaCl and 5

Interest in designing more potent and specific inhibitors MM imidazole and poured into a column. Bound histidine-
of ROCK has resulted in the extensive characterization of tagged ROCK | protein was eluted with buffer A containing
its structure and function. ROCK | and Il are approximately 100 mM imidazole. The tag was removed by incubation with
160 kDa in size and contain the kinase domain in the thrombin (2 units/mg of protein) f8 h at room tempm@ture.
N-terminus. There is a large segment of a coiledil region ~ When proteolysis appeared to be complete, as judged by
in ROCK, facilitating protein-protein interactions. The Rho ~ SDS-PAGE analysis, thrombin was removed by incubating
binding domain is in the&c-terminal end of the coiledcoil the solution with 10QuL of benzamidine sepharose for 30
region and is followed by a plekstrin homology domain with Min. ROCK | was then concentrated to 2 mL and loaded
Cysteine_rich domain insertiorzZ)_ Recenﬂy, it was shown onto a 16/60 Sephadex S-200 column equilibraIEd with buffer
that full-length ROCK exists as a dimer in solution. Progres- A. The ROCK | protein eluted as a single peak, which was
sive C-terminal truncations up to R415 had no effect on either Pooled, concentrated (typically around 1 mg/mL), and frozen
the kinase activity or the dimeric state of ROCE3). The at —80 °C until needed. At this stage, the protein appeared
present mechanistic investigation utilizes truncated ROCK t0 be greater than 99% pure as judged by SPBGE
| (6_543), which was previous'y characterized to have analySiS. After thrombin C|eavage,thl‘ee amino acid residues
activities similar to that of full-length ROCK. A previous (G, S, and H) from the tag sequence remained on the
study of ROCK Il with a similar sized protein reported a N-termin_us of the regombinant ROCK | protein, as confirmed
random binding mechanism from the analysis of substrate Py protein sequencing.
and ATP analogue kinetic4). Here, in addition to steady- Kinase Assay The coupled-enzyme assay, previously
state inhibition kinetics, we also used isotope partitioning described by Chen et aR€), was used to follow the initial
techniquesky measurements of enzymanhibitor complex rates of ROCK I-catalyzed reactions. The assays were carried
formation, viscosity effect on kinetic parameters, and out in 96-well plates. The assay conditions are as follows:
presteady-state kinetics to probe the binding mechanism andd.1M HEPES buffer (pH 7.6) containing 10 mM Mg{2.5
catalysis by ROCK I. We observed that a strict interpretation mM PEP, 0.2 mM NADH, 3Qug/mL of PK, 10ug/mL of
of steady-state inhibition kinetics could be misleading at LDH, and 2 mM DTT. The kinase reaction was started by
times and that additional methods such as isotope partitioningthe addition of a substrate, either peptide or ATP, after a 10
were necessary to validate the binding mechanism. Ourmin preincubation at 30C and read at 340 nm at 3C on
investigation showed that the substrates bind randomly to a SpectraMax spectrophotometer (Molecular Devices Corp.,
ROCK I, as was the case for ROCK Il. However, the binary Sunnyvale, CA). The concentration of the ROCK | enzyme
complexes are not in rapid equilibrium with the central was, unless otherwise indicated, 100 nM. Y-27632 and
ternary complex. Also, the transfer of phosphate to the K252a were dissolved in DMSO and assayed at a final
peptide occurs faster than the subsequent release of product®MSO concentration of 2.5%. DMSO showed no significant
and hence, the rate-limiting step is one of product releaseeffect on ROCK | activity at this concentration. The kinetic
associated with a possible conformational change in the data were globally fitted to appropriate equations specified

enzyme. in the results section by nonlinear least-squares analysis using
the software Prism, version 3.0 or 4.0 (San Diego, CA).
MATERIALS AND METHODS Trapping [ROCK*ATP] ComplexROCK (1.67xM) and

o ) ] . . ;
Materials PEP, NADH, PK, and LDH were purchased be-fV AtTP (?”CI'/”TO'e* 2?”3'\8) were m'xe‘g " thlezlgnasl\‘j
from Roche diagnostics (Indianapolis, IN). ADP, ATP, uffer to a final volume of 30QuL. Separately, 12.5 m

ATP and 1.25 mM of peptid® were mixed in the same
AMPPNP, AMPPCP, and DTT were purchased from the - X .
Sigma Chemical Company (St. Louis, MO). Talon TM resin buifer. A 200l of an aliquot Of ATP/peptidd mix was
was from Clontech (Palo Alto, CA), thrombin was from added to the ROCRJP-ATP solution set at constant stirring.

Calbiochem (San Diego, CA). Peptidés3 were synthe- At approximately 30 s intervals, 50L of aliquots of the
sized in-house Peptidé4—8 and S6AA peptide were reaction mixture were withdrawn and quenched with&0

; - of 750 mM phosphoric acid. The quenched samples were
E):LX;:hased from the American Peptide Company (Sunnyvale'analyzed in triplicate as follows: 24_ of an aliquot of the

L . . guenched sample was placed on a P81 filter plate (cat. #
Purification of ROCK | The expression and purification  \1ApHNOBS0 Millipore), vacuum filtered, and washed
of recombinant ROCK | was performed according to Doran iee times with 5% phosphoric acid, and &0 of Ultima

et al. @3). Briefly, the kinase domain of human ROCK | 54 scintillant was added and the plate read for radioactivity
(S6-L553) £5) was cloned into pBEV (custom dual-promoter . 4 packard TopCount NXT counter.

bacterial expression and baculoviral transfer vector) for the . . L
P ) Effect of Salent Viscosity on Kinetic Constant8ssays

baculo virus expression of His-tagged protein in High Five . " :
P ggea p 9 were carried out under steady-state conditions as described

insect cells (Invitrogen, Carlsbad, CA). The protein was ; S :
purified according to the following procedure. Typically-40 above in HEPES buffer at pH 7.6 containing either sucrose

60 g of the frozen cells were thawed and re-suspended in 5
volumes of buffer A (50 mM HEPES at pH 8.0, 100 mM 2The single letter code for each amino acid is used.
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Table 1: Peptide Substrate Specificity for the ROCK |-Catalyzed Kinase Reaction

peptideKn ATP Kn, Keat Keal Km

peptide sequence (um)2 (uM)®P (s (mM~1s1)e

1 KKPDKKKRYTVVGNPYWMA <10 1.1

2 KKRYTVVGNPYWMA <10 1.3

3 AKRRRLSSLRA <10 1.5

4 RRRLSSLRA 14.0+ 1.7 15.0+ 0.8 0.8+ 0.02 57.1+ 0.12

5 KKRNRTLSV 56.0+ 3.3 9.0+1.1 0.98+ 0.02 17.5+ 0.06

6 KKLRRTLSVA 57+3 8.4+ 05 0.92+ 0.05 15.94+ 0.05

7 KKVNRTLSVA 62 +7.7 0.5+ 0.02 8.0+ 0.13

8 LRRASLG 75+ 6.6 7.5+ 0.5 0.6+ 0.02 8.1+ 0.09

a ATP concentration was 2 mM.Peptide concentration was 1 mMThe peptideK, values were used in the calculation.

(0—30%) or PEG-8000 (64%). An Ostwald viscometer was tides and their associated kinetic parameters are shown in
used to measure the timé, taken by the experimental Table 1. Peptide$ and?2 are based on the phosphorylation
solution of densityp to travel a fixed distance marked on site of LIMK1. The remaining peptides were included in the
the viscometer. The relative solvent viscosity®j was screen on the basis of sequence preference. Peptdd4
calculated from the equatio2T), #® = (t/to)(o/po), Where are S6 kinase substrate8), peptides and6 were originally
to and po are values for the buffer without the added tried as PKB substrate®9), peptide7 is a MAPKAP K2
visocogen (sucrose or PEG-8000). substrate30), and Peptid&, Kemptide, is a known substrate
Presteady-State KineticsSThe presteady-state kinetics for PKA (31). The preliminary estimates of the kinetic
experiments were carried out in a chemical quench flow parameters reveal that almost all peptides had nearly the same
instrument, QFM5, Bio-Logic Instruments, France. As many k. values (Table 1). Th&,, values for peptided—3 were
as four reagents can be mixed (one being the chemical<10uM and, therefore, were not considered suitable for the
guench) and the flow-rate of each reagent controlled initial rate kinetic investigation because a low spectropho-
individually. There are two loops in the flow path, loopl tometric signal would lead to considerable error in rate
and loop2, whose lengths can be varied by installing measurements at peptide concentrations bé&gwMost of
appropriately sized loops. Reagents 1 and 2 mix into loopl the kinetics were, therefore, carried out with peptdand
and reagent 3 enters this mix at loop2. The chemical quenchin a few studies, peptid8 was used.
in the fourth syringe enters at the end of loop2. This design  Bisubstrate KineticsThe initial rates of ROCK I-catalyzed
allows the reaction time for reagents 1 and 2, and reagentsphosphorylation of peptidé were determined over a range
1,2, and 3, respectively, to be varied independent of eachof concentrations of the peptide and ATP. The reciprocals
other. In addition, the instrument can be operated in a of the rates were plotted as a function of the inverse of ATP
continuous mode or an interrupt mode. In the continuous (Figure 1A) and peptid& concentrations (Figure 1B). Both
mode, the reagents are pushed continuously for each runsets of lines intersect at the lower left quadrant indicating a
The flow is diverted from the waste syringe to the collect sequential mechanism. Pepti@@lso gave a similar kinetic
syringe at a user specified time. Here, the reaction time is pattern (data not shown). The data were fitted to eq 1, where
controlled by the loop size and the flow-rate. In the interrupt », V, A, andB are initial velocity, maximum velocity, the
mode, the flow is interrupted for some specified length of concentration of ATP, and the concentration of peptide,
time after the initiation of the reaction. This permits aging respectivelyKi, is the dissociation constant for A from EA,
to occur for up to several seconds. However, in this method, andK, andK, are theK,, values for A and B, respectively
the collectable sample volume is restricted to what is presentThe kinetic parameters thus evaluated are presented in Table
in loop2. Because there is a possibility of contamination at 2.
either end of the loop due to diffusion, it is recommended
that only the middle 2/3 of its contents be collected. We o VAB
carried out the reaction in the continuous mode with loop v= K. K, + KA+ KB+ AB
sizes of 20, 100, and 2Qd at loop2. ROCK | (1.67«M),
33p-ATP (100uM), peptide5 (2000uM), and 10% TFA
were placed in syringes 1, 2, 3, and 4, respectively. A 200
uL loop was used at loopl. The quenched samples were
analyzed on an HPLC (Agilent-1100) equipped with a
Packard radioactivity detector.

1)

Inhibition by an S6AA PeptideReplacement of the
phosphorylatable serines with alanine in the S6 peptide
(peptide 3 in Table 1) yields the S6AA peptide, which
inhibits enzyme activity and, hence, should be competitive
with substrate binding. Initial rates were obtained in the
RESULTS presence of various fixed concentrations of the inhibitor

peptide by varying either the peptide substrate or ATP while

Substrate Screenin®ROCK phosphorylates a number of  keeping the other constant. A plot of the reciprocals of the
proteins (4) in vivo and has a preference for substrates with rates as a function of the inverse of peptide concentration
a consensus sequence of either R/IKXS/T or RIKXXS/T, yielded the expected competitive inhibition pattern (Figure
where R is arginine, K is lysine, X is any amino acid, and 2A), whereas it gave a honcompetitive pattern (Figure 2B)
S and T are serine and threonine, respectively. (To choose
an optimal phosphoryl acceptor for kinetic investigation, we ~ Cleland nomenclature; Cleland, W. W. (1970) Steady-state kinetics,

designed and_ test_ed eight peptides on the_basis of the knowny, The EnzymegBoyer, P. D., Ed.) 3rd ed., Vol. 2, pp-B5. Academic
phosphorylation sites and sequence requirements. The pepPress, New York.
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Ficure 1: Substrate kinetics for the ROCK I-catalyzed kinase
reaction. Peptid& was used as a phosphoryl acceptor. The initial

. : : TP concentration was fixed at 4BV, whereas the concentration
rates ¢) were obtained by the spectrophotometric assay as descrlbedA : ; s -
in the Materials and Methods section. A matrix of initial rates were of the peptidds was varied (26-2254M) in the presence of various

: - fixed concentrations of S6AA (0, 0.26, 0.59, 0.89, 1.33, and 2.0
gﬁf}lalgiit?dseaS ﬂ(Tg.t'aon zoé,gTF;éS?)9§3889 1?‘35?'%%”%% mM). The solid lines are the bést global fit of data to eq 2 for the
concentrations at 3tC in 0.1 M HEPES buffer (pH 7.6) containing ~ COMPetitive inhibition model. (B) The concentration of peptitie
10 mM MgCh and 2 mM DTT. ROCK | concentration was 200 was fixed at 20Q«M, whereas the concentration of ATP was varied
nM. The plots of the data either ag’Ms 1/[ATP] (Panel A) or 1/ g(i_ Al'g%"\g)z'g tgi p(;%sgené:esgof a\a%nguos ,LIK/?)d .?ﬁg%%?gﬁ%fgss a?’fe
vs 1/[peptide5] (Panel B) yielded intersecting patterns. The solid O T A : :

: - _the best fit of the data to eq 3 for the noncompetitive inhibition
lfli??/zlLeeps,reaernsrtgs?eﬁfgé ?rllo.tl).gug (%f the data to eq 1, and the best model. The best-fit values fdi; andK; are presented in Table

3.

Table 2: Kinetic Parameters for the ROCK I|-Catalyzed Kinase and

ATPase Reactions Table 3: Kinetic Parameters for the Inhibition of ROCK

|-Catalyzed Kinase Reaction

parameter kinage ATPase

varied inhibition Kis Kii
Keat (579 1.05+0.03 0.05+ 0.01 substrate inhibitor  patterd (uM) (uM)
Kare (uM) 9.440.8 3.9+ 0.1
Kia,ate (uM) 26+0.6 ATP AMP-PNP C 33+ 3
Keon(eM) 366+ 28 peptide5  AMP-PNP uc 130+ 20
Pep peptide8 AMP-PNP uc 52+ 4
Kiapep(uM) 10.2+23 ATP AMP-PCP  C 150 12
o (: KATp/Kia) 3.6+0.8 . N
peptide3 AMP-PCP uc 357 31
aThe bisubstrate kinetics were performed with pep&dé&KRN- peptide5 AMP-PCP uc 596+ 29
RTLSV, and the data were fitted to eq 1. peptide8 AMP-PCP ucC 500t 28
ATP Y27632 C 0.15+ 0.0
S peptide8 Y27632 uc 0.4@- 0.08
for ATP dependence. The competitive inhibition data were ATP K252a C 0.42+ 0.05
fitted to eq 2, and the noncompetitive inhibition data were ﬁ?rrgld% giia mg 117-5& 2-23970 0511381 8-014
fitted to eq 3, whereS is the concentration of the varied peptide5  SEAA c 207+ B1

substrate (ATP or peptideXis and K; are the inhibitor

dissociation constants for dissociating from the El and ES| , ° 'he data were fitted to either eq 2 (competitive pattern, C), eq 3
. (noncompetitive pattern, NC), or eq 5 (uncompetitive pattern, Ukt
complexes, respectively (Table 3). data were fitted to eq 4. See the Materials and Methods section for

details.
)= VS )
Kn(l+1/Kg +S (Table 3) by global fitting to eq 2. The data for Y-27632
VS was fitted to eq 432) because the free inhibitor concentration
v 3 can be significantly less than the total. Hewgis the rate in

Kin(1 + 1/Kig) + 1+ 1/K;) the absence of the inhibitoE; andl; are the total enzyme

and inhibitor concentrations, respectively, afdp, is Ki(1
Inhibition by ATP Analogues, Y-27632, and K25Zae + [ATP)/Kn). These compounds were also assayed as a
small-molecule inhibitors Y-27632 and K252a and the ATP function of peptide5 in the kinase assay. The resulting
analogues, AMPPNP and AMPPCP, are competitive inhibi- reciprocal plots are shown in Figure 3&.The ATP
tors of ATP (the rate was obtained as a function of multiple analogues and Y-27632 yielded a set of lines that appear
ATP and inhibitor concentrations; data not shown) and their parallel and were best fit to a model of uncompetitive
respectiveKs values were obtained from the kinetic data inhibition (eq 5); the resultindS; parameters are shown in
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Ficure 3: Inhibition kinetics with AMPPNP, Y-27632 and K252a
(A) ROCK I concentration was 200 nM. ATP concentration was
fixed at 30uM, whereas the concentration of peptislevas varied
(20—200 «M) in the presence of various fixed concentrations of
AMPPNP (0, 20, 50, 100, and 2Q@M). (B) ATP concentration
was fixed aKy,, whereas the concentration of peptRieas varied
(20—500 «M) in the presence of various fixed concentrations of
Y-27632 (0, 0.125, 0.25, 0.5, and JuM). (C) ATP concentration
was fixed at 45uM, whereas the concentration of peptiflavas
varied (17300«M) in the presence of various fixed concentrations
of K252a (0, 0.59, 0.89, 0.2.0, and 3M). The data in panels A
and B were treated as uncompetitive inhibition and globally fitted
to eqg 5, whereas the data in panel C were fitted to eq 3 for
noncompetitive inhibition. The best-fit values f&; and K; are
presented in Table 3.

Table 3. The staurosporine analogue K252a, however,
yielded intersecting lines, and therefore, the data were fitted

to eq 3 for noncompetitive inhibition.

v= (ﬁ){ (Et -l = Ki,app) +

\/(E’[ - It - Ki,apr)z + 4EtKi,app} 4)

_ VS
KL+ L+ IK,) ®)

ATPase Actiity of ROCK | ROCK | hydrolyzes ATP in
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Ficure 4. ATPase activity of ROCK | and its inhibition by

Y-27632. The ADP generated by ATPase activity was followed

by the spectrophotometric assay as described in Materials and
Methods. (A) At 0.5uM ROCK I, the initial rates were obtained

as a function of ATP concentration. The data were fitted to

Michelis—Menton kinetics. (B) At a fixed concentration of ATP
(15uM), the ATPase activity was assayed as a function of Y-27632

concentration. The data were fitted to eq 4 for tight-binding
competitive inhibition kinetics to evaluate tlig value. The 1Gy
value for inhibition was also obtained as a function of ATP
concentration (3100 M) and is presented as an inset. TKe
value was evaluated by fitting the data to eq 6.

(Table 2). ATPase activity was also inhibited by Y-27632
(Figure 4B). The G value of inhibition increased linearly
as a function of increasing ATP concentrations (Figure 4B,
inset), which is diagnostic of competitive inhibitio3). The
ICso versus [ATP] data was fitted to eq 6, which is applicable
to competitive inhibition kinetics, where the enzyme con-
centration is comparable to the inhibitor concentration. The
fit yielded aK; value of 0.13# 0.03uM, which is similar to
theK; value for the inhibition of the kinase activity of ROCK
by Y-27632 (Table 3).

ICyp= % + Ki(l -+ M)

< (6)

K252a Binding to ROCK IUpon excitation at 300 nm,
K252a fluoresced with two distinct emission bands centered
at 380 and 396 nm. The intensities of both bands enhanced
upon its binding to ROCK I. By fixing the concentration of
K252a at 200 nM, the change in emission intensity at 380
nm was monitored as a function of ROCK | concentration
(Figure 5). The titration data were fitted to eq34), where

the absence of peptides. The ATPase activity was weak butAF is the increase in fluorescencte is the change in the

at 0.5uM ROCK | yielded a saturation curve (Figure 4A).
TheKn, value for ATP is 4uM, and thekg, value is 0.05 st

molar extinction coefficient upon bindiné is the dissocia-
tion constant, and Eo and Lo are the nominal concentrations
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*100] of the E-ATP in the pulse assuming that ATP was at
300 PR A saturating concentration. The slope of the line corresponds
to the steady-state turnover of the enzym¥ gk conditions.
From the slope, &4 value of 1.0+ 0.2 s'* was obtained,
w2007 A which agreed well with the data for bisubstrate kinetics. To
< ensure that the counts trapped were not due to nonspecific
1004 o binding artifacts, an ATP competitive inhibitor, Y-27632,
was added to the pulse. The addition of 1.5 andudM
Y-27632 in the pulse decreased the intercept as a function
0 . . . of its concentration but had no significant effect on the slope.
0.0 05 L0 L5 20 Effect of Salent Viscosity on Kinetic ParameteRhysical
processes such as diffusion and conformational changes can
[ROCK], pM et
Ficure 5: Fluorescence titration of K252a binding to ROCK | be affected by the presgnce of a microviscogen -SUCh as
To a 200uL solution of 200 nM K252a in 0.1 M HEPES buffer at sucrose, whereas chemical changes, bond-breaking, and

pH 7.6, 20uM ROCK | was added as/d_ aliquots. K252a was bond-making, are not affected@q). A r_n_acroviscogen (e.g.,
excited at 300 nm, and the emission spectrum was recorded fromPEG-8000), however, has no significant effect on either
300 to 400 nm. The change in Fluorescence at 380 nm as a functionprocess. Therefore, the effect of a microviscogen on kinetic

of ROCK | concentration was fitted to eq 7to evaluatemaeralue. parameters isa powerfu| tool to probe the nature of the rate-
limiting event. Michelis-Menten kinetics were performed
50 in solvents of differing viscosity, containing either micro or
é | 2 macroviscogens, to obtaki./Km values for ATP andca
8 % )/Q/;%%/ﬁ/z by keeping the peptide concentration fixed at saturation
3 307 (peptide = 1 mM). The ratio of the kinetic parameter
g ZO_M obtained in the presence of the viscog&y) (o the one in
= its absencel,) was plotted against the relative viscosity of
€ 10—/ the medium 4. The slope from the linear fit of the data
S 0 yields the viscosity effect on the kinetic parameter. The top
0 5 100 150 200 250 and bottom panels in Figure 7 present the viscosity effect
Time (sec) on the keofKm value for ATP andk..; respectively, as a
FIGURE 6: ROCK—ATP complex is a viable intermediate in the ~ function of the relative viscosity of the medium. The effect
kinase reactionA pulse solution containing ROCK | (1.67M) on the k.a/Kry value for the peptide (ATR= 1 mM) is

and*P-ATP (25:M) was mixed with the chase solution containing  represented in the middle panel. The viscosity effects derived

AtTP (10 {“'VP ?”‘?' Peg\tli.dé (tf’ooﬂM)di” the rtatio 3:2 mai”tt‘."’"”etfj from the slopes of the lines are presented in Table 4. The
at a constant stirring. Aliquots were drawn at various reaction times - .. - ,
and quenched with phosphoric acid (750 mM), and the phospho- viscosity effect on theke value is 1.3+ 0.2 in sucrose

peptide product was quantified as described in the Materials and Medium. Because there is a nonspecific effect of-0.8.1
Methods section. The concentration of Y-27632 in the pulse was on Ke: in PEG-8000, the net viscosity effect can be
either 0 (0), 1.5 (1), or 10uM (V). The slopes and intercepts were  considered to be 1. By the same token, the net viscosity effect
evaluated from a linear fit of the data. on theke/Kpep Value is also unity. The net viscosity effect
on theke.a/Katp Value, however, is slightly greater than 1

of ROCK | and K252a, respectively. The fit yielded a value for Which we do not have an explanation.

of 0.15uM for the dissociation constarkg. Presteady-State Kinetic§.he kinetic parameters deter-
mined from steady-state kinetics often represent a composite
AF = (Ael2)[(Ky + Eo+ Lo) — of rate constants. To measure the rate constants of individual

) ; steps, one has to resort to presteady-state kineigs \(Ve
((Kg+ Eo+ Lo)* — 4EoLo)] (7) carried out presteady-state kinetics at saturating concentra-
tions of ATP and peptide using the rapid chemical quench
Isotope Partitioning. The kinetic competence of the flow technique. The enzymé3P--ATP, and the peptide
[ROCK—ATP] complex in the kinase reaction can be were kept in separate syringes and were mixed in a 1:1:1.2
evaluated by an isotope partition experime3B)( A pulse  ratio. After allowing the reaction to proceed for a specified
of a ROCK (1.67uM) solution containing®P-y-ATP (25  |ength of time, TFA (10%) in the fourth syringe was added
uM) was diluted into a continuously mixed chase solution to quench the reaction. The phosphopeptide content of the
with a large excess of unlabeled ATP (10 mM) and 0.5 MM quenched sample was analyzed by HPLC equipped with a
peptideS in the ratio 3:2. Aliquots were drawn as a function  radioactivity detector. The phosphopeptide produced (ex-
of time and quenched with equal volumes of 5% phosphoric pressed as a mole fraction of ROCK | in the assay) as a
acid. The labeled phosphopeptide product in the quenchedfunction of reaction time is plotted in Figure 8. The kinetics
sample was quantified as detailed in the Materials and is biphasic with an initial burst phase followed by a linear
Methods section. The radioactivity counts in the phospho- phase. The data were fitte87) to eq 8, where, is the rate
peptide as a function of time is presented in Figure 6. The constant for the burst phadeis the slope of the linear phase,
intercept corresponds to 1.100.17uM of phosphopeptide A is the amplitude of the burst, antis the concentration of
product, which amounts to trapping 66%-=[(1.10/1.67)-  the phosphopeptide product expressed as a mole fraction of
enzyme in the assay at a given timd@he fit yielded a value
4 Average of three separate determinations. of 10.2+ 2.1 s for ky,, and the slopé. corresponded to a
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- FiGure 8: Pre-steady-state kinetics of ROCK I-catalyzed kinase
g@ reaction. ROCK (1.6 M), 3P--ATP (100uM), and peptides
2 27 & (2 mM) were kept in separate syringes and mixed in the ratio 1:1:
< 1.2 in the rapid mix unit, QFM5, Bio-Logic Instruments. The
R variously aged reactions (see Materials and Methods for details)
15 A were quenched with 10% TFA in syringe 4. The quenched samples
were analyzed on HPLC to quantify the phosphopeptide product.
The phosphopeptide product concentration (as a mole fraction of
3 [] enzyme used in the assay) plotted against reaction time exhibits
biphasic kinetics. The solid line represents the best fit of data to
= eq 8.
Eh
Scheme 1: Random Binding Mechanism for ROCK
14 = |-Catalyzed Kinase Reactidn
ksB
. . E EB
1 2 3 K
Reletive viscosity
. ) ) k| kA kg|| ksA
Ficure 7: Effect of viscosity on the ROCK I-catalyzed kinase
reaction. Thekocand theK,, values for ATP (varied concentrations ksB ko k;,
1.56-200uM; keeping peptid& at 500uM) and peptides (varied EA =< = EAB ——> EPQ ——— E+P+Q
concentrations 3:9500 uM; keeping ATP at 200uM) were ke kio
obtained as a function of relative viscosity. The ratidk@fKnm in aE, A, B, P, and Q are ROCK |, ATP, peptide, phosphopeptide,

the absence of added viscogen over that in its presence is plottetand ADP, respectively.

as a function of relative viscosity in the top and middle panels for

ATP and peptidé, respectively. In the bottom panel, the ratio of ) ) )
keavalues is plotted as a function of relative viscosity. Data obtained ROCK | belongs to a subgroup of serine/threonine kinases

in the presence of the microviscogen (sucrod®), facroviscogen  possessing substrate specificity for a positive chargeP&

(PEG-8000), 4); the best linear fit of the dataiH). The slopes  or —p2 with respect to the site of phosphorylation. A number

yield the viscosity effect and are presented in Table 4. of peptides meeting the above criterion were tested, and all
of them were found to be good substrates (Table 1).

Table 4: Viscosity Effect on Kinetic Parameters Interest.ingly, the turnover n_umbd‘C@ is Vim‘_'a"y t_he same

for all, irrespective of peptide length and identity. TKg

value for ATP also did not change<g-fold) as much

viscosity effect

parameter  varied substrate  sucrose PEG-8000 compared to th&, value for the peptide substrates. For the
Keal Katp ATP. 1.440.2 0.1+ 0.1 mechanistic investigation, we used peptjeand in some
KealKpep peptide 0.9£03  -01+£01 kinetic studies, peptid8 was also used.

Keat 1.3+0.2 0.3+ 0.1

Kinetic MechanismLineweaver-Burk plots of the bisub-
The other substrate was kept at saturating concentration. See thestrate kinetic data (Figure 1A and B) show a family of lines
Materials and Methods section for details. intersecting in the bottom left quadrant. This kinetic pattern
is certainly inconsistent with a pirgpong mechanism, which
has no precedence in serine/threonine or tyrosine protein
kinase literature. For a sequential binding mechanism in

turnover number of 0.9 0.2 s1. The burst amplitudeé\
was 1.02+ 0.13.

_ _ - which the substrates bind randomly (Scheme 1), this pattern
Y=A{1-exp(-k} +Lt 8) would suggest negative cooperativity between the substrates,
DISCUSSION that is, the affinity is less for a substrate to form a ternary

complex with the enzyme in binary complex (with the other

Substrate Specificityrull-length ROCK 1 is comprised  component) than for binding to the free enzyme to form a
of 1354 amino acid residues with the kinase domain in the binary complex. The nonphosphorylatable S6AA peptide
N-terminus (76-338). The kinase domain is followed by a showed the expected competitive inhibition kinetics with the
large coiled-cail region, which includes a short stretch called peptide substrate but noncompetitive kinetics with ATP
the Rho binding domain. We used recombinant ROCK | with (Figure 2A and B). ATP analogues, AMPPNP and AMPPCP,
the sequence S6-L553 in the mechanistic investigations andand the ATP-competitive inhibitor Y-27632 all showed an
found the enzyme activity to be linear over the enzyme uncompetitive pattern when the peptide was the varied
concentration range used in our studies (data not shown).substrate (Figure 3; data not shown for AMPPCP), while
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exhibiting a competitive pattern with ATP (Table 3). These this method, to test the validity of the [ROCKATP]
observations suggest a specified order of binding, that is,complex as an intermediate in the kinase reactf;y-
peptide binds first. This is intriguing in that most kinases ATP mixed with ROCK constituted the pulse, which was
were reported to follow a random binding order, and in a chased by a mixture consisting of a large excess of unlabeled
few cases, ATP was the first substrate to bind. Also, the ATP and saturating concentrations of peptide for the kinase
limited mechanistic data available for ROCK Il supports a reaction. If there were any productive-£3P--ATP complex
random binding mechanisn24). It would be unusual for  present in the pulse, it would form a ternary complex with
two isozymes of high homology-(90%) to exhibit different the peptide and yield a phosphopeptide product. The phos-
kinetic behaviors. Also, K252a, a staurosporine analogue, phopeptide produced in this first turnover will have a very
yielded a noncompetitive inhibition kinetics pattern versus high specific activity. In the subsequent turnovers, the
the peptide substrate (Figure 3C), which is consistent with specific activity of ATP gets diluted dramatically, and hence,
the random binding order. Examples of substrate analogueshe specific activity of the phosphopeptide product also goes
exhibiting differing patterns of inhibition with the substrate down in the same proportion. However, the reaction was
are rare but have been documented. For glycerokinase, thesampled at multiple time points, and we observed that the
inhibition kinetics was consistent with glycerol binding first. radioactivity incorporation into the product is linear with time
However, the order of binding appeared to be reversed, that(Figure 6). The interpolation to thg-axis (to time zero)

is, ATP bound first, when§)-mercaptoglycerol was used yielded the counts trapped in the first turnover. As expected,
as a substratedB). The bisubstrate kinetics showed a large the counts trapped in the subsequent turnovers were small
synergism in binding, that is, it matters if the ligand is compared to that from the first turnover. The intercept
binding to the free enzyme or to a binary complex of enzyme. corresponded to 1.10M phosphopeptide product produced

It was interpreted that the enzyme indeed is capable ofin the first turnover containing 1.64M ROCK. To ensure
binding one substrate in the absence of the other and, hencethat the counts trapped were not due to artifacts such as
utilizes the random binding mechanism but exhibits kinetics nonspecific binding, an ATP competitive inhibitor Y-27632
of a preferred order for specific substrates. The presence ofwas added to the pulse. This should reduce or eliminate the
ATPase activity was considered to be supporting evidence ROCK—ATP complex, depending upon the inhibitor con-
for the E-ATP binary complex in the kinase reaction. For centration and, hence, should have a direct impact on the
MAPKAP K2, the substrate analogue and product inhibition intercept. It is clear from Figure 6 that the intercepts were
kinetics were inconclusive. The surface plasmon resonancesignificantly reduced when the pulse contained 1.5 and 10
(SPR) studies clearly eliminated the existence of ap&p- uM of Y27632 compared to the no inhibitor control.
tide complex, and hence, the kinetic mechanism for MAP- However, the slopes were largely unaffected because the
KAP K2 was concluded to be ordered binding, that is, ATP unlabeled ATP concentration in the chase was great enough
binds first 39). to overcome the impact of the added inhibitor.

Hence, for ROCK I, we decided to carry out experiments  In setting up this experiment, we assumed that Kie
that could independently shed light on the binding mecha- value in the ATPase reaction (@) is the Kq value for the
nism. First, we sought to look for ATPase activity. The ROCK—ATP complex. For 1.6ZM ROCK mixed with 25
ATPase activity of ROCK | was weak but observable at high uM 33P-ATP in the pulse, 1.kM 3P-phosphopeptide was
enzyme concentrations (Figure 4). Tke value was some  formed. If we assume that allHEATP binary complexes in
20-fold less than that of the kinase reaction (Table 2). More the pulse were trapped, Ky value of 12uM can be
importantly, ATPase activity was inhibited by Y-27632 calculate, which is in reasonable agreement with ATPase
(Figure 4) with aK; value of 0.11uM. This value is similar data. The calculated value provides the upper limit, that is,
to the K; value of 0.15uM for inhibiting kinase activity? Kg < 12 uM. Nevertheless, the fact that a significant portion
Also, the staurosporine analogue K252a, an ATP competitive of the [E-33P-ATP] complex could be trapped suggests that
inhibitor, exhibited enhanced fluorescence upon binding to [E—ATP] is a kinetically viable intermediate. Therefore a
ROCK I. The fluorescence titration (Figure 5) yieldeta random binding mechanism with both-ATP] and [E-Pep-
value of 0.15M, which is again comparable to ik§ value tide] as viable intermediates best explains all of the kinetic
for kinase inhibition (Table 3). The presence of ATPase data for ROCK | (Scheme 1).
activity and the direct binding of the ATP competitive  The bisubstrate kinetic data of Figure 1 were accordingly
inhibitor capable of blocking kinase activity clearly pointto fitted to eq 1 for a random binding mechanism, and the
the existence of a productive-ATP complex. parameters thus evaluated are shown in Table 2Kfhalue

Isotope Partitioning This is a powerful method to validate  for the [E-ATP] complex Kia in eq 1) is 2.6uM, and the
the presence of catalytically relevant intermediates in enzyme-interaction parameter. (=Katp/Kis), for the negative co-
catalyzed reactions3g). Kong and Cook successfully operativity is 3.6. These values may justify why the data of
exploited this techniquet(Q) to show unequivocally that PKA  Figure 3A and B appear to be parallel. First of all, egs42
indeed utilizes a random binding mechanism as opposed toare strictly applicable to a one substrate reaction. When
the ordered addition of substrates proposed eadigx. (n applied to the bisubstrate reaction, tkg and K; values

obtained are a function of the fixed substrate concentration

5 One of the reviewers raised the question of whether Y-27632 is a @nd the interaction parameter For the ATP competitive

slow-binding inhibitor. The following evidence suggests that it is not ligands of ROCK, the lovKj, value for ATP and the large
a slow-binding inhibitor. There is no downward curvature in the
progress curves for the onset of inhibition or an upward curvature in
the return of activity experiment. Also, the dQvalue for inhibition 6 Substituting 1.67, 1.1, and 28V for [E],, [E—ATP], and [ATP],
does not change with varying times of preincubation (up to 15 min) of respectively, inKq = ([E]lo — [E—ATP])([ATP], — [E—ATP])/[E—
ROCK | with Y-27632. ATP] yielded a value of 12.4M for the dissociation constanig.
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\_/alue fO!’(l predic'g the noncompetitive inhibi_tion pattern Of_ Table 5: Observed and Derived Kinetic Parameters for the ROCK
lines to intersect in the lower left quadrant just as they did |-catalyzed Kinase Reaction

in the absence of inhibitors in Figail A and B. The use of
a high ATP concentration relative to ik§, value (because

parameter value method of determination

| LT OHE - 1.05+0.03s?! fit to eq 1; equalke.kyy/(ke + k
of the practical limitation in obtaining measurable rate) makes Ea‘ itto eq 1; equalsekui/(ko + k)

/ A ATP 2.6+ 0.6uM fit to eq 1; equald/ky
the Kis term much larger thaK; (Table 3), and the lines, Katp 9.4+ 0.8uM fitto eq 1
therefore, naturally tend to appear parallel. Additionally, if Kibpep ~ 10.2+2.3uM fitto eq 1; equaldu/ks
the inhibitor exhibits any preference for binding to the binary Kpe» ~ 36.6£2.8uM fitto eq 1

iti i kealKatp  0.11+£0.01uM~1st = krko/(ks + ko)
complex over the free enzyme (positive cooperativity for kdKow 0,029+ 0.0024M s = kekel(ke + ko)

inhibitor binding as opposed to the negative cooperativity ks ~0.11+ 0.01uM 181 KealKm atp iS ksko/(Ks + ko) = ~ks
ke

observed for substrate binding; interaction parameted.), <ist viscosity dataKs < ko)
; P ~0.0290.002uM 1S KealKm,pepis kike/(Ks + ko) = ~ks
then the lines can also appear to be nearly parallel, leading |/ <11 viscosity dataks < ko)

to an erroneous interpretation?). ko 10.242.1 st transient kinetics; fit to eq 8
Viscosity Effect on Kinetic ParameterBhe steady-state ko N o

kinetic parameters shown in Table 2 are of limited value in 1.05£003s viscosity datakear- ki)

understanding catalysis because they represent a composite , ,

of many individual steps. Kinetic isotope effects, solvent KeafKm values for ATP and the peptide, respectively (Table

viscosity effects on rate constants, and linear-free energy5)- i .

relationships are some of the techniques used to tease out |N€kearvalue is a composite of any and all rate constants

the nature of the rate-limiting step from the steady-state @SSociated with steps starting from the ternary complex

turnover data of enzyme-catalyzed reactions. Although the EZATP—peptide to the regeneration of the free enzyme. In

presence of a kinetic isotope effect will normally identify Scheme 1, the product release steps and any other distinct

the chemical step to be rate-limitingt3), the lack of a conformational qhange as_somated with the product release

viscosity effect 44) would point to the same conclusion. &ré all grouped into one single stdp;. We assumed that

The viscosity effect is defined as the fold decrease in the the.che.mlcal step is essentlal_ly |rr§ver5|ble, tho.ugh.thls will

rate constant per unit change in the relative viscosity of the P€ justified later. Then, the viscosity effect & is given

medium. The solvent viscosity effect on a composite rate bY €9 11

constant ranges from 0 (insensitive) to 1 (fully sensitive).

Physical processes such as the diffusion of reagents in and (k)" = ko (11)

out of the active site or conformational changes associated a Ky + k11

with the enzyme can be affected by the viscosity of the

medium §). It is assumed that the viscosity effect on a given Here again, the observed viscosity effect is near unity (Table

physical step is an alK 1) or nothing & 0) effect and has  4) implying ko > k1. Thus, thek.y value of 1 s! may

no intermediate sensitivity. Therefore, a viscosity effect of correspond either to a product release step or, alternatively,

greater than zero but less than 1 on a kinetic parameter sucho a conformational transition of the enzyme along the way

askealKm Or Keatis taken to mean that the chemical step as (all included inki;). Also, it follows that the phosphoryl

well as at least one solvent-sensitive physical step are ratetransfer step should be at least 10 times faster ¥aan

limiting steps for that process. Presteady-State Kinetid@he viscosity effects predicted the
For the reaction in Scheme 1, which describes the ROCK phosphoryl transfer step to be much faster than the product

kinase mechanism, the viscosity effects onkhéKn, value release steps and offered the lower limit for the phosphoryl

for the peptidé and ATP are given by the egs 9 and 10, transfer rate constankd> 10 s1). A better estimate fokg

respectively. can be obtained from rapid reaction kinetics. Quench flow
kinetics under saturation conditions of substrates yielded
Ky biphasic kinetics (Figure 8). The burst phase corresponds to
(keafKpep” = e T K ©)) the accumulation of enzyme-bound product species. Fitting
the data to eq 8 yielded a value of 16t22.1 s! for the
Ko burst-phase rate-constant, @:90.2 s! for the steady-state
(KeafKatp)" = Ktk (10) rate-constant, and 1.G2 0.13 for the burst amplitude. The

. . o 7 Becausek:a/Kpep = ksko/(Ks 1 ko), the viscosity effect expression
The observed viscosity effect was 1, within error, for both Yeal oo = Il (gic Y P
at
K ) +
peno (ﬁ)(kg kﬁ”), where

keal Km parameters. Thereforky > kg, K, that is, the binding ,
steps, have higher barriers than the chemical step. In otheffor k../Kpe, is given by(&) = K | s
at 7,
),

words, once the ternary complex is formed, it is committed Kpe
to go forward with the phosphoryl transfer, at least by a factor pe

of 10, rather than revert back to the binary complex by the subscript; represents the value of the parameter obtained in the
iy . . presence of the viscosity agent. If the physical step was rate-limiting
releasing either ATP or the peptide. Therefore, at least at (ks > ko, Key), then the right-hand side (RHS) reducesdbks,, which

the level of second ligand binding, the substrates do notis equal ton™®. Hence, it will yield a slope of 1 when plotted against
equilibrate among the enzymic species (Scheme 1) beforethe relative viscosityy™. For a rate-limiting chemical stefxo( < ks,

the chemical event takes place. The fact that the chemical¥e): the RHS becomes 1, and thus, the slope would be zero. It has
been the practicedd) to express the limits of varying 0 to 1 in terms

step is faster than the substrate release steps allows US t@f the rate-constants associated with the breakdown of the central
estimate the on-rate constarkisand k; directly from the complex as in eq 9, which makes perfect physical sense.
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observation of a stoichiometric burst impliks> ko, that understanding of its action and, ultimately, lead to the
is, the equilibrium between the central complexes involving development of novel therapeutics.

the substrates and products favors product formatda (

Therefore, the rate constant of the burst phase is essentialyACKNOWLEDGMENT

that of the phosphoryl transfer step)( From the viscosity
effects and the presteady-state kinetics data, we can no
deduce the values &f andkg to be <1 s™* (Table 5), which

is at least10-fold less than that k.

We would like to thank Paul Taslimi for bringing to our
Wattention data concerning the fluorogenic property of stau-
rosporine. Portions of this work were conducted within the
ongoing protein kinase collaboration between Novartis
Pharma AG and Vertex Pharmaceuticals.

SUMMARY
NOTE ADDED AFTER ASAP PUBLICATION

Our study of the kinetic mechanism of ROCK | demon-  There was an error in theaxis labels in Figure 6 and the
strated that using the steady-state inhibition kinetics alone TOC in the version published ASAP June 6, 2006; the

can be misleading in delineating the binding mechanism of corrected version was published ASAP June 9, 2006.
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