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ABSTRACT: All known guanidino kinases contain a conserved cysteine residue that interacts with the non-
nucleophilicyi-nitrogen of the guanidino substrate. Site-directed mutagenesis studies have shown that
this cysteine is important, but not essential for activity. In human muscle creatine kinase (HMCK) this
residue, Cys283, forms part of a conserved cysteine-proline-serine (CPS) motif andkhabayt 3 pH

units below that of a regular cysteine residue. Here we employ a computational approach to predict the
contribution of residues in this motif to the unusually low cysteig. fWe calculate that hydrogen bonds

to the hydroxyl and to the backbone amide of Ser285 would both contribilifgH unit, while the presence

of Pro284 in the motif lowers theKp of Cys283 by a further 1.2 pH units. Using UV difference
spectroscopy thely, of the active site cysteine in WT HMCK and in the P284A, S285A, and C283S/
S285C mutants was determined experimentally. TRgvalues, although consistently about 0.5 pH unit
lower, were in broad agreement with those predicted. The effect of each of these mutations on-the pH
rate profile was also examined. The results show conclusively that, contrary to a previous report (Wang
et al. (2001)Biochemistry 4011698-11705), Cys283 isiot responsible for the iy, of 5.4 observed in

the WT V/K¢reatine pH profile. Finally we use molecular dynamics simulations to demonstrate that, in
order to maintain the linear alignment necessary for associative inline transfer of a phosphoryl group,
Cys283 needs to be ionized.

Creatine kinase (CK} E.C. 2.7.3.2) catalyzes the revers- and sarcomeric (M), can exist as dimers but are generally
ible transfer of they-phosphoryl group of ATP to creatine  octameric. The subunits of the muscle (M) and brain (B)
(Cr), forming ADP and phosphocreatine (PCr). The latter is isozymes, each with a molecular mass~e43 kDa, form
considered to be a reservoir of “high-energy phosphate” homodimers (MM, BB). In addition, they form a heterodimer
which is able to supply ATP, the primary energy source in (MB) which is used as a marker for myocardial infarction
bioenergetics, on demand. As a result, CK plays a major (4, 5). In fact, cellular CK levels are perturbed in a number
role in energy homeostasis of cells with intermittently high of human disease states including neurodegenerative diseases
energy requirements, such as skeletal and cardiac muscle(6, 7), muscular dystrophies8), and cancer9—11).
neurons, photoreceptors, spermatozoa, and electrodytes ( The catalytic mechanism of CK has undergone intensive
3). CK is found in all vertebrates and exists in a variety of investigation for more than 40 years. Much of the early work
isoforms including the muscle, brain, and mitochondrial was focused on CK from rabbit muscle (RMCK) and has
isozymes. The two mitochondrial isozymes, ubiquitousMi  been summarized by Kenyon and Re&#)( More recently
X-ray crystallographyX3—15) and site-directed mutagenesis

* This work was funded in part by NSF Grant MCB 0209941 (to  (16—19) have provided further evidence on those residues
J.H.J.) and by NIH Grant GM44974 (to K.M.M.). involved in substrate binding and catalysis. Of particular

* Corresponding author. Tel: (734) 615 1787. Fax: (734) 6153079. interest was the observation that two flexible loops, which

E'Tﬁﬁ:ivgi!f;sgf@ﬁﬂ”i?ﬁ%%ﬁf’”' provide part of the nucleotide and creatine binding sites,

§ University of lowa. experience considerable conformational changes upon bind-
"Present address: Department of Chemistry, University of Memphis, ing a transition-state analogue complex (TSAC) comprising
Memphis, TN 38152. creatine, nitrate, and MgADP (Figure 1). During this loop

Y University of Florida. . .
1CK, creatine kinase; AK, arginine kinase; HMCK, human muscle movementtwo residues, His66 and Asp326, move from more

creatine kinase; TcCKTorpedo californicacreatine kinase; RMCK,  than 26 A apart to within 3 A. The active site also contained
rabbit muscle creatine kinase; Cr, creatine; PCr, phosphocreatine;two conserved regions, the NEEDH motifgj and the CPS

TSAC, transition-state analogue complex; CPS, cysteine-proline-serine; - - - P . -
MES, 2-(N-morpholino)ethanesulfonic acid: TES, 2-[(2-hydroxy-1.1- motif (19). Mutation of residues in either motif resulted in

bis[hydroxymethyl]ethyl)amino]ethanesulfonic acid; TAPS, 2-[(2-hy- greatly reduced catalytic activity. The crystallographic and
droxy-1,1-bis[hydroxymethyljethyl)amino]-1-propanesulfonic acid; DTT, mutagenesis studies have been recapitulated in a recent
dithiothreitol; HEPES, N-(2-hydroxyethyl)piperazing¥-(2-ethane- review (0).

sulfonic acid); SDS PAGE, sodium dodecyl sulfate polyacrylamide gel . . .
electrophoresis; WT, wild-type; CD, circular dichroism; MD, molecular Over the years several questions have arisen regarding the

dynamics;r2, square of the correlation coefficient. residues involved in catalysis by CK. In particular, all CK
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Ficure 1: Active site ofTorpedo californicecreatine kinase bound \“s- He '\ H <!:H2
to a transition-state analogue complex comprising creatine, nitrate o Cys285 o/
and MgADP. For clarity, the only residues shown are those referred Jy Ser28s

to in the text. The movement of the flexible loops is highlighted . . - S
by the overlay of the loops (blue) from the TcCK:ADP complex. 'GURE 2 (A) The CPS motif containing Cys283 which is

) . i : d throughout the creatine kinases. TheSOand N--S
The figure was drawn with PyMOL (DeLano Scientific LLC) using conserved th! ;
coordinates from PDB 1VRPLE). interatomic distances are both less than 4 A. Drawn with PyMOL

using coordinates from PDB 1QKB(). Panels B, C, and D are

. . . . . the models for the WT, C283S/S285C, and P284A variants,
isomers were found to contain a reactive cysteine residuerespectively. The OH-S and NH--S hydrogen bonds are high-

(21, 22) and, for many years, there was considerable debatelighted. In each case the positions of the atoms in bold were energy
as to whether this residue was “essential”. Ultimately, site- minimized and the lowest energy conformational isomer is shown.
directed mutagenesis studid$,(19) showed that it was not, _
although an X-ray structure confirmed that it did interact these two hydrogen bonds would be expected to increase

with creatine within the CK active site (Figure 1]15). the Ka value of Cys283 to~8.1, which is still below the
Another intriguing question relates to the pH studies of Cook Standard [, value for a cysteine residue.
et al. 23) which were carried out using RMCK. Thé, pH In this study we have employed a computational approach

profile revealed a single group with &mround 7 whereas  to predict the individual contributions to th&pof Cys283.

the V/Kc, pH profile exhibited two §s, of 5.6 and 7.4. It We have then used a combination of mutagenesis and
was suggested that the group with thé pround 7 was experimental techniques to (i) check the accuracy of the
probably a histidine acting as an acidase catalyst, although ~ predicted . values and (ii) demonstrate that mutations
a lysine with a low [K could not be ruled out. The group affecting the |K, of Cys283 are not reflected in the pH
with the K of 5.6 must be ionized for creatine binding and rate profile. Further we use molecular dynamics simulations
was likely to be a carboxyl grou®8). The two questions  to support the hypothesis that the protonation state of Cys283
became interrelated when the “essential” cysteine residue,plays a significant role in limiting the mobility of creatine
Cys283 in HMCK? was subsequently shown by UV spec- Within the active site.

trophotometry to have a3 of 5.6 and, further, it was shown

that a HMCK variant wherein the cysteine was replaced by EXPERIMENTAL PROCEDURES

serine exhibited &//Kc: pH profile lacking the lower i Materials.Restriction enzymes and dNTPs were purchased
(19). Taken together, these data suggested that Cys283%om Promega or New England BiolabBfu DNA poly-
existed as a thiolate anion and was responsible for Kie p merase was from Stratagene. The expression plasmids for
of 5.4 observed in th&//Ke, pH profile for HMCK (19). HMCK (26), HMCK C283S (9), and HMCK S285A 19)
The identity of the residue responsible for th€ p7 has  \yere available from previous studies. Primers for mutagen-

yet to be identified. . . esis were obtained through the University of Michigan DNA
At 5.6, the [K, value of Cys283 is considerably perturbed  synthesis Core Facility or were purchased from Integrated

from the Standardlf)a V-alue Of 9.1 fOf CySteIne I’ESIdUE%élQ. DNA Techno|ogies' |SopropW_D_thioga|actopyranoside

The factors contributing to the lowKa value are not all  (|pTG) was from Gold Biotechnology. Creatine, phospho-

immediately apparent, although it was shown that-aCiH creatine, ATP, ADP, NADH, NADP, and phosphoenolpyru-
bond between Cys283 and Ser285 (Figure 2A) contributed ate were purchased from Sigma Chemical Co. The coupling
about 1 pH unit to the loweredKa value (L9). This  enzymes used in activity assays, pyruvate kinase, lactic
experimental result was in good agreement with the calcula- gehydrogenase, hexokinase, and glucose-6-phosphate dehy-
tions of Naor and Jense2), who also hypothesized that  grogenase, were also purchased from Sigma. All buffer salts

the hydrogen bond between Cys283 and the amide of Ser28%nq other reagents were of the highest quality commercially
would contribute approximately 1.5 pH units. Removal of gyailable.

Computational Methodologyrhe methodology employed

*There has been some variation in the numbering system employedto calculate the K, of the active site Cys was essentially
for CK isozymes. The convention used here is consistent with the identical to that of Naor and Jense@5( and based on
sequence of HMCK, including the N-terminal methionine. Thus, in . . ;
this paper, Cys283 is equivalent to the Cys282 referred to in earlier Previous work by Li et al. Z7). In this approach, the free

studies of human and rabbit muscle CK. energy of deprotonation of a selected residue is calculated
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using quantum chemical methods and compared to that of acontaining 20 mM KCI. After further purification on a HiPrep
reference compound. This free energy, in turn, is converted Q column each mutant exhibited a single band on SDS
to a K, value. The effect of ionic strength is not included, PAGE.
as the ionic strength dependencies of cysteikg \mlues Physical Characterization of the HMCK Mutantzar-UVvV
are not known. However, Garcia-Moreno et 88,(29) have (190-240 nm) CD spectra were recorded on a Jasco J-810
shown that increasing the ionic strength from ca. 10 mM spectropolarimeter at 2% which had been calibrated using
(no salt added) to 100 mM shifts th&gpof histidine residues  d-10-camphorsulfonic acid. Cells having a path length of 0.1
by, at most, 0.5 pH unit. Therefore, while the spectropho- cm were used and maintained at the required temperature
tometric K, measurements described herein were carried using a Jasco PTC-423S Peltier system. Spectra were an
out at 200 mM KCI, we do not expect that the conclusions average of 5 scans recorded with a bandwidth of 1 nm, a
in this paper will be greatly affected by the neglect of ionic 0.2 nm step size, aha 1 stime constant. Thermal
strength dependencies in the calculations. denaturation was monitored by changes in ellipticity at 222
Protein Model Construction.Since the experimental —nm while the cell was heated from 25 to 85 at 15°C h™.
geometries of the P284A and C283S/S285C mutants were Electrospray mass spectrometry was performed on a
not available, the structural models of the mutants were Finnigan LCQ mass spectrometer interfaced with a Finnigan
constructed from the wild type model (with Cys deproto- Surveyor HPLC system.
nated) used by Naor and Jens@b)((Figure 2B). In the Enzyme Actiity and Kinetic ParametersThe activity of
case of the C283S/S285C variant the S and O atoms wereHMCK was measured in both the forward and reverse
interchanged (Figure 2C). This was followed by energy directions using coupled assays as described previcd@ly (
minimization of all atoms except the carbons of Thr282  In the forward direction, i.e., creatine phosphorylation, the
(represented by a methyl group in Figure-2B) and Ser285,  reaction was coupled to the reactions of pyruvate kinase and
and the ring atoms in Pro284. For the P284A mutant the lactic dehydrogenase. A typical assay mixture contained 75
methylene units in the proline ring were replaced by a single mM TAPS buffer at pH 9.0, 0.36 mM NADH, 0.36 mM
methyl group (Figure 2D), followed by energy minimization phosphoenolpyruvate, 1 mM magnesium acetate, and 13 mM
of all atoms except thet carbons of Thr282 and Ser285. potassium acetate, with variable concentrations of MgATP
The model uses the coordinates from PDB 1QK1 for and creatine. In the reverse direction, i.e., ADP phosphoryl-
mitochondrial 80) creatine kinase as the relatively low ation, the reaction was coupled to the reactions of hexokinase
resolution (3.5 A) structure of HMCK had been shown and glucose-6-phosphate dehydrogenase. The assay mixture
previously to give erroneous resulas). contained 75 mM HEPES buffer at pH 7.0, 5 mM glucose,
In the acid (protonated) models, four positions of the 1 mM NADP, and 5 mM magnesium acetate, with variable
cysteine proton (added manually) and the serine hydroxyl MgADP and variable phosphocreatine. Reactions were
hydrogen atom were considere2b). The total free energy ~ followed by monitoring the absorbance change at 340 nm
of the acid form was taken to be the “conformational due either to bleaching of NADH or to reduction of NADP.

average” of the free energies of each conforn®),(eq Under these conditions CK operates by a rapid equilibrium
1(31), random bi bi mechanisnB88). The kinetic parameters were
calculated using nonlinear regression analysis employing the
G= _RTm(zefGi/RT = G, — RTIn[1 + efAGi/RT] Enzyme Kinetics module of SigmgPIot (SPSS Inc.). For some
| i) variants theK, value for creatine was higher than its
Q) solubility in buffer solution €100 mM). In those instances
the kinetic parameters were determined und&rconditions.
whereGy is the lowest energy conformer, ands; = G — pH—Rate ProfilesThe pH-rate profiles for reactions in

Go. In the case of the P284A mutant the position of all atoms the forward and reverse directions were carried out at
except thea carbons of Thr282 and Ser285 were energy saturating concentrations of MgGATP or MgADP, respectively
minimized following protonation of Cys283, while for the (19). Assays were carried out at 3C in a constant ionic
C283S/S285C mutant only the positions of the SH and strength buffer comprising 100 mM MES, 51 mM dietha-
methylene hydrogen atoms as well as the Ser285 hydroxylnolamine, and 51 mNN-ethylmorpholine 84). Data for the
hydrogen atom were energy minimized (following Naor and pH profiles which showed a decrease in Mgr log V/K
JensenZb)). with a slope of 1 as the pH was decreased were fitted to eq

Site-Directed Mutagenesiddutagenesis reactions were 2. Data for the 109//Kcreaine(V/Kcr) profile, which decreased
carried out withPfu DNA polymerase and the QuikChange with a final slope of 2 as the pH was decreased, were fitted
Site-Directed Mutagenesis Kit (Stratagene), using pETH- to eq 3. When log/ and logV/K profiles decreased at both
MCK (26) as the DNA template. The presence of the low and high pH, the data were fitted to eq 4. All curve
mutation and fidelity of the mutagenesis were confirmed by

sequencing. logy = log[C/(1 + H/K,)] (2)
Expression and Purification of the HMCK Mutants.

Following transformation of the appropriate plasmid into logy = log[C/(1 + H/K; + Hy/KK)] €)

Escherichia coliBL21(DE3)pLysS, the proteins were ex-

pressed and purified using previously described metHiss ( logy = log[C/(1 + H/K; + K,/H)] (4)

with only minor modifications. Each of the mutants exhibited

an elution profile from the Blue Sepharose CL-6B column fitting was carried out using SigmaPlot (SPSS Inc.). In each
similar to that of the WT enzyme, with the protein being casey representd or V/K, C is the pH independent value
eluted in TES buffer (10 mM TES, 1 mM DTT, pH 8.0) of y, K; and K, represent the dissociation constants for
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specific groups on the enzyme, artd is the proton Table 1: Calculated and ExperimentdValues for Cys283 in

concentration. WT and Variant Hmck

Spectrophotometric Measurement of the lonization of the thiol pKa
Thiol Group of Cys283.UV absorbance spectra were HMCK variant cal oxp
recorded at 30C on a Cary 100 spectrophotometer (Varian)
using 1.0 cm path length cuvettes. The spectra were measured YT %2: ol
in a buffer containing 1 mM phosphate, 1 mM borate, 1 mM S285A 7 6.7+ 0.1¢
citrate, 0.1 mM EDTA, and 0.2 M KCI. Measurements were C283S/S285C 7.1 7402

taken over a pH range from 4 to 9, and the buffer solutions 2 Acaso mpH data were fitted to eq B.From ref 25, ° From ref
were adjusted to the appropriate pH values with HCI or 25 calculated for S285G. From ref19.

NaOH. Based on an extinction coefficierbdy) of 37 840
M~1cm™! (35) the concentrations of HMCK and its C283S,
P284A, and C283S/S285C variants were between 11 and 1
uM. The absorption differences (WF C283S or variant-
C283S) at 240 nm, as a function of pH, were fitted to the
Hendersor-Hasselbalch equation,

4structural model involving only Cys283, Pro284, and Ser285
(Figure 2B) and based on the coordinates of human
ubiquitous mitochondrial CK30), Naor and Jenser2%)
predicted a K, value of 6.1 for Cys283. This was in
reasonable agreement with the experimental value ofl8)6 (
o — ¢ Removal of the Ser side chain, thereby creating a model for
S——— S st (5) the S285A variant, increased the calculat&d yalue to 7.2,
P 1+ 10K PH also in good agreement with the experimental value of 6.7
obtained for this mutantl@). This suggests that the OHS
in which ecp represents the experimentally determined values hydrogen bond contributes to, but is not solely responsible
of €240 Of the thiol group, ands- andesy are the values of  for, the low K, value of Cys283. It was proposed that further
€240 for the fully deprotonated form and the fully protonated contribution may come from the hydrogen bond Cys283
form, respectively. makes to the backbone NH of Ser285. Additional calcula-
Molecular Dynamic Simulations of CK Complex@ée tions, using a model lacking Ser285, showed that this
recently solved crystal structure of TcCK bound to a TSAC interaction contributes-1.5 pH units to the Ka value of
(15 made it possible to evaluate the structural influence Cys283 5).
exerted by the different protonation states of Cys283. MD  Perhaps a better model to examine thelH interaction,
simulations of the CK complexes (the TSAC and ADP bound one that can be tested both computationally and experimen-
monomers in PDB 1VRP) at 300 K and 1 atm were carried tally, is the C2835/S285C double mutant. The model used
out using the SANDER module in AMBER 8. The AMBER in the computational analysis of C283S/S285C (Figure 2C)
protein force field parameterff99 (36) were used for  shows that this variant retains the S€ys hydrogen bond
modeling creatine kinase. Polyphosphate parameters develbut the amide-Cys hydrogen bond has been removed.
oped by Meagher et al3() were obtained from the AMBER  Calculations based on this model provide l&, palue for
parameter database along with the parameter set for organi€Cys285 of 7.1 (Table 1), suggesting that the--ISH
molecules and ions. These were used for modeling ADP andinteraction lowers the I, of Cys283 by 0.9 pH unit.

NOs™. We developed the force field parameters (see Sup- Knowing that Pro284 is fully conserved, and that proline
porting Information) for creatine based gaff(38), andthe  residues have less conformational freedom than other
partial charges were calculated using the RESP methodologyresidues, it is conceivable that Pro284 plays a role in
(39). The particle mesh Ewald method() was used t0  maintaining the interactions between Cys283 and Ser285.
calculate the long-range, nonbonding electrostatic and vanTo test this possibility a model was prepared in which Pro284
der Waals interactions with default settings. An appropriate was replaced by alanine (Figure 2D). Calculations based on
number of counterions (N3 were placed around the CK  this model predict a Ig, of 7.4 for Cys283 implying that
TSAC complexes to achieve a neutral system, which was pro284 contributes more than 1 pH unit to the cysteikig p
subsequently solvated by using the TIP3P water matBl ( Physical Characterization of HMCK Variant&xpression

in a rectangular periodic box with a distance of 10 A from |eyels for all proteins were similar, and each was obtained
each wall to the closest solute atoms. All bonds with i, souple form. The presence of the mutations was confirmed
hydrogen atoms involved were constrained with SHAKE py mass spectrometry (data not shown). The CD spectra and
(42). The whole system then was equilibrated by using a temperature-dependent unfolding profiles for the WT and
protocol similar to that described in Cui et al43. mutant proteins were essentially identical (data not shown),

Equilibration was then followed by production runs of 13 gggesting that the mutations had little or no effect on protein
and 14.5 ns for the neutral and charged Cys283 complexeso|ding and stability.

respectively, using 2 fs time steps during which snapshots

Steady-State Kinetic Analysis the initial examination
were collected every 2.0 ps.

of the effect of the mutations, the activities of the WT and
variant HMCKs were determined in the forward direction
RESULTS AND DISCUSSION using a standard assay mixture at pH 9.0 (Table 2).
Calculation of pK values.Cys283 is part of the CPS motif ~ Surprisingly, given that Pro284 is conserved across the
(Figure 2A) which is conserved across the creatine and guanidino kinases, the P284A variant showed both activity
glycocyamine kinases. In the lombricine and arginine kinasesand synergy in substrate binding (as evidence&hy< Kg)
the serine is replaced by a threonine, but the spatial similar to that of the WT enzyme. The S285A variant
arrangement of the hydrogen bonds is maintained. Using aretained about 40% of the WT activity but with reduced
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Table 2: Kinetic Parameters for Reaction in the Direction of H
Creatine Phosphorylatién
MgATP creatine 2000 A
HMCK Keat Ka Km Kq Km ‘_"\
variant ~ (min-1)  (mM) (mM) (mM) (mM) 5
WT 9630+ 215 1.0+0.1 0.20+0.03 80+15 15+1 FE
C283%  130+6 nr nr nr 222+ 13 ~ 1000 1 (-
P284A 8860+ 990 1.2+ 0.1 0.50+0.03 66+6 26+ 1 S
S285A 4270630 1.2+0.1 2.3+0.3 170445 320+ 607 %)
S285C 1H-2 1.5+06 1.4+0.3 68+ 31 70+ 25 W (C283S/S285C
C283s/ 7954+ 150 1.4+0.1 4.3+1.3 173+ 30¢ 490+ 11¢¢ 0 O  P284A
S285C | 8 o ® WT
aKinetic constants are showst SEM.? Data from ref19. ¢ Not | :
reported.? Kinetic data obtained at creatine concentrations below 100 4 5 6 7 8 9
mM.
pH

Table 3: Kinetic Parameters for Reaction in the Direction of adp Ficure 3: Determination of thel, of the thiol group of Cys283.
The absorbance spectrum was obtained for each proteinld 1

Phosphorylatioh : g ‘
phory - uM) in a buffer containing 1 mM citrate, 1 mM borate, 1 mM
MgADP phosphocreatine phosphate, 0.2 M KCI, and 0.1 mM EDTA. The differences in the
HMCK Keat Ky Ko Kg Km molar extinction coefficient at 240 nné,40) between the HMCK
variant (min~Y) (uM) (M) (mM) (mM) variants and HMCK C283S are shown as a function of pH. The
symbols are the experimentally determined data, while the solid
\évasgs; 280ggi 22990 r?rili 12 3n1ri 5 3'r?ri 0.1 éii 8'; lines show the fits of the data to eq 5. The fits providsf 5.7,
P284A 32350f 1080 7248 60+46 3.1+04 2:61 0:2 6.4, an_d 7.1 for the WT, P284A, and C283S/S285C variants,
S285A 614+ 10 26+4 6.7+£0.7 4.4+0.7 1.1+01 respectively.
S285C 29+ 2 56+9 43+7 49+1.1 3.7+0.3 ) )
C283S/S285C  3&1  69+9 7+2 11+3 1.1+0.1 47). Presumably, any absorbance observed in the difference
aKinetic constants are showr: Se.P?Data from ref 19. ¢ Not spectrum will arise from the th'0|ate. anion. )
reported. The UV absorbance spectra of wild-type HMCK and its

C283S variant were measured over a pH range of 4 to 9.
The differences between the molar extinction coefficients
at 240 nm for the two protein®\¢.40) as a function of pH
are presented in Figure 3. These data, when fitted to the
Hendersor-Hasselbalch equation (eq 5), providedkg for
Cys283 (in the wild-type enzyme) of 5F 0.1. This is
consistent with the value of 5.6 0.1 determined in a
previous study 19) and demonstrates that the method is
reproducible between enzyme preparations. Nagy, for
o ) i the P284A and C283S, as well as the C283S/S285C and
~The kinetic data for reaction at pH 7.0 in the reverse c283s, variants was determined over the same pH range
direction are provided in Table 3. Overall the results mirrored (Figure 3). After the data were fitted to eq 5, thiapof

those for reaction in the forward direction with the major Cys283 in the HMCK P284A variant was found to be 6:4
exceptions being the S285A and C283S/S285C variants. Theolly and that of Cys285 in C283S/S285C was Z.D.2.
kear Value of the S285A was only 2% of the wild-type value \yhjle the latter is in excellent agreement with the calculated

(cf. 40% in the forward reaction). For C283S/S285Ckhe  yalue, the experimentalqa for the P284A variant was almost
value for phosphocreatine was similar to that of the WT 4 fy|| pH unit lower than the calculated value.

enzyme whereas th€, value for creatine was 30-fold higher From a computational point of view, the calculated.p
than that of the WT. More surprisingly, there was a 3-fold ya|yes are broadly consistent with the UV difference results
increase in the synergy of substrate binding for C283S/S285CTaple 1). Experimentally, WT HMCK has &g value of
in the reverse direction compared to a 15-fold loss in the 5.7 + 0.1, whereas the calculated value is 62B)( The
forward reaction. The reasons for this increase are not clear.c283s/S285C value is 7.1 in both experiment and calcula-
Spectrophotometric Determination of the joWalue of tion. The only significant difference occurs with the P284A
Cys283.t is possible to determine the ionization state of a variant, where the experimental value is 6.4 and the
thiol group spectrophotometrically by comparing the differ- calculated value is 7.4. It may be argued that this is a sizable
ence in UV absorbance between the dissociated form anddifference, perhaps due to changes brought about by the
the undissociated form. The latter has negligible absorbancemutation that are not reflected in this model. Nonetheless it
at 240 nm whereas the thiolate anion has a characteristicshould be recognized that both calculation and experiment
UV absorption band centered around 240 nm with an show that Pro284 makes a substantial contribution to ihe p
extinction coefficient of about 4000 M cm™ (44, 45). of Cys283, 1.2 and 0.7 pH units, for calculation and
Given that many groups on a protein absorb at this experiment, respectively. Overall, the experimental results
wavelength, and that some of the absorbance may be pH-seem to validate thelqy prediction methodology and confirm
dependent, it is necessary to compare the UV spectrum of athat the S-OH and S--NH interactions, as well as the
protein containing the thiol group of interest to the spectrum conformational restraint provided by Pro284, are the major
of the same protein in which the thiol group is abset8, ( determinants of the abnormally lowKp of Cys283.

affinity for creatine as well as a loss of synergy in substrate
binding. By contrast, the S285C variant had WT-like affinity
for substrates, but a 500-fold decreasekjn value. Much

of the catalytic activity was recovered in the C283S/S285C
double mutant which showed only a 12-fold decreadedn
However this was accompanied by a 30-fold increase in value
of K, for creatine, underlining the importance of the thiolate
anion in the binding of guanidino substrates.
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A

pH Profiles for HMCK Variants for Reaction in the [
Forward Direction. Previous studies on both RMCRY) 4.0 1
and HMCK (19) have shown that the pH profile &f./Kn
for creatine Y/Kc;) exhibits two Ks at around 5.5 and
7—7.5. When it was shown that Cys283 exists as the thiolate
ion, and that the C283S variant appeared to “lose” thap
5.5, the lower K was ascribed to Cys2839). However,
upon reflection, there were some anomalies which brought
this assignment into question. First and foremost, \tf€
pH profile for phosphocreatind/(Kec,) for WT HMCK has 2.5
pKs at 5.8 and 7.5, while that for the C283S variant h&s p -
at 5.8 and 7.8X9). The X-ray data indicate that both creatine ' ' '
and phosphocreatine will have similar interactions with
Cys283 (5), and it is hard to envision that CK has evolved pH
to have two active site residues, both witksgparound 5.5,
that play different roles in the forward and reverse direction. .
Yet, if the “missing” K in the C283SV/Kc, profile is
correctly attributed to Cys283, this is the logical corollary.
Fortunately, the UV difference study provided us with the
means to address this conundrum.

In the HMCK S285A variant, Cys283 was shown spec-
trophotometrically to have aly of 6.7 & 0.1 (19). This
means that the hydrogen bond between Cys283 and Ser285
(Figure 2a) must lower the cystein&pvalue by~1.0 pH
unit (Table 1 (9)). On that basis, if the lowerkpin the WT
VIK, profile was attributed to Cys283, it would be reasonable
to assume that the analogous in the S285A profile would
also exhibit an increase efl pH unit. However, as shown
in Figure 4A, the S285A pH profile exhibited twdKp, at
pH values of 5.5 and 6.99 = 0.995), similar to those of
the WT enzyme (Table 4). The lack of any increase clearly
indicates that, at least for S285A, Cys283iet responsible
for the lower (K. It should be noted that the poor solubility
of creatine limits its concentration in an assay to less than
100 mM. This makes it difficult to obtain meaningful kinetic
data for S285A which has a hidd, value for creatine (320
mM, Table 2). To circumvent this problem, pHate data
for S285A were obtained und&tK conditions, i.e., where
[creatine] < K. This ensures that th&./K, data are
accurate but does not permit the measuremeitpélone. 20

This observation prompted a reevaluation of the initial data [ L L
for the C283S variant which were not obtained undé( 6 7 8
conditions, even though the, values for creatine were in
excess of 100 mM. The analysis showed that the earlier data PH
could be fitted almost equally well to equations for both one FIGURE 4: Plots showing the pH dependence\fa/Kp for the

: - (A) HMCK S285A and (B) C283S variants, and (C) the pH
and two [K systems, with the latter providing<s of 5.1 dependence of .« for P284A for reaction in the forward direction.

and 6.3 (data not shown). In an attempt to clarify this issue |l the assays were carried out in a constant ionic strength buffer
new experimental data were obtained for the C283S variant, (34) as described in Experimental Procedures. The symbols are the
this time undeW/K conditions, with considerable effort being experimentally determined data. In panel A the solid line shows

expended in obtaining accurate data at lower pH values. Theth¢ fit of the data to eq 3 which provides wég of 5.5 and 6.9
new V/Ke. profile for C283S is shown in Figure 4B. This (r>=0.995). In panel B the solid line is the fit of the data to eq 3
cr P g : which affords two [Ks of 5.5 and 6.4r¢ = 0.994), whereas the

profile verifies the presence of twd<s, at pH values of 5.5 gashed line is the fit of the data to eq 2 which provides a sinigle p
+ 0.2 and 6.4 0.1 (> = 0.994; Table 4). By comparison, of 6.6 (2= 0.979). In panel C the solid line is the fit of the data

fitting the data to a singleko provided a value of 6.6 0.1 igeega'é;awtgiceh gziV&Satsz]/gémeOg)5r-§sﬁng i?]-ifes ;g?égg%)h,':(iging
gf = 0.979). The fit to a singlelo was pzassable, but, unlike 0.910). Data f?om ret9for the WT enzyme (open diamonds, dotted

at for the data of Wang et_allSQ), ther? value was clearly line) is included for comparative purposes.
lower than that of the twokofit (Figure 4B). The two curves
in Figure 2B emphasize the fact that the fit to either one or and the coupling enzymes. Further, #g value of C283S,
two pKs relies to a large extent on results obtained at the even under optimal conditions, is 3@0-fold lower than the
lowest pH values where it is most challenging to obtain other variants used in this study, which makes these
consistent data. As reported earlier9), at low pH the measurements even more problematic. When these issues
coupled assay is made difficult by the degradation of NADH are combined with the creatine solubility problem, it is not
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T T T

3.0

T T T

log VIK,, e (M 'min™)

T
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Table 4: Summary of Data Obtained from pRate Profiles for the s Time (ps)
Forward Reactich L ! ' ! @
Ver V/Ker =T ]
HMCK variant K1 pK2 pK1 pK2 2r 7]
WT b 6.1+0.1 54+02 6.7+01 s AL Pogimi e
C283s nd nd 55+ 01 6.4+0.1 E b
S285A nd nd 5501 6.9+0.1 z L | 1 | 1
C283S/S285C nd nd 550.1 6.9+0.1 £ 0 2500 5000 780010000 12500 15000
P284A 55+0.3 65+03 53+02 6.8+0.1 2 8 T T ' T
=
o -

aUnless noted, pHrate data were fitted to eq 8This pK was not
observed, and the data were fitted to ed Rot determined as data
were obtained undev/K conditions.

entirely surprising that the results of Wang et 49)(were . |
open to erroneous interpretation. 200 300
The K, values for the active site thiol in the P284A and Resldus Index
C283S/S285C variants, as determined by UV spectropho-FIGURES: For the MD simulations of the Cys283eutral (black)
tometry, were also quite different from that of WT HMCK. and Cys283-anion (red) complexes, (a) the backbone root-mean-

. . . square deviations (in A) were plotted against the simulation length
These differences permitted us to use the latter variants a%in picoseconds) averaged every 20 ps, and (b) the average residue

further controls. In both instance& palues similar to those  packbone root-mean-square deviations (in A) were calculated for
of the WT enzyme were observed in t#¢, profile (Table all protein residues from the last 10 ns of each MD simulation.

4), lending support to the suggestion that tig pf Cys283 _The binding loop from the N-terminal domain (residue 60 to 70)
is not reflected in that profile. The P284A variant has almost 'S noted as N-loop.
WT activity, and itsK, value for creatine is relatively low
(Table 2). Initially this was thought to be an advantage as it
would enable us to determineka, pH profile. However,
ultimately, P284A provided an anomalous result in that its
pH profile for k.o in the forward reaction (Figure 4C) clearly
shows two [Ks, unlike that of the WT enzyme, which shows g
only one. One interpretation of this result is that the P284A t'
mutation causes a shift in they profile toward higher pH
values. This implies that the Wi, profile also has two
pKs, but that our assay conditions are such that the seconc
pK cannot be observed. Given that both #ag and V/Kpc,
profiles for the reverse direction have tw&p (19, 23), it
was always somewhat surprising for the forwagg profile
to have only one i§ (19), so this explanation would seem
to have some merit.

Molecular Dynamic Simulations of CK Complex&gner-
ally it is accepted that a glutamic acid residue acts as the
catalytic base in both creatingg) and arginine48) kinases,  Figure 6: The final MD snapshots of creatine kinase sampled
if indeed one is required4Q). Why then is Cys283  during the MD simulations are shown as colored ribbon diagrams
unprotonated? It has been proposed that it could enhancgred, Cys283-anion; blue, Cys283neutral). The side chain of
catalytic activity by drawing positive charge away from the Cys283, creatine, nitrate, and ADP are represented as van der Waals

- T L2 o spheres colored by element types (hydrogen atoms are excluded).
nucleophilic guanidinium J} or by constraining the position These are superimposed on the crystal conformation of TRAC

of the guanidinium of the substratd§). To explore this  (gray). The opening of the N-terminal loop is highlighted. MD
question we carried out individual MD simulations of the snapshots taken after 2, 4, 6, 8, 10, 12, and 14 ns are available as

solvated CK-TSAC complex containing either a neutral or Supporting Information.
a charged Cys283 residue. These were carried out at constant
temperature (300 K) and allowed us to directly examine the frequency mode calculated using Gaussian Network Model
impact of the protonation state of Cys283 on the structure (data not shown). Therefore it is not surprising that the most
and dynamics of the complex in solution. The protein noticeable conformational changes occur in these two
backbone root-mean-square deviations (rmsd) were calcu-regions, as the hinge region is relatively more stable. Despite
lated against the crystal conformation (Figure 5a), and the the fact that the overall structures are similar, a significant
final conformations of the two simulated GKISAC struc- difference is evident in the subsequent trajectories in that
tures are presented in Figure 6. In both simulations the the Cys283-neutral complex exhibits a larger backbone rmsd
backbone conformation slowly drifted away from that in the compared to the Cys283nion complex, particularly in the
crystal environment during the first 5 ns. active site loop region (residue 60 to 70) of the N-terminal
The CK—TSAC structure 15) implies coordinated N-  domain (Figure 5b and Figure 6). The noticeable opening
terminal and C-terminal domain motions that are connected of this catalytically significant loop 50) is likely the
to the substrate binding and release. This has been supportedonsequence of the weakened creatine binding. The latter is
by the anti-correlated fluctuations observed in the first low- illustrated in the mass density plot of the creatine residue in
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FIGURE 7: Mass densities of creatine sampled during the two MD
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substrate guanidinium, although it may also accept a
hydrogen bond from the substrate.

CONCLUSIONS

We have used UV difference spectroscopy to confirm that,
at 5.7+ 0.1, the K, of HMCK Cys283 is about 3 pH units
below that of a regular cysteine residue. The computational
methodology of Naor and Jense?b) was used to predict
that hydrogen bonds to the hydroxyl and to the backbone
NH of Ser285 would both contribute-l pH unit to the
abnormal K, of Cys283. Cysteine I, values determined
experimentally for the S284A and C283S/S285C variants
confirmed these predictions. In addition, we have also shown
experimentally that the presence of Pro284 in the CPS maotif
lowers the Cys283 K, by a further 0.7 pH unit. Overall,
the utility of this methodology in thiol K, predictions has
been validated.

Previously it has been suggested that Cys283 is the neutral
acid responsible for thekpof 5.5 in theV/K¢ pH profile
(19). We have unambiguously shown that this is not the case,
and that this K is still observed even with variants in which
the thiol K, has increased by 1.5 pH units. Further, we have
demonstrated that, upon reexamination,\tiéc, profile for
the C283S variant indeed contains thé q@f 5.5.

Finally, MD simulations indicate that the prime role of
Cys283 is to constrain the position of the guanidinium group
of the substrate, and that this does not occur if the cysteine
is protonated. It is likely that the requirement for an ionized
active site cysteine obtains across the entire family of
guanidino kinases.

SUPPORTING INFORMATION AVAILABLE

simulations plotted at the same isosurface value against the crystal

conformation of CK-TSAC (A, Cys283-anion; B, Cys283

A table of force field parameters developed for creatine

neutral). Creatine, nitrate, magnesium, and ADP are shown asgnd a figure containing snapshots of creatine kinase taken

licorice.

the active site during the MD simulations (Figure 7). In the
Cys283-anion complex the creatine residue maintains a
well-defined position in the tightly enclosed binding pocket.
By contrast, in the Cys283neutral complex, creatine rotates
almost freely during the MD simulation. One consequence
of this movement would be the disruption of the interaction
between lle69 and the methyl group of creatine, possibly
leading to the opening of the N-terminal loop. This interac-
tion has been shown previously to be important for CK
catalysis §1). Another result of the creatine rotation is that
the linear arrangement of creatine, nitrate, andgfmhos-
phate of ADP, thought to mimic phosphoryl group transfer
in the transition state of the CK reaction, is lost. Interestingly,
the hydrogen-bonding network of creatine with surrounding
residues observed during the MD simulation of the Cys283
anion complex was different from that found in the crystal
structure of CK-TSAC. This is likely caused by a gauche
gauché transition of the carboxylate group of creatine, which
was able to form hydrogen bonds not only with Val72 but
also with Ser285. Cys283 preferred to form hydrogen bonds
with the guanidino group of creatine, having little contact
with the backbone amide proton of Ser285. Taken together,
the results support the early suggestions of Zhou e#8). (
that the primary role of the active site cysteine of the
phosphagen kinases is to constrain the position of the

during the MD simulations. This material is available free
of charge via the Internet at http://pubs.acs.org.
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