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ABSTRACT. Arginine kinase buffers cellular ATP levels by catalyzing reversible phosphoryl transfer between
ATP and arginine. A conserved cysteine has long been thought important in catalysis. Here, cysteine 271
of horseshoe crab arginine kinase has been mutated to serine, alanine, asparagine, or aspartate. Catalytic
turnover rates were 0.62..0% of wild type, but the activity of uncharged mutations could be partially
rescued with chloride. Steady-state binding constants were slightly increased, more so for phospho-
arginine than ADP. Substrate binding synergy observed in many phosphagen kinases was reduced or
eliminated in mutant enzymes. The crystallographic structure of the alanine mutant at 2.3 A resolution,
determined as a transition state analogue complex with arginine, nitrate, and MgADP, was nearly identical
to wild type. Enzyme-substrate interactions are maintained as in wild type, and substrates remain at
least roughly aligned for in-line phosphoryl transfer. Homology models with serine, asparagine, or aspartate
replacing the active site cysteine similarly show only minor structural changes. Most striking, however,

is the presence in the C271A mutant crystallographic structure of a chloride ion within 3.5 A of the
nonreactive Iy substrate nitrogen, approximating the position of the sulfur in the wild-type’s cysteine.
Together, the results contradict prevailing speculation that the cysteine mediates a substrate-induced
conformational change, confirm that it is the thiolate form that is relevant to catalysis, and suggest that
one of its roles is to help to enhance the catalytic rate through electrostatic stabilization of the transition
state.

Phosphagen kinases play a central role in maintaining strates 8, 4). The creatine kinase reaction is analogous with
energy homeostasis by buffering cellular ATP concentrations. the exception of ordered substrate binding below a pH of 7
A variety of phosphagen kinases are found in nature; (5).
however, creatine kinase (CKpund throughout the metazoa Phosphagen kinases contain a single reactive cysteine
and arginine kinase (AK) distributed primarily in the residue in each subunit located in a highly conserved peptide
invertebrates are the most thoroughly characterize@)( sequence common to all known phosphagen kinase sequences
All phophagen kinases catalyze the reversible transfer of the (6). X-ray crystallographic structures of transition state forms
terminal phosphate of ATP to the guanidinium group of an of AK (7) and CK @) show analogous positions in the active
“energy storage” molecule. Specifically, arginine kinase site for this conserved residue. Early chemical modifications
catalyzes: of the reactive cysteine with iodoacetamide identified a single
cysteine residue per subunit in both AK and CK that was
particularly sensitive to covalent modificatio, @). These
MgADP + phosphox-arginine+ H" initial experiments resulted in completely inactive enzymes,
suggesting that the reactive cysteine was essential for
catalysis. It has since been shown that covalent attachment
of a small nonpolar{SCHs) group to the reactive cysteine
of CK results in an enzyme with some residual catalytic
activity (10). However, some have proposed that the residual

runded b | . ” activity remains from unmodified enzyme moleculdd)(
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Prior enzyme kinetic evaluations have shown that the
arginine kinase reaction is consistent with a rapid equilibrium,
random order substrate binding, bimolecalbimolecular

mechanism with phosphoryl transfer directly between sub-
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mitochondrial CK (Mj-CK) (13), and human muscle CK  MATERIALS AND METHODS

(HMCK)(14) and complete loss of activity in the brain

isoform of human CK (HBCK15). However, the recovery Materials Reagents were obtained from Sigma-Aldrich,
of about half wild-type activity in a C278G mutant of chicken Fisher Scientific, and Roche Molecular Biochemicals unless
cardiac mitochondrial CK (MiCK), when measured at low ~ otherwise noted.

pH, indicated that the cysteine might not be essential Primer Synthesis and Mutagenesiigonucleotide prim-
catalytically (L3). Several mutations at this site lacked the ers were designed to incorporate the desired mutations and
substrate binding synergy characteristic of the wild-type used to produce mutagenic DNA with the QuikChange
enzyme 13). Residual activity and lost synergy following  mutagenesis kit (Stratagene, Inc.). Single amino acid sub-
chemical modification of rabbit muscle CK or mutagenesis stitutions were accompnshed by one to three nucleotide
of Mi,-CK were interpreted to indicate a role of the cysteine replacements for each amino acid substitution. Mutant

in substrate-induced conformational chand {3). How-  plasmid DNA was transfected into commercially produced
ever, pntll now, there has not begn a structure of a cysteine-g| 21(DE3) Escherichia colicompetent cells (Stratagene,
modified enzyme to help to elucidate the role. Inc.).

Reactive cysteine mutations of MK that gave a Expression and PurificationMutants C271S, C271A,

neutrally charged side chain showed increased catalytic
L o . o C271N, C271D, C271G, C271T, C271M, and C271Y were
activity in the presence of chloride ionk3). This activation expressed in BL21(DE. coli and purified from insoluble

led to the proposal that the reactive cysteine of CK functions . ; . . ; .
as athiolarze izn (AA-CH,—S). Suppgrting evidence came inclusion bodies using pubhshgd methotiS)( The refolding
from enzyme kinetic and spectroscopic titration experiments procedure was changed for wild type and C271A. In contrast

on wild-type and cysteine-substituted HMCK which showed fo the previpusly puplished refolding protocol involving
that the X, of the reactive cysteine residue was between 5 sequential dialysis, wild type and C271A were refolded by
and 6, about 23 pK,, units below its unperturbed value of addition of a small volume of concentrated, denatured protein

8.5 (14). At least in HMCK, the reactive cysteine is expected " 6 M urea to a large volume of 10 mM Tris (pH 8.1), 1
to be primarily deprotonated at neutral pH. mM EDTA, 2 mM DTT, and 10 mM KCI with no denaturing

Recent crystal structures of substrate-free as well as@9€nts. The final protein concentration after dilution was
transition state forms of both arginine kinase and creatine P€tween 0.1 and 0.2 mg/mL. Diluted arginine kinase was
kinase confirm overall similarities in subunit structure Incubated at #C overnight, concentrated, and additionally
between the two enzymeg, (8, 16, 17). Each subunit of purified with size-exclusion and anion-exchange chroma-
CK and AK can be divided into two structural domains, a tography.
smaller amino-terminal domain comprising residue99 Crystallization of C271AC271A was concentrated to 27
in AK and a larger carboxyl-terminal domain formed by mg/mL and dialyzed against components of the transition
residues 108357. The active site is comprised of residues state analogue complex)( Crystals were obtained using
mostly from the large domain, but the small domain also the hanging drop vapor diffusion method. Reservoir solutions
contributes to phosphagen binding. Comparison of the contained 100 mM MgGland 100 mM HEPES in 18% or
substrate-free to the transition state structure of AK has 20% poly(ethylene glycol), molecular weight 6000. Hanging
shown that although the active site cysteine (C271) is locateddrops were formed by addition ofid_ of reservoir solution
in the large domain, it moves during catalysis with residues to 4 uL of protein solution containing 27 mg/mL C271A
of the small domain6). Transition state structures of both  arginine kinase, 100 mM Mggl1100 mM HEPES, 50 mM
AK (18) and CK @) show that the active site cysteine is nitrate, 4 mM ADP, 20 mM arginine, and 1 mM DTT. Al
located on a flexible loop that interacts with the guanidinium selutions used for crystallization were at pH 7.5 antc4
of arginine or creatine. In arginine kinase and creatine kinase, Crystals appeared between 2 and 4 weeks and grew+d0.1

sulfur atoms of the cysteine side chain are found ap- mm in two dimensions and approximately 0.05 mm in the
proximately 3.3 A from the nonreactive nitrogen, i.e., the third dimension.

nitrogen that does not form a covalent bond to the phosphorus
of substrate arginine or creatine. Superimposition of transition
state forms of creatine kinase and arginine kinase results in
excellent alignment of the guanidinium atoms of substrates
creatine or arginine and shows clear homology in the position
of the cysteine side chain.

The present study probes the role of the active site cysteine
through joint structural and kinetic analysis of mutants of
arginine kinase. The kinetic effects of mutating the active
site cysteine, which are similar to those in creatine kinase,

can now be understood in terms of the experimental (X- . )
ray) structure of the transition state analogue form of the Kia, Ku, andVmax Were obtained by averaging results over

C271A mutant. Mutants in which Cys was changed to three independent_ evaluations using protein fror_n at Iea_st tv_vo
serine, asparagine, and aspartate were expressed and chai€parate preparatlons, except for Q271N for which all kinetic
acterized kinetically but were not as readily crystallized. The 'uns came from a single preparation.

effects of these mutations are rationalized through models Enzyme Kinetic Data AnalysiRate measurements from
based on homology with known structures and using a the 6x 6 matrix were fitted by nonlinear least squares (using
combination of simulated annealing and energy minimization. SigmaPlot) to the rate equation for the random order

Enzyme KineticsWild-type and mutant arginine kinase
initial activity was measured as described previougg) (
In the current study, reaction rates for each protein were
determined in solutions containing either 1 or 60 mM
chloride. Activity was measured over a period of 115 min,
depending on the activity of a given sample, and rates were
estimated only during a time period that produced a linear
increase in absorbance with time. Initial velocity was
measured on a two-dimensional grid of six concentrations
of phosphoarginine by six of ADP. Steady-state parameters
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sequential bi-bi reaction mechanism (eq 1) and used tothe solute, 80 outside the solvent excluded surface, calculated
with a probe radius of 1.5 A. An ionic strength of 0.15 was
v = Vpalphosphoarginine][ADP]/ used at 300 K with a Stern layer (radius of 2.0 A).
*Nagnaspoasinntfon) * KasopfPhosphoarginine — CEETERE e T SIS D atone, he program
Kia(phosphoargininADP] + [Phosphoarginine][ADP]) (1)  MEAD (26) was used with similar parameters to determine
electrostatic potential, intrinsicky and electrostatic inter-
determine the kinetic parametérs., Kia(phosphoarginine),  action energies in both the transition state analogue complex
Kia(ADP), anda (21). Kiagphosphoarginine@Nd Kiaapp) refer to and the substrate-free structure of wild-type arginine kinase.
dissociation of the binary enzymesubstrate complexessE ~ The progranxmcti (27) was used to determine the fraction
phosphoarginine and-BDP, respectivelyKy, the kinetic of each active site titratable group that is protonated/
dissociation constant for the Michaelis complepBEospho- deprotonated, considering the possible charge states of
arginineADP for a given substrate, was determined from neighboring titratable groups. Atomic charges and radii were
Kw = a(Ki,). Parameters were determined separately for wild assigned using the AMBER94 parameter £8),(but other
type and each mutant in solutions containing 1 and 60 mM commonly used parameter sets led to only minor changes
chloride. Each was repeated in triplicate with errors of the in pK (£0.2). Hydrogen atoms were added to crystallgraphic
average parameters estimated from the triplicate variation.models prior to electrostatic calculations using the Leap
Structure Determination of C271ACrystals of C271A module of AMBERG6 29).
were frozen in liquid nitrogen after brief soaking in mother ~ Homology Modeling.Arginine kinase was a relatively
liquor containing 30% glycerol. Crystallographic data for the tractable example of homology modeling because closely
initial structure determination were collected at 100 K using related structures could be used as starting points, and
a rotating anode source and an Rigaku Raxis Il imaging plate experimental structures of mutantd0] were available to
as described previously for wild typ&9). This data setwas  evaluate the computational procedures. The starting point
replaced during refinement with a slightly improved one for homology modeling was the 1.2 A resolution transition
collected at the Advanced Photon Source (at Argonne state analogue structure refined toRgs: of 12% 30). Initial
National Laboratory) from two crystals. Due to the crystals’ models were constructed using the builder module of
small size, radiation damage was limiting. The rotating anode Insightll or DeepView/Swiss-PdbVieweB1). The side chain
data set was collected from a single crystal. A total of 180 of residue 271 was changed to S, N, or D and modeled as
frames of diffraction data were processed using the HKL the standard rotamer with least steric conflicts. Energy
suite of programs22); then the later frames were culled to minimization was performed using the AMBER94 force field
strike an appropriate compromise between completeness ands a part of the Sander module of the AMBERG6 software
quality. The wild-type arginine kinase transition state package29). Simulations included the entire protein (resi-
structure was used as a probe for cross-rotation and transladues 2-357), substrates arginine and ADP, nitrate mimicking
tion searches using the CNS program. The correct solutionthe transition statg-phosphoryl, and 501 crystallographically
at 7.4 was three times greater than the next highest peak.observed water molecules. It also included a shell of 3774
The solution showed the enzyme in the same position andexplicitly simulated water molecules (that had not been
orientation as in the wild-type form 2 crystals. The program observed crystallographically) forming a truncated octa-
O was used for manual adjustment of the model to fit the hedron surrounding the protein and crystallographically
electron density, which was alternated with automated observed solvent atoms by at least 5 A. Protons and the
refinement using CNS2@, 24). Automated water picking  explicit solvent shell were added using the Leap module of
was performed with CNS and confirmed by visual inspection AMBERG6 (29).
of 2F, — F¢ electron density maps calculated without solvent  Energy minimizations were performed with a truncated
or substrates present in the phasing model. For the modeloctahedral periodic box, with a harmonic restraint of 1 kcal/
submitted to the database, refinement was completed with(mol-A) on solute atoms. Minimizations proceeded until the
conjugate gradient refinement of atomic positions and derivative of the energy function decreased below 0.05 kcal/
restrained individuaB-factors. An alternative model was (mol-A) over about 5000 cycles. Then each model was
used just to check the nature of bound solvent and ions. Thesubjected to simulated annealing followed by slow cooling.
B-factors of these atoms were reset to their average, and thermhe annealing schedule increased the temperature from 1 to
their occupancies were refined to estimate the number of 800 K over the first 1000 cycles (1 ps). The temperature
electrons in each bound ion/molecule to help in their was maintained at 800 K from 5 to 10 ps; then the system
identification. The deduced atom types were used in the final was slowly cooled from 80@t0 K over the next 515 ps.
refinement, but otherwise the alternative occupancy-refined During simulated annealing, atoms beyond a 15 A radius of
model did not contribute to the final model. residue 271 were restrained to their starting locations with a
Continuum ElectrostaticsThe program Delphi 3.025) harmonic restraint of 50 kcal/mol, while most atoms within
was used to determine the electrostatic potential at thethe 15 A radius were restrained with a weak 0.2 kcal/¢mol
chloride site in the C271A crystal structure. The linear A) force constant. The strong restraints far from the active
Poissor-Boltzmann equation was solved by finite difference site allowed conformational searches using aggressive an-
methods with the chloride ion removed from the model. The nealing strategies without disrupting the overall structure.
ADP, M¢?, nitrate, and arginine of the transition state Weak restraints close to a site of perturbation are commonly
analogue complex were explicitly included, as were crystal- applied, as here, to suppress gratuitous changes. Active site
lographic waters, but hydrogens were incorporated implicitly residues with atoms that were moved in any experimental
in a united atom approximation. The dielectric was 4 for mutant structure and those closest to Zysere free to move
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Table 1: Steady-State Enzyme Kinetic Parameters Determined in the Reverse Reaction Direction (ATP Formation) at pH 7 and with Chloride
Concentrations of (A) 1 mM or (B) 60 mM

wild type C271S C271A C271N C271D
(A) 1 mM chloride
Ku(phosphoarginine) 0.4% 0.06 7.6£0.4 1.6+0.1 1.2+0.2 4.4+ 1.3
Km(ADP) 0.04+0.01 0.2+ 0.2 0.30+ 0.09 0.17+ 0.01 0.10+ 0.04
o 0.27+ 0.04 1.0+ 0.2 1.1+ 0.2 1.4+ 04 0.8+ 0.5
Keat 104+ 24 0.07+ 0.02 0.08+ 0.03 0.022+ 0.002 1.2+04
% wild-type keaft 72 0.05 0.06 0.02 0.82
(B) 60 mM chloride
Ku(phosphoarginine) 0.3& 0.09 0.8+ 0.3 5419 1.30+0.08 7.5+ 3.6
Km(ADP) 0.04+ 0.02 0.17+ 0.07 0.17+ 0.04 0.31+ 0.03 0.21+ 0.04
o 0.40+ 0.01 0.95+ 0.2 0.5+ 0.15 1.7£05 1.2+ 0.6
Keat 145+ 14 0.3+ 0.2 1.5+04 0.042+ 0.003 1.2+0.2
% wild-typekeaf 100 0.22 1.02 0.03 0.83

2 Relative to wild type in 60 mM chloride.

without any harmonic restraints. Unrestrained residues kinase. C271T vyielded low levels of activity and an S100
included 276-272, 224-226, and 313316 from all three profile indicating both folded and misfolded enzyme similar
of the four active site loops that contact the substrate arginineto wild-type arginine kinase. C271M and C271Y yielded no
guanidinium. measurable activity. Full kinetic analysis was continued with
The ability of the protocols to predict structures was tested the C271A, C271S, C271N, and C271D mutants that could
with control simulations, the results of which could be be folded normally, while mutants C271G, C271T, C271M,
compared to known experimental structures. These wereand C271Y were not pursued further.
increasingly ambitious but started with the wild-type structure  Kinetic Evaluation of Cys271 Mutantgll Cys,7, mutants
to verify that the procedures did not cause the structure to displayed dramatically reducéek, (turnover) values ranging
diverge from the experimental one. The root mean squarefrom 0.02% to 1.0% of wild type (Table 1). Increased
deviation (rmsd) for the unrestrained atoms near&ysas chloride concentration from 1 to 60 mM elicited 20- and
0.68 A, elevated due to apparent flexibility in the side chains 4-fold increases in thé., of C271A and C271S mutants,
of Glusi4and Hisss Prediction of the C271A structure from  respectively (Table 1). In fact, the highest activity observed
the wild type was a realistic test for the prediction of other among mutants was C271A in 60 mM chloride. The C271D
Cys71 conservative mutations. The simulated model suc- mutant showed approximately 30-fold higher activity than
cessfully predicted the largest changes, modest movementshe isosteric C271N (Table 1). C271D was slightly less active
of the substrate arginine and movement ofsisThe rmsd than C271A, but its activity k. = 0.8% wild type) was
for the unrestrained atoms close to residue 271 was 0.43 Aindependent of chloride concentration. In the absence of a
(compared to the experimental structure). Prediction of the negatively charged side chain at residue 271, or chloride in
E314D structure40) was a test of the method’s ability to  the assay mixture, serine, alanine, and asparagine mutants
predict larger perturbations: abtoli A in the backbone of displayed only 0.020.06% of wild-type activity.
Aspzis and Hisys and larger in the side chains. Predicted  Steady-state kinetic measurements of substrate binding
models replicated the backbone shift within 0.5 A and \ere made for wild type and mutants in solutions containing
correctly identified a 180rotation of Higisabouty., leading 1 or 60 mM chloride, using the reverse direction of the
to an interaction with the carboxylate of the substrate reaction toward ATP production (Table 1). Kinetic constants
arginine. The pI'EdiCtEd and experimental conformations of for the wild-type AK were consistent with prior studie0j.
the mutated side chain at residue 314 show different positionsa|| kinetic plots for wild-type arginine kinase and mutants
of Cg, but rotations about; andy torsion angles result in  \ere consistent with the random order bi-bi mechanism (data
a single carboxylate oxygen interacting with substrate not shown). The turnover rates (above) and the kinetic
arginine, as observed crystallographically. Thus, even in hinding constants (below) were determined for each construct
challenging cases, where there is some discrepancy in atomigsing at least three independent determinations. Here, the
positions, the procedures correctly predict the principal Cleland notation is used witliKi, denoting an “initial”
atomic interactions. (binary) kinetic dissociation constant between a single
RESULTS substrate and free enzyme (denoted by other authors some-
times asKs or Kg). Ky is the (ternary) kinetic dissociation
Expression and PurificatianExpression of active site  constant for the Michaelis complex with both substrates. The
cysteine mutants C271A, C271S, C271N, and C271D synergy coefficientc is the ratio ofKu/Kia. A value of a
resulted in yields similar to that of wild type AK with <1 indicates that the binding of the second substrate is
approximately 30 mg of highly pure protein resulting from enhanced by the presence of the fil32)(
a 1 L bacterial culture 19). These mutants all yielded The pattern of change in phosphoarginine and ADP
normally folded enzyme with measurable activity. Several binding constants in Cys mutants is complex, with
other mutants yielded only lower quantities§ mg) of significant increases being observe&ipandKy, for C271D
mostly or completely misfolded enzyme, often as a white and chloride-dependent changesKia and Ky for C271A
precipitate. C271G was inactive and, despite testing manyand C271S mutants (Table 1). C271A showed a significant
refolding protocols, consistently gave an S100 size-exclusionincrease in the observég, andKy, for phosphoarginine upon
chromatographic profile characteristic of misfolded arginine addition of 60 mM chloride to the reaction mixture, while
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C271S showed an opposite effect &g and Ky for
phosophoarginine decreased from significantly elevated

Gattis et al.

Table 2: Crystallographic and Refinement Statistics

levels in 1 mM chloride to near wild-type values in 60 mM arginine kinase c271A

chloride. Comparison of C271D steady-state binding con- CWEta' form gjlglzl

stants with those determined for isosteric C271N showed ngg 713

that Kia and Ky for phosphoarginine were increased in c(A) 80.0

C271D, while C271N values were much closer to wild type. temperature (K) 100

Several overall trends in the kinetic parameters are  resolution (A) 2.3 (2.382.30)

- AT o : completeness (%) 93.2(92.2)

obvious. The kinetic dissociation constants of phosphoargi- redundancy 33

nine are more greatly affected by mutation at gyshan Rnergd (%6) 7.5 (19.9%)

those of the nucleotide. This is expected due to the proximity Reryst® (%) 20.9 (32.8)

of Cys; to the guanidino substrate. For the nucleotide Ryee’ (%0)° _ 23.6 (33.5)

cross-validated Luzzati error (&) 0.34 (16-2.3)

substrate, it is th&y that is affected more thag,, consistent
with an indirect interaction between Gysand the nucleotide o e th _ o or o
substrate mediated by binding of the other (phosphagen)obtsﬂgﬂr]\//%li'gﬁ;’gR‘iztm“: Szt“:‘: T’eéi‘lgl’;l'gﬁ”;:g 2 0i¥2$gzg]eg$:;ﬁ”t
substrate. With the exception of C271S, the effects obfays  |ographic refinemenR-factor. ¢ Rees is the cross-validate@-factor,
mutation and added chloride upon kinetic measures of calculated the same way, except with a random set (3%) of reflections
phosphoarginine binding can be explained in terms of omitted from the structure determination and refinemeBee ref46.
electrostatic repulsion between phosphoarginine and the

variable side chain of residue 271 or a chloride ion. In the electrostatic potential. On the basis of the high occupancy,
thiolate form of cysteine (wild type) or the carboxylate in positive electrostatic potential, and the presence of 100 mM
C271D, a negatively charged side chain may repel phos-MgCl, in crystallization setups, this water molecule was
phoarginine. In C271A, where extra space is available, areplaced by a chloride ion in the final model.

chloride replacing the thiolate sulfur at high concentration  Position of Chloride Chloride ions act as strong hydrogen
may also impair phosphoarginine binding. All mutants bond acceptors and are usually coordinated by three or four
exhibited less substrate synergy than wild-type arginine ligands in trigonal or pyramidal configurations, although, like
kinase, witha values closer to unity. Lost synergy results water, there is not great directional specificity to the
from larger changes iKy thanKi, for mutants relative to  coordination 83). In the structure of C271A four polar
wild type. In contrast to significantly unfavorable synergy ligands are observed: the,{Nof the substrate arginine, a
observed in active site cysteine mutants of, /@K, only water molecule, and the backbone nitrogen and the hydroxyl
the C271N mutant displayed any unfavorable substrate of threonine 273 (Figure 1b). Among the ligands, the
synergy witho. near 2. However, in other ways the kinetic presumptive hydrogen-bonding interactions between chloride
effects of cysteine mutations in arginine kinase are similar and protein atoms are similar to those seen in small organic

a Average number of observations of each reflectfolRmerge= 3 |In

to those observed for similar mutations inMiK (13), so

molecules 84) and in atomic resolution protein crystal

there is no reason to believe that the mechanisms arestructures 35, 36). One methyl and two methylene groups

fundamentally different.
Structure Determination of the C271A Transition State

also contact chloride at distances between 3.15 and 3.6 A.
Comparison between Transition State Structures of C271A

Analogue ComplexXExtensive efforts to crystallize active site  and Wild-Type Arginine Kinas& he overall fold of C271A
cysteine mutants resulted in diffraction quality crystals of is nearly identical to the wild-type AK transition state
C271A only. Clusters of C271A crystals appeared after 4 structure, with a rmsd of 0.36 A over all 356, @toms.
days, and single crystals grew to about 0:29.25 x 0.10 Comparison between wild type and C271A shows five
mme in 2—4 weeks. Thus they were smaller than wild type stretches of four or more residues with statistically significant
but nearly isomorphous in unit cell parameters with wild- differences between the two models. In the amino-terminal
type transition state complex form 2 crystats9). The domain, residues 29, 34-38, and 89-92 are displaced
structure, solved by molecular replacement, includes residuesapproximately 0.5 A from wild-type positions. These changes
2—357, one ADP molecule, one nitrate ion, one magnesium are minor, distant from the active site, and therefore not likely
ion, one chloride ion, and 313 water molecules. Model to be important to catalysis. The largest changes are in the
statistics includeRyee = 23.1% andR = 20.6%. Cross-  carboxyl-terminal domain between residues 291 and 300.
validated Luzzati analysis gives an estimated coordinate errorResidues 294300 area-helical as they are in the wild-
of 0.34 A (Table 2). type transition state structure but not in the substrate-free
Identification of Chloride in the Acte Site.After place- structure. However, in C271A the helix is translated about
ment of 313 water molecules and individu&factor 2 A toward the active site, resulting in new interactions for
refinement, the averag@-factor for solvent atoms was 52  Arg.qs a hydrogen bond to the backbone oxygen ofsJdr
A2 but one water molecule had an exceptionally Byactor and, through a water, to Hig (Figure 3). Glyi4 and His;s
of 7 A2 B-factors for all solvent atoms were set equal to the interact with the substrate arginine, the side chain ofilis
average for solvent atoms, and the occupancy values of thesenoving 0.8 A to form a hydrogen bond with the substrate
atoms were refined. The water molecule of interest refined arginine N (Figure 3). Neighboring loop residues 31521
to an occupancy value of 3, clearly above the occupancy of have backbone displacements of approximately 0.5 A. With
all other solvent water molecules. The electrostatic potential the kinetic binding constants suggesting weaker binding,
was calculated for this “water” site by numerically solving movement of loops away from substrate arginine might have
the linear PoissonBoltzmann equation using the program been expected, but in fact, the loop comes closer to substrate
Delphi (25). The site coincided with a positive peak in the arginine (Figure 3). Other flexible active site loops are
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Ficure 2: Ensembles of simulated arginine kinase structures
showing the changed interactions near the site of various;Cys
mutations. Differences between ensemble members arise when
different random initial trajectories for the molecular dynamics
simulations converge upon structures with very similar calculated
potential energies. In all panels the experimental wild-type transition
state structure is shown in blue, and distances are given in angstroms
(A). (A) A simulation of the wild-type arginine kinase was

) performed as one of the controls, and it shows little deviation from
FiIGURE 1: (a) Structures of C271A (red) and wild type (blue) the experimental structure except for the loop holdingsGland
overlaid on the C271A experimental electron density, phased with Hjs, . that appears to be more flexible than other active site loops.
the final refined model. Thef — F. electron density map at 2.3 (B) Simulated models of C271S with and without an active site
A resolution, contoured at 108 clearly shows a lack of density  chioride ion. Models simulated with a chloride ion in the active
for sulfur of residue 271 and a strong peak of electron density site are shown in green. Several rotamers are observed for the serine
modeled as chloride. The map also shows that the small changessige chain, all of similar total energy and without van der Waals
in the position of substrate arginine resulting from automated oyerlap. (C) C271N models indicate that the added size of an
refinement against diffraction amplitudes may not be experimentally asparagine can be accommodated without great perturbation to the
Slgnlflcant. (b) Coordination of a Slngle chloride ion in the active rest of the active site. The amide oxygen is C|0393.6 A) to the

site of C271A arginine kinase. The chloride ion is coordinated by sypstrate guanidinium than the amide nitrogen, but it is unable to
the nonreactive N of substrate arginine (3.4 A), the hydroxyl  achieve an ideal hydrogen-bonding configuration. (D) C271D
oxygen of T273 (2.8 A), the backbone nitrogen of T273 (3.3 A), models show a potential salt bridge/hydrogen-bonding interaction
and a bound water molecule (3.4 A). betwe%? the carboxylate of Agp and the substrate arginine, N
(~2.7 A).

b)

unchanged relative to the wild-type transition state structure.
Overall, the locations of the greatest changes are similar todiffraction data show clearly that the C271A mutation has
the E314D mutant20). introduced a new chloride binding site withR A of the
Active Site The positions of ADP and nitrate in the C271A sulfur that is now missing, but the impact upon the rest of
structure do not differ from wild type significantly (with the active site is minimal, barely detectable at 2.3 A
reference to cross-validated Luzzati estimates of coordinateresolution.
error). The changes in the substrate arginine are slightly C271SN,D Homology Models Homology models of
greater. The guanidino,Natoms move 0.40.5 A toward C271S, C271N, and C271D were constructed to help to
the space vacated by the sulfur in C271A. This shift of the rationalize the kinetic effects of Cyg substitutions in
guanidinium relative to the nitrate and MgADP results in mutants that were not amenable to crystallization. C271S
modest perturbation of substrate alignment in the transition was modeled without and with an active site chloride, initially
state analogue complex. Although the guanidinium displace- positioned as in the C271A crystal structure, but allowed to
ment is nominally greater than the average coordinate errormove unrestrained during energy minimization and simulated
(0.34 A), the refined C271A structure fits the 2.3 K2— annealing.
F. electron density map only marginally better than wild type  In homology models, the side chains of Aggand Hisis
(Figure 1a), giving little support for the significance of this showed a variety of conformations of nearly equal energy,
structural difference. The difference map, calculated With suggesting that a variety of conformations are possible in
(wild type) — Fo(C271A) coefficients, should be most this loop (Figure 2). There are several experimental indica-
sensitive to conformational differences. The highest positive tions that this region is intrinsically less stable than other
peak corresponds to the loss of gy's sulfur, and the largest  parts of the active site. This loop was completely disordered
negative peak corresponds to the insertion of the neighboringin all phosphagen kinase structures determined in the absence
chloride in C271A. No difference electron density was of bound substrates but is clearly observed in transition state
observed near the reactive nitrogepp,Nn summary, the  analogue complexes of both AK and CK as well as a binary
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ADP .. chloride

substrate
arginine

conformational
change

R294

Ficure 3: Selected atoms from the wild-type arginine kinase

Gattis et al.

substrate arginine and a bound water molecule, and the other
carboxylate oxygen formed hydrogen-bonding interactions
with the hydroxyl oxygen and backbone nitrogen of JFir

as well as the backbone nitrogen of Bgpall at distances
between 2.6 and 3.0 A. The carboxylate of Giwas also
displaced from its wild-type position in one of the C271D
ensemble models, but mostly it remained in its wild-type
conformation. In the C271N models the side chain amide
oxygen makes the closest interactions with the guanidinium
(3.2-3.4 A) from the nonreactive Nbut forms a more
optimal hydrogen-bonding interaction with the hydroxyl of
Thrys at 2.8 A. The amide nitrogen of the substituted
asparagine hydrogen bonds to the backbone carbonylef lle
and a water molecule. In summary, the simulations show
that all of the conservative mutations expressed experimen-
tally can be accommodated without major perturbations to
the active site. More detailed analysis will follow in the
Discussion.

transition state analogue complex (blue) and C271A (red) showing DISCUSSION
the largest conformational change observed in the mutant and how

this change can be traced back to the active site of the enzyme.

The connection between Agg to Thr; and His;s is shortened
by one coordinating water molecule in the mutant relative to wild
type. A result is a new hydrogen bond betweenHisnd a
carboxylate oxygen of substrate arginine in C271A.

complex of creatine kinase with MgADR,(37). In arginine
kinase, the loop structure is modestly affected by mutation

at residue 225, another active site residue with which it makes

no direct interactionZ0). Thus, it appears that variability

between members of a molecular dynamics ensemble (eac
member started with a different random trajectory) is at least

a qualitative indicator of the stability of active site residues.
Side chain conformational variability was also seen at the
serine in the C271S mutant. In the initial model, several

rotamers could be built without steric overlap, so the rotamer

Enzyme kinetic analyses of arginine kinase and creatine
kinase have demonstrated similar millisecond time scales and
substrate binding affinities for the two enzym8s38). Here,
mutations of the active site cysteine yielded results similar
to those for Mj-CK(13) and human muscle CK14).
Catalysis was markedly reduced, and kinetic dissociation
constants were slightly increased for the phosphagen sub-
strate, indicating weaker binding. The most active arginine
kinase cysteine mutants are slightly less active than creatine

rJF/ilnase. No direct comparison was possible to the 10% active

i,-CK C278G mutant due to misfolding of the arginine
kinase C271G mutant. However, the arginine kinase mutant
C271A has activity (1%) that is nearly as high as this and
the HMCK C282S mutant (4%)14).

Taken together, the kinetic results from homologous family

homologous to the native cysteine was chosen. Simulatedmembers present a strong argument that the cysteine is not

annealing of a chloride-free model with different random

absolutely essential for catalysis. The overall similarity in

trajectories resulted in three side chain positions with nearly the kinetics of cysteine mutants also makes a strong case
equal energy. The slightly reduced size and charge neutralitythat while detailed differences may exist, the cysteine acts
of the serine appear to give greater freedom to the serinein a fundamentally similar role in each of these homologous

than the native cysteine. One conformation was similar to
the wild-type cysteine, but with the-hydroxyl moved
slightly closer to the hydroxyl of T273 and the substrate
guanidinium. Two other rotamers offer alternative hydrogen
bonds for the hydroxyl, either with a carboxylate oxygen of
Gluzzs and the guanidinium of substrate arginine or away
from the Glyss carboxylate and toward a simulated water
molecule. In simulations with a chloride ion, the ion remained
within 1 A of its position in the experimental C271A
structure, between 3.5 drt A from the positively charged
guanidinium of substrate arginine (Figure 1b). Simulations
of C271S with chloride resulted in different side chain
orientations than simulations without chloride. Three distinct
side chain conformations were found with interactions of
its y-hydroxyl to both the chloride (3 A) and the nonreactive
N, of substrate arginine (33.1 A). A fourth rotamer was
found within 2.7 A of a carboxylate oxygen of Ghg nearly

4 A from the N, of substrate arginine a@n5 A from the
chloride ion. By constrast, there was little ensemble variation
in either the C271D or C271N mutants. In C271D one
carboxylate oxygen interacted with the nonreactivedf

enzymes. That said, the availability of a high-resolution
mutant structure (C271A) for arginine kinase now eliminates
the popularly held belief that the primary role of the cysteine
is in execution of large substrate-induced conformational
changes13). The C271A structure is in the transition state
form and, apart from very local changes, is in a wild-type
configuration. Clearly, some other rationalization of the
importance of the cysteine is needed. Past considerations of
the role were based on categorization of mutants as active
or inactive, but partial activity may be key to understanding
the cysteine. The case is made below that several active site
amino acids enhance the enzymatic rate through the catalytic
chemistry or alignment of substrates. The leading role of
the cysteine may be catalytic, even if it is only responsible
for part of the catalytic effect.

The kinetics and structure reported here give strong and
mutually consistent support to the proposal that the cysteine
functions as a thiolate ionl8, 14, 39). As with creatine
kinase (3), chloride can partially rescue the activity of Gys
mutants. The C271A structure shows that the chloride binds
close to the position of the negatively charged sulfur in wild
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type, substituting, in part, for its role. The rescue effect is Boltzmann equation4Q@) to the refined transition state
greatest for the C271A mutation where the chloride gets analogue arginine kinase structudB) gives a calculated
closest to the native sulfur position. Simulation of the C271S pK of 6.1. This excellent agreement with the kineti€ (14,
structure shows that, consistent with the chloride dependencet4) demonstrates that the electrostatic environment in the
of its kinetics, a chloride can be accommodated, but it would substrate-bound state is sufficient to account for the l&w p
require a change in the serine side chain conformation from By contrast, calculation using the substrate-free strucfi@e (
that of the wild-type cysteine. Simulation of the C271N yields only a slightly lowered g of 7.5. Comparisons with
structure predicts that a chloride would not be bound in the experimental Ks of many other proteins has demonstrated
immediate vicinity of the guanidinium, consistent with the that the accuracy of such calculations is usually better than
kinetics showing little effect of chloride, less than observed 1 pK unit (45). There is a caveat that the present calculations
in Mi,CK (13). As might be expected, chloride provides no omit an active site loop that has not been ordered in any of
further help to the C271D mutant that is already negatively the substrate-free structurds), but the loop is remote from
charged. The predicted C271D structure indicates that theCysy7; and unlikely to have great impact. The current
wild-type thiolate-guanidinium interaction is replaced by a calculation makes intuitive sense, suggesting that the low
carboxylate-guanidinium salt bridge (2.7 A), although the pK thiolate form is stabilized with the formation of an ion
carboxylate oxygen position differs slightly from that of the pair as the guanidino substrate binds. Thus, substrate binding
sulfur. and the rationalization of kinetic dissociation constants are

The C271A mutant shows that the effect of the chloride complicated by the likely loss of the thiolate proton as the
is mediated through catalysis. In fact, substrate binding is substrate binds.
actually less favorable with high&t, andK;, for phospho- Questions about cysteine’s protonation state in the substrate-
arginine as chloride concentration is increased. The earlierfree form relate to matters of substrate binding. However,
studies with MCK found unfavorable impact of chloride the larger impact of the Cys mutations is upon catalytic
upon phosphocreatine binding in most cysteine mutd®s ( rate. Many arguments now implicate the thiolate form in
Here, it is seen only for the alanine mutation that allows catalysis: (1) kinetic s were determined from homologous
chloride binding close to the native thiolate position and not creatine kinase mutantd4); (2) of mutations at the active
for the asparagine and aspartate mutants (Table 1). This, andite cysteine in several homologous enzymes, negatively
the higher dissociation constants for C271D, can be rational-charged aspartate substitutions are among those partially
ized in terms of electrostatic repulsion between phospho- active (refl3and this work); (3) for mutational substitution
arginine and a negatively charged active site. Direct elec- of small amino acids for the cysteine, chloride is able to
trostatic effects cannot explain the behavior of C271S. One partially rescue activity in several of these enzymes 1&f
of the several predicted rotamers moves the hydroxyl away and this work); (4) in arginine kinase, the chloride has been
from the guanidino nitrogen to hydrogen bond to £du shown to bind to mutants at a site close to the native location
perturbing the K of Gluxs and likely diminishing the  of the negatively charged sulfur and to form analogous
interaction between Ghgs and substrate arginine. interactions with the substrate arginine (this work); (5)

The loss of synergistic substrate binding upon mutation electrostatic calculations using the atomic structure indicate
or chemical modification of creatine kinase had been cited that when substrates are bound, £ysf arginine kinase
as supporting the previously proposed role of the cysteinehas a K of 6.1 and is predominantly deprotonated (this
in a substrate-induced conformational charig® 13). Here, work).
with arginine kinase, the effects upon synergy are less How the thiolate contributes to catalytic enhancement
pronounced. Our C271A mutant crystal structure shows that without being absolutely essential is open to speculation. One
the cysteine is not required for the substrate-induced con-possibility is that the negative charge and proton affinity
formational change, but there are other ways that synergy(basic character) of the thiolate would draw positive charge
could be mediated. With the cysteine in thiolate form (see to the unreactive | perturbing the resonance of the
below), electrostatics is a possibility. Synergy could be guanidinium. The effect would be to increase the double-
impacted by perturbations in the juxtaposed charged sub-bonded nature between the &nhd the unreactive Nwhile
strates, and the neighboring active site residues that providedecreasing it between the: @nd the reactive N For the
countercharges, or by other subtle conformational changesforward reaction (phosphoarginine forming), this would
local to the active site. enhance the nucleophilicity of the reactivg Whose lone

It has been noted previously that the reportd€l qof pair attacks they-phosphorus of ATP. For the reverse
creatine kinase’s active site cysteine is perturbed down from reaction (ATP forming), minimization of any double-bonding
8.5 to one of the kineticlgs at 5.4 {4). Titration of the 240 character of the reactive,Nvould enhance the leaving group
nm absorption, characteristic of thiol groups, was used to properties of the arginine and assist the phosphoryl transfer
show that the K of the cysteine was low ¢ 5.6) even in to ADP. Such a role could involve proton transfer from
the absence of substrated44). While there are other guanidinium to cysteine, and later back again, or the effect
precedents of active site cysteines with lou{, pn the might fall short of formal transfer, requiring only that the
phosphagen kinase substrate-free form, there is no basigroton be drawn toward the thiolate.
residue with which the cysteine could form an ion pair, the  The potential role of a conserved active site cysteine has
usual mechanism for K perturbation 40—42). The cys- been debated for over 40 years. Here, with the addition of
teine’s K is perturbed by one unit by the hydrogen bond structure, a role of the active site cysteine in mediating
with Thry73 (7) or a homologous serine in creatine kinase induced-fit conformational changes is ruled out, implicating
(14), but the means with which a largeKperturbation is the cysteine in catalysis again. However, these and other
made remains a mystery. Here, application of the Poisson studies of active site residue®(j indicate that the enzyme
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embodies several strategies simultaneously for enhancing the
catalytic rate and that there are several residues that

contribute to the overall rate enhancement, none of which

are absolutely required for the reaction to proceed at a

measurable rate.
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