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ABSTRACT: Creatine kinase (CK) catalyzes the reversible phosphorylation of creatine by ATP. From a
structural perspective, the enzyme utilizes two flexible loop regions to sequester and position the substrates
for catalysis. There has been debate over the specific roles of the flexible loops in substrate specificity
and catalysis in CK and other related phosphagen kinases. In CK, two hydrophobic loop residues, I69
and V325, make contacts with theN-methyl group of creatine. In this study, we report the alteration of
the substrate specificity of CK through the mutagenesis of V325. The V325 to glutamate mutation results
in a more than 100-fold preference for glycocyamine, while mutation of V325 to alanine results in a
slight preference of the enzyme for cyclocreatine (1-carboxymethyl-2-iminoimidazolidine). This study
enhances our understanding of how the active sites of phosphagen kinases have evolved to recognize
their respective substrates and catalyze their reactions.

Koshland originally suggested that conformational changes
upon substrate binding could serve as a basis for substrate
specificity; e.g., a good substrate induces an active confor-
mation of an enzyme, and a poor substrate induces an
inactive conformation (1). Frequently, these changes involve
the movement of flexible loops which assist in substrate
recognition and catalysis (2-4). While the contribution of
induced fit to the substrate specificity of an enzyme has been
greatly debated (5-8), it is clear that determinants of
specificity can often be found on flexible loop regions (4, 9,
10). Here, we investigate the contributions of two flexible
loop regions of creatine kinase (CK)1 to the substrate
specificity of the enzyme.

CK (EC 2.7.3.2) is a member of the phosphagen kinase
superfamily of enzymes whose members catalyze the revers-
ible phosphorylation of guanidino substrates by ATP. The
CK reaction is shown in Scheme 1. The products of these
reactions, phosphagens, act as reservoirs of high-energy
phosphate which are utilized to rapidly regenerate ATP in
cells with variable energy needs (e.g., muscle and nerve
cells). In addition to their central role in energy homeostasis,
the phosphagen kinases have been used as a paradigm for

understanding the kinetics and mechanisms of bimolecular
reactions (11-13).

The phosphagen kinases possess a unique structural fold
that is only distantly similar to that of glutamine synthetase
(14, 15). High-resolution crystal structures of two phos-
phagen kinases, arginine kinase (AK) and CK, have been
determined in the unbound form (16-19) and bound with a
transition-state analogue complex (TSAC) (20, 21). These
structures indicate that large movements of two flexible loop
regions (termed here N-terminal and C-terminal loops) occur
upon substrate binding. The N-terminal loop region (N-loop,
CK residues 60-73) is variable in length across the phos-
phagen kinase superfamily. The length of this loop shows
an inverse relationship to the size of the cognate substrate,
suggesting that it may be involved in determining specificity.
In some studies, the N-loop has been termed the guanidino
specificity region (20, 22). The length of the C-terminal loop
(C-loop, CK residues 323-332) is invariant across the
phosphagen kinases, although the sequence motifs found in
the loop are class (family) specific (e.g., there are differences
between AKs and CKs, etc.). The gross movements of the
N- and C-loops are similar in AK and CK, but consistent
with the sequence differences among families, the specific
interactions that occur between these two loops in the TSAC
enzymes differ significantly. In the AK-TSAC structure,
the N-loop is short and cannot make contacts with the C-loop.
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In contrast, the CK-TSAC structure reveals significant
interactions between the N- and C-loops (21).

Our examination of the structures of AK and CK suggests
that CK residues I69 and V325 may act as a specificity-
determining system in that enzyme. Accordingly, the roles
of each of these residues in substrate recognition and catalysis
have been investigated using site-directed mutagenesis.
Several I69 and V325 mutants were constructed and assayed
with creatine and creatine analogues (Figure 1a-d). Although
the structural evidence suggests that both I69 and V325 make
hydrophobic contacts with the substrate, our study found that
single-site mutants at I69 are unable to direct the specificity
of CK away from its natural substrate. In contrast, results
from single-site mutations at V325 suggest that this residue
can function as a “specificity switch”. Changing the identity
of the residue at this position alters the specificity of the
enzyme among three guanidino substrates. The roles of I69
and V325 in the delivery of both substrate specificity and
catalysis are discussed.

EXPERIMENTAL PROCEDURES

Materials. Unless otherwise noted, all chemicals and
enzymes were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO). Microplate readings were taken on a
SPECTRAmax 340 spectrophotometer from Molecular De-
vices (Sunnyvale, CA) using UV-transparent Costar 96-well
plates from Corning (Corning, NY).

Synthesis of Cyclocreatine and N-Ethylglycocyamine.
Cyclocreatine (1-carboxymethyl-2-iminoimidazolidine) and
N-ethylglycocyamine (N-ethyl-N-amidinoglycine) were syn-
thesized according to previously published methods (23).

Site-Directed Mutagenesis.Amino acid substitutions in the
human muscle CK isozyme were carried out using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) with the pETHMCK vector (24) acting as the
DNA template. Double mutants were created either by
performing a second mutagenesis step on the appropriate
mutant template or by digesting the appropriate mutant
plasmids withNcoI andPVuI and ligating the fragments. The
forward primers are shown below with the lowercase letters
indicating the base change from the wild type; the codon
encoding the mutation is underlined: I69A, 5′-CAGGT-
CACCCCTTCgcCATGACCGTGGGC-3′; I69V, 5′-CCCAG-
GCCACCCCTTCgTCATGACCGTCGGCTGCG-3′; I69L,
5′-CCCAGGCCACCCCTTCcTCATGACCGTCGGCTGCG-
3′; V325A, 5′-GGGGTACAGGTGGCGcGGACACAGCT-
GCCGTGGG-3′; V325E, 5′-GAGGGGTACCGGTGGC-
GaGGACACAGCTGCAGTGGGC-3′.

After treatment withDpnI to remove template DNA, the
PCR product was transformed intoEscherichia coliDH5R

cells (Invitrogen, Carlsbad, CA). The presence of the
mutation and fidelity of the mutagenesis were confirmed by
sequencing the entire gene.

Expression and Purification.Proteins were expressed and
purified using previously described methods (25) with some
minor modifications. The plasmids were transformed into
E. coli strain BL21(DE3)pLysS (Stratagene), and the trans-
formed cells were grown in LB medium at 37°C to anA600

of 0.6-1.0. The cells were cooled to 25°C, and protein
expression was induced with 0.4 mM IPTG. After growing
for 6 h, the cells were harvested by centrifugation and
resuspended in MES buffer [10 mM MES, 20 mM KCl, and
1 mM DTT (pH 6.0)] containing 0.1 mM PMSF. The cells
were lysed by freezing and thawing, followed by the addition
of DNase to a final concentration of∼60 units/mL. The
suspension was centrifuged at 22000g for 30 min, and the
supernatant was loaded onto a Blue Sepharose CL-6B
column (Amersham Biosciences, Piscataway, NJ) as de-
scribed previously (25). Mutant proteins were eluted with
TES buffer [10 mM TES and 1 mM DTT (pH 8.0)]
containing 20 mM KCl. The CK mutants were further
purified on a HiPrep Q (Amersham Biosciences) column
(25). Each purified mutant enzyme appeared as a single band
on SDS-PAGE.

Protein Stability Measurements.Thermal denaturation
profiles were performed on a Jasco J-715 spectropolarimeter
(Easton, MD) equipped with a Jasco PTC-348WI Peltier-
effect temperature control device and in-cell stirring. Native
CK and mutant concentrations were 0.02 mg/mL in 50 mM
KPi, 200 mM KCl, and 38% ethylene glycol at pH 6.8. The
CD spectrum at 223 nm was monitored in 0.2°C increments
from 20 to 70 °C. Melting temperatures for the gross
unfolding of creatine kinase were determined using EXAM
(26).

Kinetic Characterization.Steady-state kinetic analyses of
CK were carried out using a previously described coupled
assay (27, 28) modified for a microplate format. Activity
measurements were performed at 30°C in 96-well UV-
transparent microplates. Assay controls using the native
enzyme found the results from the microplate procedure to
be similar to those of previous studies (24, 25, 29). The final
assay mixture contained 75 mM TAPS buffer (pH 9.0), 0.36
mM NADH, 0.36 mM phosphoenolpyruvate, 1 mM Mg-
(OAc)2, 13 mM KOAc, and variable concentrations of
MgATP, guanidino substrate, and CK in a final volume of
300 µL. Concentrations of the coupling enzymes, pyruvate
kinase and lactic acid dehydrogenase, were 28 and 54 units/
mL, respectively. The reaction was initiated by the addition
of the guanidino substrate.

Activity was determined by monitoring the oxidation of
NADH at 340 nm using a molar extinction coefficient of
6.22 mM-1 cm-1. The microplate assay uses a mean path
length of 0.8 cm. Data points were collected every 12 s for
10 min, and the maximum rate was determined using at least
five points sampled over 1 min. At pH 9.0, CK operates by
a rapid equilibrium, random bi-bi mechanism (11). Data were
fitted to eq 1, using SigmaPlot 8.0 with the Enzyme Kinetics
module from SPSS (Chicago, IL)

FIGURE 1: Natural (a, b, and e) and synthetic (c and d) guanidino
substrates: (a) creatine, (b) glycocyamine, (c)N-ethylglycocyamine,
(d) cyclocreatine, and (e) arginine.

V ) (Vmax[A][B])/[ R(KiaKib + Kib[A] + Kia[B]) +
[A][B]] (1)
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where [A] and [B] are the substrate concentrations of the
guanidino substrate (GS) and MgATP, respectively,Kia and
Kib are the dissociation constants for the E-GS and
E-MgATP complexes, respectively, andRKia andRKib are
the dissociation constants for dissociation of GS and MgATP,
respectively, from the E-GS-MgATP complex. Thus, the
term R quantifies how the binding of one substrate affects
the binding of the other.

Where mutant activity was too low to perform detailed
kinetic analysis or when the substrate solubility was poor,
V/K conditions were used to estimatekcat/Km. The assay
mixture was prepared as described above with the following
changes. The guanidino substrate was varied at nonsaturating
levels while the concentration of MgATP was maintained
at 5 mM (saturating). Velocity values for at least three
independent trials were plotted against substrate concentra-
tions. Under these conditions, the slopes of the plots yield
Vmax/Km values.

RESULTS

Sequence and Structural Similarities and Differences
among Phosphagen Kinases.In many aspects, the functions
of the flexible loop regions in the characterized phophagen
kinases, AK and CK, are essentially identical. Each loop
recognizes the appropriate substrate and assists in positioning
the substrate for catalysis. In addition, the loops undergo
substantial movement upon substrate binding, leading to
stabilization of the active conformation. A multiple-sequence
alignment of the flexible loop regions of a representative
set of phosphagen kinases is shown in Figure 2.

The N-loops exhibit significant differences in the length
and amino acid composition across the various phosphagen
kinases (Figure 2) (20, 22). In most2 AKs, the amino groups
of N-loop residues 63-65 (SGV) make contacts with the

carboxylate of arginine and D62 stabilizes the N-loop through
a hydrogen bond with R193 (Figure 3a) (20). Mutagenesis
studies have shown that the mutation of either D62 or R193
to glycine reduces activity∼100-fold (30). The N-loop of
the CKs is longer than that found in AKs and possesses a
conserved residue, H66, which appears to interact with D326
from the C-loop, possibly acting to stabilize the active
conformation (Figure 3b) (21). Recent studies (P.-F. Wang,
A. J. Flynn, M. J. McLeish, and G. L. Kenyon, unpublished
results) indicate that mutations at H66 or D326 have a
significant effect on catalysis, with mutation of either residue
resulting in greatly reduced activity. In CK, none of the
conserved N-loop residues except I69 make specific contacts
with the creatine substrate (21). In the CK-TSAC structure
(Figure 3b), residue I69 makes hydrophobic contacts with
both theN-methyl3 of creatine and V325. The interaction of
I69 with V325 forms a “specificity pocket” for theN-methyl
group in CK (21).

Comparisons of phosphagen kinase C-loops reveal class
specific sequence differences, although the lengths of the
loops are identical across all superfamily members (Figure
2). All CKs have a conserved VD motif (CK residues 325
and 326) which aligns structurally with the EH motif (AK
residues 314 and 315) conserved across all AKs and
lombricine kinases and the ES motif of glycocyamine kinase
(Figure 2). The AK-TSAC structure shows the C-loop EH
motif contacts only the bound arginine substrate (20). E314
forms two critical hydrogen bonds with the guanidino
terminus of arginine (Figure 3a) (20). The conservative
E314Q mutation reduces thekcat of the enzyme∼300-fold
(29, 31). H315 forms a single hydrogen bond with the
carboxylate of arginine, and is too distant to interact with
the AK N-loop (20). This is in contrast to CK, where C-loop
residues V325 and D326 contact N-loop residues I69 and
H66, respectively (Figure 3b) (21). V325 and I69 also make
contacts with theN-methyl of the bound creatine substrate,
whereas D326 and H66 do not make any substrate contacts
but may stabilize the active, closed loop conformation (21).
It is important to note that E314 of AK and V325 of CK are
aligned in structural superpositions (Figure 3), although, prior
to the determination of the CK-TSAC structure, it was often
assumed that E314 of AK was homologous to, and would
align with, D326 of CK (29, 32).

Protein Expression and Stability.CK and all variants were
routinely expressed and purified essentially as described
previously (25). To confirm that the overall stability of these
proteins is unaffected by the mutations, thermal denaturation
profiles were obtained. The mutant enzymes exhibit profiles
identical to that of native CK (data not shown).

Enzyme ActiVity and Kinetic Parameters.Kinetic param-
eters for the reaction of native and mutant CK enzymes in
the forward direction (phosphagen formation) were deter-
mined in a microplate format (see Experimental Procedures).
Creatine, glycocyamine,N-ethylglycocyamine, and cyclo-
creatine were employed as substrates (Figure 1a-d). Binding
constants andR values are listed in Table 1, except for that

2 In several AKs, the SGV (residues 63-65) motif and D62 are not
conserved. This subclass of AKs presumably has a unique substrate
recognition system (31).

3 For clarity,N- refers to the Nγ position of creatine and the creatine
analogues and the analogous Nε of arginine, as applicable.

FIGURE 2: Alignment of the N- and C-loop regions of guanidino
kinases. The sequence alignment was generated using Clustal W
(41) and edited based on structural alignments of AK (PDB entry
1BG0) and CK (PDB entry 1N16) created with MinRMS (42). The
numbering refers to human muscle CK. Loop regions are boxed.
Hydrophobic specificity pocket residues I69 and V325 in CK are
denoted with arrows on the multiple-sequence alignment. Swissprot
accession numbers are as follows: O15991 for lombricine kinase
(LK) Eisenia, P51546 for glycocyamine kinase (GK)Neanthes,
P00564 for CK Rat.M, P06732 for CK Human.M, P00565 for CK
Chicken.M, P00566 for CKTorpedo, P12277 for CK Human.B,
P07335 for CK Rat.B, P05122 for CK Chicken.B, P25809 for CK
Rat.Mi, P12532 for CK Human.Mi,; P70079, CK Chicken.Mi,
P14208 for AK Lobster, O61367 for AK Honeybee, Q95V58 for
AK Shrimp, P51541 for AKLimulus, and O15989 for AKBattilus.
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of glycocyamine, which, due to its poor solubility, could not
be fully characterized kinetically. These substrates were
selected on the basis of their similarity to creatine, and their
ability to probe specific enzyme-substrate interactions. For
example, glycocyamine lacks theN-methyl group of creatine,
while cyclocreatine andN-ethylglycocyamine have bulkier
rigid and flexible N-substituents, respectively. Thekcat and
specificity constants (kcat/Km) are listed in Table 2. None of
the mutations we made significantly perturb theKd value
for MgATP. Although the I69A/V325A and I69V/V325A
double mutants were also prepared and tested, the activities
of these mutants were too low to allow accurate interpretation
(data not shown).

I69 Mutations.The effects of mutagenesis at I69 vary
significantly depending on the mutation and substrate
utilized. The I69A mutant possesses the highest activity with

creatine as the substrate; however, thekcat is reduced 20-
fold in comparison to that of the native enzyme. TheKd for
creatine is increased approximately 2-fold over that of the
native enzyme, while theKm for creatine is increased more
than 25-fold, indicative of a change in the synergy (R value4)
of the enzyme. Binding synergy has been previously
observed for some CK isozymes, although the degree of
synergy varies and may be affected by many factors (11,
33). Under our conditions, native CK exhibits synergy with
creatine and has anR value of 0.24. In contrast, the I69A
mutation results in a greater than 15-fold increase inR with

4 An R value equal to unity indicates that the binding of the first
substrate has no effect on the binding of the second. A value of less
than unity signifies an increased affinity for the second substrate, and
a value of greater than unity indicates a decrease in the affinity of the
enzyme for the second substrate.

FIGURE 3: Active site comparisons of AK and CK. Ribbon diagrams with ball-and-stick ligands and side chains generated with Chimera
(15) and ChemDraw representations of the active sites of AK (1BG0) and CK (1N16). Requirements of the flexible loop regions for both
enzymes include precise positioning of the guanidino substrate and stabilization of the loops in the active conformation. Only the glutamate
at position 225 in AK or position 232 in CK is strictly conserved between these active sites. (a) In the AK-TSAC structure, the guanidino
terminus of arginine is positioned through C-loop residues E314 and H315 while the amino terminus is positioned through interactions with
the backbone nitrogens of N-loop residues 63-65. The N-loop of AK is stabilized by the interaction of D62 with R193. (b) In the CK-
TSAC structure, the guanidino terminus of creatine is positioned through the hydrophobic interaction of I69 and V325 with the methyl
group of the creatine substrate. The carboxy terminus of CK is stabilized primarily through interactions with conserved, buried waters. The
CK loops are stabilized by the interaction of H66 with D326, from the N- and C-loops, respectively.
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creatine (R ) 3.7), indicating negative synergy with creatine.
The increase in thisR value also dramatically affects the
Km value, resulting in an enzyme with a 500-fold reduction
in its specificity for creatine.

The I69V mutant exhibits akcat similar to that of the native
enzyme with both creatine andN-ethylglycocyamine as
substrates, while thekcat for cyclocreatine is reduced 8-fold.

While thekcat values for creatine andN-ethylglycocyamine
are near wild-type (WT) values, theKm values for these
substrates are significantly higher, thereby also affecting the
specificity of the enzyme. TheKm for cyclocreatine is lower
than that forN-ethylglycocyamine; however, this tighter
binding does not result in an increase in thekcat value with
the cyclocreatine substrate. Instead, the decrease inKm is
accompanied by a decrease inkcat for cyclocreatine. This
phenomenon may indicate nonproductive binding with cy-
clocreatine as the substrate (34). Despite the slight changes
in activity and binding forN-ethylglycocyamine, the I69V
mutation results in an increase inR from 0.7 in the native
enzyme to 1.7 in the mutant. This negative synergy is similar
to that observed for I69A with creatine, albeit less pro-
nounced.

In addition to mutations which generate a larger substrate
binding pocket at I69, we also investigated the I69L mutant.
Although this change reduces the size of the binding pocket
and would be expected to decrease the affinity for creatine
and bulkier substrates, it was designed to probe whether the
extra methyl group at this position could alter the enzyme
and direct it to prefer glycocyamine by mimicking the
N-methyl group of the creatine substrate. However, the results
indicate that thekcat/Km value for I69L with glycocyamine
is not enhanced, but rather reduced∼100-fold in comparison
to that of the WT enzyme. As expected, thekcat value with
this mutant is reduced 2-fold with the creatine substrate, and
25-fold with cyclocreatine andN-ethylglycocyamine in
comparison to the values for the WT enzyme with these
substrates. TheKd for cyclocreatine is similar to that for WT,
and theKd for N-ethylglycocyamine is almost 2-fold lower
than the WT value, despite the added bulk nearer the
substrate binding pocket. The specificity constants (kcat/Km)
for each of the substrates are significantly reduced, with
values for all substrates ranging from 1 to 7% of those for
the WT enzyme. TheR values for I69L are similar to those
for I69V for all substrates, including the negative synergy
observed withN-ethylglycocyamine.

Table 1: R Values and Dissociation and Michaelis Constants for CK Mutants with Several Guanidino Substratesa

MgATP guanidino substrate

enzyme substrateb R
Kd

MgATP

(mM)
Km

MgATP

(mM)
Kd

GS

(mM)
Km

GS

(mM)

WT Cr 0.24 0.90( 0.12 0.22( 0.05 38.6( 6.3 9.3( 2.5
CyCr 0.37 0.79( 0.09 0.29( 0.07 67( 12 24.5( 7.1
EG 0.68 0.91( 0.07 0.62( 0.12 103( 14 70( 16

I69A Cr 3.7 0.86( 0.09 3.17( 1.02 69( 11 250( 90
CyCr ndc ndc ndc ndc ndc

EG ndc ndc ndc ndc ndc

I69V Cr 0.49 1.11( 0.10 0.54( 0.11 75( 10 36.4( 8.5
CyCr 0.51 0.95( 0.10 0.47( 0.14 130( 28 66( 22
EG 1.7 1.00( 0.09 1.66( 0.38 81( 11 135( 34

I69L Cr 0.52 0.84( 0.06 0.44( 0.09 137( 20 72( 17
CyCr 0.71 0.89( 0.11 0.64( 0.17 75( 13 53( 16
EG 1.3 0.85( 0.10 1.1( 0.3 58.2( 9.1 76( 21

V325A Cr 0.63 1.01( 0.07 0.64( 0.12 113( 15 71( 15
CyCr 0.46 0.95( 0.07 0.44( 0.08 109( 14 50( 10
EG 0.83 0.85( 0.09 0.70( 0.20 100( 19 83( 27

a Values are shown( the standard error.Kd andKm values are discussed in Experimental Procedures. Each data point is an average of at least
three individual measurements. GS is the guanidino substrate.b Cr, creatine; CyCr, cyclocreatine; EG,N-ethylglycocyamine.c Activity is too low
for full kinetic characterization.

Table 2: Velocity and Specificity Constants of CK Mutantsa

enzyme substrateb
kcat (s-1)

(% of WT)
kcat/Km (s-1 M-1)

(% of WT)
(kcat

GS/Km
GS)/

(kcat
Cr/Km

Cr)

WT Cr 85.3( 1.5 (100) 9190 (100) 1
CyCr 35.2( 0.8 (100) 1440 (100) 0.16
EG 14.5( 0.5 (100) 207 (100) 0.02
Gly ndc 21d (100) 0.002

I69A Cr 4.2( 0.5 (5) 17 (0.2) 1
CyCr ndc 0.5d (0.03) 0.03
EG ndc 0.5d (0.2) 0.03
Gly ndc ndc ndc

I69V Cr 82.7( 2.2 (97) 2270 (25) 1
CyCr 4.4( 0.2 (13) 67 (5) 0.03
EG 12.0( 0.7 (83) 89 (43) 0.04
Gly ndc 1.4d (7) 0.001

I69L Cr 45.0( 1.3 (53) 627 (7) 1
CyCr 1.5( 0.1 (4) 28 (2) 0.04
EG 0.55( 0.02 (4) 7.2 (3) 0.01
Gly ndc 0.3d (1) 0.0005

V325A Cr 15.4( 0.5 (18) 216 (2) 1
CyCr 18.0( 0.4 (51) 359 (25) 1.66
EG 4.3( 0.2 (30) 52 (25) 0.24
Gly ndc 1.7d (8) 0.008

V325E Cr ndc 0.14d (0.002) 1
CyCr ndc ndc ndc

EG ndc ndc ndc

Gly ndc 15d (71) 104
a Each data point is an average of at least three individual measure-

ments. Unless otherwise noted,kcat andkcat/Km values are determined
from Table 1. Values are shown( the standard error. GS is the
guanidino substrate.b Cr, creatine; CyCr, cyclocreatine; EG,N-ethylg-
lycocyamine; Gly, glycocyamine.c Activity is too low for determina-
tion. d Values were determined under pseudo-first-order conditions
discussed in Experimental Procedures. The standard error is estimated
to be(10%.
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V325 Mutations.While I69 mutations affect both the
synergy and specificity of the enzyme, mutations at this
position are unable to switch the overall preference of CK
away from its natural substrate, creatine. In contrast, both
V325 mutations alter the specificity of the enzyme away from
creatine and toward one of its analogues. Mutation of V325
to alanine creates a slightly larger substrate binding pocket,
which we speculated would direct the enzyme to prefer
bulkier substrates such as cyclocreatine andN-ethylglyco-
cyamine. However, the V325A mutant fails to improve the
Kd or Km values (Table 1) for either of the bulkier substrates.
In fact, the mutation of V325 to alanine results in increased
Km values, accompanied by decreased activities, for all
substrates. The ability of V325A CK to bind and catalyze
the reaction with creatine as the substrate is weakened more
than with the cyclocreatine substrate. This results in a modest
1.7-fold preference for the cyclocreatine substrate over
creatine.

Mutation of V325 to glutamate results in a striking
preference for glycocyamine over creatine. As shown in
Table 2, comparisons of the specificity constants of V325E
for creatine and glycocyamine reveal that the enzyme prefers
glycocyamine by∼100-fold. Thekcat/Km value with creatine
as the substrate is reduced nearly 70000-fold relative to that
of the wild type, while the specificity constant with glyco-
cyamine remains essentially unchanged in comparison to that
of the native enzyme. Examination of the sequences and
structures suggests an explanation for this preference. Both
the larger size and negative charge of the glutamate at this
position should interfere with the binding of the hydrophobic
N-methyl group of creatine (see the Discussion). In addition,
the glutamate may be able to accept a hydrogen bond from
the glycocyamine substrate, a potentially stabilizing interac-
tion which the native valine at that position cannot provide.

DISCUSSION

The use of flexible loops in the binding of and discrimina-
tion between substrates as well as catalysis is common among
many enzyme families. In these cases, a conformational
change, such as the closure of flexible loops, occurs upon
ligand binding and is required for the proper orientation of
the catalytic machinery and substrates for catalysis. There
is substantial precedent in several enzymes that the alteration
of specificity may be achieved through variations in flexible
loops (4, 9, 10). Inspection of the unliganded (16-19) and
TSAC (20, 21) structures for both AK and CK indicates that
these phosphagen kinases also utilize flexible loop regions
to orient active site elements and substrates for catalysis.
These structures also suggest that some determinants of
substrate specificity are present on these loop regions (30,
35, 36). However, the precise roles of many of the residues
in the loops have remained unclear, and prior to this study,
researchers have been unable to alter the specificity of either
of these enzymes by making changes in these loops (36).

Literature reports of the alteration of substrate specificity
have generally been limited to sites distant from or only
indirectly associated with the residues involved in catalysis
(4, 10, 37). In contrast, the specificity determinants in the
phosphagen kinases are close to the site of chemistry, and
may even assist in catalysis through the optimal positioning
of the substrate. Thus, the phosphagen kinases present a

unique system in which to examine the delivery of substrate
specificity through flexible loop regions.

The reasons for a dual role of the flexible loop residues
both in determining specificity and in mediating catalysis
can be rationalized by examination of the TSAC structures
of AK and CK. First, the loop residues interacting with the
substrates are important for catalysis (20, 31). The sp2

hybridization of the guanidino nitrogens in all guanidino
kinase substrates results in a rigid, planar substrate at the
site where chemistry occurs. This planarity allows the precise
alignment of the guanidino group necessary for productive
catalysis to be controlled through the positioning of any rigid
N-substitutions at the guanidino group, or by the positioning
of the guanidino group itself. Therefore, creatine may be
optimally aligned for catalysis through interactions with its
rigid N-methyl substitution at the guanidinium ion (Figure
1a), while the other naturally occurring guanidino substrates
(Figure 1b,e) may be positioned through direct interactions
with the guanidino group. The importance of precise substrate
positioning has been demonstrated in AK where structures
of AK-TSAC mutants reveal that subtle perturbations in
the substrate alignment lead to a loss of activity (31). Second,
these same residues are important in the discrimination of
substrates. In AK, the arginine substrate appears to be
precisely positioned for catalysis, at least in part, through
the interaction of E314 with the guanidino group (Figure
3a) (20). In CK, precise alignment of the substrate is partially
achieved through the interaction of theN-methyl group of
creatine with hydrophobic residues I69 and V325 (Figure
3b) (21). E314 of AK and V325 of CK align structurally,
and our results show that the substrate specificity of CK may
be altered through the mutagenesis of V325. Thus, in CK,
and possibly in other phosphagen kinases, we see that
specific flexible loop residues may play a role in both
catalysis and substrate recognition.

The results reported here are consistent with the interpreta-
tion that precise positioning of the substrates is important in
catalysis and help to explain results from previous studies
of AK and CK. These studies have generated much debate
over the contributions of acid-base chemistry (25, 29, 38,
39), strain, and optimal substrate alignment to catalysis (16,
20, 29, 31, 32). Prior to the solution of the CK-TSAC
structure, the candidates for the putative catalytic base were
identified as either the strictly conserved E232 (E225 in AK)
or C-loop residue D326 (E314 in AK) (Figure 3a,b) (20,
29, 32). A study by Cantwell et al. (29) found that in CK
the functionally conservative E232D mutation results in a
500-fold decrease in activity compared with a modest 3-fold
decrease in activity for the D326E mutation. This suggests
that E232 is more likely to act as a catalytic base; in AK, a
parallel result was found for the mutation of E225 (31).

Pruett et al. (31) have suggested that in AK, the flexible
loop residue which interacts with the guanidino terminus,
E314, is not acting as a catalytic base. Rather, its role lies
in the precise positioning of the substrate. Our results support
this interpretation. Examination of the CK-TSAC structure
shows that there is no candidate on the C-loop to act as a
catalytic base. V325 of CK aligns both structurally (Figure
3a,b) and in the multiple-sequence alignment (Figure 2) with
E314 of AK. Clearly, valine is unable to act as a catalytic
base. Instead, V325 is important in determining the specific-
ity of CK. The V325E mutation severely restricts the ability
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of the enzyme to turn over creatine, as determined from the
kcat/Km, while the kcat/Km value with glycocyamine as a
substrate is essentially unaffected. This results in an∼100-
fold preference of V325E CK for glycocyamine over
creatine. Our results also show that by increasing the size
of the binding cavity at this position (V325A) we reduce
thekcat/Km value for creatine to 2% of that of WT, whereas
thekcat/Km value with cyclocreatine is only reduced to 25%
of that of WT. Thus, we obtain a modest (1.7-fold) preference
for the rigid substrate, cyclocreatine.

In comparison to that of V325, the role of I69 is more
subtle with respect to its contribution to either catalysis or
specificity. While I69 mutations do affect substrate specific-
ity, mutations at this position alone fail to alter the preference
of the enzyme for a substrate other than creatine. Even the
I69L mutation, which might be expected to increase activity
with glycocyamine by compensating for the loss of the
N-methyl group, fails to direct the enzyme to prefer this
substrate. Thus, the low activities of I69L and I69A may
largely be associated with the fact that specificity in CK is
conferred through the interaction of V325 and I69 with the
N-methyl group in creatine, in a composite system whose
precise interactions do not easily tolerate changes. These
interactions appear to be unnecessary in homologous en-
zymes such as AK and GK, whose substrates lack the
N-methyl group. We speculate that in the V325E CK mutant,
glycocyamine may prefer a hydrogen bond acceptor at the
V325 position for optimal positioning and/or catalysis. (Note
that an H-bond acceptor is not strictly required as WT CK
has activity with glycocyamine.)

I69 mutations also affect the binding synergy. The loss of
synergy resulting from the I69A, I69V, and I69L mutations
is similar to that recently reported in an I69G mutant of the
Danio CK isozyme (35). Taking all of the mutation results
together, we propose the roles of I69 and V325 in CK are
both to act as a specificity filter and to aid in the optimal
positioning of the guanidino substrate for catalysis.

Importance of Differences in Loop Interactions in AK and
CK. Although much has been learned about phosphagen
kinase structure-function relationships from comparative
studies on the homologous CK and AK enzymes, transfer
of insight about catalysis from either AK to CK orViceVersa
should be approached with some caution due to important
differences in the nature and behavior of their flexible loops.
The specific roles of the flexible loop residues in AK appear
to differ significantly from those in CK. AK is considered a
more primitive phosphagen kinase than CK (40), and its
flexible loops do not interact. In the study by Pruett et al.
(31), the C-loop in AK was substituted with a CK-like C-loop
(R312G/E314V/H315D/E317A/E319V). This mutant has
near-wild-type activity with arginine, leading those investiga-
tors to question the role of the interactions of the C-loop
with the substrate in the AK reaction. By contrast, in the
more evolved CK, the loop residues have significant interac-
tions. These interactions may place additional functional
constraints on the CK enzyme not present in AK and may
help in rationalizing the differences between the results of
the Pruett study (31) and those reported here. A more
informative understanding of these results may require a
TSAC structure of the AK mutant described above and more
detailed studies of the effects of the individual mutations in
its C-loop.

Very recently, Azzi et al. (36) investigated the roles of
the N-loop residues as specificity determinants in AK and
showed that the specificity of AK is not altered by substitut-
ing a longer CK-like N-loop for the short AK N-loop. In
our study of CK, the results for the V325E mutant provide
a possible explanation for the lack of change in specificity
in the AK study. Our results show that the bulk and/or
negative charge of the glutamate at position V325 has a
critically negative impact on the catalytic efficiency of the
enzyme with creatine as the substrate (an∼70000-fold
decrease). Pertinent to these observations, Azzi et al. (36)
also obtained a structure of AK with creatine and ADP
bound. In this structure, creatine binds similarly to its native
conformation in CK, except, as expected, there is a distortion
in the guanidino plane of the substrate, presumably caused
by a steric clash of the methyl group of creatine with E314.
We note that the loop mutants of Azzi et al. (36) all contain
E314. On the basis of results reported here, it is possible
these AK loop mutants have no detectable activity with
creatine simply because E314 interferes with the optimal
positioning of creatine. On the basis of observations from
our study, and the Pruett (31) and Azzi (36) studies, we
suggest that the conversion of AK to CK will not be achieved
solely through N-loop mutations and, minimally, will require
the additional mutation of E314 to a small hydrophobic
residue such as valine or alanine.

While it is now clear there are significant differences
between the flexible loops of AK and CK, early interpretation
of the roles of these loops in recognition and catalysis in
CK was compromised by the incorrect assumption that the
residue homologous to E314 of AK is D326 of CK (20, 29,
32). The CK-TSAC structure allows the correction of this
mistake and suggests that E314 of AK has been replaced in
CK with the hydrophobic pocket formed by I69 and V325.
Our mutagenesis results support this suggestion. Moreover,
we now postulate that the specific role of V325 in CK is to
recognize and align the substrate for catalysis. We therefore
have termed V325 a “specificity switch”, where the identity
of the amino acid at this position determines the enzyme’s
preference for creatine, cyclocreatine, or glycocyamine.

EVolution of Specificity in Phosphagen Kinases.Given the
results of this and earlier studies, we may now suggest a
new idea for how the phosphagen kinase superfamily of
enzymes has evolved to recognize a variety of substrates and
catalyze their reactions. Phosphagen kinase substrates may
be described in relative terms as long (arginine and lombri-
cine), short (creatine and glycocyamine), having anN-methyl
group (creatine) and lacking an N-substitution (arginine and
glycocyamine). Similarly, the cognate enzymes of these
substrates have evolved accordingly. Although the study by
Azzi et al. (36) raises questions about the importance of loop
length relative to substrate size, at least in nature, long
substrates are catalyzed by enzymes with short N-loops,
while short substrates are catalyzed exclusively by enzymes
with long N-loops. Substrates with anN-methyl group such
as creatine may only be catalyzed by enzymes possessing a
small hydrophobic group on the C-loop, while substrates
lacking this N-substitution such as arginine and glycocyamine
require an acidic group, e.g., a glutamate, at the analogous
position. Only one of the four possible substrate-enzyme
combinations (a long, N-methylated substrate) does not occur
naturally. It may be that the interactions between the N- and
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C-loops are required for recognition of an N-methylated
substrate (note the reduced activity of the I69A mutant), and
therefore, limitations in the size of the associated binding
pocket may preclude the use of a substrate such asN-
methylarginine.

Conclusion.In the context of induced fit theories, our
results suggest that specificity factors presented on flexible
loops in the phosphagen kinase superfamily are also impor-
tant in catalysis. Thus, in addition to proton abstraction,
precise positioning of the substrates is required for optimal
catalysis. Here, we have investigated the specificity system
unique to CK involving interactions between the N-loop and
C-loop residues I69 and V325 with theN-methyl group of
the natural creatine substrate. One of these residues, V325,
may be altered to direct the enzyme to prefer an alternative
substrate.
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