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In order to investigate the residues associated with binding of the substrate taurocyamine in Arenicola
mitochondrial taurocyamine kinase (TK), we performed Ala-scanning of the amino acid sequence HTKTV at
positions 67–71 on the GS loop, and determined apparent Km and Vmax (appKm and appVmax, respectively) of
the mutant forms for the substrates taurocyamine and glycocyamine. The appKm values for taurocyamine of
the K69A, T70A and V71A mutants were significantly increased as compared with wild-type, suggesting that
these residues are associated with taurocyamine binding. Of special interest is a property of V71A mutant: its
catalytic efficiency for glycocyamine was twice that for taurocyamine, indicating that the V71A mutant acts
like a glycocyamine kinase, rather than a TK. The role of the amino acid residue K95 of ArenicolaMiTKwas also
examined. K95 was replaced with R, H, Y, I, A and E. K95R, K95H and K95I have a 3-fold higher affinity for
taurocyamine, and activity was largely lost in K95E. On the other hand, the K95Y mutant showed a rather
unique feature; namely, an increase in substrate concentration caused a decrease in initial velocity of the
reaction (substrate inhibition). This is the first report on the key amino acid residues responsible for
taurocyamine binding in mitochondrial TK.
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1. Introduction

Phosphagen kinases (guanidino kinases), including creatine kinase
(CK), arginine kinase (AK), taurocyamine kinase (TK), lombricine
kinase (LK), glycocyamine kinase (GK), opheline kinase (OK) and
hypotaurocyamine kinase (HTK), are enzymes that catalyze the
reversible transfer of the γ-phosphoryl group of ATP to naturally
occurring guanidino compounds such as creatine and arginine,
yielding ADP and a phosphorylated guanidine typically referred to
as a phosphagen (phosphocreatine, phosphoarginine, etc.). Members
of this enzyme family play a key role in animals as ATP buffering
systems in cells that display high and variable rates of ATP turnover
[1–4]. Crystal structures have been determined for CK [5,6], AK [7], GK
[8] and LK [9]. CK is distributed widely in vertebrates and in
vertebrates, and AK is the common phosphagen kinase among
invertebrates [10,11]. By contrast, GK, TK, LK, OK and HTK are found
only in annelid and annelid-allied worms [10,12,13]. Interestingly,
some of the annelid species contain multiple phosphagen kinases, for
example both CK and GK are present in Namalycastis sp. [14].
TK was first isolated from the body wall muscle of the polychaete
lugworm Arenicola marina [15,16]. Native, cytoplasmic TK shows
considerable activity for hypotaurocyamine (about 50% that of the
main target substrate, taurocyamine), and weak activity for lombri-
cine and glycocyamine [17]. The enzyme is dimeric, like CK, LK and GK
[16].

Recently, two types of TK cDNAs, cytoplasmic TK and mitochon-
drial MiTK, were sequenced from the polychaete Arenicola brasiliensis
[18] and the deep-sea vestimentiferan Riftia pachyptila [19]. The
amino acid sequence of MiTK has 60–65% identity with invertebrate
MiCKs and annelid-specific phosphagen kinases. Analyses of exon–
intron organization suggested that annelid-specific enzymes, includ-
ing MiTK and cytoplasmic GK, LK, TK and Sabellastate AK, evolved
from a MiCK-like ancestor [20].

MiCK, which is targeted to the intermembrane compartment of
mitochondria and exists primarily as a homo-octamer, plays a key role
in intracellular energy transport from mitochondria to the cytoplasm
[1]. MiCK has an N-terminal extension of 40 residues, a mitochondrial
targeting sequence, which is not present in the cytoplasmic CK. This
extension is required for translocation of MiCK from the cytoplasm to
the mitochondrial intermembrane. It is thought that this system
functions in all cells of invertebrates and vertebrates that contain CK
[21]. However, the function of other mitochondrial enzymes, such as
MiTK and putative MiLK [20], is not well understood.

Arenicola MiTK shows considerable enzyme activity for the
guanidino substrates, lombricine and glycocyamine, in addition to
its original target substrate, taurocyamine [18,19]. Structures for
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taurocyamine and glycocyamine are as follows (cited from ChEBI
Home: http://www.ebi.ac.uk/chebi/):
Taurocyamine
Glycocyamine
Thus, the affinity of MiTK for specific guanidino substrates is rather

low. This is in sharp contrast to CK and AK, which have high specificity
for their substrates [3,10]. We have already shown that the specificity
of LK for its substrate is also low [22]. However, the low degree of
substrate specificity in annelid enzymes suggests flexibility in
substrate recognition,whichmay act as a driving force in the evolution
of phaphagen kinases, which have achieved remarkable diversity in
annelids. Indeed, introduction of the mutation K95Y in Eisenia LK
dramatically altered guanidino substrate specificity, from lombricine
to taurocyamine [22].

We previously proposed that the residues 62–72 (designated the
GS region), which have a unique deletion pattern in an alignment of
phosphagen kinases sequences, are involved in distinguishing the size
of a guanidino substrate (see Fig. 1) [23]. This region partially overlaps
with the N-terminal flexible loop in the crystal structures of AK and
CK, and some of the amino acid residues in the GS region have been
shown to interact with a guanidino substrate in Limulus AK and
Torpedo CK [6,7]. The amino acid sequence of GS region of MiTK is
quite different from that of cytoplasmic TK (Fig. 1), reflecting their
evolutionary processes [20]. Consequently, the responses to the
57 60
70

GK-Neanthes QTGVDNPGNKFYGKKT

CK-Rabbit QTGVDNPGHP-FIMTV

CK-Torpedo QTGVDNPGHP-FIMTV

MiCK-Chaetopterus QTGVDNPGHP-FIKTV

sMiCK-human QTGVDNPGHP-FIKTV

MiTK-Arenicola QCGVDNPGYP-HTKTV

MiTK-Riftia QVGVDNPGSP-YSEPV

TK-Arenicola QPSVDYTG-----KIV

TK-Riftia QPSVDSTG-----KIN

LK-Eisenia QPSVDNT-----GRII

LK-Urechis QPSVDNF-----GNCI

AK-Limulus QSGVEN-----LDSGV

Fig. 1. Alignment of amino acid sequences around the GS region and amino acid residue 95
indicated by an arrow. The mutated residues in Arenicola MiTK are underlined. Shaded, res
Accession numbers: GK-Neanthes (AB017257), CK-Rabbit (K02831), CK-Torpedo (M36
(AB186412), MiTK-Riftia (AB18409), LK-Eisenia (AB017257), LK-Urechis (AF421182), TK-Ar
guanidino substrates, taurocyamine, lombricine, glycocyamine and
arginine, differ significantly in the two enzymes [18,19].

Additional studies have revealed the functional relevance of
another residue. Namely, the importance of the amino acid residue
95was demonstrated by Edmiston et al. [24] and by our group [25,22].
The residue is identical or conserved in various phosphagen kinases:
Arg in CK, Ile in GK, Lys in LK and Tyr in AK (see Fig. 1). Based on the CK
and AK crystal structures, residue 95 does not appear to be directly
associated with substrate binding; however, it is located close to the
binding guanidino substrate site [6,7,26]. Cytoplasmic TKs and
mitochondrial MiTKs have His and Lys, respectively, at residue 95
(Fig. 1).

In this study, we performed Ala scanning mutagenesis in the GS
region of Arenicola MiTK, and also replaced K95 with R, H, I, and Y
residues found in native enzymes, and with A or E. The K69A, T70A
and V71Amutant proteins have a lower affinity for taurocyamine, and
conversely, K95 mutants have an increased affinity for this substrate.
Surprisingly, the V71A mutant protein shows a higher catalytic
efficiency for the substrate glycocyamine as compared with the
original substrate, taurocyamine. Thus, K67, T70, V71 and K95 appear
to act as key residues that help determine affinity and specificity for
guanidino substrates. Throughout this report, we use sequence
numbering based on rabbit muscle CK [27].

2. Materials and methods

2.1. Site directedmutagenesis and expression of Arenicola brasiliensisMiTK

The pMAL-c2 plasmid with the insertion of Arenicola MiTK [18]
was used as a template of mutagenesis. Polymerase chain reaction
(PCR)-based mutagenesis was done as described previously [28].
Primers used in PCR are shown in Table 1. KOD+ DNA polymerase
(TOYOBO, Tokyo, Japan) was used as the amplifying enzyme. The PCR
products were digested with DpnI and the target DNA fragments
(7000 bp) were recovered by EasyTrap Ver.2 (TaKaRa, Tokyo, Japan).
After blunting and kination, the DNAwas self-ligated. The cDNA insert
was completely sequenced to confirm that only the intended
mutations were introduced.
80 95 100

GCVFGDEHSYETFKDFFDRCIEEIHH-FK

GCVAGDEESYTVFKDLFDPIIQDRHGGFK

GCVAGDEECYEVFKDLFDPVIEDRHGGYK

GLVPGDKESYKVFADLFHKCIDERHGGYK

GMVAGDEESYEVFADLFDPVIKLRHNGYD

GLVAGDEESYEVFAELFDKIIDDKHGGFK

GLVAGDEESYAVFSEMFDAIISYKHGGFK

GLVAGDEESYTTFNEIFDAVLDDHHLGFS

GLVAGDEESYTVFRELFDAVVNDHHRGFG

GLVAGDPESYEVFKELFDAVINEKHGGFG

GLIAGDEESYEVFKELFDAVINEKHKGFG

GIYAPDAESYRTFGPLFDPIIDDYHGGFK

of GK, CK, MiCK, MiTK, TK, LK and AK. The GS region is boxed. Amino acid residue 95 is
idues interacting with substrates in the Torpedo CK and Limulus AK crystal structures.
427), MiCK-Chaetopterus (AF139589), sMiCK-human (BC029140), MiTK-Arenicola
enicola (AB186411), TK-Riftia (AB186410) and AK-Limulus (U09809).
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Table 1
Primers used for the site-directed mutagenesis of Arenicola MiTK.

Mutant Primer name Sequence

K95Y AreMiTKm01F ATCATGGTGGCTTCAAGCCGAC
AreMiTKm02R AGTCGTCAATGATCTTGTCAAACAG

K95R AreMiTKm03F GACATGGTGGCTTCAAGCCGAC
AreMiTKm03R TGTCGTCAATGATCTTGTCAAACAG

K95H AreMiTKm01F ATCATGGTGGCTTCAAGCCGAC
AreMiTKm01R GGTCGTCAATGATCTTGTCAAACAG

K95I AreMiTKm04F TACATGGTGGCTTCAAGCCGAC
AreMiTKm03R TGTCGTCAATGATCTTGTCAAACAG

K95E AreMiTKm05F AACATGGTGGCTTCAAGCCGAC
AreMiTKm05R CGTCGTCAATGATCTTGTCAAACAG

K95A AreMiTKm11F CACATGGTGGCTTCAAGCCGAC
AreMiTKm05R CGTCGTCAATGATCTTGTCAAACAG

H67A AreMiTKm10F2 CAGGGCTCGTCGCCGGAGACG
AreMiTKm10R CTGTCTTTGTGTGGGGGTATCCGGG

T68A AreMiTKm08F CAAAGACAGTGGGGCTCGTCGCCG
AreMiTKm08R CGTGGGGGTATCCGGGGTTGTCCAC

K69A AreMiTKm06F CGACAGTGGGGCTCGTCGCCGG
AreMiTKm06R CTGTGTGGGGGTATCCGGGGTTGTC

K69R AreMiTKm13F GGACAGTGGGGCTCGTCGCCG
AreMiTkm13R TTGTGTGGGGGTATCCGGGGTTGTC

T70A AreMiTKm07F CAGTGGGGCTCGTCGCCGGAG
AreMiTKm07R CCTTTGTGTGGGGGTATCCGGGGTT

V71A AreMiTKm09F CCACAAAGACAGTGGGGCTCGTCG
AreMiTKm09R CGGGGTATCCGGGGTTGTCCACTCC
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The maltose binding protein (MBP)-Arenicola MiTK fusion protein
was expressed in Escherichia coli TB1 cells by induction with 1 mM
isopropyo-1-thio-β-D-galactopyranoside at 25 °C for 24 h. The cells
were resuspended in 50 mMTris/EDTAbuffer, sonicated and the soluble
proteins were extracted. All of recombinant enzymes are purified by
affinity chromatography using amylose resin (New England BioLads,
Ma, USA). Purity was confirmed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). The enzymeswere placed on ice
until use, and enzymatic activity was determined within 12 h.

2.2. Enzyme assay

Enzyme activity was measured with an NADH-linked assay at
25 °C [29,30] using Ultrospec 4300 UV/Visible Spectrophotometers
(Amersham Biosciences) and determined for the forward reaction
(phosphagen synthesis). The reaction mixture (total 1.0 ml) contained
0.65 ml of 100 mM Tris–HCl (pH 8), 0.05 ml of 750 mM KCl, 0.05 ml of
250 mMMg-Acetate, 0.05 ml of 25 mMphosphoenolpyruvatemade up
in 100 mM imidazole-HCl (pH 7), 0.05 ml of 5 mM NADH made up in
100 mM Tris–HCl (pH 8), 0.05 ml of pyruvate kinase/lactate dehydro-
genase mixture made up in 100 mM imidazole-HCl (pH 7), 0.05 ml of
100 mM ATP made up in 100 mM imidazole-HCl (pH 7) and 0.05 ml of
recombinant enzyme. The reaction was started by adding 0.05 ml of an
appropriate concentration of guanidine substrate made up in 100 mM
Tris–HCl (pH 8). The values for initial velocitywere obtained by varying
the concentration of guanidine substrate in 4.76 mM ATP, and the
apparent Km and Vmax (appKm and appVmax, respectively) were
calculated using the SigmaPlot 12 (Systec Software, Inc.). Protein
concentration was estimated from the absorbance at 280 nm with
ProtParam (http://ca.expasy.org/tools/protparam.html).

3. Results and Discussion

3.1. Expression and kinetic properties of Arenicola recombinant MiTK
(wild-type)

All of the recombinant enzymes were expressed as MBP-tagged
soluble proteins, successfully purified by affinity chromatography,
and confirmed to be highly purified by SDS-PAGE.

The phosphagen kinase reactions, which utilize two substrates,
guanidino substrate and ATP for the forward reaction and phosphagen
and ADP for the reverse reaction, can be explained as a random-order,
rapid-equilibrium kinetic mechanism [29], and in many cases there is
a synergy in the binding of the two substrates. The enzyme reaction of
Arenicola MiTK was determined for the forward reaction and the
kinetic parameters, appKm and appVmax, of the recombinant enzymes
were obtained for two guanidino substrates (taurocyamine and
glycocyamine) in the presence of 4.46 mM ATP. Assuming from the
Km
ATP values for MiTK wild-type (1.26±0.15 mM) and K69A/K95Y

mutant (0.91±0.11 mM) (Matsumoto and Suzuki, unpublished
data), ATP is not fully saturated at the binding site of the enzyme in
this condition (at most 80% saturation). However the parameters,
appKm

tau, appKm
gly, appVmax

tau and appVmax
gly , may be used to elucidate the

binding properties for the guanidino substrates of MiTK.
The parameters of the wild-type and mutants were compared,

considering the values of standard error and 95% confidence interval
calculated by the SigmaPlot.

The appKm
tau and appVmax

tau for wild-type Arenicola MiTK were
determined to be 0.91 mM and 43.1 μmoles Pi•min−1 mg protein−1,
respectively, for the substrate taurocyamine. The corresponding
catalytic efficiency, appVmax/appKm, was calculated to be 47.2 μmoles
Pi•min−1 mg protein−1 mM−1 (Table 2). On the other hand, the
appKm

gly and appVmax
gly were determined to be 10.6 and 20.4,

respectively, for the substrate glycocyamine. The corresponding
catalytic efficiency was 1.9 (Table 2). Based on appKm values, the
affinity of wild-type Arenicola MiTK for taurocyamine, its main target
substrate, is 12-fold higher than that for glycocyamine. Recombinant
wild-type Arenicola MiTK has weak activity for arginine and creatine
(data not shown).

3.2. Ala-scanning of the amino acid sequence H-T-K-T-V at positions
67–71 on the GS loop of Arenicola MiTK

In 1997, we proposed that residues 62–72, which have a unique
deletion pattern in the sequence alignment of CK, GK, AK and LK
(Fig. 1), are associated with distinguishing the size of a guanidino
substrate and thus, was designated the “GS region” [23]. The GS region
partially overlaps with the N-terminal flexible loop in the crystal
structures of CK and AK. Indeed, S69, G70 and V71 in Limulus AK have
been shown to interact with the guanidino substrate arginine [7], and
I69 and V71 in CK [6,31] are the key residues in the active center
pocket. In order to determine which residues are involved in
taurocyamine binding in Arenicola MiTK, we performed Ala scanning
mutagenesis, altering the amino acid sequence H-T-K-T-V at positions
67–71 on the GS loop, and then measured the enzyme activities of the
mutant proteins for the substrates taurocyamine and glycocyamine.

3.2.1. Arenicola MiTK H67A and T68A mutants
The H67A and T68A mutants have a property similar to wild-type;

that is, they have affinities for taurocyamine (appKm
tau=0.72–

0.81 mM) and for glycocyamine (appKm
gly=12.6–14.2 mM) that are

similar to those of wild-type (0.91 and 10.6 mM, respectively)
(Table 2 and Fig. 2). The appVmax

tau (38.7–39.2 μmoles Pi•min−1 mg
protein−1) and appVmax

gly (18.2–22.5) for these two mutant forms of
Arenicola MiTK were also comparable to those of wild-type (43.1 and
20.4, respectively). Moreover, their catalytic efficiencies, as calculated
by appVmax

tau /appKm
tau and appVmax

gly /appKm
gly, which were 48.1–53.9 and

1.5–1.6 μmoles Pi•min−1 mg protein−1 mM−1, respectively, were
also similar to those of wild-type (47.2 and 1.9, respectively). Taken
together, these results indicate that residues H67 and T68 are not
significantly associated with taurocyamine binding or the phosphoryl
transfer reaction.

3.2.2. Arenicola MiTK K69A mutant
The K69A mutant form of Arenicola MiTK has a slightly decreased

affinity for taurocyamine (appKmtau=1.23 mM) and for glycocyamine
(appKmgly=13.2 mM) as compared with wild-type, and also decreased

http://ca.expasy.org/tools/protparam.html
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values for appVmax
tau (35.4 μmoles Pi•min−1 mg protein−1) and appVmax

gly

(16.8) as compared with wild-type (Table 2 and Fig. 2). The catalytic
efficiencies, calculated by appVmax

tau /appKmtau and appVmax
gly /appKmgly, for the

K69A mutant (28.8 and 1.3 μmoles Pi•min−1 mg protein−1 mM−1,
respectively), were decreased to 61–68% those of wild-type (Fig. 3),
suggesting a weak relationship between K69 and taurocyamine binding.
To test this, we constructed an additional mutant form, K69R. The affinity
of the K69R form for taurocyamine (appKmtau=0.74 mM)was comparable
to that of wild-type (appKm

tau=0.91 mM) (Fig. 2), suggesting the
importance of a positively charged side chain at residue 69.

In CK, residue 69 (I69) has been shown to play a key role in
substrate binding by forming a part of a specificity pocket for creatine
[31]. On the other hand, our data suggest a weak relationship between
residue 69 (K69) and taurocyamine binding in MiTK. It is likely that
the above difference is derived from the difference in their active
pocket structures. In fact, CK has strict substrate specificity relatively
[1,10,31,32], but MiTK has relaxed substrate specificity [10,17–19].

3.2.3. Arenicola MiTK T70A mutant
The T70A mutant has 2-fold decreased affinity for taurocyamine

(appKm
tau=1.87 mM) and for glycocyamine (appKm

gly=24.2 mM) as
compared with wild-type, and relatively lower values for appVmax

tau

(31.1 μmoles Pi•min−1 mg protein−1, 72% of the wild-type) or
appVmax

gly (9.1, 45% of the wild-type) (Table 2 and Fig. 2). Consequently,
the catalytic efficiencies of the T70A mutant protein were remarkably
decreased in comparison with wild-type (i.e. appVmax

tau /appKm
tau=

16.6 μmoles Pi•min−1 mg protein−1 mM−1, or 35% that of wild-
type, and appVmax

gly /appKm
gly=0.4, or 21% that of wild-type) (Fig. 3).

These data indicate a stronger relationship of T70 with taurocyamine
binding and phosphoryl transfer reaction.

3.2.4. Arenicola MiTK V71A mutant with strong GK activity
The V71A mutant form of Arenicola MiTK has a 2-fold decreased

affinity for taurocyamine (appKm
tau=2.1 mM) and a decreased appVmax

tau

value (23.9 μmoles Pi•min−1 mg protein−1) (Table 2 and Fig. 2).
Surprisingly, it also showed remarkably strong affinity for glycocya-
mine (appKm

gly=0.89 mM, a 2-fold higher affinity than taurocya-
mine) with an appVmax

gly value of 20.3, resulting in 2-fold higher
catalytic efficiency for glycocyamine (appVmax

gly /appKm
gly=22.8 μmoles

Pi•min−1 mg protein−1 mM−1) as compared with taurocyamine
(appVmax

tau /appKm
tau=11.4) (Fig. 3). Thus, V71 is significantly associ-

ated with taurocyamine binding and recognition of guanidino
substrates. Interestingly, in making a single amino acid change (i.e.
V71A), Arenicola MiTK has been altered to behave as a GK. It is
perhaps surprising that at least for the annelid enzymes MiTK (this
work) and LK [22], the main target of guanidino substrates can easily
be changed.

The residue V71 has been conserved in all CKs (Fig. 1) and CK has a
slight activity for glycocyamine. The fact that the ArenicolaMiTK V71A
mutant form displayed a very strong activity for glycocyamine
suggests that the V71 in CK might have a role in minimizing its GK
activity. In agreement with this idea, Jourden et al. [32] reported that a
6-fold larger catalytic efficiency of CK for glycocyamine as compared
with creatinewas obtained by introducing eight amino acidmutations
on the GS region, including V71T replacement.

4. Amino acid replacement of K95 in ArenicolaMiTK with R, H, I, A,
E or Y, and kinetic properties of the mutant proteins

Amino acid residue 95 is strictly conserved in various phosphagen
kinases: Arg in CK, Ile in GK, Lys in LK, and Tyr in AK (Fig. 1). This residue
is not directly associated with substrate binding as revealed by the CK
and AK crystal structures. However, it is located close to the guanidino
substrate-binding site [6,7,26], and it is known to be a determinant of
guanidino substrate specificity [22,24,25]. Residue 95 is occupied by H
and K in cytoplasmic and mitochondrial TKs, respectively.
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We suggested recently that residue 95 in Danio CK and equivalent
residues in other phosphagen kinases have dual roles [33]: (1)
distinguishing guanidino substrates, and (2) organizing the hydro-
gen-bond network around residue-96, which offers an appropriate
active center for the high catalytic turnover. The mode of develop-
ment of the network appears to be unique in each phosphagen kinase,
reflecting evolution of each enzyme.

We next examined the role of amino acid residue K95 of Arenicola
brasiliensisMiTK. K95 was replaced by R (CK type), H (cytoplasmic TK
type), Y (AK type), I (GK type), A or E, and the activities of the
resultant mutant proteins were determined for the substrates
taurocyamine and glycocyamine (Table 2).

4.1. Arenicola MiTK K95R, K95H and K95I mutants

Three mutant forms of the MiTK protein, K95R, K95H and K95I,
shared similar properties, i.e. 3-fold higher affinity for taurocyamine
(appKm
tau=0.28–0.31 mM) as compared wild-type and a higher

affinity for glycocyamine (appKm
gly=5.9–9.2 mM) than wild-type

(Table 2 and Fig. 2). However, the appVmax
tau and appVmax

gly for the
three mutants was decreased to 51–78% those of wild-type.

The catalytic efficiencies for the three mutants, as calculated by
appVmax

tau /appKm
tau (79.9–108 μmoles Pi•min−1 mg protein−1 mM−1),

were 2-fold higher than that of wild-type (47.2), and the appVmax
gly /

appKm
gly for these mutants (1.5–2.6) were comparable to that of wild-

type (1.9).
Interestingly, replacement of K95 with R or H had a significant

effect on the affinity for taurocyamine (3-fold higher than wild-type),
an effect that was shared by the K95I mutation (Fig. 2). Thus, even
another positively charged amino acid residue, i.e. R or H, cannot
substitute for K95. This idea is further supported by the fact that
residue 95 is strictly conserved among phosphagen kinases (see Fig. 1).

Finally, it is interesting to note that Arenicola MiTK and
cytoplasmic TK have distinct residues (K or H, respectively) at residue
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95, in addition to the unique sequences of their GS regions (see Fig. 1).
This appears to be sufficient to explain the significant difference in
responses of the two enzymes to guanidino substrates [34].

4.2. Arenicola MiTK K95A mutant

The K95Amutant protein showed a similar affinity for taurocyamine
(appKm

tau=0.21 mM) as those observed for K95R, K95HandK95I,with a
slightly lower appVmax

tau value (15.9 μmoles Pi•min−1 mg protein−1).
However, K95A also showed a remarkable increase in affinity for
glycocyamine (appKm

gly=1.0 mM, or 10-fold higher than thewild-type)
and had an appVmax

gly value of 14.6, resulting in 7.5-fold higher catalytic
efficiency for glycocyamine than the wild-type (Table 2 and Fig. 2). We
do not know the reason why the mutated Ala facilitates the binding of
glycocyamine.

4.3. Arenicola MiTK K95E mutant

The K95E mutant protein showed an extraordinarily low affinity
for taurocyamine (appKm

tau=13.2 mM, a 15-fold value that of wild-
type) and its appVmax (16.4 μmoles Pi•min−1 mg protein−1) was
lower than those observed for other mutant forms as described
above (Table 2 and Fig. 2). This mutant form has almost completely
lost activity for glycocyamine. Clearly, amino acid residue E, which has
a negatively charged side chain, is unfavorable for binding of
taurocyamine. This suggests that the SO3

− group of taurocyamine is
normally oriented towards residue 95, which is repulsed by the
negatively charged side chain present at that position in the K95E
form. Consistent with this, none of the phosphagen kinases has the
negatively charged amino acids E or D at residue 95.

4.4. Arenicola MiTK K95Y mutant

For the substrate taurocyamine, the K95Ymutant showed a unique
feature compared with the other mutants. Namely, we observed that
in the taurocyamine concentration of more than 1 mM, an increase in
substrate concentration caused a decrease in initial velocity of the
reaction (substrate inhibition). This phenomenon was tentatively
analyzed using the model of single substrate/substrate inhibition
(uncompetitive) in the SigmaPlot software (v=Vmax/(1+Km/[S]+
[S]/Ki)), and the reaction curve was successfully fitted with the value
of R2=0.99. Although the mechanism for the substrate inhibition is
unknown, identification of amino acid residues responsible for
substrate inhibition in the K95Y mutant form will help to uncover
the relative importance or roles of residues around the active center of
Arenicola MiTK.

Tentative analyses of the K95Y mutant revealed that its affinity for
taurocyamine is 10-fold higher (appKm

tau=0.082 mM) as compared
with wild-type (Table 2 and Fig. 2). Further, Ki value, which might
correspond to the dissociation constant for the second taurocyamine-
binding site, was calculated to be 4.6 mM. The mutant showed 6-fold
higher affinity for glycocyamine (appKm

gly=1.68 mM) with a lower
appVmax

gly (7.2 μmoles Pi•min−1 mg protein−1) value, and substrate
inhibition was not observed for glycocyamine.

To explore the unique feature of K95Y mutant, we used Ala
scanning mutagenesis to alter the amino acid sequence H-T-K-K-T-V.
In total, we constructed five double mutant forms of Arenicola MiTK;
i.e. H67A/K95Y, T68A/K95Y, K69A/K95Y, T70A/K95Y and V71A/K95Y.
The enzyme activities were then measured using taurocyamine and
glycocyamine as substrates.

The three mutants H67A/K95Y, T68A/K95Y and T70A/K95Y
retained substrate inhibition for taurocyamine, with Ki values of
5.1–6.4 mM (Table 2), a value comparable to that observed for the
K95Y mutant (4.6 mM). Thus, the residues H67, T68 and T70 are not
likely to be associated with substrate inhibition.

In contrast, substrate inhibition is abolished in the mutants
K69A/K95Y and V71A/K95Y (Table 2). Thus, K69 and V71 are likely
to be involved in the unique feature of K95Ymutant. Tomake clear the
role of a positively charged side chain at K69, we constructed another
double mutant, K69R/K95Y. This mutant still showed substrate
inhibition, with a Ki value of 7.5 mM (Table 2). These data strongly
suggested that the positive charge of K69 is responsible for substrate
inhibition.

Among the double mutants described above, the V71A/K95Y
mutant was particularly interesting, as it showed a 20-fold higher
affinity for glycocyamine as compared with wild-type, and as for the
V71A mutant its catalytic efficiency appVmax

gly /appKm
gly (10.9 μmoles

Pi•min−1 mg protein−1 mM−1), is very close to its appVmax
tau /appKm

tau

(10.7) (Fig. 3).

5. Conclusion

Transition-state analog complex structures of Limulus AK and
Torpedo CK have revealed the residues interacting with guanidino
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substrates: S69, G70, V71 and Y74 in AK and V71 in CK, which are
located on the GS region (see Fig. 1). In this work, we showed through
Ala scanning mutagenesis that in Arenicola MiTK, K67, T70 and V71
are associated with binding of taurocyamine. It should be noted that
V71 is relevant in the above-mentioned enzymes, AK, CK and MiTK,
suggesting a common role in binding guanidino substrates among
various phosphagen kinases. In Arenicola MiTK, residue 71 also
appears to be associated with the ability to distinguish among various
guanidino substrates, as the replacement of V71 by A71 caused a
dramatic change in enzyme activity, shifting the protein from a TK to
behaving like a GK.
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