
Arginine kinase (AK) (ATP:arginine N�phospho�

transferase, EC 2.7.3.3) catalyzes the reversible phospho�

rylation of arginine by ATP and yields the high�energy

compound phosphoarginine (PArg). As a member of the

phosphagen kinase family, it is mainly distributed in inver�

tebrates, and it plays a key role in the interconnection of

energy, like creatine kinase (CK) in vertebrates [1, 2].

Stichopus japonicus AK, one of the dimeric AKs

found in echinoderms, has raised interest recently

because of its special position in evolution. Sequence

analysis indicated that the dimeric AK is evolutionarily

closer to CK, while its catalytic site still resembles that of

monomeric AK [3]. Since extensive studies have been

carried out on the catalytic mechanisms of both CK and

monomeric AK [4�7], investigations on the dimeric AK

are necessary to elucidate its evolutional role from a view�

point of enzymatic mechanism.

The focus of the present study is to probe the

involvement of cysteine and lysine residues in the catalyt�

ic center of AK. For this purpose, we used o�phthalalde�

hyde (OPTA), a homobifunctional cross�linking reagent

that reacts with proximal cysteine thiol and lysine ε�

amine groups that are about 3 Å apart to form a charac�

teristically fluorescent isoindole derivative [8]. This

unique property has been extensively utilized to probe the

role of cysteine and lysine residues in the active centers of

many enzymes [9�13].

The present investigation reveals that a cysteine

residue is located in close proximity to a lysine residue at

or near the ATP/ADP binding region of AK.

MATERIALS AND METHODS

Materials. AK was prepared from the muscle of sea

cucumber Stichopus japonicus according to the procedure

of Anosike et al. [14]. The purified enzyme was homoge�

neous on polyacrylamide gel electrophoresis (PAGE) in

the presence and absence of sodium dodecyl sulfate

(SDS). ATP, Arg, OPTA, 5,5′�dithiobis(2�nitrobenzoic
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Abstract—Inactivation of arginine kinase (AK) of Stichopus japonicus by o�phthalaldehyde (OPTA) was investigated. The

modified enzyme showed an absorption peak at 337 nm and a fluorescent emission peak at 410 nm, which are characteristic

of an isoindole derivative formed by OPTA binding to a thiol and an amine group in proximity within the enzyme. Loss of

enzymatic activity was concomitant with an increase in fluorescence intensity at 410 nm. Stoichiometry studies by Tsou’s

method showed that among the cysteine residues available for OPTA modification in the enzyme, only one was essential for

the enzyme activity. This cysteine residue is located in a highly hydrophobic environment, presumably near ATP and ADP

binding region. This conclusion was verified by 5,5′�dithiobis(2�nitrobenzoic acid) modification. In addition, these results

were supported by means of electrophoresis and ultraviolet, fluorescence, circular dichroism spectroscopy and fast perform�

ance liquid chromatography. Sequence comparison suggested that this essential cysteine residue maybe the conservative

Cys274.
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acid) (DTNB), PArg, and urea (ultra�pure) were pur�

chased from Sigma (USA). All other reagents were local

products of analytical grade and were used without fur�

ther purification.

Enzyme concentration and activity assay. Enzyme

concentration was determined by the Coomassie blue

protein dye binding method of Bradford with bovine

serum albumin as the standard [15]. Enzyme activity was

assayed by a phosphate determination method, based on

spectrophotometric determination of an ascorbic acid�

reduced blue ternary heteropolyacid composed of bis�

muth, molybdate, and the phosphate released from acid�

labile PArg formed in the forward reaction [16]. The

absorbance at 700 nm was measured in a Specord 200

UV VIS spectrophotometer (Jena, Germany) using the

molar extinction coefficient of 15.97 mmol·liter−1·cm−1

[17].

OPTA modification. OPTA was dissolved freshly in

1% distilled methanol. The modification was carried out

by incubating AK in 20 mM sodium borate buffer,

pH 8.1, with varying concentrations of OPTA at 25°C. At

different time intervals, 5�µl aliquots were taken from the

reaction mixture and mixed with an equal volume of

quenching solution containing 40 mM cysteine, 10 mM

β�mercaptoethanol, and 20 mM sodium borate, pH 8.1.

This terminated further reaction of OPTA with the

enzyme [10, 18]. Residual activities were then measured

as described above.

DTNB modification. The enzyme was modified by

DTNB by incubating the AK with DTNB at desired con�

centration at 25°C. At different time intervals, 10�µl

aliquots were withdrawn and the residual enzyme activi�

ties were measured.

Double inhibition studies. AK was first incubated with

DTNB. The DTNB�modified AK was loaded on a

Sephadex G�200 column to remove the excess DTNB

and the released TNB– ion. Then, the purified DTNB�

AK was modified by OPTA. In another set of experi�

ments, the modification reagents were added to native

AK in the reverse order. Control experiments in the

absence of modification agents or in the presence of only

one agent were run concurrently.

Substrate protection. For substrate protection, prop�

er concentrations of substrates or analogs were incubated

with the enzyme for 6 min prior to the addition of OPTA.

Spectroscopy. After modification by OPTA and sub�

sequent quenching by 40 mM cysteine and 10 mM β�

mercaptoethanol, the reaction mixture was dialyzed

against 20 mM sodium borate buffer, pH 8.1, overnight

before spectroscopy measurements and fast performance

liquid chromatography (FPLC). Ultraviolet spectra from

200 to 410 nm were measured on a Specord 200 UV VIS

spectrophotometer. Fluorescence measurements were

performed on a Hitachi 850 spectrofluorimeter. Fluores�

cence emission spectra were recorded from 350 to 480 nm

with an excitation wavelength of 337 nm, and fluores�

cence excitation spectra were recorded from 300 to

370 nm with an emission wavelength of 410 nm. Circular

dichroism (CD) spectra were recorded on a Jasco 500C

spectropolarimeter using a cell of 1 mm pathlength. The

resulting spectra were averages of five successive scans

spanning from 190 to 260 nm.

Size exclusion chromatography. Gel filtration was

carried out with a Superdex 200HR 10/30 column (frac�

tionation range 10�600 kD) on a Pharmacia (Sweden)

FPLC apparatus at 25°C. AK (5.81 µM) was incubated

with 2.5 mM OPTA for 10 sec, 20 sec, and 6 min and then

dialyzed against 20 mM sodium borate buffer, pH 8.1,

overnight after stopping the reaction with cysteine.

Samples were then freeze dried and redissolved in 100 µl

of distilled water before being applied to the Superdex

200HR column which was preequilibrated with 20 mM

sodium borate buffer, pH 8.1. The flow rate was main�

tained at 0.5 ml/min, and absorbance at 280 and 337 nm

was monitored.

Stoichiometric measurements. For OPTA modifica�

tion, stoichiometric measurements were carried out by

recording the ultraviolet absorbance changes at 337 nm at

25°C. The formed isoindole derivative has an absorption

coefficient value of 7.66 mM−1·cm−1 [19]. This value was

taken for stoichiometric calculations where the molecular

weight of the dimeric AK was taken as 86 kD [3]. The

value of absorption obtained as a result of isoindole deriv�

ative formation was corrected for both the absorption of

0.5 mM OPTA and the unmodified enzyme. Tsou’s

method was used to calculate the number of Cys�Lys pairs

essential for AK activity. Assuming that the reaction rates

were neither the same nor differed greatly between the

essential and unessential Cys�Lys pairs during modifica�

tion, an equation could be obtained by Tsou’s method

[20] as follows:

nx = pa1/i + (n–p)aα/i , (1)

with α being the residual activity of AK, i being the num�

ber of Cys�Lys pairs essential for enzyme activity; n the

total number of Cys�Lys pairs in AK (n = 10 here), x the

average fraction of unmodified Cys�Lys pairs; p the num�

ber of Cys�Lys pairs with fast reaction rates, and a the

ratio of the first�order rate constants for the slowly and

rapidly reacting Cys�Lys pairs. Equation (1) can also be

expressed in the following form:

.   (2)

Variables i and p were conferred every possible numerical

value and then logα versus log(nx/α1/i − p) was plotted. If

a linear relationship between logα and log(nx/α1/i − p)

was observed, this meant that the assumed numerical val�

ues of i and p were reasonable.

α1/i
α
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As to DTNB modification, all methods for stoichio�

metric measurements were the same except that

absorbance changes were recorded at 412 nm and the

absorption coefficient value was 13.6 mM−1·cm−1 [20].

Activity staining for AK. The activity staining for AK

was conducted according to the methods used for CK

except that PArg was used instead of phosphocreatine [21].

Glutaraldehyde cross�linking. Glutaraldehyde was

used as a cross�linking reagent according to a protocol

described previously [22].

Electrophoresis. SDS�PAGE, native�PAGE, and

PAGE in 8 M urea were carried out as previously

described [23].

RESULTS

Inactivation of AK by OPTA. At a concentration of

0.5 mM, OPTA inactivated 3.64 µM AK rapidly (Fig. 1).

The inactivation was concomitant with the enhancement

of fluorescence intensity. The enzyme lost 86% of its

activity after 200 sec of OPTA incubation, when the

intensity of fluorescence reached a maximum. Extending

incubation time to 20 min completely depleted the

enzyme activity, while the fluorescence intensity began to

decrease after 200 sec of OPTA incubation. This decrease

may result from bleaching of fluorescence due to contin�

uous scanning.

Spectral analysis of OPTA�modified AK. The absorp�

tion spectrum of AK modified by OPTA exhibited a peak

at 337 nm (Fig. 2a), which was not present in the absorp�

tion spectrum of unmodified enzyme. The fluorescence

emission spectrum (λex at 337 nm) was characterized by a

maximum at 410 nm, while the excitation spectrum (λem

at 410 nm) showed an excitation maximum at 337 nm

(Fig. 2b). All the spectral results suggested the formation

of isoindole derivatives during modification, formed by

OPTA cross�linking of proximal thiol and ε�amine groups

of cysteine and lysine in the enzyme molecule [10, 12, 13,

24�34]. OPTA does not form a fluorescent isoindole

derivative with amine groups alone [35]. The polarity of

the AK active site was probed by studying the microenvi�

Fig. 1. Time course of the loss of arginine kinase activity and the

increase in fluorescence intensity during OPTA modification.

The concentration of the enzyme was 3.64 µM and that of OPTA

was 0.5 mM. The excitation and emission wavelengths were 337

and 410 nm, respectively.
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ronment of the isoindole ring bound to its active site.

Polar solvents could cause bathochromic shifts in fluores�

cence of the isoindole derivative. In n�hexane, a com�

pletely hydrophobic environment, the fluorescence emis�

sion maximum wavelength was 407 nm and in water, a

polar environment, it was 452 nm when the excitation

wavelength was fixed at 337 nm [24]. In our experiment,

the λem of 410 nm suggested that the fluorescent isoindole

derivative formed was located in a highly hydrophobic

environment.

CD spectra (Fig. 3) revealed a small decrease of the

α�helix and β�sheet content of AK as the OPTA modifi�

cation preceded, suggesting that although conformation�

al unfolding took place after modification, such an effect

was confined to a limited region, and the enzyme mole�

cules retained most of their secondary structure after

modification.

Kinetic analysis of inactivation of AK by OPTA.
Incubation of AK with different concentrations of OPTA

ranging from 0�2.5 mM resulted in a time� and concen�

tration�dependent loss of enzyme activity as shown in

Fig. 4. The reaction could be characterized as a two�

phase pseudo first order kinetic reaction. The rate con�

stants of the fast and slow phases in the inactivation were

defined as k′ and k′′, respectively. Subtracting the contri�

bution of the slow phase from the fast phase gave the real

fast phase rate constant k1 of the inactivation. According

to the Hollenberg’ equation [36]:

k1 = kn · [I]n

or

log k1 = log kn + n · log [I] ,

with k1 being the first order rate constant of the inactiva�

tion, kn the nth�order rate constant, [I] the concentration

of OPTA, and n the order of the reaction. In our experi�

ments, the constant k1 was linearly related to the concen�

trations of OPTA. The slope of the plot yielded a second�

order rate constant k2 of 6 M–1·sec–1 [24, 32]. Analysis of

the order of the inactivation by the double logarithmic

plot (Fig. 4) gives a slope of 0.99, indicating that one mol�

ecule OPTA binds to one molecule of AK.

Stoichiometric analysis of the number of Cys�Lys pairs
essential for AK activity. Stoichiometry of OPTA reaction

with AK was monitored by the absorbance enhancement

at 337 nm (extinction coefficient 7.66 mM−1·cm−1 [19]).

Measuring the residual activity, the number of Cys�Lys

pairs essential for AK activity could be determined by

Tsou’s method [20].

According to the change of absorbance at 337 nm in

three independent experiments, in which the molar ratio

of AK and OPTA increased to about 1 : 50, 2.45 µM AK

modified by 0.125 mM OPTA formed 20.3 ± 0.4 µM flu�

orescent isoindole derivative (data not shown), indicating

that 8.30 isoindole derivatives formed per enzyme mole�

cule, which suggested that about eight Cys�Lys pairs in an

AK dimer could be modified by OPTA under these con�

ditions.

Analysis by Tsou’s method [20] (Fig. 5a) showed that

when i = p = 1, a linear relationship between logα and

log(nx/α1/i − p) (details in “Materials and Methods”)

could be obtained, and a = 0.78. The results indicated

that among the Cys�Lys pairs modified by OPTA per

Fig. 3. CD spectra of native and OPTA modified arginine kinase.

Samples 0�3 were the same as in Fig. 2 legend.
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enzyme molecule, only one was essential for enzyme

activity, even if the other could also be modified at a rate

of 0.78 times of that for the essential one.

To verify the involvement of cysteine residues in

isoindole formation, DTNB, a reagent specific for cys�

teine, was used. It is shown in Fig. 6 that DTNB�modi�

fied AK could also be modified by OPTA (monitored by

the absorbance at 337 nm), with releasing of TNB– ions

(monitored by absorbance at 412 nm). In another set of

experiments, when DTNB was added to the OPTA�

modified AK, no increase was observed in A412.

Moreover, two sets of control experiments were per�

formed wherein AK was modified only by OPTA or

DTNB, respectively. Results in Fig. 6 showed that both

the values of A337 and A412 were close to those in the

DTNB�modified AK. Since the absorption coefficient

values of OPTA and DTNB modification were 7.66 and

13.6 mM−1·cm−1, respectively, it was calculated that

under these conditions, about eight Cys residues were

modified by OPTA, while about four modified by

DTNB. It was thus inferred that OPTA could modify

more Cys residues than DTNB and most important of

all, it could competitively modify almost all the Cys

residues that were previously modified by DTNB. The

data on DTNB modification were analyzed by Tsou’s

method (Fig. 5b), which indicated that among the cys�

teine residues available for DTNB modification, only

one was essential for the enzyme activity. Therefore, all

the results mentioned above made it reasonable for us to

conclude that Cys residues participated in the isoindole

formation by OPTA modification, and only one Cys

residue was essential for AK activity.

Protecting effect of substrates and other reagents on
AK inactivation by OPTA. The effects of substrates and

their analogs on AK inactivation by OPTA are shown in

table. ATP and ADP, whether with or without Mg2+,

could protect AK against OPTA. This suggested that the

Cys�Lys pair whose modification by OPTA results in the

loss of AK activity may be located in or near the active site

where the ATP, ADP, ATP�Mg2+, or ADP�Mg2+ bind.

Physical properties of OPTA�modified AK.
Modification of AK by OPTA led to changes of its physi�

Fig. 5. Stoichiometric analysis of the OPTA and DTNB modification of AK. a) Time course of the loss of AK activity and increase in

absorbance at 337 nm following treatment with OPTA. The concentration of the enzyme was 3.96 µM and that of OPTA was 0.5 mM. The

insert illustrates Tsou’s method to determine the number of the Cys�Lys pairs essential for the catalytic activity of AK. b) Time course of

the loss of AK activity and increase in absorbance at 412 nm following treatment with DTNB. The concentration of the enzyme was

1.96 µM and that of DTNB was 6 µM. The insert illustrates Tsou’s method to determine the number of the Cys residues essential for AK

activity.
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cal properties, such as electrophoretic characteristics and

the molecule size monitored by FPLC.

Native PAGE showed that the longer the enzyme was

modified, the faster the enzyme migrated and the relative

migration ratio paralleled the fraction of the residual

activity, which was validated by electrophoresis in 8 M

urea, in which the effect of molecular shape was exclud�

ed. All the above suggested that the increased migration

ratio was determined by the number of the modified Cys�

Lys pairs, due to the changes of charge intensity. In addi�

tion, all types of electrophoresis of the modified enzyme,

regardless of its modification extent, showed bands in the

stacking gel, indicating polymers formed during OPTA

modification.

Use of FPLC helped to understand the effect of

OPTA modification on AK molecules. First, elution

peaks were observed in the void volume, verifying the

conclusion that the modifications by OPTA lead to poly�

mer formation. Second, OPTA modification made the

native AK split into two peaks, with one remaining active

and the other not. Since SDS�PAGE of the glutaralde�

hyde cross�linking experiment (Fig. 7) indicated that

modification by OPTA did not lead to dissociation of this

dimeric enzyme and both peaks in FPLC had absorbance

at 337 nm, it was inferred that AK eluting at either peak

had been modified and the modification led to two differ�

ent dimeric spatial conformations: one active and one

inactive. As modification proceeded, the active peak dis�

appeared and became a completely inactive peak, sug�

gesting the conformation changes induced by the modifi�

cation of the active essential Cys�Lys pair determined the

overall modified enzyme conformation, which could

mask the changes induced by the modification of the

nonessential Cys�Lys pairs.

DISCUSSION

The results of our experiments showed that different

modification positions of AK led to different spatial con�

formations: modification of the essential Cys�Lys pair

made the enzyme conformation loose while modification

Agent

Control

Arg (10 mM)

Arg (20 mM)

PArg (10 mM)

PArg (20 mM)

Metal ions:

Mg2+ (20 mM)

Ca2+ (20 mM)

Mn2+ (20 mM)

Nucleotides (no metal):

AMP (10 mM)

AMP (20 mM)

ADP (10 mM)

ADP (20 mM)

ATP (10 mM)

ATP (20 mM)

Mg−nucleotide complex:

AMP (5 mM) + Mg2+ (10 mM)

AMP (10 mM) + Mg2+ (20 mM)

ADP (5 mM) + Mg2+ (10 mM)

ADP (10 mM) + Mg2+ (20 mM)

ATP (5 mM) + Mg2+ (10 mM)

ATP (10 mM) + Mg2+ (20 mM)

Residual
activity, %

3

3.8

4.0

0.1

1.0

1.0

0.5

0.4

1.9

2.1

18.4

32.8

20.6

38

2.0

2.3

10.6

15.3

22.5

35.2

Effect of potential protecting reagents on the inactivation

of arginine kinase by OPTA*

* Protection studies were carried out by incubating the reagents shown

in the table with 3.64 µM AK for 6 min followed by another 10 min

incubation with 0.5 mM OPTA. The reaction was quenched by

20 mM cysteine and 5 mM β�mercaptoethanol. Appropriate controls

in each case without OPTA were carried out concurrently. AK activi�

ty that remained in the reaction mixtures was subsequently deter�

mined.

Fig. 7. SDS�PAGE analysis of cross�linking by glutaraldehyde.

Samples 0�3 were the same as in Fig. 2 except for some later

treatments (details in “Materials and Methods”). The control

sample was native AK without cross�linking by glutaraldehyde.

Control           0              1                  2                  3



1342 GUO et al.

BIOCHEMISTRY  (Moscow)  Vol.  69   No. 12   2004

of the other pairs made it compact. In addition, as the

modification of the essential Cys�Lys pair had a determi�

nant effect on the enzyme conformation, the compact�

ness degree of AK molecules in the final modification

state was similar to that with only the active essential Cys�

Lys modified. In previous studies, comparison of the open

substrate�free structure of CK and the closed substrate�

bound structure of AK suggested the crux of the catalysis

of the two�substrate phosphagen kinases is the relative

rotation of the N�terminal and C�terminal domains,

together with the subsiding of two conservative flexible

loops towards the substrates binding region. These

rearrangements acted to exclude water molecules and

provide a hydrophobic environment to minimize wasteful

ATP hydrolysis [37]. In our experiments, conformation

changes of AK molecules whose active Cys�Lys pair was

modified by OPTA validated the conclusion that confor�

mation changes at or near the substrate�binding region,

which was located in a highly hydrophobic environment,

related closely to the overall enzyme conformation. In

addition, it could also be inferred from our results that the

active sites of AK have a certain flexibility and independ�

ence, because although the modification of the nonessen�

tial Cys�Lys pairs led to an obvious conformational

change, the enzyme still retained its activity.

AK of sea cucumber is a dimeric enzyme of identical

subunits [38]. However, the experimental data reported

above indicated that among the Cys�Lys pairs modified by

OPTA in AK, only one Cys�Lys pair is essential for activ�

ity. That means modification of the active essential Cys�

Lys pair in one subunit would lead to a conformation

change that inactivates the whole enzyme. The high reac�

tivity of the initial OPTA binding to AK may be due to the

cooperativity of the AK inactivation. Such cooperativity

was already found in the modification and catalysis of

many other oligomeric enzymes, such as CK, indicating

Fig. 8. Alignment of the amino acid sequences of dimeric S. japonicus AK with monomeric Limulus AK. Data were obtained from the PDB

and processed by ClustalX1.8 software. The symbol          stands for α�helix;          stands for the β�sheet;          stands for the position of the

two conservative flexible loops; letters in italic and bold stand for the GS region;        stands for the position of cysteine in sea cucumber

AK, and the rectangle stands for the position of the conservative cysteine.
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that the reciprocity and information exchange between

the subunits play an important part in the function of

oligomeric enzymes [39�41].

Previous comparison of the amino acid sequences of

dimeric S. japonicus AK and monomeric Limulus AK

(Fig. 8) [6] showed, that all five cysteines are located in

the C�terminal domain, including the four nonconserva�

tive (Cys137, Cys284, Cys303, and Cys343) and the one

conservative (Cys274), which corresponds to Cys271 in

the Limulus sequence. Zhou et al. suggested that Cys271

plays an important part by interacting with the guanidine

group of Arg in the monomeric AK [6]. Therefore, we

inferred that the active essential cysteine, which was

detected by both OPTA and DTNB modification in our

experiments, maybe the Cys274. However, the exact

identification requires further investigations.

This work was supported by the Laboratory of
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