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Abstract:　This pa pe r p re se nts a new sys tem fo r the a c tiv ity a ssa y of a rg in ine k ina se (A K) , ba sed on the

spe c tropho tom e tric de te rm ina tion of a n a sco rb ic a c id2reduce d b lue te rna ry he te ropo lya c id com pose d of

b ism uth, m o lybda te a nd the re lea sed phospha te from N 2phospho2L 2a rg in ine (PA rg ) fo rm ed in the fo rw a rd

ca ta lys is re a c tion. The a ssa y cond itions , inc lud ing the fo rm ula tion of the phospha te de te rm ina tion re a gen t

(PDR ) , the a ssa y tim ing , a nd the line a r a c tiv ity ra nge of the e nzym e conce ntra tion, ha ve be en te s te d a nd

op tim ize d. Fo r the se cond itions , the te rna ry he te ropo lya c id co lo r is com p le te ly deve lope d w ithin 1m in a nd is

s ta b le fo r a t le a s t 15m in, w ith a n a bso rba nce m a x im um a t 700 nm a nd a m o la r e x tinc tion coe ffic ien t of 15. 97

(mm o löL ) - 1õcm - 1 fo r the phospha te. S ta nda rd curves fo r phospha te show a good line a rity of 0. 999. C om pa red

w ith p re v ious a c tiv ity a ssa y m e thods fo r AK, th is sys tem e xh ib its supe rio r sens itiv ity, rep roduc ib ility , a nd

a da p ta b ility to va rious cond it ions in e nzym o log ica l s tud ie s. This m e thod a lso re duces the a ssa y tim e a nd a vo ids

the use of som e e xpe ns ive ins trum e nts a nd re a gen ts.
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In troduction
A rgin ine k inase ( EC 2. 7. 3. 3, A K ) in inver2
teb ra tes p lays a cen tra l ro le in bo th tem po ra l and
spa t ia l A T P buffering in cells w ith h igh,
f luctua t ing energy requ irem en ts (m u scle, nerves,
etc. ) by ca ta lyzing the m agnesium 2dependen t
reversib le pho spho ryla t ion betw een L 2arg in ine and
A T P acco rd ing to the fo llow ing react ion [ 1, 2 ]

L 2arg in ine+ M gõA T P∴
N 2pho spho2L 2arg in ine+ M gõAD P (1)

　A K is an idea l parad igm fo r the classica l
enzym o logy of b im o lecu lar react ion s[ 3, 4 ] and
act ivity assay m ethods are needed w h ich p rovide
adequate accu racy, f idelity and adap tab ility. In
p reviou s w o rk s, A K act ivity w as u sua lly
determ ined u sing: 1) the pho sphate determ ina t ion

m ethod [ 5 7 ] , 2) a pH 2sta t assay m easu ring p ro ton
released [ 8 ] , 3 ) the arg in ine2diacetyl co lo rim etric
react ion [ 7 ] , 4) an enzym e coup led react ion derived
from the act ivity assay m ethod of crea t ine
k inase [ 9 ] , and 5) the iso top ic assay m ethod [ 10 ].
　T he pho sphate determ ina t ion m ethod has been
ex ten sively u sed fo r A K act ivity assay becau se of
its sim p licity. T he underlying p rincip le is the
chem ica l determ ina t ion of the ino rgan ic pho sphate
released by hydro lyza t ion of the acid2lab ile PA rg
fo rm ed in the fo rw ard ca ta lysis react ion, see
R eact ion ( 1 ). T rad it iona l m ethods of chem ica l
determ ina t ion of the pho sphate em p loyed fo r A K
act ivity assays are based on the react ion of
pho sphate to fo rm a b inary heteropo lyacid w ith
m o lybdate, w h ich is then reduced to develop co lo rs
su itab le fo r spectropho tom etric assay [ 7 ]. How ever,
in ou r stud ies of A K, w e w ere often fru stra ted
by th is system ’s inadequate sen sit ivity and
rep roducib ility [ 11, 12 ]. T herefo re, the m ethod w as
m odified by in troducing in to the A K act ivity assay
an asco rb ic acid2reduced b lue ternary
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heteropo lyacid system u sing b ism u th, m o lybdate
and pho sphate [ 11 ]. T h is ternary heteropo lyacid
system w as then op t im ized and com pared w ith the
o rig ina l b inary m ethod.

1　M a ter ia ls and M ethods

111　M a ter ia ls

A K w as p repared from the m u scle of sea cucum ber
S tichop us jap on icus acco rd ing to the p rocedu re of
A no sike et a l. [ 6 ] and p roved to be hom ogeneou s on
po lyacrylam ide gel electropho resis in the p resence
and ab sence of sod ium dodecyl su lfa te [ 13 ]. A T P,
A rg, and F iskeöSubbarow R educer w ere pu rchased
from Sigm a. A ll o ther reagen ts w ere loca l p roducts
of ana lyt ica l grade and u sed w ithou t fu rther
pu rif ica t ion.

112　M ethods

T he enzym e assay p rocedu re w as as fo llow s. T he
react ion m ix tu re con sisted of 10. 34 mm o löL A rg,
2. 07mm o löL A T P disodium salt, and 3. 10mm o lö
L m agnesium aceta te d isso lved in 0. 1 m o löL T ris
aceta te, pH 8. 1. T he A T P w as added fresh to the
react ion m ix tu re and the so lu t ion w as availab le fo r
4 h. T he react ion w as carried ou t a t 25℃ by adding
10 ΛL enzym e sam p le to 290 ΛL of the react ion
m ix tu re to g ive fina l react ion concen tra t ion s of
10mm o löL A rg, 2 mm o löL A T P and 3 mm o löL
m agnesium aceta te. T he react ion w as a llow ed to
con t inue fo r 0. 5 1. 5 m in, after w h ich 250 ΛL of
2. 5% trich lo roacet ic acid ( TCA ) w as added
imm edia tely to stop the react ion. T he so lu t ion w as
p laced in bo iling w ater fo r 1m in to fu lly hydro lyze
the fo rm ed PA rg, then imm edia tely p lunged in to
an ice ba th fo r ano ther m inu te fo r qu ick coo ling,
and fina lly left in a ir to equ ilib ra te a t room
tem pera tu re fo r 5 m in. T he libera ted ino rgan ic
pho sphate w as determ ined afterw ards w ith the
pho sphate determ ina t ion reagen t ( PDR ). T he
PDR w as p repared fresh by m ix ing stock so lu t ion s
of 1 mL 0. 2 m o löL b ism u th n it ra te d isso lved in 6
m o löL n itric acid, 1 mL 0. 14 m o löL amm on ium
m o lybdate, 0. 5 mL 1% asco rb ic acid and 2 mL
dist illed w ater. 450 ΛL PDR w as added to the
equ ilib ra ted so lu t ion to g ive 1mL fina l vo lum e of a
system w ho se co lo r developed over t im e. A fter 3

m in of co lo r developm en t, the so lu t ion ab so rbance
w as m easu red a t 700 nm. T he con tro lw as p repared
in para llel w ith the sam e condit ion s excep t tha t the
10 ΛL enzym e sam p le w as rep laced by buffer in the
enzym e sam p le. Fo r accu ra te ana lysis of the
released pho sphate and, thu s, the fo rm ed PA rg, a

standard cu rve w as m ade u sing the sam e p rocedu re
excep t tha t 10 ΛL standard so lu t ion s of variou s
concen tra t ion s of KH 2PO 4 w ere added in stead of
the enzym e sam p le.
　T he m ethod described by F rance [ 7 ] w as u sed to
com pare the trad it iona l b inary heteropo lyacid
system fo r pho sphate determ ina t ion w ith the
m ethod described here.
　T he enzym e concen tra t ion w as determ ined
acco rd ing to the m ethod of B radfo rd [ 14 ] w ith bovine
serum album in as the standard. A n analyt ic
spectropho tom eter, Speco rd 200 UV V IS (Jena,
Germ any ) , w as u sed to m easu re the enzym e
concen tra t ion and act ivity.

2　Results and D iscuss ion

F ig. 1　Absorbance spectra of 1 mL activ ity assay
system. The absorbance was recorded as descr ibed in
Section 1. 2 with 0. 6mm olöL ATP and 0. 0651 Λm olömL
KH2PO 4 (a) , 0. 6 mm olöL ATP and no phosphate (b) ,
and ne ither ATP nor phosphate (c).

211　Character iza tion of the ternary
heteropolyac id system

T he b ism u th2m o lybdate2pho sphate system is
reduced by asco rb ic acid to a b lue ternary
heteropo lyacid com p lex, w ith a b ism u th÷
pho sphate÷m o lybdate com po sit ion equ iva len t to 1÷
1÷12 (m o le ra t io) [ 11 ]. A s w ith p reviou s resu lts[ 12 ] ,
the ab so rbance spectra of the ternary
heteropo lyacid system con ta in ing the ino rgan ic
pho sphate w ere characterized by a m ax im um
ab so rbance peak at 700 nm , w h ich w as ab sen t from
the con tro l w ithou t any ino rgan ic pho sphate
(F ig. 1). T he sam p le con ta in ing A T P bu t no
added pho sphate exh ib ited a sim ila r bu t m uch
w eaker ab so rbance a t 700 nm , ind ica t ing tha t
spon taneou s hydro lyza t ion of A T P con tribu t ing to
the to ta l pho sphate in the system canno t be
overlooked. T herefo re, the con tro l m u st be
p repared in para llel du ring the act ivity assay
p rocess to co rrect the pho sphate background fo r
the spon taneou s hydro lyza t ion of A T P.
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212　Optim iza tion of the PD R form ula tion

A rg, m agnesium aceta te, and T ris aceta te in the
ca ta lysis react ion so lu t ion, as w ell as TCA ,
show ed no sign if ican t con tribu t ion to the
ab so rbance spectrum and in ten sity a t 700 nm (data
no t show n). Besides arsen ic, m any o ther comm on
sub stances a lso do no t in terfere w ith the resu lts of
the heteropo lyacid system [ 15 ]. T herefo re, th is

m ethod is adap tab le to variou s condit ion s in
enzym o logica l stud ies w ith variou s d ifferen t
sub stances.
　How ever, the concen tra t ion s of b ism u th,
m o lybdate, asco rb ic acid, and n it ric acid in the
PDR affected, to d ifferen t ex ten ts, the sen sit ivity,
ra te and stab ility of the system at the co lo r
developm en t end po in t ( F ig. 2 ). T he PDR
fo rm u la t ion s are listed in T ab le 1.

(a) Effect of b ism u th n itra te
Fo rm u lat ion N o. 1 (■) , N o. 2 (●) and N o. 3 (▲)

(b) Effect of ammon ium mo lybdate
Fo rm u lat ion N o. 4 (■) , N o. 2 (●) and N o. 5 (▲)

(c) Effect of asco rb ic acid
Fo rm u lat ion N o. 2 (■) , N o. 6 (●) and N o. 7 (▲)

(d) Effect of n itric acid
Fo rm u lat ion N o. 8 (■) , N o. 2 (●) and N o. 9 (▲)

F ig. 2　Effects of d ifferen t PD R form ula tion s on the phosphate determ ination results. The system was com posed of 290 ΛL
cata lysis solution (without enzym e) , 250 ΛL 2. 5% TCA and 450 ΛL PD R. 10 ΛL 6. 5mm olöL KH2PO 4 was added to in itia te
the color developm en t reaction. The absorbance a t 700nm was recorded at var ious tim e in terva ls.

Table 1　PD R form ula tion s

Fo rm ulat ion N o.
0. 2mo löL bism u th

n itra te (mL )
0. 14mo löL ammonium

mo lybdate (mL )
1% asco rb ic acid

(mL )
N itric acid to disso lve
bism uth nitrate (mo löL )

D ist illed w ater
(mL )

1 0. 5 1. 0 0. 5 6. 0 2. 5

2 1. 0 1. 0 0. 5 6. 0 2. 0

3 1. 5 1. 0 0. 5 6. 0 1. 5

4 1. 0 0. 5 0. 5 6. 0 2. 5

5 1. 0 2. 0 0. 5 6. 0 1. 0

6 1. 0 1. 0 1. 0 6. 0 1. 5

7 1. 0 1. 0 2. 0 6. 0 0. 5

8 1. 0 1. 0 0. 5 4. 0 2. 0

9 1. 0 1. 0 0. 5 8. 0 2. 0
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　T he p ropo rt ion of b ism u th n it ra te grea t ly
influenced the assay resu lts (F ig. 2a). In 4. 5mL
PDR so lu t ion, the 0. 5mL (N o. 1) and 1mL (N o.
2 ) b ism u th n it ra te concen tra t ion s induced rap id
co lo r developm en t; how ever, the 1mL (N o. 2) and
1. 5 mL (N o. 3 ) b ism u th n it ra te concen tra t ion s
cau sed the system to have a m o re stab le
ab so rbance. 1 mL 0. 2 m o löL b ism u th n it ra te per
4. 5mL PDR w as then u sed fo r the often tests fo r
the best assay resu lt. In F ig. 2b, the low
amm on ium m o lybdate concen tra t ion ( N o. 4 )

slow ed co lo r developm en t, w h ile the h igher
concen tra t ion s of 1 mL (N o. 2) and 2 mL (N o. 5)

m o lybdate cau sed the co lo r to develop faster. T he
concen tra t ion of the reducer in the system ,
asco rb ic acid had lit t le effect on the assay resu lt,
excep t tha t less asco rb ic acid in the system led to a
sligh t im p rovem en t in the sen sit ivity ( F ig. 2c ).
T he n it ric acid concen tra t ion u sed to d isso lve the
b ism u th n it ra te st rongly affected the system
sen sit ivity. T he resu lts in F ig. 2d show tha t
h igher concen tra t ion s gave bet ter sen sit ivity w ith a
sligh t slow ing of the co lo r developm en t. F rom the
resu lts of a ll these tests, the op t im ized PDR
fo rm u la t ion w as cho sen to be 0. 2 m o löL b ism u th
n it ra te d isso lved in 6m o löL n itric acid, 0. 14m o löL
amm on ium m o lybdate, and 0. 5 mL 1% asco rb ic
acid in 2mL dist illed w ater fo r a ra t io of 1÷1÷0. 5÷2
(N o. 2). T herefo re, the fina l PDR concen tra t ion s
of b ism u th n it ra te, n it ric acid, amm on ium
m o lybdate and asco rb ic acid w ere 44 mm o löL ,
1. 33m o löL , 31mm o löL and 0. 11% ( m ass
fract ion) , respect ively. W ith th is fo rm u la t ion, the
co lo r developm en t w as com p leted w ith in 1m in and
w as stab le fo r a t least 15m in.

213　Tim ing of phospha te determ ina tion
procedure

T he t im ing of the m ethod w as a lso eva lua ted u sing
the m ethod given by F rance [ 7 ]. T he resu lts in
F ig. 3 show tha t the ab so rbance a t 700 nm w ith
3m in of co lo r developm en t show ed no difference
fo r incubat ion t im e in bo iling w ater exceed ing
1m in. T herefo re, 1 m in in the bo iling bath is
adequate fo r fu ll release of the pho sphate from the
fo rm ed PA rg. V arying equ ilib ra t ion t im e at room
tem pera tu re after qu ick coo ling in the ice ba th w as
found to have no effect on the assay resu lt (da ta
no t show n).

F ig. 3　Effect of incubation tim e in bo il ing water of the
ca ta lysis m ixture on the release of phosphate from the
form ed PArg by m easur ing the absorbance a t 700 nm
af ter 3m in of color developm en t. The enzym e cata lysis
reaction was stopped with in 30 s by TCA. The AK
concen tra tion was 0. 55m gömL.

214　Standard curve

T he m easu red standard cu rve, F ig. 4, w as bo th
linear and rep roducib le, w h ich guaran tees the
accu racy and rep roducib ility of th is m ethod fo r
m easu ring the pho sphate in A K assays.

F ig. 4　 Standard curve for phosphate concen tra tion
with KH2PO 4 as standard.

　T he tested upper range of the linearity fo r the
pho sphate m easu rem en t w as a t least 0. 065 Λm o l
pho sphate rad ica ls per 12mL react ion system , w ith
a linearity of 0. 999. T he m o lar ex t inct ion
coefficien t of the reduced ternary heteropo lyacid
w as determ ined to be 15. 97 (mm o löL ) - 1õcm - 1 fo r
the pho sphate. Independen t experim en ts w ith the
sam e condit ion s rep roduced nearly the sam e
resu lts, w ith an erro r of less than 5% (data no t
show n).
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215　Com par ison to other m ethods used to a ssay
AK activ ity

F ive m ethods have been w idely u sed to assay A K
act ivity [ 5 10 ]. T he arg in ine2diacetyl co lo rim etric
react ion and enzym e coup led react ion m ethods
u t ilize the reverse react ion ca ta lyzed by A K so they
u se PA rg, w h ich is ex trem ely expen sive.
Expen sive reagen ts and in strum en ts are requ ired
fo r the iso top ic assay and pH 2sta t assay m ethods.
A K assay m ethods based on pho sphate
determ ina t ion are rela t ively sim p le, bu t
t rad it iona lly u t ilize a b inary heteropo lyacid system
con sist ing of pho sphate and m o lybdate.
　Com parison of the p resen t ternary
heteropo lyacid system w ith a rep resen ta t ive b inary
heteropo lyacid m ethod [ 7 ] u sing a comm ercia lly
ava ilab le pho sphate determ ina t ion reagen t, F iskeö
Subbarow R educer, derived from the m ethod of
F iske and Subbarow [ 16 ] , show ed tha t the ternary
m ethod has severa l advan tages. F irst, the
p rocedu re very qu ick ly (abou t 1 m in ) reaches fu ll
co lo r developm en t, in con trast to a t least 30 m in
fo r the F iske m ethod as show n in F ig. 5, w h ich
grea t ly sho rten s the assay t im e. Secondly, the
ternary system had good rep roducib ility and
linearity of the standard pho sphate cu rve. T he

F ig. 5　 Tim e course of color developm en t of F iske
m ethod. The system was as descr ibed by France[7 ] with
2 Λm olömL KH2PO 4, 200 ΛL cata lysis solution , 250 ΛL
2. 5% TCA , 500 ΛL 0. 09 m olöL amm on ium m olybdate
d issolved in 2. 5m olöL sulfur ic ac id and 50 ΛL F iskeö
Subbarow Reducer.

F iske m ethod has less stab ility po ssib ly due to the
fo rm u la t ion of the F iskeöSubbarow R educer,
w h ich con sists of 12am ino222naph tho l242su lfon ic
acid, sod ium su lfite, and b isu lf ite, w h ich are
un stab le in so lu t ion and su scep t ib le to unexpected
facto rs du ring u sage. F ina lly, the m o lar ex t inct ion
coefficien t of the ternary heteropo lyacid system

15. 97 (mm o löL ) - 1õcm - 1 w as no t on ly m uch
grea ter, by tw o o rders of m agn itude, bu t a lso mo re
stab le than that of the F iske m ethod (abou t 0. 50
( mmo löL ) - 1 õ cm

- 1
after 15 m in of co lo r

developm en t ). T hese resu lts are con sisten t w ith
p reviou s findings on the determ inat ion of ino rgan ic
pho sphate that a ternary heteropo lyacid p rovides
greater sen sit ivity and fidelity than a b inary
one

[11, 12 ]. T he low er mo lar ex t inct ion coeff icien t
m ean s less sen sit ivity to the released pho sphate and
mo re samp les of the enzym e are requ ired fo r the
act ivity assay, w h ich increases bo th the erro r of the
F iske m ethod and the w aste of the p reciou s enzym e.

216　AK activ ity a ssay results using the ternary
heteropolyac id m ethod

T he ternary heteropo lyacid system to assay A K
act ivity w as tested to determ ine the linearity lim its
w ith respect to assay t im e, p ro tein concen tra t ion
and ab so rbance a t 700 nm. T he data in F ig. 6a

( a ) A ssay linearity fo r various A K concen trat ions fo r
30 s assay period

( b ) D urat ion of catalysis and assay linearity. A K
concen trat ions w ere 0. 023m gömL ( ◆ ) , 0. 056m gömL
( ▲ ) , 0. 1125m gömL ( ● ) , and 0. 225m gömL ( ■ ).

F ig. 6　AK activ ity assay results using the ternary
heteropolyac id m ethod. Activ ity was def ined as Λm olõ
mL - 1õm in - 1 for the PArg.
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show tha t p ro tein concen tra t ion s of 0. 02 0. 3m gö
mL gave linear act ivit ies fo r assay periods of 30 s.
T he resu lts in F ig. 6b show tha t the ca ta lysis
m easu rem en t w as linear fo r react ion t im e of 30
300 s fo r a p ro tein concen tra t ion of 0. 023m gömL.
Fo r a ll the tested A K concen tra t ion s, linearity w as
guaran teed as long as the p ro tein concen tra t ion and
ca ta lysis t im e w ere ad ju sted so tha t the fina l
ab so rbance a t 700 nm w as less than 0. 8, w h ich
w as ad jacen t to the upper linearity lim it of the
standard cu rve in F ig. 4.

3　Conclus ion s
A ternary heteropo lyacid system fo r pho sphate
determ inat ion w as successfu lly in troduced in to the
assay of A K act ivity. T he experim en ta l condit ion s
op t im ized to ob ta in the best assay resu lts had a to ta l
assay vo lum e of 1mL , w ith 300 ΛL cata lysis react ion
m ix tu re, 250 ΛL 2. 5% TCA to term inate the
react ion, and 450 ΛL PDR fo r co lo r developm en t.
T he PDR fo rm u la t ion had 44 mmo löL b ism u th
n it ra te, 1. 33mo löL n itric acid, 31mmo löL
ammon ium mo lybdate, and 0. 11% asco rb ic acid. A t
least 1 m in of incubat ion in the bo iling w ater gave
fu ll hydro lyzat ion of the PA rg. T he mo lar ex t inct ion
coeff icien t a t the m ax im um ab so rbance of 700 nm
w as 15. 97 (mmo löL ) - 1õcm

- 1
fo r the pho sphate after

3 m in of co lo r developm en t. T he upper range of
linearity fo r the pho sphate m easu rem en t w as at least
0. 065 Λmo l pho sphate rad ica ls per 12mL react ion
system. T ests show that the p ro tein concen tra t ion
and cata lysis t im e shou ld be adju sted to keep the
final ab so rbance below 0. 8 fo r good linearity in the
act ivity assay. Compared w ith o ther A K act ivity
assay m ethods, th is system p rovides bet ter
sen sit ivity, rep roducib ility, and adap tab ility to the
variou s condit ion s in enzymo logica l studies.
M o reover, th is m ethod reduces the assay t im e,
saves enzym e u sage, and avo ids u se of som e
expen sive in st rum en ts and reagen ts. T he ternary
heteropo lyacid system has po ten t ia l app lica t ion s in
m any o ther areas besides ju st A K act ivity assays,
such as the assay of m any o ther k inases o r nucleic
acids.
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