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An Essential Arginyl Residue at the Nucleotide Binding Site 
of Creatine Kinase? 

C. L. Borders, Jr.,l and James F. Riordan* 

ABSTRACT: Treatment of rabbit muscle creatine kinase 
(EC 2.7.3.2) with either butanedione in borate buffer or 
phenylglyoxal in Verona1 buffer decreases enzymatic activi- 
ty correlating with the modification of a single arginyl resi- 
due per subunit of the dimeric enzyme. Very little activity is 
lost when modification is performed in the presence of 

R e c e n t  reports from this laboratory have suggested a 
general role for arginyl residues in the functional binding of 
anionic substrates or cofactors to enzymes. A single argi- 
nine participates in binding the terminal carboxyl group of 
peptide substrates to carboxypeptidase A (Riordan, 1970, 
1973), and arginyl residues are essential for the binding of 
substrates to Escherichia coli alkaline phosphatase (Dae- 
men and Riordan, 1974). Arginine is also essential for 
NADH binding of the alcohol dehydrogenases from human 
liver, horse liver, and yeast (Lange et al., 1974). We have 
recently demonstrated that an arginyl residue is involved in 
binding the C-1 phosphate of substrates in rabbit muscle 
fructose-l,6-bisphosphate aldolase (Lobb et al., 1975). Fur- 
ther, arginyl residues are essential at  nucleotide recognition 
sites in two different ATP-dependent synthetases, gluta- 
mine synthetase and carbamoyl-phosphate synthetase 
(Powers and Riordan, 1975). 

Thus far the identity of ATP-binding sites in enzymes 
that transfer phosphorus-containing groups, Le., the kinas- 
es, has essentially remained unknown. The present study 
was initiated to determine if arginyl residues might serve as 
the positively charged receptor sites for binding MgADP 
and MgATP to creatine kinase (EC 2.7.3.2). Arginine-spe- 
cific a-dicarbonyl reagents rapidly inactivate the enzyme, 
and loss of activity correlates with the modification of one 
arginine per subunit. Protection from inactivation by mag- 
nesium nucleotides and loss of nucleotide binding to the 
modified enzyme implicate an arginyl residue at  the nucleo- 
tide binding site of creatine kinase. These observations ex- 
tend the demonstration that arginines participate in the rec- 
ognition of anionic substrates and cofactors and suggest 
that they play the same role in other kinases as well as other 
nucleotide-utilizing enzymes. A preliminary report of this 
work has appeared (Borders and Riordan, 1975). 

Materials and Methods 
Creatine hydrate, creatine phosphate, ADP, ATP, di- 
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MgATP or MgADP. Nucleotide binding to the modified 
enzyme is virtually abolished as determined by ultraviolet 
difference spectroscopy. The data suggest that an arginyl 
residue plays an essential role in the enzymatic mechanism 
of creatine kinase, probably as a recognition site for the 
negatively charged oligophosphate moiety of the nucleotide. 

thiothreitol, and 5,5’-dithiobis(2-nitrobenzoic acid) were 
obtained from Sigma. Phenylglyoxal monohydrate and 
2,3-butanedione were products of Aldrich and were used 
without further purification. Bio-Gel P-4 was obtained from 
Bio-Rad and Sephadex G-200 and G-25 were obtained 
from Pharmacia. Magnesium acetate tetrahydrate was a 
product of Fisher and was used as a source of Mg2+ in all 
assays and experiments to avoid interference by other coun- 
terions (Watts, 1973). A ~ e t o p h e n o n e - 7 - ~ ~ C  was obtained 
from ICN,  and was used to prepare phenylglyo~aL7-’~C,  
with a specific activity of 147,000 cpm/pmol, by the meth- 
od of Riley and Gray (1943). All other chemicals were re- 
agent grade. 

Rabbit muscle creatine kinase was purchased from 
Sigma (70-75 activity units/mg) and Boehringer- 
Mannheim (85-90 units/mg). Both preparations exhibited 
minor contaminants by disc gel electrophoresis (Davis, 
1964). For experiments involving amino acid analysis and/ 
or I4C incorporation, the Boehringer-Mannheim prepara- 
tion was further purified by gel filtration on a Sephadex 
G-200 column (2.5 X 90 cm) using 0.1 M Tris (pH 7.5) as 
eluent. This preparation gave a single band on disc gel elec- 
trophoresis, an amino acid analysis consistent with pub- 
lished values (Yue et al., 1967), and a specific activity of 
1 10 units/mg. 

Enzymatic activity was determined at  30’ by the pH- 
Stat  method (Mahowald et al., 1962), and expressed as me- 
quiv of NaOH/min.  Protein concentrations were deter- 
mined from absorbance at  280 nm, using A1,,(1%) 8.8 
(Noda et al., 1954) and a molecular weight of 82,600 (Yue 
et al., 1967). 

Chemical modification reactions were carried out under 
conditions given in the figure and table legends. All reac- 
tions were performed at  25O and were initiated by adding 
an aliquot of a freshly prepared stock solution of modifying 
agent in the appropriate buffer to a solution of the enzyme, 
in some cases together with substrates, in the same buffer. 
Aliquots were withdrawn, assayed, and compared to a con- 
trol. It was found during the course of these experiments 
that the age of the phenylglyoxal stock solutions, varying 
from a few minutes to 10 days, had no discernible effect on 
the rate of inactivation of creatine kinase. 

The reversibility of butanedione inactivation on the re- 
moval of borate was determined by first inactivating the en- 
zyme with 0.23 m M  butanedione in 50 m M  borate (pH 
8.7). The activity was decreased to 10% of the control after 
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FIGURE. I :  Changes in the activity of creatine kinase, 3 p M ,  in SO m M  
borate (pH 8.7)  vs. time as a function of butanedione Concentration: 
0.06 mM (+), 0.11 m M  (VI, 0.23 mM (A), 0.57 mM (M), and 1.14 
m M  (0).  The native enzyme (0) retains full activity over this period of 
time. 

80 min, a t  which time aliquots were subjected to gel filtra- 
tion over a Bio-Gel P-4 column (0.9 X 21 cm), equilibrated 
with either 50 m M  borate or 50 m M  Tris (pH 8.7), to re- 
move excess reagent. Aliquots of each eluate containing the 
modified enzyme were subsequently assayed a t  various 
times over a period of 6 hr and compared to a control to de- 
termine the extent of reactivation. 

The modification of specific amino acid residues by bu- 
tanedione was determined by amino acid analysis after acid 
hydrolysis. Aliquots of the reaction mixture were separated 
from excess reagent by gel filtration over a Bio-Gel P-4 col- 
umn (0.9 X 21 cm), equilibrated with 50 m M  borate (pH 
8.7). Fractions containing protein were immediately as- 
sayed for enzymatic activity, and aliquots were hydrolyzed 
in evacuated, sealed ampoules with 6 N HCI a t  110’ for 
18-24 hr. Amino acid analyses were performed using either 
a Beckman Spinco 120C or a Durrum D-500 amino acid 
analyzer. Modification of arginine and potential modifica- 
tion of lysine were determined by using a value of 17 His/ 
subunit (Yue et al., 1967) as the basis of reference. Unmod- 
ified creatinc kinase gave values of 18.0 Arg/subunit and 
34.1 Lys/subunit for the average of five analyses, which 
compares favorably with values of 17.5 and 33.1, respec- 
tively, as reported by Yue et al. (1967). 

The binding of MgADP and MgATP to native and bu- 
tanedione-modified creatine kinase was determined by ul- 
traviolet difference absorption spectroscopy after the meth- 
od of Roustan et al. (1968). Modified creatine kinase was 
prepared by reacting the enzyme (40 p M )  with 0.23 m M  
butanedione in 50 m M  borate (pH 8.7). After 3 hr, aliquots 
were assayed for enzymatic activity, additional aliquots 
were subjected to difference spectroscopy in the presence of 
0.1 1 m M  MgADP or 0.32 m M  MgATP, and a third aliquot 
was subjected to acid hydrolysis and amino acid analysis. 

Modification with [14C]phenylglyoxal in 100 m M  bicar- 
bonate (pH 8.7) was monitored by I4C incorporation and 
amino acid analysis. Aliquots of the reaction mixture were 
separated from excess reagent by Bio-Gel P-4 chromatogra- 
phy using 100 m M  bicarbonate (pH 8.7) as eluent. Protein 
fractions were immediately assayed for enzymatic activity. 
Aliquots were also diluted into 10 ml of Aquafluor (New 
England Nuclear), and radioactivity was determined using 
a Beckman LS-250 liquid scintillation counter. Additional 
aliquots were subjected to acid hydrolysis and amino acid 
analysis. 

The reactive sulfhydryl groups of native and modified 
creatine kinase were titrated with 5,5’-dithiobis(2-nitroben- 
zoic acid) on a Cary 14 spectrophotometer by a modifica- 
tion of the method of O’Sullivan (1971), using a molar ab- 
sorptivity a t  412 nm of 1.36 X I O 4  for the nitrothiopheno- 

Table 1: Effect of pH on  the Inactivation of Creatine Kinase 
by Butanedionr.0 

8.7 34 19 
7.5 76 87 
6.3 94 320 

QCreatine kinase, 3 a, was modified at 25” by 0.23 mM butane- 
dione in SO mM borate a t  the indicated pH. Aliquots were assayed at  
various time intervals and compared to the native enzyme as a con- 
trol. bMeasured after 30-min reaction. C Determined from a semilog 
plot of residual activity vs. time. 

~~ .~~ 

Table 11: Creatine Kinase Inactivation by Butanedione and the 
Effect of Borate.0 

Ob 95 125 36 
4 18 25 0 72  

20 6 5 00 89 
50 6 

UCreatine kinase, 3 a, was modified by 0.23 mM butanedione in 
borate buffer (pH 8.7) ,  25”, for 80 min. Aliquots were assayed and 
compared to the native enzyme as  a control. b50 mM Verona1 
(oH 8.71. 

late anion (Ellman, 1959). Preliminary experiments indi- 
cated the same 41 2-nm absorbance for the nitrothiopheno- 
late anion a t  pH 8.0 and 8.7. Titrations were routinely per- 
formed a t  the latter pH in either 50 m M  borate or 100 m M  
bicarbonate, the conditions for arginine modification. Nei- 
ther butanedione nor phenylglyoxal, in the concentrations 
normally used for modification, caused the release of the ni- 
trothiophenolate anion. I n  a typical modification reaction 
with either butanedione or phenylglyoxal, aliquots were as- 
sayed periodically for enzymatic activity and larger aliquots 
were subjected to titration with 5,5’-dithiobis(2-nitroben- 
zoic acid). 

Creatine kinase in which the two reactive sulfhydryl 
groups were reversibly blocked by mixed disulfide forma- 
tion in the presence of 5,5’-dithiobis(2-nitrobenzoic acid) 
was prepared by the method of O’Sullivan (1971). Excess 
reagent was removed by gel filtration on a column (0.9 X 
25 cm) of Sephadex (3-25 in the presence of 50 m M  borate 
(pH 8.7). Such preparations exhibited less than 0.5% the 
enzymatic activity of the unmodified enzyme, but could be 
restored to full activity by dilution into dithiothreitol in 50 
m M  borate (pH 8.7), the final dithiothreitol concentration 
being 6 mM.  The mixed disulfide of creatine kinase thus 
prepared was reacted with 0.23 m M  butanedione in 50 m M  
borate (pH 8.7) and a t  various times aliquots were with- 
drawn, diluted into a final concentration of 6 m M  di- 
thiothreitol-50 m M  borate (pH 8.7), and assayed for enzy- 
matic activity 5 min after dilution. 

Results 
Inactiaation by Butanedione. The time course for the in- 

activation of creatine kinase by butanedione in 50 m M  bo- 
rate (pH 8.7) depends on the concentration of reagent em- 
ployed (Figure 1). Under these conditions the inactivation 
is first order in both butanedione and creatine kinase. Semi- 
log plots of residual activity vs. time indicate that the rate 
of inactivation is proportional to the concentration of bu- 
tanedione and variation of the enzyme concentration from 
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FIGURE 2: Reversibility of creatine kinase inactivation on the removal 
of borate. The enzyme, 7 F M ,  was incubated with 0.23 mM butane- 
dione-50 mM borate (pH 8.7). After 80 min of modification, aliquots 
were gel filtered (arrow) on Bio-Gel P-4 in either 50 m M  Tris (pH 8.7) 
(m), or 50 mM borate (pH 8.7) (0).  The modified enzyme solutions 
obtained after gel filtration were incubated at 25O and periodically as- 
sayed to determine the extent of reactivation. 

0.6 to 15 p M  (0.05-1.3 mg/ml) does not affect the rate of 
inactivation by 0.23 m M  butanedione. A butanedione con- 
centration of 0.23 m M  reduces the activity by 50% in 19 
min, corresponding to a second-order rate constant for inac- 
tivation of 156 M-' min-I, and these conditions were 
adopted for succeeding experiments. 

Characteristics of the Butanedione Reaction. There is a 
significant effect of pH on the inactivation of creatine ki- 
nase by 0.23 m M  butanedione in 50 m M  borate. The rate 
at  pH 8.7 is four times greater than that a t  pH 7.5 and 17 
times that a t  pH 6.3 (Table I). This effect of pH is qualita- 
tively similar to that observed by Riordan (1973) for car- 
boxypeptidase A and by Lange et al. (1974) for alcohol de- 
hydrogenase. It is likely due either to the ionization of an- 
other group on the enzyme which affects the reactivity of 
the essential arginyl residue or to a pH effect on the borate 
buffer, and would not seem to reflect the pK of the essential 
arginyl residue (Riordan, 1973). 

There is a pronounced influence of borate concentration 
on the inactivation by 0.23 m M  butanedione at  pH 8.7 
(Table 11). In the absence of borate, 95% of the native ac- 
tivity is retained after modification for 80 min. As the bo- 
rate concentration is increased, inactivation becomes more 
rapid until a maximal decrease in enzymatic activity occurs 
in the presence of 20-50 m M  borate. At higher concentra- 
tions the degree of inactivation after modification for 80 
min becomes progressively less, entirely in accord with the 
effect of borate on the butanedione reaction observed pre- 
viously (Riordan, 1973). 

The inactivation of creatine kinase by butanedione in bo- 
rate buffer is reversible. This is demonstrated by first inac- 
tivating the enzyme to 10% of the native activity and then 
gel filtering to remove excess butanedione (Figure 2). If gel 
filtration is performed in Tris buffer, thereby removing bo- 
rate as well, the activity of the modified enzyme returns 
progressively toward normal such that 65% of the native ac- 
tivity is present after 5.5-hr incubation in Tris buffer. If gel 
filtration is carried out in 50 m M  borate, however, no reac- 
tivation is observed, and the activity remains a t  10%. Rever- 
sal of modification also occurs if the enzyme is inactivated 
to 10% of the native activity by 0.23 m M  butanedione in 50 
m M  borate (pH 8.7) and then diluted 50-fold into 50 m M  
Verona1 (pH 8.7). After incubation a t  25' for 24 hr, the di- 
luted enzyme exhibits 85% of the native activity. 

Chemical Consequences of Butanedione Inactivation. 
Amino acid analysis of creatine kinase was performed to 
identify the residues modified by treatment with butane- 

*. 

0.5 1.0 
ARGININES MODIFIED/SUBUNIT 

F I G U R E  3: Correlation of inactivation of creatine kinase with arginine 
modification by butanedione. The enzyme (20 w M )  was incubated with 
0.14 mM butanedione-50 m M  borate (pH 8.7), and aliquots were 
withdrawn periodically and subjected to gel filtration and subsequent 
analysis as described in the text. The number of arginines modified is 
given per subunit of enzyme. 

Table 111: Effect of Substrates on  the Inactivation of Creatine 
Kinase by Butanedi0ne.a 

Substrate Activity (%) 

None 3 
Creatine phosphate, 1 2  

ATP, 20 mM 55 
MgATP, 20 mM I 5  
MgADP, 20 mM 75 

40 mM 

=Creatine kinase, 3 a, was modified by 0.23 mM butanedione 
in 50 mM borate (pH 8.7), 25", for 2 hr. Aliquots were assayed and 
compared to  the native enzyme as a control. 

dione. The ratio of lysine to histidine remains constant 
throughout the course of inactivation, while that of arginine 
to histidine decreases progressively. All other amino acid 
residues are unaffected. Extrapolation to complete inactiva- 
tion indicates that loss of activity correlates with the modi- 
fication of 1.1 arginyl residues per subunit (Figure 3). 

Protection against Butanedione Inactivation. Creatine 
phosphate, 40 mM, affords only slight protection against 
inactivation of creatine kinase by 0.23 m M  butanedione 
(Table 111). However, significant protection against inacti- 
vation is provided by 20 m M  ATP and even more by 20 
m M  MgATP. After 2 hr, 75% of the original activity re- 
mains in the presence of MgATP compared to only 3% ac- 
tivity in its absence. MgADP, at  the same concentration, 
protects against butanedione inactivation to the same de- 
gree as MgATP. Creatine, 40 mM, protects almost com- 
pletely, but this is due to a reaction between its guanidino 
group and butanedione. 

Nucleotide Binding by Butanedione-Modified Creatine 
Kinase. Binding of MgADP and MgATP to butanedione- 
modified enzyme was determined by uv difference spectros- 
copy (Roustan et al., 1968). Compared to the native en- 
zyme, the modified enzyme which has lost 95% of its origi- 
nal activity, loses 94% of its binding capacity for MgATP 
and 93% of that for MgADP, as measured by the change in 
AA254. Amino acid analysis of this sample reveals the loss 
of 1.0 arginine per subunit in the modified enzyme, and no 
other residue is modified. Thus, in this experiment the mod- 
ification of one arginyl residue per subunit of creatine ki- 
nase leads to the loss of 95% of the native activity concomi- 
tant with the loss of approximately 94% of the nucleotide 
binding. 

Exclusion of Cysteine Modification as a Basis f o r  Inac- 
tivation. A number of reagents modify the single reactive 
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FIGURE 4: Semilog plot of changes in activity of creatine kinase, 2.5 
fiM, i n  50 m M  Veronal (pH 8.7) vs. time on reaction with 0.05 m M  
(A), 0.10 mM (W), and 0.20 mM (0)  phenylglyoxal. The native en- 
zyme retains full activity over this period of time. 

sulfhydryl group per subunit of creatine kinase with a con- 
comitant loss of activity (for a review, see Watts, 1973). 
This sulf'hydryl group can be titrated and blocked reversibly 
with 5,5'-dithiobis(2-nitrobenzoic acid) (O'Sullivan, 197 1 ). 
Two sets of experiments were performed to rule out the pos- 
sibility that the butanedione inactivation of creatine kinase 
under the above conditions might be due to a reaction with 
this sulfhydryl group. In one, the enzyme is inactivated by 
0.23 m M  butanedione in 50 m M  borate (pH 8.7) and ali- 
quots are withdrawn periodically and titrated with 5,5'-di- 
thiobis(2-nitrobenzoic acid). The number of titratable 
groups remains constant throughout the course of the reac- 
tion, even when the activity decreases to less than 10% of 
the original value. In the other, the reactive sulfhydryl is 
first blocked with 5,5'-dithiobis(2-nitrobenzoic acid) and 
then the resultant product is treated with butanedione. Ali- 
quots a re  withdrawn periodically, diluted into dithiothreitol 
(final concentration, 6 mM) ,  and assayed for enzymatic ac- 
tivity. The activity-time profile for inactivation by butane- 
dione under these circumstances is identical with that of the 
native enzyme. 

Inactivation by Phenylglyoxal. The inactivation of cre- 
atine kinase by phenylglyoxal, 0.20 m M ,  in 50 m M  Veronal 
(pH 8.7). proceeds with a half-life of 20 min (Figure 4). 
The kinetics of inactivation a re  apparent first-order in 
phenylglyoxal over the range of concentrations employed 
with an overall second-order rate constant for inactivation 
of 169 M - '  min-I. Identical results a re  obtained when the 
modification is carried out in 100 m M  bicarbonate (pH 
8.7). The effects of the presence of substrates on the inacti- 
vation of creatine kinase by phenylglyoxal are very similar 
to those obtained with butanedione. Significant protection 
against inactivation is obtained with both MgADP and 
MgATP but not creatine phosphate. 

Modification with [I4C] phenylglyoxal accompanied by 
studies of I4C incorporation and amino acid analysis dem- 
onstrates the concurrent loss of activity, incorporation of 
1.2 ['4C]phenylglyoxal molecules, and modification of 0.9 
arginine residue per subunit (Figure 5). Amino acid analy- 
sis reveals no loss of lysine or any residue other than argi- 
nine. Further, the number of titratable sulfhydryl groups 
remains constant throughout the course of inactivation, as 
is the case with butanedione modification. Thus, again, loss 
of activity correlates with the modification of a single argi- 
nine residue per enzyme subunit and no other residues are 
modified. 

Discussion 
Arginine has been implicated as a residue essential to the 

function of a number of enzymes. Chemical modification of 
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FIGURE 5 Correlation of inactivation of creatine kinase by 
[ ''C]phenylglyoxal with arginine modification (0 )  and ['4C]phenyl- 
glyoxal incorporation (D) The enzyme (20 w M )  was incubated with 
0 20 m M  [i4C]phenylglyoxal in 0 1 M bicarbonate (pH 8 7), and ali- 
quots were withdrawn periodically and subjected to gel filtration and 
subsequent analysis as described in the text The numbers of arginines 
modified and ['4C]phenylglyoxals incorporated are given per subunit 
of enzyme 

the alcohol dehydrogenases from horse and human liver, as 
well as from yeast, have identified arginines a t  the coen- 
zyme binding sites (Lange et al., 1974), and a similar role 
for arginine has been demonstrated for mitochondrial mal- 
ate dehydrogenase (Foster and Harrison, 1974) and lactate 
dehydrogenase (Yang and Schwert, 1972). Arginine modi- 
fication inactivates ribonuclease A (Takahashi, 1968), inor- 
ganic pyrosphosphatase (Cooperman and Chiu, 1973), E.  
coli alkaline phosphatase (Daemen and Riordan, 1974), 
rabbit muscle aldolase (Lobb et al., 1975), and glutamine 
synthetase and carbamoyl-phosphate synthetase (Powers 
and Riordan, 1975). In each of these enzymes, the essential 
arginine is thought to interact with the negatively charged 
phosphate moiety of the substrate. This idea has been con- 
firmed by X-ray crystallographic studies of staphylococcal 
nuclease (Arnone et al., 197 1 ), lactate dehydrogenase 
(Adams et al., 1973), and horse liver alcohol dehydrogenase 
(Eklund et al., 1974). Lange et al. (1974) have suggested 
that arginyl residues play a general role as positively 
charged components in enzymatic recognition sites for an- 
ionic substrates. The work reported here confirms that ar- 
ginyl residues function in this manner in  the ATP-depen- 
dent enzyme, creatine kinase. 

Butanedione is known to be highly selective for the modi- 
fication of arginyl residues in proteins. This modification is 
augmented by borate buffer, which likely stabilizes the ad- 
duct between the guanidino group and butanedione, and the 
modification is reversible on the removal of excess butane- 
dione and borate (Riordan, 1973). Creatine kinase is rapid- 
ly  inactivated by butanedione in borate buffer. The modifi- 
cation is highly selective; inactivation can be carried out at  
a reagent concentration which is a t  least 15-fold lower than 
in any other study previously reported using this reagent. 
The almost absolute requirement for borate in the butane- 
dione inactivation of creatine kinase (Table 11)  coupled 
with the reversal of inactivation when borate is removed 
completely (Figure 2) together suggest strongly that the 
modification of essential arginyl residues is indeed responsi- 
ble for this inactivation. Amino acid analysis of modified 
creatine kinase substantiates the correlation between the 
loss of activity and the modification of 1 .1  arginine residues 
per subunit by butanedione-borate (Figure 3). 

The finding that one arginyl residue per subunit is essen- 
tial for the enzymatic activation of creatine kinase was con- 
firmed by studies utilizing a different a-dicarbonyl reagent, 
phenylglyoxal, which has also been shown to be highly se- 
lective for the modification of arginyl residues in proteins 
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(Takahashi, 1968). Phenylglyoxal rapidly inactivates cre- 
atine kinase, again in a highly selective manner. Amino acid 
analysis of the phenylglyoxal-modified enzyme again indi- 
cates that  inactivation correlates linearly with the loss of ar- 
ginine, in this case 0.9 residue per subunit (Figure 5). Thus, 
the conclusion is that one arginyl residue per subunit is es- 
sential for the enzymatic activity of creatine kinase. 

N o  other residue of creatine kinase is modified by bu- 
tanedione-borate or phenylglyoxal. Amino acid analysis re- 
veals only the loss of arginine. The single, reactive sulfhy- 
dryl group per subunit (O'Sullivan, 1971) remains titrat- 
able throughout the course of inactivation by the a-dicar- 
bony1 reagents and prior conversion of this group to a mixed 
disulfide with 5,5'-dithiobis(2-nitrobenzoic acid) has no ef- 
fect on the rate of inactivation by butanedione-borate. 
Modification of this reactive sulfhydryl group, therefore, 
can be ruled out as the cause of inactivation by these a-di- 
carbonyl reagents. Moreover, when modification with 
['4C]phenylglyoxal is monitored by both I4C incorporation 
and amino acid analysis, virtually all of the incorporated 
I4C can be accounted for by loss of arginine (Figure 5), as- 
suming a 1 : 1 stoichiometry for the phenylglyoxal-arginine 
adduct. This stoichiometry differs from the 2: 1 stoichiome- 
try previously seen with this reagent (Takahashi, 1968; 
Daemen and Riordan, 1974; Lange et al., 1974). It may be 
that the first phenylglyoxal molecule inactivates the enzyme 
by forming a glyoxaline adduct with the guanidino group of 
an arginyl residue (Takahashi, 1968). However, a t  the 
phenylglyoxal concentration utilized (0.20 m M )  the reac- 
tion of a second molecule to form the proposed cyclic acetal 
(Takahashi, 1968) proceeds only to a small degree. Steric 
restriction in the reaction of the second phenylglyoxal mole- 
cule by the localized environment of the specific arginine 
residue in creatine kinase could be an  alternative explana- 
tion. 

It is significant that only one of the 18 arginyl residues 
per subunit of creatine kinase shows a high degree of selec- 
tivity for these a-dicarbonyl reagents. Clearly, in the native 
enzyme this residue possesses some feature which distin- 
guishes it from the other arginyl residues in terms of reac- 
tivity. A comparison of the rate of modification of the es- 
sential arginyl residue of creatine kinase by butanedione- 
borate with that of free arginine under the same conditions 
reveals that the arginyl residue in the enzyme reacts ap- 
proximately ten times faster than the free amino acid. Since 
modification of only one of the 18 arginyl residues per sub- 
unit leads to complete inactivation, most or all of the 17 un- 
modified residues react a t  a rate significantly slower than 
free arginine. Thus, the high degree of selectivity in the bu- 
tanedione-borate inactivation of creatine kinase seems to 
arise from a combination of both an increased reactivity of 
the essential arginyl residue and a decreased reactivity of 
most or all of the others. 

This hyperactivity is also apparent when phenylglyoxal is 
used to modify the essential arginyl residue. In this case the 
reaction is approximately 15 times faster than with free ar- 
ginine under the same conditions. Thus, the chemical envi- 
ronment of the single reactive arginyl residue per subunit 
enhances its reactivity toward a-dicarbonyl reagents. This 
high degree of selectivity in the modification of enzyme ar- 
ginyl residues has been noted previously and appears to be a 
general phenomenon (Powers and Riordan, 1975). 

The pattern of protection by the various substrates of cre- 
atine kinase is quite informative. Creatine phosphate, in 
which the guanidino group is chemically blocked by phos- 

phate, protects very little against inactivation with butane- 
dione-borate (Table 111). However, creatine completely 
protects against inactivation. Since the dissociation con- 
stant for creatine phosphate is lower than that for creatine 
(8.6 m M  vs. 15.6 m M )  (Morrison and James, 1965), it 
would appear that creatine most certainly does not protect 
by binding to the active site of the enzyme with concomi- 
tant shielding of an arginine residue. More likely this pro- 
tection is but apparent and actually due to the fact that the 
guanidino group of creatine reacts chemically with the bu- 
tanedione, and its large excess over butanedione would ef- 
fectively remove the latter from the reaction medium. On 
the other hand, MgATP and MgADP both offer significant 
protection against inactivation. Preincubation of butane- 
dione with MgATP fails to alter the pattern of protection 
provided by this nucleotide, and MgATP does not react 
with borate. Hence, protection cannot be due to a chemical 
reaction between the nucleotide and the modifying agent. 
Protection must be due to nucleotide binding at  the single 
active site per subunit of creatine kinase shielding an argin- 
yl residue from modification. The lack of a uv difference 
spectrum on addition of MgATP or MgADP to the butane- 
dione-modified enzyme further indicates the involvement of 
an arginyl residue in nucleotide binding. 

Chemical modification studies have implicated several 
amino acid residues as being essential to the catalytic activi- 
ty of creatine kinase. Thus, modification of one sulfhydryl 
group per subunit (Mahowald et al., 1962), one histidine 
per subunit (Pradel and Kassab, 1968), or one lysyl residue 
per subunit (Kassab et al., 1968) leads to inactivation of the 
enzyme. However, the role of any one of these residues in 
the catalytic mechanism of creatine kinase has yet to be 
firmly established (for a review see Watts, 1973). The work 
reported here not only demonstrates that creatine kinase re- 
quires one arginyl residue per subunit for activity, but de- 
fines its catalytic role. The protective effect of MgADP and 
MgATP against inactivation by butanedione-borate and 
the inability of the modified enzyme to bind MgATP indi- 
cate that the essential arginyl is located a t  the coenzyme 
binding site, providing a positive charge to interact with the 
negative oligophosphate moiety of the nucleotide. This pos- 
tulate is strengthened by the fact that inorganic pyrophos- 
phate, a competitive inhibitor for A T P  in creatine kinase 
(Nihei et al., 1961), protects against inactivation by bu- 
tanedione-borate to the same extent as MgATP (C. L. Bor- 
ders, Jr., and J.  F. Riordan, unpublished results). 

These results may bear on the mechanism of ATP bind- 
ing to kinases in general. Despite intensive studies on these 
enzymes, the amino acid residues responsible for A T P  bind- 
ing have remained largely unknown. From this study it may 
be concluded that arginine is one of the residues essential 
for ATP binding to creatine kinase, and preliminary studies 
of four other kinases-hexokinase, phosphofructokinase, 
phosphoglycerate kinase, and pyruvate kinase-indicate 
that each of these enzymes is rapidly inactivated by butane- 
dione in borate buffer and suggest that arginyl residues may 
play the same role in these enzymes (C. L. Borders, Jr., and 
J. F. Riordan, unpublished results). Further, studies of two 
additional enzymes which utilize ATP other than for simple 
phosphate transfer, glutamine synthetase and carbamoyl- 
phosphate synthetase, show on a broader scale that arginyl 
residues a re  essential as A T P  recognition sites (Powers and 
Riordan, 1975). Protein arginyl residues could well be in- 
volved in the A T P  recognition sites of many other ATP- 
dependent biological activities and the chemical approaches 
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now available should provide a much needed means to study 
the importance of this residue in these systems. 
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Effect of Ligands on the Reactivity of Essential 
Sulfhydryls in Brain Hexokinase. Possible Interaction 
between Substrate Binding Sites' 

Vilas D. Redkar and lJmakant W. Kenkare* 

ABS I'KACT: Inactivation of bovine brain mitochondrial hex- 
okinase by 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), a 
sulfhydryl specific reagent, has been investigated. The 
study shows that the inactivation of the enzyme by DTNB 
proceeds by way of prior binding of the reagent to the en- 
iyme and involves the reaction of 1 mol of D T N B  with a 
mol of enzyme. At stoichiometric levels of DTNB, the inac- 
tivation of the enzyme is accompanied by the formation of a 
disulfide bond. But it is not clear whether the disulfide bond 
or the mixed disulfide intermediate formed prior to it 
causes inactivation. On the basis of considerable protection 
afforded by glucose against this inactivation it is tentatively 
concluded that the sulfhydryl residues involved in this inac- 

A recent communication from our laboratory (Redkar 
and Kenkare, 1972) briefly described experiments bearing 
on the role of sulfhydryl residues in the activity of brain 
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tivation are a t  the glucose binding site of the enzyme, al- 
though other possibilities are not ruled out. An analysis of 
the effects of various substrates and inhibitors on the kinet- 
ics of inactivation and sulfhydryl modification by DTNB 
has led to the proposal that the binding of substrates to the 
enzyme is interdependent and that glucose and glucose 6- 
phosphate produce slow conformational changes in the en- 
zyme. Protective effects by ligands have been employed to 
calculate their dissociation constants with respect to the en- 
zyme. The data also indicate that glucose 6-phosphate and 
inorganic phosphate share the same locus on the enzyme as 
the y phosphate of ATP and that nucleotides A T P  and 
A D P  bind to the enzyme in the absence of Mg2+. 

hexokinase. Using DTNB,' a thiol specific reagent, evi- 
dence was presented to indicate that one or two sulfhydryl 

' Abbreviations used drc .  D7 N B ,  5,5'-dithiobis(2-nitrobt.nlolc 
acid), Glc-6-P, glucose 6-phosphate: Fru-6-P, fructose 6-phosphate: 
TNB. thionitrobenzoate anion. 
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