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Abstract: The mechanism of phosphorylation by phosphorocreatine and the mechanism of creatinine formation have been in
vestigated in aqueous solution. The hydrolysis of phosphorocreatine (PC) was found to occur via two pathways: pathway A 
leads to the production of creatine and inorganic phosphate; pathway B leads to the production of creatinine and inorganic 
phosphate. At pH values above 1.0, pathway A accounts for greater than 90% of the hydrolysis; pathway B becomes predomi
nant only in strongly acidic solutions. For pathway A, the bell-shaped, pH-rate profile with a rate maximum at pH 1-2 (kmli* 
= 1.77 X 10~2min- '), AS* = —2eu, and &(H20)/fc(D20) = 0.86 strongly support a metaphosphate mechanism for phospho
rylations by phosphorocreatine. The biological implications with regard to the action of ATP:creatine ^-phosphotransferase 
(creatine kinase, E.C. 2.7.3.2) and the origin of urinary creatinine are discussed. 

jV'-Phosphorocreatine (1, PC), a phosphoroguanidine,3 

plays an essential role by phosphorylating ADP (eq 1) during 
periods of rapid utilization of ATP in muscle. Our studies of 
the mechanism of phosphorylation by the simple phosphoro-
guanidines, 2 and 3, appears to involve proton transfer leading 
to unimolecular cleavage to the protonated guanidine and the 
reactive intermediate, monomeric metaphosphate ion, P03 -,2,4 

which is the actual phosphorylating agent. Phosphoroguani-
dines appear to be the most reactive precursors of metaphos
phate.4 The presence of the carboxylate group in PC presents 
possibilities for functional group and ionization effects which 
could lead to special reactivity in this natural phosphorylating 
agent. Therefore, in order to assess the significance of the 
metaphosphate mechanism with respect to the in vivo phos
phorylation reaction involving PC, the in vitro mechanism of 
phosphorylation of water (hydrolysis) by PC has been studied. 
This paper is addressed to the chemistry of hydrolysis of 1, the 
implications for biological phosphorylation by 1, and the 
mechanism of formation of creatinine (5). 
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Previous investigations on PC are inconclusive. PC has been 

shown to be stable in alkaline solution5 but to undergo rapid 
hydrolysis in acid with a rate maximum at pH 1-3.6'7 It has 
also been reported that PC hydrolyzes in acid some 30 times 
faster than an unsubstituted phosphoroguanidine,8 therefore, 

indicating possible intramolecular catalysis by the carboxylate 
group. 

Trie products of hydrolysis of PC are reported to be creatine 
(4) and a small amount of creatinine (5).9 A mechanism for 
formation of 5 involving cyclization to 6 followed by P-N 
cleavage and ring opening (eq 2) has been proposed;10 evidence 
for this mechanism includes the report of an induction period.1' 
However, hydrolysis in 180-enriched water has demonstrated 
that this mechanism cannot be correct since no label was found 
in the creatine isolated from the reaction.12 Recently, it has 
also been shown that 5 hydrolyzes to creatine more slowly than 
1 does.13 

H 

"0,PNH=C 
N^ 

.0 
H2O 

HOPO3 + 4 (2) 

CH3 

Results 
Potentiometric Titration. A potentiometric titration was 

carried out on the disodium salt of PC under the same condi
tions as those employed in the kinetic studies above pH 0.78, 
that is, T = 30.5 0C and n = 0.20 N in added NaCl. The 
overlapping dissociation constants were calculated by the 
method of Noyes.14 The dissociation constants (Table I) are 
assigned in eq 3; the bases for the assignments have been dis
cussed.4'15 

Products of the Hydrolysis of PC. The rates of hydrolysis 
of PC were measured at 30.47 ± 0.05 0C in the pH range of 
0.78-5.58 in buffered solutions with the ionic strength main
tained constant at 0.20 N by the addition of NaCl or NaClO4, 
and in 0.40-4.00 N HClO4. On hydrolysis, PC produces in
organic phosphate and both 4 and 5. Both products were de
tected by paper chromatography for the hydrolysis of PC in 
1.0 N HClO4. The Jaffe-Folin determination16 demonstrated 
conclusively that 5 is ca. 5% of the products of the hydrolysis 
of PC at pH 5.22 and 5.88. 

A quantitative measure of the product composition is af
forded by the absorbance at 225.0 nm at the end of the hy-
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Figure 1. The molar absorptivities (e) of creatinine (5) and creatine (4) at 225.0 nm as a function of pH: O, creatinine; A, creatine. 
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Figure 2. The mole fraction of creatinine produced by hydrolysis of PC 
at 30.5 °C (M = 4.00 N) as a function of the concentration of HClO4. The 
curve was calculated from the constants (at the appropriate ionic strength) 
listed in Tables Il and III. 

Table I. pATa Values for the Ionization of Phosphorocreatine (1) 

Dissociable group P*a" P^a 

First H of P moiety (pATa1) 
-COOH (pATa") 
Second H of P moiety (pAa1") 
Guanidine (pKaIV) 

- 0 . 4 F 
2.84 
4.46 

<1.9 
2.7 
4.5 

11.2 

" This work, T = 30.5 0 C, /a = 0.20 N in added NaCl. * Determined 
at 25 "C by O. Meyeroff and K. Lohmann, Biochem. Z. 196, 49 
(1928), and by W. D. Kumler and J. J. Eiler, J. Am. Chem. Soc, 65, 
2355 (1943). c Determined kinetically. 

drolysis of PC. The extinction coefficients,«(4) and e (5) at 
225.0 nm and 30.5°, were determined as a function of pH 
(Figure 1); the variations with pH are suggestive of titration 
curves, indicating approximate pATa values of 2.7 and 4.7 for 

0.80 

0.60 

0.40 

0.20 

Figure 3. The mole fraction of creatinine produced by hydrolysis of PC 
at 30.5 0C as a function of pH: O, M = 0.20 N; A, n = 4.00 N. The curves 
were calculated from the constants (at the appropriate ionic strength) in 
Tables Hand III. 

creatine and creatinine, respectively. Such behavior is expected 
since the p£a values of creatine and creatinine are reported to 
be 2.63 and 4.75, respectively, at 3O0.17 The hydrolysis of PC 
in acid and in buffered solutions gave the product compositions 
displayed in Figures 2 and 3. 

Rates of Hydrolysis of PC. The first-order rate constants, 
&obsd, for the hydrolysis of PC were determined from data 
collected spectrophotometrically at 225.0 nm and by following 
the production of inorganic phosphate (Figure 4). The agree
ment between &0bsd values determined by these two methods 
is excellent. Good first-order kinetics were observed through 
at least 2 half-lives (75% reaction). In no case was there any 
evidence for the buildup of an intermediate nor was any in
duction period observed as had been reported previously.10 
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Figure 4. The pH-rate profile for the hydrolysis of PC at 30.5 0C: O, M 
= 0.20 N; A, /I = 4.00 N. The points are experimental; the lines are cal
culated from eq 13 and the constants in Tables Il and III. 
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Figure 5. The pH-rate profile for the hydrolysis of PC at 30.5 0C via 
pathway A to produce creatine: O.M = 0.20 N; A, M = 4.00N. The curve 
was calculated from eq 5 and the constants (at M = 0.20 N) listed in Table 
II. 
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Table II. Kinetic Parameters for the Hydrolysis of PC to Produce 
Creatine, T = 30.47 ± 0.05 0C 

Al 

kl 
Ka' 
K*" 
-Va111 

= 1.47 X 10-2 min-' (M = 4.00 N); 
1.58 X 10-2 min-1 (n = 0.20 N, based on K3

1 

= 1.70 X 10~2 min"1
 (M = 0.20 N) 

= 2.56 (M = 4.00 N) 
= 1.45 X 10-3 (pot. titn, M = 0.20 N) 
= 3.46 X 10~5 (pot. titn, M = 0.20 N); 

3.69 X 10-5
 (M = 0.20 N)" 

= 2.56) 

" Determined kinetically from plot of eq 6. 

CH3 CH3 

PC2" 

*.,v]fV 

PC -

2~ O 3 P N = C 

,NH 

"O3PNHC 
NCH2CO2 

CH3 

\ . 
(3) 

NCH2CO2 

PC3 

CH3 

PC3~ tautomer 

At any pH value &0bsd = A: A + ACB where AA and AB are the 
rate constants for reaction of PC to give creatine (4) and cre
atinine (5), respectively. The individual values of kA and AB 
are obtained by multiplying A0bsd by XA and XQ, the mole 
fractions of 4 and 5 produced at each pH (Figure 3). 

Rates of Creatine Formation. The pH dependence of A A 
(Figure 5) is similar to that oberved for the hydrolysis of the 
simple phosphoroguanidines, 2 and 3;4 however, the ionization 
of the carboxylate group in the guanidine portion of PC results 
in two hydrolyzable species (eq 3), PC and P C - , both of which 
have one proton and one negative charge on the phosphate 
moiety. The value of kA then consists of two rate constants (eq 

4) and when the concentrations are all expressed in terms of 
total [PC] ,eq5 results. 

rate = AA[PC]T = A:, [PC] + Ar2[PC-] (4) 

AA = ( ^ a ' t H + P + A 2 K 3 'K 3 " [H + ] ) / ( [H + p + Ka>[H+]2 

+ K a 1 K a 1 1 I H + ] + K a 1 K a 1 1 K 8 I " ) ( 5 ) 

At pH values greater than 3.5, K 3
1 » [H + ] , K a " » [H + ] , 

and K3
1Ka" » [H + ] 2 , so eq 5 reduces to eq 6. 

kA = A:2/0 + Ka1VtH+]) = k2 - fcAKaIU/[H+] (6) 

A plot of kA against kA/[H+] at pH >3.5 is linear and gives 
K a " ' as the negative slope and Ac2 as the ordinate intercept 
(Table II);2 K2"1 obtained in this manner is in good agreement 
with that determined potentiometrically. 

At pH values less than ca. 1.0, K a " « [H + ] , K 3 " 1 « [H + ] , 
and K3

1K3" « [H + ] 2 , so eq 5 reduces to eq 7; a plot of kA vs. 
A A [ H + ] gives a straight line2 and enables determination of k\ 
and K3

1 (Table II) at /t = 4.0 N. A similar treatment utilizing 
the Hammett acidity function18 was clearly nonlinear. The fit 
of the data in Figure 5 with the theoretical curve provides ev
idence for the validity of the constants in Table II. 

AA = A 1 - A C A [ H + ] Z K 3
1 (7) 
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Figure 6. The first-order rate constants (A8) for the hydrolysis of PC at 
30.5 0C (n = 4.00 N) via pathway B to produce creatinine as a function 
of the concentration of HCIO4; the intercept = ks (eq 10). 

Rates of Formation of Creatinine. The first-order rate con
stant for PC -*- creatinine is AB- Creatinine (5) is the major 
product of the hydrolysis of PC only in strongly acidic solu
tions, but it is a detectable product of the hydrolysis of PC at 
all pH values studied (Figures 2 and 3). Values of AB in HCIO4 
(ft = 4.00 N) and in the pH range 0.78-5.58 (M = 0.20 N) are 
shown in Figures 6 and 7, respectively. A kinetic scheme en
compassing all possible modes of PC - • creatinine is given in 
eq 8. Expressing all concentrations in terms of [PC] total gives 
eq9. 

rate = AB[PC]t0,ai = Ar3[H
+][PC+] + Ar4[PC+] 

+ Ac5[PC] + Ar6[PC-] (8) 

, _ A3[H+]4 + Au[H+]3 + A5AV[H+]2 + A6AVAV1 [H+] 
[H+P + AV[H+]2 + AV AV[H+] + K3

1K^K1 in 

(9) 

At pH's less than 0.5, dropping negligible terms from eq 9 
and rearranging gives eq 10. A plot of A8 against H+ (Figure 
6) is nearly linear; extrapolation to [H+] = 0 gives A5 as the 
intercept (Table III). 

A8 = (Ac3[H
+]2 + Ac4[H

+] + Ac5Ka1VC[H+] + AV) (10) 

Rearrangement of eq 10 gives eq 11; the value of Ac5 was used 
to plot k' against [H+] giving a straight line with Ac3 as the slope 
and Ac4 as the intercept (Table III).2 

k' = (Ac8[H
+] + A8AV ~ Ac5)/[H

+] = Ac3[H
+] + A4 (11) 

At pH's greater than 3.5, eq 9 reduces to eq 12; a plot of AB 
vs. AB/ [H+] is linear yielding AT2

111 as the slope and A6 as the 
intercept (Table III). AT3"

1 agrees well with the value found 
by potentiometric titration. 

AB = A 6 - A V 1 H A B Z [ H + ] (I2) 

The constants in Table III have been used to construct the 
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Figure 7. The pH-rate profile for the hydrolysis of PC at 30.5 0C (ji = 0.20 
N) via pathway B to produce creatinine. The curve was calculated from 
eq 9 and the constants (at ji = 0.20 N) are listed in Table III. 

Table III. Parameters for Hydrolysis of Phosphorocreatine to 
Produce Creatinine, T = 30.5 0C 

4.00N 0.20N 

A3, M - 1 min" 
A4, min-1 

A5, min-1 

k(,, min-1 

*V 
Ka" 
^ a " 1 

8.35 X 10-3 

2.48 X IO"2 

0.29 X IO"2 

2.56 

1.35 X 10-2 

0.11 X 10-2 

0.86 X IO-3 

1.45 X IO-3 (by titn) 
3.46 X IO"5 (by titn), 
3.61 X IO"5 (eq 11) 

theoretical line in Figure 7; there is good agreement with ex
perimental data. The values of A4 and A5 (Table III), which 
are required to give the theoretical line in Figure 7 (at ti = 0.20 
N), are less than those at n = 4.00 N. This positive salt effect 
is comparable to others that have been observed.19 

The total rate equation for hydrolysis of PC is eq 13 which 
was used to construct the theoretical curves in Figure 4 using 
the values of AV and AV" determined by titration. The mole 
fraction of creatinine, given by eq 14, was calculated using the 
constants in Tables II and III and the theoretical curve in 
Figure 3 was generated. 

'obsd 

(A3[H+]4 + A4[H+]3 + (A1 + A5)AV[H+]2 

. +(A2 + A6)AVAV1 [H+]) 
"([H+]3 + AV[H+]2 + AVAV[H+] + AVAV1AV11) 

(13) 

-^B - Acs/Aobsd (14) 

Activation parameters for the hydrolysis of PC were deter
mined over a temperature range of 21 ° (Table IV). At pH 3.61, 
AB is a small fraction of the total rate so no separation of A0bsd 
into AA and AB has been made. In addition, in calculating AS*, 
we have corrected for ionization via AV" by the equation, A' 
= AcobsdU + AT3

11V[H+]). The AH* value rests on the as-

Allen, Haake j Phosphorylation by N'-Phosphorocreatine 
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Table IV. Activation Parameters for Hydrolysis of 
Phosphorocreatine, pH 3.61, ix = 0.20 N" 

7-,0C Usd.s- 1 

51.61 3.03 X 10"3 £a = 22.5 kcal/mol 
41.39 9.72 XlO-4 AH* = 21.9 kcal/mol 
30.47 2.67 X 10"4 AG* = 22.6 kcal/mol 

AS* = - 2 cal/mol 

" Standard state taken as 25 0C and 1 M. 

sumption of a negligible change in Ka's with temperature. The 
values of A;0bsd give an excellent straight line vs. 1/7 but, as is 
usually true in such determinations, we expect that AH* has 
a possible deviation of ±0.5 kcal/mol and AS* has a possible 
deviation of ±5 eu. Therefore, AS* is within experimental 
error of zero as expected for a unimolecular reaction. 

The solvent deuterium isotope effect was determined at 
30.5°, n = 0.20 N in 0.10 M acetate buffer. The pH values 
were measured and corrected in D2O as previously described.4 

Because of the complications of mixed products and mixed 
pathways of hydrolysis, the results are highly approximate, but 
using k' = kx + k2 + kB, k'(H2O)Zk'(D2O) = 0.89. Deute
rium isotope effects have been discussed by Allen and Haake;4 

effects can occur on both concentrations of reactive species and 
their rates of reactions. 

Discussion 

Mechanism of Creatine Formation from PC. The results 
demonstrate that the neutral (carboxyl protonated) and anionic 
(carboxyl unprotonated) forms of PC both hydrolyze at pH's 
near 2 (Figure 5) by pathways simlar to that studied in detail 
for 2, that is, via a metaphosphate mechanism.4 The bell-
shaped, pH-rate profile, the requirement for a PO 3 H - phos
phate moiety, and the AS* all support this conclusion. The 
small difference between k] and k2 and the faster rate of 2 
indicate that the carboxyl group plays no catalytic role in the 
cleavage of the P-N bond as had been suggested.10'1' Instead, 
the slower rates observed for PC than for 2 indicate that the 
inductive effect of the carboxyl slows the rate by decreasing 
the basicity of the P-N nitrogen to which a proton must be 
transferred in order to give the double zwitterion (7) which is 
the intermediate (eq 15) which generates metaphosphate ion, 
PO 3 - . 4 

PC + /NH 2 NH2 

or ===== 2-0,PNH2CX+ —* "O3P + H2N=-C^+ (15) 

P C~ / N R fastko / N R 

CH3 + _ CH3 

7,R = CH2CO2H
 H 2 P ° 4 

or CH2CO2
-

Mechanism of Enzymic Phosphorylation by Phosphoro
creatine. Creatine is the sole guanidine-containing product of 
the enzyme-catalyzed phosphorylation of ADP by PC;20"22 the 
mechanism of generation of 4 from PC and P C - at pH's near 
2 appears to be applicable to the enzyme-catalyzed reaction,23 

namely, phosphorylation of ADP by metaphosphate ion, which 
would be generated by cleavage of 7.24 Enzymes generally 
catalyze pathways for reactions that are already favored in 
substrates and in PC the metaphosphate mechanism is clearly 
very favorable (Figure 5). Therefore, our fundamental 
chemistry enables us to predict these important features of the 
active site of the enzyme, creatine kinase (creatine:ATP 
transphosphorylase, E.C. 2.7.3.2). (1) PC will be bound in the 
active site so that the P -N nitrogen of PC is near an acid cat
alyst which will either donate a proton to produce 7 or function 
as a general acid catalyst transferring a proton as the P-N 
bond breaks. (2) As P O 3

- is produced, it must be in intimate 

association with ADP so that the /J-phosphate group traps the 
P O 3

- to give ATP. The binding in the active site near the P O 3
-

transfer area must exclude any water molecules which could 
compete with ADP for the highly reactive P O 3

- . We have 
shown that P O 3

- is highly indiscriminate toward oxygen nu-
cleophiles;2 in the enzyme, reaction with water would form 
inorganic phosphate and constitute an inefficiency in utilization 
of PC. (3) Both the rate of P -N bond cleavage to give P O 3

-

and the basicity of the P-N nitrogen will be greatest if PC is 
bound to the active site with two negative charges on the 
phosphate moiety. (4) Since binding to exclude water will be 
essential for enzymic efficiency, one should expect to find, after 
crystallography is completed, binding sites for the phosphate 
dianion (possibly hydrogen bonded to lysine or arginine), the 
guanidinium cation (possibly hydrogen bonded to a carbox-
ylate), and the carboxylate anion (possibly hydrogen bonded 
to an arginine).23 Other phosphagens2 differ in structure from 
PC but all have a group, such as the carboxyl in PC, which can 
be negatively charged. We suggest that the reason for this 
evolutionary theme in phosphagen structure is the need for 
highly oriented binding of the phosphagen in order to provide 
selective phosphorylation of ADP. 

Mechanism of Creatinine Formation from PC. Creatinine 
(5) appears to be formed by four different pathways (Table 
III). At pH values above ca. 1.0, the rate of hydrolysis of PC 
to produce creatinine contributes less than 10% to the total rate 
of hydrolysis. Below pH 1.0, the rate of creatinine formation 
increases with acid concentration to become the predominant 
hydrolysis pathway. Kinetic indistinguishability must be 
considered in discussing possible mechanisms associated with 
each term in eq 9. For example, the term Ac5[PC] could rep
resent neutral PC as the substrate but it is kinetically equiva
lent to Ai5TPC-] [H + ] , where Ar5' = ks/Ka

u which represents 
an acid-catalyzed reaction of monoanionic PC. Another pos
sibility is A;5"[PC+][ -OH], which represents the reaction of 
hydroxide ion with cationic PC. However, this possibility is 
excluded because the value of Ac5" would be 2.6 X 1 0 u M - 1 

s_ 1 , greater than the diffusion controlled limit for such a re
action.25 

Creatinine (5) could be formed by three pathways: directly 
from PC, through 4, and through 6. Although at all pH values 
studied 4 is converted to 5,26 the rate of thisreaction is con
siderably less than the rate of hydrolysis of PC. For example, 
in 0.40 N HClO4 at 30.5° the first-order rate constant, Acobsd 
(4 — 5) is 2.3 X 10 - 4 min - 1 ,2 5 while A:obsd for the hydrolysis 
of PC is 1.88 X 10 - 2 m in ' ' . Therefore, the creatinine present 
at the end of the hydrolysis of PC does not appear to be formed 
through 4 as an intermediate. The hydrolysis of phosphoro-
creatinine (6) has a very different rate profile from PC with 
a maximum near pH 6 and acid-catalyzed hydrolysis at low 
pH,27 so 6 may be an intermediate in all or some of the path
ways for creatinine formation. A concerted conversion of PC 
to creatinine may be possible if the carboxyl group were pro
tonated and functioned as an electrophilic catalyst for cleavage 
of the P-N bond. More research on the mechanism of PC —* 
creatinine will be required to solve these problems. 

It is likely that acid-catalyzed reactions (e.g., Figure 6) do 
not proceed by a metaphosphate mechanism; a likely possibility 
involves nucleophilic attack by water on a ctionic phosphate 
species similar to that found in other acid-catalyzed reactions 
of phosphorus esters. 

Origin of Urinary Creatinine. Creatinine (5) is a normal 
constituent of the urine of vertebrates, the amount depending 
on species and body weight. In 1938, Bloch and Schoenheim-
er28 proved conclusively, by isotope tracer studies, that creatine 
is the sole precursor of urinary creatinine. It was shown that 
creatinine was the only urinary constituent containing any 
significant amount of creatine nitrogen. The site and mecha
nism of creatinine formation and the role, if any, of PC in the 
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process were not known. The amount of creatinine normally 
excreted in the urine is greater than can be accounted for by 
the spontaneous (i.e., nonenzymic) dehydration of creatine at 
physiological temperature and pH.9 

Myers and Fine29 showed that creatine was converted to 
creatinine three times as fast in the presence of finely ground 
muscle than in pure solution, and they proposed that an enzyme 
was responsible for the increased rate. Carpenter et al.30 re
ported evidence for such an enzyme but subsequent work casts 
doubt.31 

Borsook and Dubnoff9 reported that the hydrolysis of PC 
at physiological temperature and pH (38 0 C and pH 7) pro
duced small amounts of creatinine as well as creatine and, 
furthermore, that this rate of prodution of creatinine, based 
on the amounts of creatine and PC present in the skeletal 
muscles, was sufficient to account for the rate of excretion of 
urinary creatinine. These workers proposed that urinary cre
atinine is a product of the slow, nonenzymic breakdown of PC 
in the muscle tissue. 

The study of the rates of the hydrolysis of PC and product 
composition by Borsook and Dubnoff, however, was limited 
to a small pH range (6.0-7.5). The results of the work pre
sented here substantiate the original proposal of Borsook and 
Dubnoff; that is, creatinine is a product of the hydrolysis of PC, 
and the rate of production of creatinine via this pathway is 
greater than the production of creatinine from the dehydration 
of creatine. Our calculated first-order rate constant obtained 
for the production of creatinine via the hydrolysis of PC at pH 
6.0 and 30.5 0 C , k = 2.4 X 1O -5 min - 1 , is in good agreement 
with that obtained by Borsook and Dubnoff at 38 0 C, k = 4.3 
X 10 - 5 min - 1 , in view of the temperature difference. 

Experimental Section 

iV'-Phosphorocreatine was obtained from Nutritional Biochemical 
Co., Cleveland, Ohio, as the disodium hexahydrate salt. It was purified 
by dissolving 600 mg of the compound in 50 ml of distilled, C02-free 
H2O, filtering, and adding ethanol until the solution became slightly 
turbid (ca. 100 ml). The solution was allowed to stand several days 
at room temperature until crystals could be seen on the side of the flask 
and kept several days at 5 0C; the product was collected by filtration 
and washed with ice-cold ethanol. The entire procedure was repeated, 
and the resulting crystals were washed with anhydrous ether following 
the ethanol washing. The long, needle-like crystals were dried over
night in a desiccator at 10 mmHg. The amount of inorganic phosphate 
released on the hydrolysis of this material was consistent with the 
tetrahydrate. Anal. Calcd for Na2(C4H9N3O5PMH2O: P, 9.48. 
Found: P, 9.52. 

Kinetics. The rates of hydrolysis of PC were determined by following 
he release of inorganic phosphate with respect to time and spectro-
photometrically by the change in absorbance at 225.0 nm. The ex
tinction coefficients are in Figure 1. The value of t (4) below pH 1.5 
was taken to be 79 ± 2 (average of ten measurements). Similarly, 1 
(5) was 3550 ± 10 from measurements below pH 3.0. These deviations 
were used in assessing experimental error over the entire pH range 
used in our experiments. Depending on the amount of creatinine 
produced the net change in absorbance was either positive (pH <0.5) 
or negative (pH >2.5). Between pH 0.5 and 2.5, the amount of cre
atinine produced was such that the net change in absorbance was quite 
small (less than 0.05 absorbance unit), and, as a consequence, the rates 
could not be determined spectrophotometrically within this pH 
range. 

In strongly acidic solutions (pH <0.5), the kinetics were compli
cated by the conversion of the creatine produced on hydrolysis of PC 
to creatinine. At a given concentration of acid this reaction is reported 
to be first order in creatine.25 Although the rate of this reaction is at 
least ten times less than the rate of hydrolysis of PC, it was observable 
and it caused a steady increase in absorbance after all the PC initially 
prsent had been hydrolyzed. Consequently, an indirect method for 
the determination of A^ had to be employed. A„ is the absorbance 
at infinite time, t„ = 10T(T = 1 half-life), due to creatine and creat
inine. Figure 8 depicts a typical example of the observed change in 
absorbance with time (heavy line). The slope of the linear change in 

Io I.45T" I.45T' 

Figure 8. Schematic plot of absorbance against time for the hydrolysis of 
PC in strongly acidic solution where creatinine is formed from creatine 
at a significant rate. 

absorbance after t„ is exaggerated for clarity. The dotted line repre
sents the expected change in absorbance with time if the creatine 
produced were not converted to creatinine at a detectable rate. The 
absorbance at the point where the initial change in absorbance be
comes linear, A'm, is greater than the true value of A„, since A'„ 
contains a contribution from the creatinine formed from creatine. The 
following method was used to calculate A„. 

PC- • 4 + phosphate 

PC —*• 5 + phosphate 

4—*-5 

As defined in Figure 8, our problem is to find 

A = A' — A c 

(16) 

(17) 

(18) 

(19) 

where Ac = absorbance due to eq 18. Since [PC] = [VC\oe~kt where 
k = kA + kB = kobsd, and kA » kc 

[4] ~ / IPC] 0 ( I - « - * ' ) (20) 

where/ = kA/k. We may then obtain an expression for Ac 

dAc/dt = e4kc[4] (21) 

where £4 = extinction coefficient for 4. Therefore, substituting eq 21 
into eq 20 and integrating 

AS = «4*c/IPC]0 fo
10T (1 " *-*')d« 

= UkQf[PCM + e-k'/k - l/k]0
10' 

Since k = 0.693/r 

A„c = f4*c/IPC]o8.55T (22) 

Because 4 -* 5 is a very slow reaction, the change of absorbance after 
10T (Figure 8) is approximately a straight line which describes Ac 

as a function of time. 

AAC = ^kCf[VC]0At 

Therefore, we may find A J- (eq 22) by measuring AAC over At = 
8.55T, and A„ is obtained by subtracting this value from the absorb
ance at t = 10T (eq 19 and Figure 8). e examined the possible errors 
inherent in the approximations in this method, and we estimate that 
the maximum possible error from this procedure is less than 0.1% when 
applied to our experiments. 

The values of A » determined by the above treatment were used to 
calculate the &0bsd values in the usual manner. In all cases excellent 
first-order kinetics were obeyed through at least 2 half-lives (75% 
reaction). At t > 2T deviations from first-order kinetics were evident. 
These deviations are due to the fact that no corrections were applied 
to the absorbance values at time t, which contain a contribution due 
to reaction 18. At / < IT, however, this contribution is negligible. 
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Product Composition. Creatine (4) and creatinine (5) are the only 
guanidine products of the hydrolysis of PC, so [4] + [5] = Ctot- AU 
kinetic runs were initiated by the addition of 50 ^l of the same PC 
stock solution ([PC] = 0.03 M) from a Grunbaum micropipet to 3.00 
ml of the kinetic solution in a 1-cm quartz cuvette to give a solution 
ca. 5 X 10-4 M in PC. The value of Ctot was accurately determined 
for the hydrolysis of PC in strongly acidic solution (0.40-4.00 M 
HClO4). At the end of the hydrolysis reaction, the solutions were 
heated at 95 0C for several hous, converting all creatine to creatinine. 
Creatinine was shown to be stable under these conditions. The ab-
sorbance at 225.0 nm of these solutions so heated gave [5] = Ctot = 
(3.94 ± 0.05) X 10~4 M. Since the same stock solution and the same 
micropipet were used in all runs, this value was taken as C,0I for all 
product determinations. The mole fractions, X (4) and X (5), were 
determined from A„ and the extinction coefficients (Figure 1). 

Paper Chromatography. All paper chromatography was run on 
Whatman No. 1 filter paper. The solvent system used to separate 
creatine and creatinine was 1-butanol-acetic acid-pyridine-H20 
(4:1:1:2). Creatine and creatinine were detected by spraying the dried 
chromatograms with alkaline ferricyanide-nitroprusside reagent.32 

The following .R/values and behavior to this reagent were observed: 
creatine, R/ = 0.34, orange; creatinine, R/ = 0.55, orange, turning 
blue after a few minutes. For both compounds the detection limit was 
1 Mg-

Product Identification. The hydrolysis of PC was carried out at 5.0 
M and 1.0 M HClO4 (PC concentration = 0.1 M) and at pH 3.61 
(0.10 M acetate, PC concentration = 0.05 M) at 30.5 ± 0.1 0C under 
the same conditions used for the kinetic runs. After 10 half-lives ten 
aliquots of each solution were applied to the chromatography paper 
and the chromatograms developed as described above. In 4.0 M 
HClO4 the only guanidine-containing product detected was creatinine. 
At 1.0 M HClO4 both creatine and creatinine were detected. At pH 
3.61 only creatine was detected. 

Jaffe-Folin Creatinine Determination.16 A 2.00-ml aliquot of the 
solution to be analyzed, containing up to 5.0 X 1O-4 M creatinine, was 
added to 3.00 ml of a freshly prepared alkaline picrate solution (25 
ml of a saturated picric acid solution and 5 ml of a 10% NaOH solu
tion) in a test tube. After allowing 10 min for color development, 3 
ml of the solution was added to a 1 -cm cuvette and the absorbance a 
525 nm was read against a blank. The procedure was calibrated with 
standard solutions of creatinine, and the absorbance at 525 nm was 
found to vary linearly with creatinine concentration up to 5.0 X 1O-4 

M. The procedure was found to be reproducible to within 5%. When 
this procedure was used to determine creatinine in the presence of large 
amounts of creatine, a correction for the slow conversion of creatine 
into creatinine, catalyzed by the alkaline picrate solution, had to be 
applied. 
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