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Steady-state kinetic data for several dehydrogenase systems are analyzed in the fashion described in reference 2. Various 
kinetic parameters and lower limits for the rate constants are calculated. Evidence requiring the consideration of isomers 
of the binary complexes in some of these systems is cited. A consideration of the dual role of hydrogen ion in affecting the 
experimentally determined kinetic parameters and calculated lower limits is presented. I t is suggested that diffusion-
controlled reactions in the combination of substrates with the enzyme may be indicated. Finally, an examination is made 
of the feasibility of determining certain kinetic parameters by direct experimental measurement. 

Introduction 
In the preceding paper2 (designated as II), we 

have obtained some formal results for the steady-
state kinetics of enzyme-catalyzed reactions in
volving two reactants and two products. In 
particular the form of the rate law, the expressions 
for the kinetic parameters and their interrelation
ships, and the lower limits for the various rate 
constants presented there are valid irrespective 
of the number of intermediates in the reaction. We 
have, however, assumed an ordered, or more pre
cisely a preferred, path of reaction. 

In the present paper we apply these results to 
the data for a number of reactions catalyzed by the 
dehydrogenases, which comprise a relatively well 
studied class of such systems. 

It was found profitable in paper II, in the interests 
of writing the over-all rate law in a succinct and 
symmetrical form, to depart somewhat from the 
customary nomenclature used by other workers 
in this field. To facilitate transposition of results 
by the reader, we present in Table I a summary of 
the two other widely used schemes and the equiva
lents in our symbolism. It is to be noted that con
sideration of the complete rate law in paper II for 
such reactions has necessitated the introduction of 
further parameters not considered by these authors. 

TABLE I 

EQUIVALENT EXPRESSIONS FOR SOME OF THE KINETIC 

PARAMETERS IN THE R A T E LAW FOR 

THE FORWARD REACTION 

i" i i b n r 

FAB VAB* (E) 0 /* 

KK KXB*/KB* 4>n/fr 

Kv KX**/KX* <t>n/<t>i 

KXB KXB* 4>o/<t>2 
a Reference 2, paper I I . b See for example, ref. 15. 

C K . Dalziel, Acta Chem. Scand., 11, 1706 (1957). The 
equivalent quantities for the reverse reaction are designated 
by superscript primes in this reference. 

I n t h e s u c c e e d i n g a n a l y s i s we sha l l c a l c u l a t e 
v a l u e s of t h e p a r a m e t e r s on t h e r e a s o n a b l e a s s u m p 
t i o n t h a t a c c o u n t m u s t b e t a k e n of ternary c o m 
p lexes in t h e m e c h a n i s m . A s m a y b e seen f rom 
p a p e r I I , t h e exp re s s ions for t h e g e n e r a l lower 
l i m i t s o n t h e r a t e c o n s t a n t s a r e i d e n t i c a l w h e t h e l 
t e r n a r y o r o n l y b i n a r y c o m p l e x e s a r e cons ide red . 

(1) (a) National Science Foundation Predoctoral Fellow 1959-1962; 
(b) National Institutes of Health, Bethesda 14, Md. 

(2) V. Bloomfield, L. Peller and R. A. Alberty, / . Am. Chem. Soc, 
84, 4367 (1962). 

The only difference between the rate laws for the 
two mechanisms is in the presence of terms involv
ing (A)(B)(Q) and (B)(Q)(R) in the denominator 
of the former. I t may be shown that the expres
sions 9a and 9b of reference 2, which are used to 
calculate KA.BQ and KBQR in terms of kinetic pa
rameters for the forward and reverse reactions alone, 
will give rise to infinite values for these quantities 
if ternary complexes are non-existent or kinetically 
insignificant. Such a situation indeed appears to 
be the case for the reactions catalyzed by liver alco
hol dehydrogenase and malic dehydrogenase con
sidered below. 

Lactate Dehydrogenase 
Schwert and co-workersSa'b have extensively 

studied this system and have provided sufficient 
data for determination of the relevant kinetic 
parameters at four pH values.!b 

In determining the entries in Table II we have 
assumed an order of combination with the enzyme 
in the forward reaction of D P N + before lactate, 
and in the reverse direction of DPNH before pyru
vate. In the absence of kinetic studies of the type 
described in the previous paper2 and earlier4 to 
elucidate the order of reaction, we may refer to 
binding studies of the type cited below. The re
dundancy relations 8a-9b of reference 2 have been 
used to calculate KAQ, KBR, KABQ and KBQR-

Isomers of the binary complexes derived from the 
combination of the enzyme with D P N + are strongly 
suggested by the fact that the values of K&.B-
VQR/VABK&KB are greater than unity at pH 6.15 
and 6.98. This is a sufficient condition for re
quiring the consideration of binary isomers.2 At 
pH 6.15 a bimolecular rate constant for the combi
nation of DPNH with the enzyme of at least the 
order of 108 M~l sec. - 1 is apparent. 

Somewhat disconcertingly, the values of K^BQ 
and .KBQR at pB. 6.98 and 8.02 are negative. The 
calculation of these parameters involves a subtrac
tion of quantities of considerable numerical un
certainty. The negative values may simply arise 
from the accumulation of experimental errors. 

The value of the dissociation constant of the 
lactate dehydrogenase-DPN+ complex of 3.9 ± 
0.7 X 10~4 M from an ultracentrifugal determina
tion2 in 0.1 M phosphate buffer at pK 6.80 at 25° 
agrees only moderately well with KK at pH 6.98 
in Table II. The difference in experimental 

(3) (a) Y. Takenaga and G. W. Schwert, J. Biol. Chem., 223, 157 
(1950); (b) A. D. Winer and G. W. Schwert, Hid., 231, 1065 (1958). 

(4) R. A. Alberty, / . Am. Chem. Soc, 80, 1777 (1958). 
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TABLE II 

KINETIC PARAMETERS 

Enzyme 

pa 
[ T W ( E ) 0 ] X 10-2 , 

sec . - 1 

A A X 104, M 
A'B X 102, M 
KAH X 10«, AP 
[ T W ( E ) 0 ] X IO-2 

sec . - 1 

A'R X 106, M 
KQ X 105, M 
A-QR X 109, AP 
AAQ X 109, Af2 

A B R X 10?, Af2 

AABQ X 10S , M' 

ABQR X 1011, AP 

ki X 10~s, M-1 sec . - 1 

ki X 10" 6 , M - 1 S e C . - 1 

£(«+«> &03+1). £(y+l ) 
X 10 ~2, sec . - 1 

*_(„+„ X IO"7, i f - 1 

sec . - 1 

k-K X 10~6, Af-1 

sec . - 1 

k-a.k-p.k-y X 10 - ! , 
sec . - 1 

AQR F A B / VQRKQKR 

KAB VQR/ F A B A ' A A ' B 

FOR DEHYDROGENASES AND CALCULATED LOWER LIMITS OF 

(A 

Lactate dehydrogenase 

B = 

6.15 

0.75 
2.6 
3.7 
6.6 

10.3 
3.9 
2 .8 
0.37 
7.3 
1.4 
1.3 
7.2 
0.42 
0.30 

0.75 

7.8 

10.9 

10.3 
0.25 
9.4 

= A D P N + , R = 

3b 

lactate, Q = pyruvate 

6.98 

1.25 
2 .5 
3.3 
3.3 

9.2 
3 .8 
2.2 
0.53 
5.5 
1.2 

- 0 . 5 7 
- 1 . 9 

1.25 
0.95 

1.25 

3.8 

6.6 

9.2 
0.86 
2.9 

8.02 

2.9 
1.8 
1.7 
1.1 

7.7 
2.6 
6.0 
1.2 

10.8 
0.44 

- 0 . 0 3 5 
- 0 . 4 1 

4 .5 
4 .8 

2.9 

3.8 

1.7 

7.7 
2 .9 
0.94 

9.01 

4.7 
1.3 
1.1 
1.0 

7.0 
11..3 

100 
1.3 

130 
1.2 
5.0 

48 
5.1 
6.1 

4.7 

5.4 

0.61 

7.0 
0.77 
1.05 

•• DPNH) 

Yeast alcohol 
dehydrogenase5 

B = 
Q = 

7.15 

0.62 
2.6 
8.4 
4.2 

5.0 
7.1 

13 
5.5 

33 
6.0 
3.0 

31 
1.2 
0.38 

0.62 

1.2 

0.65 

5.0 
0.67 
1.6 

CiHsOH, 
CHsCHO 

6.0 

0.38 
1.7 

12.3 
16 

3.8 
4.2 
5.15 
1.3 
8.8 
5.1 

- 3 . 0 
- 5 . 8 

0.24 
0.041 

0.38 

1.5 

1.2 

3.8 
0.61 
7.6 

Ribitol 
dehydro
genase8 

B = D-ribitol, 
Q = D-
ribulose 

8.0 

6.38 
1.41 
3.19 

71.5 
133 
34.7 

850 
10.1 
4.0 

27.8 

0.241 
0.538 

R A T E C O N S T A N T S 

Liver alcohol 
dehydrogenase15 

B = 
Q = 

7.0 

0.031 
1.3 
0.55 
0.033 

0.74 
0.28 
1.0 
0.067 
1.3 
0.015 
" CO " 

" CO " 

0.53 
.012 

.031 

1.1 

0.37 

0.74 
1.0 
1.1 

C2HiOH, 
CH1CHO 

9.0 

0.049 
.16 
.092 
.0089 

.082 

.86 
7.9 
0.113 
1.3 
0.0079 
" CO " 

" CO " 

0.51 
. 0089 

.049 

.57 

.062 

.082 
1.0 
1.0 

Malate 
dehydro

genase 
B = L -
malate, 

Q = oxal 
acetate 

8.0 

1.67 
7.0 
0.28 
0.56 

5.7 
5.0 
1.1 
0.19 
7.7 
0.14 

" CO " 

" CO " 

0.83 
0.21 

1.67 

3.3 

16 

5.9 
1.0 
1.0 

conditions for these two measurements may be 
sufficient to account for this. Agreement between 
these differently determined dissociation constants 
can be construed as support for the presumed 
order of combination of substrates with the enzyme. 

Yeast Alcohol Dehydrogenase 
The alcohol dehydrogenase from yeast has been 

subjected to fairly detailed kinetic study.5 In 
Table I I are found values a t two pH's for the ki
netic parameters appearing in eq. 3 of reference 2. 
I t should be emphasized tha t as in the previously 
discussed case of lactate dehydrogenase a mech
anism invoking ternary complexes has been pre
sumed coupled with the assumption tha t the co
enzyme combines with the enzyme before the other 
substrate. Accordingly, use has been made of the 
redundancy relations, eq. 8a-9b of reference 2, 
to calculate several of the parameters in Table I I 
from those supplied by direct experimental measure
ment.5 

We note the existence of lower limits for the bi-
molecular ra te constants of 106-107 M-1SeC." '. 
The negative values of KABQ and .KTBQR a t pH 6.0 
are again probably the result of experimental 
uncertainties. However, the fact t ha t KABVQR/ 
VABKAKB is greater than uni ty a t both pH. 
values a t which data are available argues for isomers 

(5) A. P . N y g a a r d a n d I I . Theore l l , Acta Ckem. Scand., 9, 1300 
(IUoS). 

of the binary complexes arising from association 
of D P N + with the enzyme. A comparison of KA 
and .KTR in Table I I at pH. 7.15 with the values of 
the dissociation constants, 2.6 X 10~4 M and 1.3 
X 1O-5JVi", respectively, determined by an ultra-
centrifugal technique a t pH 7.8 (at 0-5°) is reason
ably good.6'7 

Ribitol Dehydrogenase 

Recently, Nordlie and Fromm have presented the 
results of a steady state s tudy of the kinetics of the 
reaction of D-ribitol with D P N + to produce D-
ribulose and D P N H . 8 The molecular weight 
of the enzyme, ribitol dehydrogenase, is unknown, 
so calculations of T/AB/(E)O and F Q R / ( E ) O cannot be 
made. 

From the reported kinetic parameters,8 it is, 
however, possible to determine certain others by 
use of relations previously given.2 The values of 
these constants appear in Table I I . In determin
ing the additional parameters use has been made 
of the value F A B / VQK = 0.66 from measurements 
of the maximum velocities in the forward and re
verse directions a t the same concentration of 

(6) J . E. Hayes , Jr . , and S. V. Velick, J. Biol. Chem., 207, 225 
(19.-.4). 

(7) A. P, X y g a a r d a n d H. Theorel l , Acta Chem. Scand., 9, 15ol 
(l!).-,5). 

(8) R. C. Nord l i e and H. J. F r o m m , J. Biol. Chem., 234, 2.523 
(11)59). 
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enzyme.8 It is assumed that the coenzyme com
bines with the enzyme before the other substrate. 

It is to be noted that there is no kinetic evidence 
of the type cited above requiring consideration of 
isomers of the binary complexes. The nature of 
this criterion2 is such that when both FAB-KQR/ 
VQRKQKR and V Q R ^ A B / ^ A B ^ A ^ B are less than 
unity no conclusions can be drawn concerning the 
relative importance of binary isomers. 

Owing to the lack of information of the concen
tration of enzymatic sites, calculations of the mini
mal values of the various rate constants cannot be 
made. However, from the fact that KB > KA, 
it follows that the lower limit for ki must be 
greater than for kt (cf. relations 12a and 13a of 
reference 2). Similarly as KQ > KR, the lower 
limit for k-^n + \) must be greater than that for 
k-g(cf. relations 12b and 13b of reference 2). 

Liver Alcohol Dehydrogenase 
This enzyme obtained from horse liver was 

chronologically the first dehydrogenase to be 
studied extensively.9-16 We can now consider 
the results of 10 years of study of the kinetics of 
this reaction carried out by Theorell and co
workers. The most recent data, obtained by 
Theorell and McKee16 and presented in Table II, 
show some interesting features not encountered 
with lactate dehydrogenase, yeast alcohol dehydro
genase and ribitol dehydrogenase. 

In terms of the Dalziel notation, Theorell and 
McKee16 found that 4>i4>i/4>n = <p0' and fa'fa'/faz 
= 4>0 at both pH 7.0 and 9.0. In our symbolism 
these relations are equivalent to the kinetic criteria 
for isomers of binary complexes being equal to 
unity. As a further consequence, the calculated 
values of KABQ and .STBQR are effectively infinite. 
More precisely, these latter parameters are so large 
that the steady state concentration of the ternary 
complexes is essentially negligible compared to that 
of the binary complexes.2 The mechanism without 
kinetically significant ternary complexes was orig
inally proposed for this reaction by Theorell and 
Chance.10 

We see from Table II that the lower limits for 
the bimolecular rate constants ki and k-(„+i) for 
the combination of DPN and DPNH, respectively, 
with the enzyme are of the usual order of magni
tude, 10e to 107 M - 1 sec. -1. However, kt and k-g 
(the latter would be k-t if there were in fact no 
ternary complexes) are significantly smaller than the 
corresponding rate constants for the other systems 
considered here. While part of this effect may be 
due to the influence of pH (see below), this result 
finds rationalization in the idea that there must be 
rather stringent orientational requirements, and 
hence a large negative entropy of activation,17 in the 

(9) H. Theorell and R. Bonnichsen, Acta Chem. Scand., 5, 1105 
(1951). 

(10) H. Theorell and B, Chance, ibid., 6, 1127 (1951). 
(11) H. Theorell, A. P. Xygaard and R. Bonnichsen, ibid., 9, 1148 

(1955). 
(12) H. Theorell and A. I"). Wirier. Arch. Biochem. Biophys., 83, 291 

(1959). 
(13) H. Theorell, Federation Proc, 20, 907 (1961). 
(14) H. Theorell and J. McKee, Nature, 192, 47 (1901). 
(15) H. Theorell and J. McKee, Acta Chem. Scand., 15, 1797 (1901). 
(10) H. Theorell and J. McKee, 15, 1811, 1831 (1901). 
(17) See, e.g., S. Glasstone, K. J. Laidler and H. Eyring, "The 

combination of ethanol and acetaldehyde with the 
enzyme-coenzyme complex if ternary complexes 
are kinetically insignificant. 

The values of K& at pH 7 and 9 compare reason
ably well with the values of the equilibrium con
stant for the dissociation of the enzyme-DPN + 

complex determined by a spectrophotofluorimetric 
technique15: 1.6 X 1O-4M and 0.12 X 1O-4M, 
respectively. Similarly, KR at the two pH values 
is in essential agreement with the equilibrium 
values of 0.31 X 10 -6 M (pH 7) and 0.65 X 10 -6 

M(pB. 9). 
It should be remarked that K\ and KR as de

rived from kinetic studies represent specifically de
fined dissociation constants. For them to be com
parable to the quantities determined by spectro-
fluorimetry, the latter technique must specifically 
distinguish free enzyme from the bound coenzyme, 
however many isomers of the latter may be present. 
Departures from agreement may be attributed 
in part to the failure of the physical measurement 
used to make this distinction. 

Malate Dehydrogenase 
Quite recently Raval and Wolfe18 have published 

data on the steady state kinetics of malate dehydro
genase isolated from pig hearts.19 Their results for 
the four kinetic parameters at pH 8.0 for the 
forward reaction (reduction of DPN+) and the 
symmetrically related parameters for the reverse 
reaction (oxidation of DPNH) were reported in 
Dalziel's symbolism described in column III of 
Table I. 

We have expressed their results in our notation 
and calculated the four additional kinetic param
eters from equations 8a-9b of reference 2 and 
the lower limits for the various rate constants. 

This enzyme system exhibits the same adherence 
to the Dalziel criteria for the kinetic insignificance 
of ternary complexes as liver alcohol dehydro
genase, discussed above. However, the lower limits 
for the bimolecular rate constants k; and k-g are 
not so low as in that case. 

Glutamic Dehydrogenase 
The reaction catalyzed by this enzyme involves 

two reactants and three products, viz. T P N + + 
glutamate *=t TPNH + glutarate + NH4

+ . The 
stoichiometry is like that of all the dehydrogenase-
catalyzed reactions, but NH 4

+ is produced rather 
than H + . This latter distinction nullifies the sim
plification employed above of regarding one of the 
products as held at a fixed concentration, i.e., 
(H+) being determined by the added buffer. The 
steady state kinetics is more complicated than for 
the previously discussed cases. We summarize 
here some of the results which are of principal 
utility in an analysis of kinetic data for such a 
system. Reference 20 contains a fuller account 
of the kinetic formulation. 

For an enzyme-catalyzed reaction A + B = 
P + Q + R with a mechanism of the type 
Theory of Rate Processes," McGraw-Hill Book Co., Inc., New York, 
X. Y., 1941. 

(18) D. N. Raval and R. G. Wolfe, Biochem., 1, 203 (1962). 
(19) R. G. Wolfe and J. B. Neilands, J. Biol Chem.. 221, 01 (1950). 
(20) V. Bloomheld, Doctoral Dissertation, Dept. of Chemistry, Uni

versity of Wisconsin, 1902. 
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E + A 7 ~ ^ X1 ̂ Z 
A-. 

Ab 

B + Xb_!;r±xb; 
A_b 

A(Ot+I)^ 

. X a «- xb_ 

« ( 7 + 1 ) 

X 0 

xa 

X T - * -

A ( Y + I ) 

A(S + D 
. X j -

A-(S-I 

K - ( a + 1 ) 

A(/3+I) 

Xg < > 
A-( /3+1) 

• • • ^ X p + P ( 1 ) 

^z: xq + Q 

A ( n + i) 

Xn < ~ * R 4- E 

A - ( n + l ) 

the steady-state ra te equation is of the form 

( J W - K A B ) (A)(B) - (VPW/KPW) (P)(Q)(R) 
' I + (A) + (B) + (P) + (R) + (A)(B) + 

JiTx KB Kp KR if AB 
(P)Q) + (P)(R) + (Q)(R) + (P)(Q)(R) + 

-KpQ -KpR - K Q R K-PQS. 

(A)(P) + (A)(P)(Q) + (A)(BXP) + 

• S A P KAPQ - K A B P 

(R)(B) + (A)(B)(Q) + (Q)(R)(B) + 

KRB KABQ i ?QRB 

(A)(B)(P)(Q) + (P)(Q)(R)(B) ( 2 ) 

K ABPQ -KpQR 8 

I t may be shown tha t lower limits on the rate 
constants are given by the expressions 

A1 > VKBKB/KKB (E)0 (3a) 

« _ ( n + l ) ^ F p Q R i ^ P Q / i f p Q R (E) 1 ) ( 3 b ) 

A _ q =J F p Q R ^ p i C R / i C p Q R ( E ) 0 ( 3 c ) 

Ab > VKBKJKAB (E)0 (3d) 

A-p > FPQR-KW-KPQR (E)0 (3e) 

A(a + i), A(̂  +i), A(7+!>, A(S+i) > FAB/(E0) (4a) 
k-a, A_g, A_Y, A_s > FPQR/(E)» (4b) 

If 

(5a) J ^ P Q R - K A B / J 7 A B - K A - K B > 1 

more than one binary intermediate of type X„ must 
be considered while if 
J/AB-KPQR( KPKQ R + KPQKQ)/ 

VPQRKPKQRKPQKH > 1 (5b) 

there is more than one complex X j and /o r more 
than one X 7 . 

Frieden has made a fairly detailed s tudy of this 
enzyme system. 2 1 - 2 3 His analysis of data for the 
oxidation of T P N H was based on a rate law de
rived for a scheme with a specific number of inter
mediates whose form23 is confirmed by eq. 2 on 
setting (A) = (B) = 0. Frieden's results were 
presented using the symbolism of column I I of 
Table I and with the experimentally justified 
simplifications24 in terms of our nomenclature 
(column I) tha t (1) KPKR = KPR, (2) KFQK = 
KVKQB. and (3) -KPQR = -KR-KPQ. The above 

(21) C. Fr ieden , J. Biol. Chem., 234, 809 (1959) . 
(22) C. F r i eden , ibid., 234 , 815 (1959). 
(23) C. F r i eden , ibid., 234, 2891 (1959). 
(24) Such a n inference can be conce ivab ly m a d e for t h i s sy s t em by 

examin ing t h e c o n t r i b u t o r y t e r m s t o t h e rec iprocal r a t e law when 
(A) = (B) = 0. T h i s possibi l i ty arises because of t h e presence 
of t e r m s in (R) (Q) a n d (P) (Q) b u t not ( P ) ( R ) in t h e e x p r e s s i o n . " 

simplifications are, however, not of general valid
ity.20 

From the steady state kinetics of the oxidation of 
T P N H , Frieden inferred t ha t N H 4

+ combined with 
the enzyme before glutarate.2 4 With the customary 
assumption tha t T P N H reacts first with the 
enzyme, the order is completely specified. 

In Table I I I we present Frieden's data2 3 for the 
reaction in the symbolism of column I of Table I. 
The minimum values for the various rate constants 
according to relations 3a-4b have also been calcu
lated. I t is to be noted t ha t inasmuch as F P Q R -
KAB/VABKAKB equals 6.2 under the condition 
of s tudy more than one binary complex mus t be 
considered in the combination of T P N + with the 
enzyme. 

TABLE III 
KINETIC DATA FOR GLUTAMIC DEHYDROGENASE, AS STUDIED 
BY FRIEDEN,23 AND LOWER LIMITS OF VARIOUS RATE CON

STANTS. 0.01 M TRIS ACETATE BUFFER. pK 8.0, 25° 
A, TPN; B, glutamate; P, glutarate; Q, NH4

+; R, TPNH 
JW(E) 0 , sec."1 33 

KK, M 2.3 X 10"4 

KB, M 8.9 X 10~3 

KKB, Af2 4.2 X 10-' 
VPQRAE)0, sec."1 1.0 X 103 

XP, M 7 X 10-" 
KR, M 2.6 X 10-5 

.KQR, Af2 8.3 X 10-" 
-KPR, Af2 7.8 X 10-8 

KPQ, Af2 2.2 X 10-6 

KPQR, Ms 5.8 X 10-" 
Aj, Af"1 sec."1 7.0 X 105 

Ab, Af"1 sec."1 1.8 X 104 

A(a + i), A((3 + i), A(7 + i), Af7 + 1), sec."1 33 
A-Cn + I), Af-1SeC."1 3.8 X 10' 
A_„ Af"1 sec.-1 3.1 X 10s 

A_p, Af-1SeC."1 1.4 X 10« 
k.a, k-p, k-y, A_j, sec."1 1.0 X 103 

J W f W JWKA-KB 6.2 
FAB-KPQRCKTP-KQR + KPQKR) 

VPQR KPKQRKPQKR 
0.066 

The Effect of pK 
I t is well known tha t the experimentally de

termined kinetic parameters of enzyme reactions, 
and the rate constants derived from them, are func
tions of hydrogen ion concentration. In the case of 
many of the dehydrogenases, this £H-dependence 
is a superposition of two separate effects: the effects 
of hydrogen ion being in the stoichiometric equation 
and therefore playing a role as a reactant or product, 
and ionization of the enzyme and the enzyme-
substrate complexes. The first effect may be 
taken into account by treating such reactions for
mally as two-substrate, three-product reactions. 
If hydrogen ion is a product, certain additional 
terms will be present in the rate law since hydrogen 
ions are always present. 

Let us consider a reaction of the type given in 
eq. 1, in which now one of the products is hydrogen 
ion. If (H + ) is substituted in eq. 2 for (P), (Q) or 
(R), and the equation rearranged into the form 
appropriate to a two-reactant, two-product re
action (eq. 3 of reference 2), we find tha t the 
apparent kinetic parameters (designated by primes) 
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for this reaction are £H-dependent. The lower 
limits on the ra te constants, derived from these 
^H-dependent parameters according to the ap
propriate relations, are of course also £H-dependent. 
The true lower limits will be greater than or equal to 
those computed without taking explicit cognizance 
of the H + . The £>H-dependence of these quanti
ties is given in Table IV. 

The modification of eq. 2 to include the effect of 
different possible states of ionization of the enzyme 
and the various enzyme-substrate complexes on the 
steady-state kinetic behavior is quite straight
forward. We follow a procedure published earlier.26 

I t is assumed tha t the enzyme and each of the en
zyme-substrate complexes can have three states of 
ionization: doubly protonated, singly protonated 
and unprotonated. The inclusion of more states 
of ionization would simply lead to higher terms in 
(H + ) or its inverse. We further assume tha t only 
the singly protonated form of each of these species 
is converted to the next intermediate. 

These assumptions lead to the schematic depic
tion of the reaction mechanism by eq. 6. 
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The steady state rate equations for the species 
above and below the main line of reaction reduce to 
equilibrium relations so t ha t acid dissociation 
constants Ks\ and KS2, rather than rate constants 
for these steps, appear in the rate equations. 

KA = (X»)(H+)/(HX.) (7a) 
and 

^52 = (HX6)(H
 +)/(H2X.) (7b) 

(25) L. Pellerand R. A. AIberty, J. Am. Chem. Soc, 81, 3907 (1959). 

We can now write for the total concentration of 
each intermediate 

K11 , ( H + ) (X,)t = (HX.) [l + (-g=j + (H+n 
K.2 J 

( H X . ) / . (8) 

I t is this total concentration of each intermediate 
which is to be used in the conservation equations, 
while only the concentration of the monoprotonated 
form appears in the steady s ta te rate equation 
as it alone is assumed to be capable of reaction. 

This t rea tment leads to a rate equation of the 
same form as eq. 2. The observable kinetic param
eters are simple functions of pU. and this makes it 
possible to introduce newly defined parameters 
indicated by primes, which are independent of pH; 
for example 

VA FAB'/ [l + KABI , ( H + ) -

( H + ) + 
FpQR = FpQR' 

KA = Kx'\l + '[' 

r . , K-pQRi 

( H + ) + 
Km 

( H + ) + !?]/[<+ 

- K A B 2 J 

-KpQR2J 

KAI 

(H"1 + 

(9a ) 

(9b) 

( H + ) 

and in general 

K\pv = K\nv' 1 + 
Km 

( H + ) + 
( H + ) -

•^02 _ 

i + + 
( H + ) 

( H + ) ' K\m 

KA: 

(10a ) 

(10b ) 

In each case the primed quantities are given by 
the expressions for the corresponding unprimed 
quantities defined by eq. 2. The Greek letter 
subscripts on the kinetic parameters simply refer 
to the particular constant under consideration: 
KB, KPQR, etc. 

In particular, we see from eq. 9a, 10b and 9b 
and 10b, t ha t 

l%- S / [ ' + # ! + ^ ] <»•> 
and 

FpQR _ VpQR :/[ i + 
Km 

+ 
( H + ) "I 

O2 J 

( l i b ) 
•KPQR -KPQR'/ L (H+) Km 

Thus a plot of, e.g., F A B / ^ A B VS. pH, will lead to 
bell-shaped curves from which the acid dissociation 
constants of the free enzyme may be determined, 
just as in the familiar case of a one-reactant, one-
product system.26 

I t is evident tha t a complete analysis of the pK 
dependence of a reaction corresponding to mech
anism 6 would be extremely complicated, since a 
large number of acid dissociation constants and 
^H-independent parameters have been defined 
by eq. 9 and 10, even though not all of these con
stants will be independent. The further com
plexity introduced by the presence of hydrogen ion 
as a product, as discussed above, makes it appear 
rather hopeless to a t t empt to unscramble the pYL 
behavior in order to obtain, for example, I7AB', 
which is one of the parameters needed to establish 
true, £H-independent, lower limits on the ra te 
constants. 

Discussion 
Some general remarks are in order concerning 

the foregoing analysis of the kinetics of these very 
similar enzyme systems. We have previously 
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T A B L E I V 
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T h e u n s t a r r e d k ine t i c p a r a m e t e r s a re those defined b y eq. 2 ; X a n d Y a re t h e first a n d second p r o d u c t s t o dissocia te from 
t h e e n z y m e r e spec t ive ly ; e.g., if H + is P , X is Q a n d Y is R 
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noted tha t the bimolecular ra te constants for the 
combination of coenzyme with enzyme are at least 
of the order of 106 JIf -1SeC. -1 bu t in some instances 
may be greater than 10s JLf-1SeC.-1. From the 
theory of diffusion-controlled reactions, the Smolu-
chowski expression as applied to enzyme systems26 

would yield a theoretical upper limit of the order 
of ICJ9 J l f - 1 sec . - 1 . This upper limit makes no 
allowance for any "geometric" requirements for 
the association reaction other than the fact tha t 
the enzymatic site may be approached only from 
one side of a plane. Considerations of further 
steric factors would have the effect of diminishing 
this upper limit. In the light of the experimental 
da ta presented earlier25 as well as those accumulated 
here, it seems reasonable to regard the first binary 
complex as being established by a rate process with 
an activation energy about tha t of diffusion in 
water in accordance with the Smoluchowski 
equation. The orientational requirements of the 
association reaction might then largely manifest 
themselves in a negative entropy of activation in 
the sense of absolute rate theory. In this same 
vein it should be remarked t ha t in most, though by 
no means all, instances the lower limit for the bi
molecular ra te constant for association of the 

second species is smaller than for the combination 
of the first species, i.e., the coenzyme. This may 
be evidence for a further orientational requirement 
in the second association step. 

From the previous discussion concerning the dual 
effect of pH. on the kinetics, it may be said t ha t the 
lower limits for both the unimolecular and bi
molecular rate constants would be estimated to be 
higher if ^!!-independent kinetic parameters were 
available. With the fumarase-catalyzed inter-
conversion of fumarate and L-malate, the lower 
limits for the bimolecular association reactions are 
a factor of 10 to 100 higher when derived from 
these ^!!- independent parameters.25 '27 We might 
anticipate an even greater enhancement for the 
similar quantities in the dehydrogenase reactions 
as a consequence of the additional role of H + in 
the kinetics. Lastly, it should be observed t ha t 
the nature of the buffer species will probably 
affect the magnitude of these limits. For the 
fumarase system, lower limits on the bimolecular 
rate constants are a factor of 10 higher in tris-
(hydroxymethyl)-aminomethane acetate than in 
a phosphate buffer a t the same pH.2* 

(2Ii) R. A. Alberty and G. G. Hatnmes, / . Phys-
(1!)58); G. G. Hammes and R. A. -liberty, ibid., 63, 

Chan., 62, 
271 (1U59). 

(27) R. A. Alberty and W. 
(1957). 

(2S) C. I'rieden, R. G. Wolfe and R 
(li).-,7). 

H. Peirce, / . Am. Chem. Soc, 79, 1520 

A. Alberty, ibid., 79, U2:i 
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In the preceding paper2 we alluded to the pos
sibility of obtaining kinetic evidence for the order 
of combination of species by examination of the 
steady state ra te law under certain conditions, 
e.g., both reactants bu t only one product present 
initially. Underlying the foregoing analyses has 
been the assumption t ha t this sequence is known, 
i.e., appropriate species could be identified as A, B, 
etc. A variety of indirect studies has suggested 
tha t the pyridine nucleotide coenzyme combines 
first with the enzyme. We have made this as
sumption in calculating the quantities in Table I I . 

However, we are now in a position to examine the 
feasibility of the procedure outlined in paper I I for 
determining the order of addition of substrates. 
We can refer to eq. 21b of t ha t manuscript2 for the 
steady s ta te velocity for the reduction of D P N + by 
alcohol with the addition of the first product, Q, to 
dissociate from the enzyme. By choosing (A) 
= KA.B/KB, (B) = K^B/KA and (Q) = KQ and 
selecting representative values of these kinetic 
parameters from Table I I , it can be seen t ha t all 
terms in the expression for F A B / % are of the order 
of uni ty with the exception of the last term. This 
last term, which equals KABKQ/KABQ, is of the 
order of 1O - 2 to 1 0 - 1 . The above method of as
sessing the importance of terms in the steady state 
rate law is an obvious extension of the "rule of 
t h u m b " s ta tement tha t for simple enzymatic 
reactions one must measure steady state velocities 
a t concentrations somewhat higher than the 

Introduction 
Isotopic exchange experiments have been uti

lized to elucidate a number of interesting features 
of enzyme catalyzed reactions. The location of the 
position of bond scission in substrates for hydrolytic 
and transferase enzymes2 provides an illustration 
of one type of s tudy where isotopic labeling has 
been a useful tool. A somewhat different sort of 
s tudy is the demonstration of exchange processes 
without any over-all enzymatic reaction as exempli
fied by the exchange between orthophosphate and 
glucose-1-phosphate catalyzed by sucrose phos-
phorylase in the absence of fructose.3 Results of 
this na ture on m a n y systems have been widely 

(1) (a) National Science Foundation Predoctoral Fellow, 1959-
1962. (b) Present address: National Institutes of Health, Bethesda 
14, Md. 

(2) M. Cohn, J. Biol. Chem., 180, 771 (1949). 
(3) M. Doudoroff, H. A. Barker and W. Z. Hassid, ibid., 168, 725 

(1947). 

Michaelis constant to evaluate this parameter . 
The estimate presented above does not encourage 
too sanguine a view concerning the possibility of 
a direct experimental determination of the param
eter X A B Q . 

A substantially similar situation confronts us 
if we consider the corresponding term for the 
velocity of the reverse reaction, i.e., the oxidation 
of D P N H by an aldehyde with B added initially. 
By an identical argument, it is the magnitude of 
the term KQRKB/KBQR compared to unity which is 
significant. Again values in the range 1 0 ~ 2 - 1 0 - 1 

are encountered. 
The da ta are of course quite sparse, and any 

generalization is perhaps hasty. In passing, it 
should be noted t ha t for ribitol dehydrogenase 
values of the order of uni ty are found for KA.BKQ/ 
KABQ and -KQR-KB/-KBQR. However, even here a 
precision of bet ter than 1 5 % in the steady state 
velocity da ta would be necessary. I t remains 
possible tha t particularly propitious experimental 
conditions for a given dehydrogenase system can 
be found where such studies will be reasonably 
practicable. More experimental da ta from con
ventional s teady state studies mus t be available 
before any really unequivocal judgments can be 
formed. 
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interpreted as providing evidence for covalently 
bonded enzyme substrate complexes.4 

In this paper we will be concerned with the 
kinetics of the exchange processes themselves. 
Recently Boyer6 has analyzed the kinetics of ex
change of label between reactant and product under 
the conditions t h a t : (1) the enzyme reaction is 
readily reversible, (2) the unlabeled substrates 
are present a t their equilibrium concentrations, 
(3) exchange takes place under steady state con
ditions for the labeled species, (4) exchange occurs 
via the same pa th as the over-all enzymatic reac
tion, and (5) the effect of isotopic substitution on 
the kinetic parameters is negligible. Boyer has 
evaluated the exchange rates for several special 
mechanisms with a specified number of intermedi
ates. Application of these results has been made 

(4) D. E. Koshland, Disc. Faraday Soc, 20, 143 (1955). 
(5) P. D. Boyer, Arch. Biochem. Biophys., 82, 387 (1959). 
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Steady state isotopic exchange kinetics is examined for three different types of enzymatic reactions. The concentration 
dependence of the rate of interchange of label between various species is derived for mechanisms with an arbitrary number of 
intermediates. In some instances kinetic parameters not present in the steady state rate law for the reaction appear in these 
expressions. The relative magnitudes of the exchange rates provides a means of establishing the sequence of combination of 
substrates with the enzyme. 


