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present, is strongly in favor of the proposed mech­
anism involving methyl radicals, because the lat ter 
are known2 4 to react very rapidly with oxygen. 
On the other hand, the increase in the yield of 
e thane in the presence of inert gases (Table IV) 
eludes an explanation. The experiments with 
oxygen were the last to be performed before the 
unavoidable termination of this research and the 
effect of oxygen in changing the ratio between 
cyclopropane and propylene a t low bu t not a t 
higher pressures (Table I) could not be adequately 
explored. 

There are thus several loose ends to this investi­
gation which need further exploration before the re­
action mechanisms here discussed can be con­

sidered as conclusively proven. Wha t is definitely 
established by these experiments is the complexity 
of even supposedly simple reactions of methylene. 
The contradiction between the present experiments 
and those of Doering, as well as the effect of inert 
gases in modifying the reactivity of methylene, has 
only one logically tenable explanation. I t is tha t 
methylene formed photochemically has an excess 
of energy over the equilibrium thermal value and 
tha t it reacts, in absence of inert gases, before this 
energy is dissipated on collisions. This means 
tha t "ho t" methylene reacts very fast. Wha t the 
reactivity of methylene thermally equilibrated at 
room temperature is, still remains to be determined. 
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The integrated rate equations for the Michaelis-Menten mechanism and for simple reversible mechanisms have been 
expanded as power series in time to determine the relations between the intercepts and initial slopes of plots of (P) / / or 
— (l/<) In [1 — (P)/(P)eq] vs. t and the kinetic parameters. The magnitudes of the experimental initial slopes for the fuma­
rase reaction are in agreement with theory. I t is shown that the initial slopes of these plots, as well as the intercepts, are 
useful in determining the kinetic parameters for enzymatic reactions. By calculating the coefficient of the /2 terms in the 
series it is shown that the onset of appreciable deviations from linearity occurs at the same time for the two types of plots. 

Introduction 
The kinetic parameters for enzymatic reactions 

are generally calculated from steady-state velocities 
extrapolated to zero t ime to eliminate the effect of 
accumulation of product on the rate . Since the 
steady-state velocity may decrease rather rapidly 
as the reaction proceeds, there may be some diffi­
culty in making the extrapolation to zero time. 
We have therefore investigated the relation be­
tween the slopes of plots of (P)A o r — ( V 0 m 

[1 — (P) / (P) e q ] vs. t during the steady state and 
the steady state kinetic parameters, where (P) is 
the concentration of product and (P) eq is the equi­
librium concentration. Such plots may be repre­
sented by power series expansions 

(P)A = a {l + 6 / [ I +ct + ...]} (1) 

- ( 1 / O m [ I - ( P V ( P W = a{l + Pt[I + yt + . . . ]1 (2) 

For a particular steady-state rate equation, a,b,c... 
and a, /3, y . . . may be obtained in terms of the rate 
parameters by means of series expansions of the 
integrated ra te equation. These equations make 
it possible to calculate the length of the period dur­
ing which a linear extrapolation to t = 0 may be 
made. They also permit the calculation of kinetic 
parameters from the initial slopes of such plots as 
well as from the intercepts or make possible a check 
on the consistency of the rate parameters deter­
mined from initial velocities with the decrease in 
velocity with time. 

(1) The preceding article in this series is R. A. Alberty, W. G. Miller 
and H. F. Fisher, T H I S JOURNAL, 79, 3973 (1957). 

(2) This research was supported by grants from the National Science 
Foundation and from the Research Committee of the Graduate School 
of the University of Wisconsin from funds supplied by the Wisconsin 
Alumni Research Foundation. 

Michael i s -Menten Mechanism 
The integrated rate equation- for the mechanism 

E + S ^ Z ± E S — > E + P (3) 
was obtained by Walker and Schmidt3 on the as­
sumptions t ha t the t ime required to reach the steady 
state is negligible, t ha t d(ES) /d / = 0 is a sufficiently 
good approximation,4 t ha t the reaction goes to 
completion and the product is not inhibitory and 
that (S)o > > (E)0. The integrated rate equation 
may be written 

F8/ = (P) - Xs In [1 - (PV(S)0] (4) 
where Fs is the maximum steady-state velocity, 
and KB is the Michaelis constant of the substrate 
and (S)o is the initial substrate concentration. 
Walker and Schmidt obtained Fs and KB for the 
histidase reaction from a plot of (1/7) In [1 — 

(PV(S)0 W P ) A 
Equation 4 may be rearranged into the form of 

equation 1 by expanding the logarithmic term as a 
power series. 

L (S)0J (S)0
 +2(S)»2 + 3(SV + . (5) 

Substituting into equation 4 and rearranging we 
obtain 
(P) = Vst Xs(P)2 

(S)0 (S)0 + Xs 2[(S)0 + Xs](S)0
2 

Xs(P) 3 

(6) 
3[(S)0 + X 8 ] [ S ] 0

3 ' 
For small extents of reaction, (P)Z(S)0 < < 1 and 
the first term on the right-hand side of equation 6 
may be substi tuted for (P)Z(S)0 in the second 

(3) A. C. Walker and C. L. A. Schmidt, Arch. Biochem., B, 445 
(1944). 

(4) M. F. Morales and D, E. Goldman, T H I S JOURNAL, 77, G069 
(1955). 
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term. Squaring this equation gives the second ap­
proximation to (P)2/(S)o2. Substitution of this 
relation and (P)V(S)0

3 = [Vst/((S)0+-Ks)]3 into 
equation 6 yields 
(P) _ ( KmH r 

T~V° Y-wam. 
K5V11Kl -2(S)o/iC3)< , n ,„, 

3Fs(S)0
2 -t"---Ji WJ 

where D0 = F 3 / [ 1 + . S V ( S ) 0 ] . Thus it can be seen 
tha t for sufficiently short times of reaction a linear 
extrapolation of (P ) / / vs. t back to t = 0 yields the 
initial velocity % as given by the Michaelis-Menten 
rate equation. Determination of v<j a t two or 
more (S)0 makes it possible to calculate K% and 
Fs. However, if it is possible to determine the 
initial slope of the plot of (P) H vs. t, the values of 
Ks and VB may be calculated from the intercept 
and initial slope of a single experiment by using 
equation 7. The coefficient of the t te rm in the 
innermost brackets indicates the t ime at which the 
plot will be appreciably curved. If (S)0 = -Ks/2, 
it can be seen t ha t the coefficient of this term is 
equal to zero, and t ha t the sign of this term changes 
at this substrate concentration. 

Equat ion 4 may be rearranged into the form of 
equation 2 by solving equation 5 for (P), and sub­
sti tuting into equation 4 to obtain 

F8 - ( 1 / 0 In [1 - (PV(S)0] = (S)0 + K3 + 
(P)2 

2[(S)c + KsKsyt 
(P)3 

+ 
(8) 

-(!)'»[' 1 + 

3[(S)0 +Ks](S)0H 
By introducing the quantities derived earlier for 
(P)V(S)0

2 and (P)V(S)0
3 into the second and third 

terms on the right-hand side of equation 8, and re­
arranging, we obtain 

ill! __-£-. 
(S)0J (S)0 

vo't [\ _ J W ( I - 2(S)0/Ks)t "I I 
2F8(S)0L 3Fs(SV ^ " " J S K' 

The initial s teady-state velocity % is therefore ob­
tained by multiplying the intercept by (S)0. If it 
is possible to determine the initial slope in addition, 
the values of Fs and K3 may be calculated from an 
experiment a t a single substrate concentration. 
The coefficient of t in the innermost brackets is ex­
actly the same as in equation 7, and so the onset of 
appreciable deviations from linearity in plots of 
(P) / / vs. t or - ( l /01n [1 - (P)Z(S)0] vs. t will occur 
at the same time. 

In testing equation 4 with chymotrypsin Huang 
and Niemann8 found t ha t marked deviations were 
obtained after 4 0 % hydrolysis of acetyl-L-trypto-
phan-amide as a result of inhibition by product. 
They showed t ha t when product inhibition repre­
sented by 

E + PT̂ TTT± EP (10) 

was added to mechanism 3, the integrated rate 
equation became 

F8 

-Ks" \Ka Kr ) ( P ) + 

( ^f)- La (S)0J ( H ) 

(5) H. T. Huang and C. Niemann, THIS JOURNAL, 73, 1541 (1051). 

where KP is the competitive inhibition constant 
for the product P. The various ways in which this 
equation may be used have been discussed by Nie­
mann and co-workers.6 - 9 Ra ther than consider 
product inhibition as an addition to mechanism 3, 
we prefer to t reat it as shown in the following sec­
tion. 

Simple Reversible Mechanisms 
For the simple reversible mechanisms 

E + S ^ t E X ^ ± E + P (12) 
E + S ^ : E X ^ ± E Y ^ : E + P (13) 

Haldane1 0 showed tha t if (S)0 > > (E)0 the steady-
state rate equation may be writ ten in the form 

d(S) 
At 

d(P) 
At 

F3 

Ks (S) - g (P) 

1 . (S) (P) 
1 +~K; +~K7 

(14) 

where (S) + (P) = (S)0. This steady-state rate 
equation holds for mechanism (15) with an indefi­
nite number of intermediates. 

E + S 7 - ^ Xi -7 -^ X2 - ^ . . . 7 " » E + P (15) 
If the initial reactant is S the term containing (P) 
in the numerator will be negligible so long as the re­
action is far from equilibrium. However, the 
second term in the denominator may become im­
por tant at very small extents of reaction if Kp is 
small. This might make it extremely difficult to 
determine experimentally the initial s teady-state 
velocity. 

Assuming the t ime required to reach the steady 
state is negligible, equation 14 may be integrated1 1 

to obtain 
r Fs 
I Ks KP J ' L-STs A] <« -

I 1 , (S)» 
| A ^ KP 

- - - 1 .Ks KP] 

'Yi + I T 
Xs KP_ 

Vp 
KP 

(S0) X 

In L (P)eJ (16) 

As is evident from equation 14, the equilibrium 
concentrations of S and P are related to the kinetic 
parameters by 

(P)e„ = (SMSU = (P)eq = 

(S)., (S)e„ (S)0 - (P)e„ 
VsKp 
VPKS 

K 

(17) 

Hence, only three of these kinetic parameters may 
have independent values. 

Equation 16 may be used directly in determin­
ing12 the kinetic parameters or it may be arranged 
in infinite series form. 

Equat ion 16 may be arranged in the form of 
equation 1 by expanding the logarithmic term in a 
power series as illustrated in equation 5. Sub­
sti tuting into equation 16, eliminating VP by use of 

(6) R. J. Foster and C. Niemann, Proc. XaIl. Acad. Sci., 39, 999 
(1953). 

(7) T. H. Applewhite and C. Niemann, T H I S JOURNAL, 77, 4923 
(1955). 

(8) R. R. Jennings and C. Niemann, ibid., 77, 5432 (1955). 
(9) W. E. M. Lands and C. Niemann, ibid., Tl, 6509 (1955). 
(10) J. B. S. Haldane, "Enzymes," Longmans, Green and Co., Lon­

don, 1930. 
(11) R. A. Alberty, Advances in Enzymology, 17, 42 (195G), 
(12) Forthcoming publication. 
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e q u a t i o n 17, a n d r e a r r a n g i n g w e o b t a i n 

_ ( S ) » 

(PJ _J± 
P)eq 

1 + (1 +Kn) 
[Xeq/iTp + I/K,] 

(P) 

1 + 
(S)o 

(1 + Keq) 

1 + (SWKB 

[KzJKv + UKS] 

X 

1 + (SWKs 
(P) 3 

( P ) . 

X 

(18) 

Af te r c a l c u l a t i n g ( P ) V ( P ) . , 2 a n d ( P ) V ( P ) " . ' a s 
de sc r ibed in c o n n e c t i o n w i t h e q u a t i o n 6 a n d r e ­
a r r a n g i n g we o b t a i n 

(P) _ , i i KaV0
2Rt 

['-
2Fs(S)0

2 

^St-O2Il + l/Keq-(S)0(2/Ks-3/KF-l/KaKel))}t 
3 F s ( S V + 

- ] (19) 

w h e r e D0 = VB/[1 + KB/(S)0] a n d 
R = I + 1/Xeq + (S)0(KSZKP + 1/Keq)/Ka (20) 

T h u s for m e c h a n i s m s 12, 13 a n d 15, t h e in i t i a l 
v e l o c i t y Vo o b t a i n e d b y e x t r a p o l a t i o n t o t = 0 is 
r e l a t e d t o t h e s u b s t r a t e c o n c e n t r a t i o n b y t h e 
M i c h a e l i s - M e n t e n e q u a t i o n . B y d e t e r m i n i n g t h e 
i n t e r c e p t s a t t w o s u b s t r a t e c o n c e n t r a t i o n s , Va 
a n d Ka m a y b e c a l c u l a t e d . F r o m e i t h e r in i t i a l 
s lope , Kv m a y a lso b e c a l c u l a t e d if t h e e q u i l i b r i u m 
c o n s t a n t for t h e r e a c t i o n is k n o w n . H o w e v e r , if 
K-P « (S) o, t h e in i t i a l s lope will b e g r e a t a n d t h e 
e x t r a p o l a t i o n t o t = 0 m a y b e q u i t e difficult. 
T h e coefficient of t in t h e i n n e r m o s t b r a c k e t s will 
b e e q u a l t o zero if 

1 + l/Xeq 
(S)0 (21) 

t h e r e 
2/Ks - 3/KP - 1/KnK6 

F o r s o m e c o m b i n a t i o n s of Ks, Kp a n d K, 
is n o poss ib le v a l u e of (S)o w h i c h satisfies t h i s con ­
d i t i o n . 

E q u a t i o n 15 m a y b e a r r a n g e d in t h e fo rm of e q u a ­
t i on 2 as desc r ibed in c o n n e c t i o n w i t h e q u a t i o n s 8 
a n d 9. 

{L\i Tl _ i Z i l - -^- Si • (1--BV-KPW* 
" W L (P)eqJ (P)., 

Kav0ni + 1-/Km-(SU2 / Ks 

1 + 

['" 
2Ks(S) 0 

3KP - l/KsKn)]t 
3Ks(SV + 

(22) 

I t is seen t h a t in t h i s case t h e in i t i a l s t e a d y - s t a t e 
ve loc i t y i'o is o b t a i n e d b y m u l t i p l y i n g t h e i n t e r c e p t 
b y t h e e q u i l i b r i u m c o n c e n t r a t i o n of t h e p r o d u c t . 
I n c o n t r a s t w i t h t h e o t h e r p l o t s w h i c h h a v e b e e n 
d i scussed a p l o t of 7 ( I A ) I n [1 - ( P ) / ( P ) e , ] vs. t 
for a r eve r s ib l e r e a c t i o n m a y h a v e e i t h e r a p o s i t i v e 
or n e g a t i v e s lope d e p e n d i n g u p o n w h e t h e r Ks < 
KP o r Ks > Kp. If Ks = K7 t h e r e a c t i o n wi l l b e 
p s e u d o first o r d e r as m a y also b e seen f rom e q u a ­
t i o n 16. S i n c e Vs a n d i t s m a y b e c a l c u l a t e d f rom 
t h e i n t e r c e p t s for e x p e r i m e n t s a t t w o s u b s t r a t e 
c o n c e n t r a t i o n s , t h e v a l u e of Kp m a y t h e n b e cal­
c u l a t e d f rom e i t h e r in i t i a l s lope . 

T h e coefficient of t in t h e i n n e r m o s t b r a c k e t s is 
e x a c t l y t h e s a m e a s in e q u a t i o n 19, a n d so t h e s a m e 
r e m a r k s a p p l y . T h u s t h e o n s e t of a p p r e c i a b l e de ­
v i a t i o n s f rom l i n e a r i t y in p l o t s of ( P ) / 2 a n d — ( 1 / 0 
In [1 — ( P ) / ( P ) e q ] vs. t o c c u r s a t t h e s a m e t i m e . 
If i t eq = °° a n d i t p — oo, e q u a t i o n 22 r e d u c e s t o 
e q u a t i o n 9, as i t m u s t . 

Application to the F u m a r a s e Reac t ion 

T h e f u m a r a s e r e a c t i o n follows r a t e e q u a t i o n 14 
p r o v i d e d t h e s u b s t r a t e c o n c e n t r a t i o n s a r e low 
e n o u g h t h a t s u b s t r a t e i n h i b i t i o n a n d a c t i v a t i o n a r e 
avo ided . 1 3 ' 1 4 R e c e n t ca l cu l a t i ons 1 5 i n d i c a t e t h a t 
t h e t r a n s i e n t p h a s e of t h e r e a c t i o n h a s a half-l ife 
of t h e o r d e r of 1 O - 4 s e c o n d a n d t h e t i m e r e q u i r e d 
t o r e a c h t h e s t e a d y s t a t e m a y b e n e g l e c t e d for 
p r e s e n t p u r p o s e s . 

S e v e r a l k i n e t i c e x p e r i m e n t s w e r e ca r r i ed o u t a t 
pK 7.8 a n d 8.5 u s i n g 15 m l p h o s p h a t e buffers a t a 
f u m a r a s e c o n c e n t r a t i o n s u c h t h a t 2 5 - 4 0 % a p ­
p r o a c h t o e q u i l i b r i u m w a s a t t a i n e d in 25 m i n u t e s . 
P l o t s of ( P ) A a n d - ( 1 A ) I n [1 - ( P ) / ( P ) . , ] vs. t 
w e r e p r e p a r e d , a n d four of t h e s e p l o t s a r e s h o w n in 
F igs . 1-4. F o r F i g s . 1 a n d 2, f u m a r a t e is t h e s u b -

Fig. 1.—Plot of (U)/i vs. t in seconds for (F)0 = 0.198 
milf in 15 milf sodium phosphate buffer of pB. 8.5 at 25°. 
The L-malate concentrations are in mM. 

o 
-1 3.0 
X 

l 1 

£l^2.5 
I 

,2.0 l I 

I 1.5 

_• , » » * 

200 1000 1400 600 
Time. 

Fig. 2 — Plot of -(1Zt) In [1 - (MV(M.,)] vs. t in seconds 
for the same experiment as Fig. 1. 

s t r a t e . I n each case , t h e sol id l ine is p r e d i c t e d for 
t h e e x t e n t of r e a c t i o n c o v e r e d b o t h f rom t h e series 
e x p a n s i o n w i t h t e r m s t h r o u g h t h e t2 t e r m (equa ­
t i o n s 19 a n d 22) a n d f rom t h e t o t a l i n t e g r a t e d 
e q u a t i o n (eq. 16) . F o r F i g s . 3 a n d 4, L - m a l a t e is 
t h e s u b s t r a t e , a n d t h e h i g h e r t e r m s in t h e ser ies 
e x p a n s i o n a r e of sufficient i m p o r t a n c e t h a t t h e first 
t w o t e r m s d o n o t g ive a g o o d r e p r e s e n t a t i o n of t h e 
d a t a for a v e r y l a r g e e x t e n t of r e a c t i o n . I n c l u s i o n 
of t h e t2 t e r m does n o t p r o d u c e a fit ove r a v e r y 
g r e a t e x t e n t of r e a c t i o n . I n t h e s e f igures, t h e 
sol id l i ne i n d i c a t e s t h e l i m i t i n g s lope o b t a i n e d f rom 
t h e series e x p a n s i o n , t h e d o t t e d l ine is c a l c u l a t e d 
w i t h t h e series e x p a n s i o n i n c l u d i n g b o t h t h e t a n d 
t2 t e r m s , a n d t h e d a s h e d l ine is c a l c u l a t e d u s i n g t h e 

(13) R. M. Bock and R. A. Alberty, T H I S JOURNAL, 78, 1921 
(1953). 

(14) R. A. Alberty, V. Massey, C. Frieden and A. R. Fuhlbrigge, 
ibid., 76, 2485 (1954). 

(15) R. A. Alberty and W. H. Peirce, ibid., 79, 1526 (1957). 
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200 1000 1400 000 
Time. 

Fig. 3.—Plot of (F)/ / vs. t in seconds for (M)0 = 4.95 mM 
in 15 mM sodium phosphate buffer of pH 8.5 at 25°. The 
fumarate concentrations are in units of absorbancy at 250 
itifi for a 10 cm. cuvette. 

200 1000 1.400 000 

Time. 

Fig. 4.—Plot of - (1//) In [1 - (F)/(F)c q] vs. t in seconds for 
the same experiment as Fig. 3. 

t o t a l i n t e g r a t e d r a t e e q u a t i o n . T h e s e t h e o r e t i c a l 
l ines a n d t h o s e in F igs . 1 a n d 2 w e r e c a l c u l a t e d u s ­
ing v a l u e s of Ku, KF a n d F F / I ' M c a l c u l a t e d f rom 
t h e i n t e r c e p t s a n d l i m i t i n g s lopes of p l o t s of (P) /t 
vs. t a t pH 8.5 for 4 .95 a n d 0 .991 m . l f L - m a l a t e a n d 
a t / )H 7.8 for 4 .95 a n d 0 .793 mM L - m a l a t e . T h e s e 
k i n e t i c p a r a m e t e r s a r e s u m m a r i z e d in T a b l e I . 

TABLE I 

KINETIC PARAMETERS FOR THE FUMARASE REACTION AT 

25° ix 15 mil/ SODIUM PHOSPHATE BUFFERS 

.Series expans ion m e t h o d In i t i a l ve loc i ty m e t h o d 1 4 

PU 8.5 i>H 7.8 pH 8.5 f>H 7.8 

A'M(mil/) 
KF(mM) 
VF/ FM 

C. 57 
0.27 
0.181 

2.97 
0.37 
0.548 

7.4 
0.15 
0.114 

3.25 
0.24 
0.339 

T h e a g r e e m e n t w i t h t h e k i n e t i c p a r a m e t e r s d e t e r ­
m i n e d ear l ier 1 4 is n o t as g o o d as m i g h t b e h o p e d . 
T h e m o s t se r ious d i s c r epanc i e s i n v o l v e t h e M i c h a e l i s 
c o n s t a n t s for f u m a r a t e , a n d i t is j u s t t h e s e d e t e r ­
m i n a t i o n s w h i c h a r e m o s t difficult for b o t h m e t h o d s 
b e c a u s e of t h e low v a l u e of t h i s M i c h a e l i s c o n s t a n t . 

T h e n e w p a r a m e t e r s sa t i s fy t h e e q u i l i b r i u m e q u a ­
t i o n 17 b e c a u s e t h i s is a s s u m e d in t h e t r e a t m e n t of 
t h e d a t a wh i l e s o m e of t h e old p a r a m e t e r s a r e n o t 
q u i t e c o n s i s t e n t w i t h t h a t e q u a t i o n . 

D i s c u s s i o n 

I n u s ing t h e s t e a d y - s t a t e k i n e t i c m e t h o d for in­
v e s t i g a t i n g t h e m e c h a n i s m of a n y e n z y m a t i c re ­
a c t i o n , t h e q u e s t i o n a l w a y s a r i ses of w h e t h e r t h e 
s t e a d y - s t a t e v e l o c i t y o b t a i n e d b y u s i n g d a t a f rom 
t h e first p a r t of t h e r e a c t i o n a c t u a l l y c o r r e s p o n d s 
w i t h t h e g iven in i t i a l s u b s t r a t e c o n c e n t r a t i o n . T h e 
p r e s e n t e q u a t i o n s s h o w t h a t a l i nea r e x t r a p o l a t i o n 
t o I'o m a y a l w a y s b e o b t a i n e d a t suff icient ly s h o r t 
t i m e s for a s i m p l e r eve r s ib l e r e a c t i o n , a n d t h e y pe r ­
m i t a c a l c u l a t i o n of t h e t i m e d u r i n g w h i c h s u c h a n 
e x t r a p o l a t i o n m a y b e m a d e for a g i v e n se t of 
k i n e t i c p a r a m e t e r s . As is a p p a r e n t f rom t h e d a t a 
p r e s e n t e d , t h e l e n g t h of t i m e t h a t t h e first t w o 
t e r m s of t h e inf ini te series a r e a good a p p r o x i m a t i o n 
t o t h e whole i n t e g r a t e d r a t e e q u a t i o n m a y v a r y 
ove r a w i d e r a n g e . U n d e r c o n d i t i o n s w h e r e KB 

« Kp, t h e a p p a r e n t first-order p l o t h a s b e e n f o u n d 
to b e l inear for m o r e t h a n e i g h t ha l f - l ives . 1 1 T h e 
sma l l e r is Kv r e l a t i v e t o Ka, t h e l a rge r is t h e co­
efficient of t h e t'2 t e r m . S ince Kv m a y b e c a l c u l a t e d 
f rom t h e in i t i a l s lope , al l fou r k i n e t i c p a r a m e t e r s 
m a y b e o b t a i n e d b y s t u d y i n g j u s t t h e f o r w a r d r e ­
a c t i o n p r o v i d e d t h e e q u i l i b r i u m c o n s t a n t for t h e 
ove r -a l l r e a c t i o n is k n o w n . 

Exper imenta l 
Crystalline fumarase was isolated from pig heart muscle 

by the procedure developed in this Laboratory.16 Fumarie 
and L-malic acids were purified by methods described earlier.17 

A Beckman DU spectrophotometer operated in conjunc­
tion with a stopwatch was used to determine the extent of 
reaction at various times. Maximum sensitivity was at­
tained by operating at the lowest possible wave length. 
Absorbancies were corrected to 250 m^ and converted to con­
centration of fumarate by means of the known molar absorb­
ancy indices.14 The temperature was maintained at 25 ± 
0.5° by means of Beckman thermospacers. 

Loss of enzymatic activity was found to be rapid immedi­
ately after the enzyme solution was introduced into a quartz 
cuvette. After about an hour, the rate of loss of activity 
became constant and so small that it was not necessary to 
take it into account during the rate measurements, h i 
order to take advantage of this, 20 ml. of a solution of en­
zyme in the buffer was allowed to stand in a 10 cm. quartz 
cuve'tte for an hour or longer. Then 0.2 ml. of a substrate 
solution which would give the desired substrate concentra­
tion in the cuvette was introduced. At the same time the 
stopwatch was started. Absorbancy measurements were 
made even7 40 seconds. 

Data were taken in phosphate buffers with either L-malate 
or fumarate as substrate. The substrate concentration was 
always less than five times the Michaelis constant so that 
substrate activation might be avoided. The conditions of 
the experiments were those under which kinetic constants 
had been obtained previously by the initial velocity method.14 
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