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SUMMARY 

Transient-phase kinetic equations are worked out, using the Laplace transform 
method, for two-substrate enzyme reactions occurring by the Theorell-Chance, ping 
pong bi bi and ordered ternary-complex mechanisms (the equations for the random 
ternary-complex mechanism are too complex to be useful). Two sets of premixing 
conditions were considered: (i) E not premixed with the first substrate A ,  i.e., 

E r A  [B, E I A + B or E + B I A; and (ii) E premixed with the first substrate A, 
i.e., E + A r B.  For each mechanism and premixing conditions two cases were 
treated:  (a) enzyme concentration limiting, i.e., e o << a o, b o, and (b) concentration 
of first substrate A limiting, a 0 << e o, b o. In all cases (a) gives rise to a transient phase 
followed by a steady state, the transient phase being represented by two or more 
exponential terms. In all cases (b) gives no steady state; the concentrations of 
products X and Y rise to a final value of a 0 in a manner represented by two or more 
exponential terms. Premixing of type (ii) leads to a more rapid initial rise than that  
of type (i), in Cases a and b. Some results on horse liver alcohol dehydrogenase are 
shown to be consistent with the equations derived for a Theorell-Chance mechanism; 
there is no evidence for the participation of two types of active sites on the enzyme. 

INTRODUCTION 

In a recent paper 1 we have presented equations for the pre-steady-state and 
steady-state kinetics of two-substrate systems occurring by the following mechanisms: 
(i) Theorell-Chance, (2) ping pong bi bi, (3) ordered ternary complex, and (4) random 
ternary complex. 

I t  was assumed that  the concentrations of the substrates A and B were in 
great excess of that  of the enzyme E, and that  the three ingredients E, A and B were 
mixed together at zero time. 

In the present paper we derive the equations that  apply to certain pre-mixing 
procedures. In the case of the first three mechanisms, one substrate, which we denote 
as A,  interacts first with the enzyme, the other, B,  being involved later in the reaction. 
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The pre-steady-state kinetics will therefore be modified if we premix E and A, and 
then add B at zero time. On the other hand, for these three mechanisms, premixing E 
and B will lead to the same pre-steady-state kinetics as bringing E, A and B together 
at zero time. 

Equations for the various cases are derived in the present paper and attention 
is also given to the situation in which the concentration of A is much less than that 
of E and B. I t  will be seen that the resulting equations lead to criteria for distin- 
guishing between the various mechanisms on the basis of transient-phase studies under 
different conditions of premixing. The equations for the random ternary-complex 
mechanisms have been omitted from the present paper, since they are too complicated 
to be useful in interpreting experimental data; however, certain qualitative con- 
clusions are drawn about the influence of different premixing conditions. 

T H E O R E T I C A L  

Figs I, 2 and 3 show the TheorelDChance, ping pong bi bi and ordered ternary- 
complex mechanisms, and give the initial concentrations of the various species. Two 
special cases are considered: 

E 

klA ~/~f  e°-m" n k ~ 3  ~y 

EA 
~n E¥ 

x 

Fig. I. The Theorell-Chance mechanism, showing the concentrations of the various species for 
the case ao, bo >> eo. 

(i) both substrates in excess of enzyme; 

a0, b0 >> Co; 

(ii) enzyme and substrate B in excess of substrate A ; 

e0, bo >> a0 

The concentrations of the various species for these special cases are shown, for the 
three mechanisms, in Table I. 

Two different premixing conditions are considered: 
(i) E J A J B, E I A + B or E + B ] A. The vertical stroke indicates mixing 

at t = o ,  the positive sign premixing; thus E ] A  + B  means that A and B are 
premixed, their mixed solutions being added to E at t = o. By definition B is the 
second substrate involved in the reaction; premixing of B with A, or of B with E, 
therefore, does not affect the kinetics. The equations for this case were given in the 
previous paper 1. 
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TABLE I 

C O N C E N T R A T I O N S  A T  T I M E  t 

211 

E A B E A  E A "  E B  E A B  E A ' B  E Y  X Y 

Theorell  Chance 

i. a2, b o>>e o eo-- m - -  n a o b 2 m - -  - -  n x y 
2. bo, e o >>a o e o a 0 - m - n - y  b o m - -  - -  n x y 

P i n g  p o n g  bi bi 

3- ao, 32 >> eo e o - - m - - n - - z  ao bo 
4. eo, bo>>ao e a o - - m - - n - - y - - z  bo 

m n - -  ~ - -  

m e o - - Z - - m - - e  - -  - -  2 

- -  x y 

- -  x y 

Ordered ternary  complex  

5. ao,bo ~> eo e o - - m - - n - - z  a o b o m - -  - -  n - -  z x y 
6. eo, b o >> a o e o ao - m - -  n --  y - -  z b o m - -  - -  n - -  z x y 

(ii) E + A ] B. This  t ype  of p remix ing  will affect the  kinetics,  in t ha t  there  
will be more r ap id  reac t ion  in the t rans ien t  phase.  

T h e o r e l l ~ T h a n c e  m e c h a n i s m  

The Theore l l -Chance  mechanism is shown in Fig. I ,  and  the equat ions  for the 
ra tes  of  fo rmat ion  of  X (the first p roduc t  produced)  and Y (the p roduc t  la te r  pro-  
duced) are given in Table  II, for a o, b o >> e o and the two premixing condi t ions s t a t ed  
above.  The equat ions  were ob ta ined  by  the  use of  the  Laplace  t rans form me thod  ~-~. 
The cons tan ts  21 and ,~z are a lways  posi t ive  quant i t ies ,  and  we a rb i t r a r i l y  define 2x 
as the  one having  the  larger  value.  I t  is easi ly  shown tha t  2~ mus t  be grea te r  t han  
k~; 2~ can be ei ther  grea ter  or less t han  ks. 

TABLE II 

R A T E  E Q U A T I O N S  F O R  T H E  T H E O E E L L - - C H A N C E  M E C H A N I S M ,  W I T H  ao ,  b o ~>> e 2 

~ and/t 2 are the negatives of the roots of the quadratic equation 
Pa + (kxao + k-a + k2bo -c h2)P + k~(k~ao + k-~ + hzbo) + k~h~aob o ~ o. 

P r e m i x i n g  F o r m a t i o n  o f  X F o r m a t i o n  o f  Y 

klk2k3eoaobo 
E I A I B  x =  t y =  

h 2 ( k l a o + k - l + k 2 b o ) + k a k 2 a o b o  

hlk~eoaobo(~l--h3) ( i_e-~l  t) 
E [ A  + B  --  + 

o r E +  B I A  + klk2e°a2b°(~2--k~) ( i - e  -a~t) 

klkahaeoaobc 
x - =  I 

E +  A I B  

+ 

k 3 (k lao+ h-a+ k 2bo)+ k ak 2aobo  

h lk2eoaobo(I - -~ l /h -x ) (~ l - -k2)  (i_e-~lt) 

k lk2eoaobo( I - -~Jk -1 ) (~2- -k s )  ( i _ e - ~ )  

hlkzk2eoaobo 
t 

k 3 ( k l a o + h - l + k 2 b o ) + k l h 2 a o b o  

hlk2k3eoaobo 

klk2kseoaobo (t - -  e - ~ t )  
~ 2 2 ( ~ 1 - - ~ , )  

ktk,h3eoaobo 
y = t 

k 3 ( k l a o + h - x + k 2 b o ) + k l k i a o b o  

+ k l k2k~e°a°b° ( I - -~ l / k - i )  ( i_e-k l  t) 

_ kxk2k3eoaobo(I--~2/k-l)  (i_e-a~ *) 
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Analysis of  the experimental  da ta  with reference to the equations for x and y 
was discussed in our earlier paper. 

If, on the other hand, E and A are premixed, the equilibrium E + A ~± EA 
is established; if m 0 is the value of m at t = o we have the equilibrium equation 

k~aoe o -  k ~mo (l) 

w h e n c e  

k la0g  o 
"~o . . . .  (21 

/¢--1 

The procedure for solving the differential equations for this ease is similar to tha t  for 
the previous ease 1, the only modification being tha t  in replacing the differentials by 
operators P,  the t ransformation is Pro--Pmo. The solutions for this case are shown in 
the lower par t  of Table II .  

I t  is to be noted tha t  for both sets of  premixing conditions there is a biphasic 
exponential  rise of  x or y to the s teady state, the s teady state being identical in the 
two cases. However, in the second case the exponential  rise is more rapid;  this is 
because of the equilibrium concentrat ion of EA tha t  is established during the pre- 
mixing. A s tudy of the pre-steady state thus permits one to distinguish A (the first 
substrate) from B ; premixing with A will enhance the pre-steady-state kinetics, while 
premixing with B will either leave it unaffected or (if an abortive complex is formed 
with B) will actual ly reduce the pre-steady-state rate. 

The equations for the situation in which the concentrat ion of A is limiting 
(%, b o >> ao) are shown in Table I I I ,  for the two sets of premixing conditions. 21 and 
;t 2 are positive, with ;t 1 > ~2. I t  is to be noted tha t  there is now no steady state, 
x and y rising to the value %. The exponential  rise is biphasic for x, triphasic for y.  

T A B L E  11 I 

RATE EQUATIONS FOR THE THEORELL-CHANCE MECHANISM, \VITH d0, bo >> ao 

it t a n d  ;t a a re  t h e  n e g a t i v e s  of  t h e  roo t s  of  t h e  q u a d r a t i c  e q u a t i o n  

pz + (kle ° + k_ 1 + kzbo )P + klkzeobo = o. 

Premixing Formation of X Formation of  Y 

E A 13 kxkzeoaobo -~.t klk2haeoaobo e--~lt 
: /  I x = a o 4 -  e V = a o  - -  - -  

21(,11 - ,l~) ,~1(2,  - 2 , )  (21 - k s )  

El.4 + B klk2e°a°b° e-z~ t _a, klk2kae°a°b° e-)'2 t ,  

2~(;t 1-2~) 22(~1-22)(2~- k3) 

or  E + B]A -- klk~kae°a°b° e -k3t 

klkae°a°bo(I--~llk-1) e -air  hlk2kae°a°b°(I--~l/k-1) e 21t 
E + A I B  x = ao + ' • y = a o - -  

2 , ( ~ 1 -  )..,) ~1(~1 - ~) (21 - ~ )  

-- klkzeoaobo(I--t~z/k-1) e-Z2t + klkzhae°a°b°(I--~z/k-1} e-Z2t 

_ klhzkaieoaobo(I--k~/k-1) ~kat 
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Analysis of experimental results for this situation could be carried out as follows. 
A plot of In x against t is biphasic, the slopes of the two lines being --2~ and --2 2. 
From the equation at the top of Table I I I  

~ + 22 = kleo + k-x  + k2bo (3) 

and 

~1~2 = kik2eobo (4) 

so that a plot of 21 + 2 2 against e o gives kl, and against b o gives k2; k_ 1 can then be 
obtained. Alternatively, ~12~ could be plotted against cob o. A similar procedure could 
be applied to y. 

It is to be seen that the different premixing procedures give similar behavior 
(x biphasic, y triphasic, no steady state). However, with a 0 limiting, premixing E 
and A gives a faster exponential rise than E I A I B, E I A + B,  etc. 

Ping pong bi bi mechanism 
This mechanism is shown in Fig. 2, which gives the concentrations corre- 

sponding to the condition %, b o >> e0 (cf. also Table I). The resulting expressions for 
this condition are given in the upper part of Table IV; they were worked out in 
detail in the previous paper 1. The 2 values are the negatives of the roots of the 
equation 

E 
eo~ m - r i - z  Y 

//'k., ~2.~EA, B EA 

ka 

X EA' 
X 

Fig. 2. The ping pong bi bi mechanism,  showing the  concenl ra t ions  of  the  various species for the 
casea0,  b o >>e 0. 

p s  + M p 2  + L P  + Q ~ o 

with 

(5) 

M : k la  o + k_ 1 + ke - t -  ksbo t- k~ (6) 

L = k3k4b o + (k3b o + k~) (kla o + k -  i + k2) + k~k,ao (7) 

Q = kak~bo(kxa o + k_  1 + ks) + k l k2k ,a  o + klk2ksaob o (8 

The premixing of E and A gives rise to the product X; a s tudy of its formation 
in the absence of B is a good way of arriving at the constants kl, k_ 1 and k2. The 
kinetic equation during this premixing process is 

x = e o + klkze°a° e-air ktkze°a° e - '~t (9) 
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where --21 and - -& are the roots of 

p2  + (kla ° + k_  1 + k~)P  + k lk2a o = o (IO} 

The constants kl, k_ 1 and k s can readily be obtained, by analogous methods to those 
described above and in our previous paper 1. 

At the end of the E + A premixing, E has all been converted into E A ' ,  the 
initial concentration of this is therefore e o. The kinetic equations for the rates of 
formation of X and Y for this case are given in the lower part of Table IV; the 4 values 
are the negatives of the roots of the equation 

with 

pa  + M p 2  + N P  + O, = o 

M = k la  o + k -  1 + k z + /~ab0 + k 4 

N = ]~lk2a0 + (kab o + k4) (kta o + k -  I + kz) 

Q = k~k4b o + hlkzk3aobo + klkzk4ao 

01) 

(12) 

(I4) 

The determination of rate constants can be carried out as previously. It  will be noted 
that for this ease of E + A I B the steady-state rates are the same for X as for Y, 
but that they are different from those for E j A j B. 

The equations for the case in which the concentration of A is limiting (% 
b 0 >> %) are given in Table V. The 41 and 43 values for the first premixing case are 
the negatives of the roots of 

p2 + p(h leo  + k_  1 + h2 ) + hlk2eo = o (I5) 

and 48 is ksb o. In the case of E + A premixing, A is all converted into E A '  during 
the premixing, and there is no further production of X after B is added; the equation 
for the formation of Y is given in Table V. 

Again, we may wish to measure X formation during premixing of E with A, 
in the absence of B. The equation for this, with e o >> ao, is 

hlkze0a0 e-,~lt hlkaeoao e-~2t x = a~ + (I6) 
~l(&-&) &('~l -&) 

where 41 and 43 are the negatives of the roots of the equation 

p a  + (kle ° + k_  1 + k 2 ) p  + kxk~eo = o (17) 

E Y eo-m-n-z % 
kjA / ~  

EA ~'I EY 
m z 

- bo "%EAB / ~ 
n 

Fig. 3- The ordered ternary-complex mechanism, showing the concentrations of the various 
spec ies  for  t h e  case  ao, be >> e0. 
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T A B L E  V 

RATE CONSTANTS FOR THE PING PONG BI BI MECttANISM ,WITH e0, b 0 2>~ a 0 

Pmmix ing  Formation of X Formation of Y 

y ~ ao 2f_ 
E[A[B x == ao + klkze°a° e -a~t 

or E +  BIA hlk~eoao e ~z2t 

klkzkak4eoaobo e-z l t  

_ klk2kak4eoaobo e - ~ t  

+ kxk~kak~e°a°b° e-~at 

_ kxk*k~k~eoaobo e-k~t 

/~4ao o--k3bo! 
y = a 0 

k 4 -  kzb o 

E + A[/3 No  f u r t h e r  f o r m a t i o n  of  X 
kaboao e-k4t 

k 4 -- kob o 

T A B L E  V I  

RATE CONSTANTS FOR THE ORDERED TERNARY COMPLEX MECHANISM, WITH a0, b 0 ~ £0 

The  ~ v a l u e s  a re  t h e  n e g a t i v e s  of  t h e  r o o t s  o f  t h e  p o l y n o m i n a l  

p a + M P 2 + L P + Q  -- o 

w i t h  

M ~ klao-~-l%+k_l+k_2+ka+k2b o 

L : h 4 (k la  o + h-~ + k2bo + k-2 + ka) + h-2 (k ~a o + k_l) + ha (kxao + k-~ + kzbo) + k xkzaobo 
Q = k_zk 4(kla o + k_l) + kak,(klao + k_l + k,bo) + klk2k~aobo + hlk~kaaobo 

Premixing Formation of X Formation of Y 

k~kzkak,eoaobo k~k,kak4eoaobo 
Eb4 JB x = t y = 

k 2k4 (k~a o + k-~) + kak 4 (kaa o + k ~ + kabo) k_,k4(k~a o + k_l) + kah4 (k ~a o + k_l + k2bo) 

EJ/i + B 
or E + B I A  

+ klk,(ka+k4)aobo 

B 3 

-- ~ ~lk2kak4g°a°b°(k4--~i) ( I - - C  -~'t) -- ~ kxkakak'e°a°b° 

~.J~(P-k) ;~I*(P-,~J) 
*=1 {~1 

+ klk2(ka+k4)aobo 

( t - - e  Ait) 

E + A I B  

klk2kak4eoaobo 
x =  t y =  

k 2k4(klao+k_l)+kak4(kaao+k_j+kzbo) 

-= klha(k,+k,)aob 0 

8 3 

-- ~ ]~lk2kae°a°b°(I--~i/k-j)(/¢4 ~J) ( i _ e - ) - i  t) _ 

.~i2 ( P - -  ~i) 

klk,kak4eoaobo 

k 2k4(kiao + k-l) + k~k4(klao + k-1 + k~bo) 

+ klka(ka+k~)aobo 

klk~k,~k4eoaobo(I--~i]k-1) ( i  _ e-~.l') 

.~12 (P--,~l)  
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TABLE VII 

RATE CONSTANTS FOR THE ORDERED TERNARY COMPLEX MECHANISM, WITH e0, b 0 ~> a 0 

The values are the negatives of the roots of the polynomina] 

p3  + M p 2  + L P  + Q ~ o 

w i t h  

M = kxe o + k -  1 + k~b 3 + k - z  + k 3 

L = (k-  2 + ka) (k~e o + k_2) + kzk3b o + ktk2eob o 

Q = ktk2k3boe o. 

P r e m i x i n g  F o r m a t i o n  o f  X 

3 

E ] A I B ,  x = ao --  

& 

klk2k3eoaobo 

E IA  + B ~ J . i (P--Al)  
or  E + B I A  i=, 

e - A l  t 

8 

klkzk3eoaobo(I--2l /k-1)  -a.t 
E + A I B  x = a 0 - -  - , - -  - , ~ ] i ( P - - A ] l l  e 1 

f = l  

F o r m a l i o n  o f  Y 

4 

ktk2ksk4eoctob ° e-.~lt 

y : a 0 - -  " ' , - -  ",~Llf/3--'~i ~ 

i = I  

4 

ktk~ksk4eoaobo(i_,~i/k_1 ) 

y = ao - -  - - , - -  - - ,  ~ 1 ( ] : )  ~(1 ] 

t = l  

--Aft 

The results for this case are easily analyzed to give k 1, k_ I and k~. 
This ping pong bi bi mechanism is easily distinguished from the others on ttle 

basis of transient-phase studies, since it is the only one in which product X is produced 
in the absence of one reactant B. The reactants A and B are readily distinguished in 
this way, and rate constants are easily determined. 

Ordered ternary-complex mechanism 
The various solutions for the ordered ternary-complex mechanism (Fig. 3) are 

given in Tables VI and VII .  Analysis of results can be carried out by  methods similar 
to those considered previously. Again, premixing of E with A gives a more rapid 
pre-steady state period; premixing of E with B has no effect. 

Random ternary-complex mechanism 
Even the steady-state equation 5 for the random ternary-complex mechanism 

(Fig. 4) is extremely complicated, too much so to be applied to experimental results. 
The pre-steady-state equations are even more complicated; they can be worked out 

EA EB 

EA 

L 
E÷X÷Y 

Fig. 4. The random ternary-complex mechanism. 
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b y  the Laplace  t ransform method ,  bu t  would be useless for in te rpre t ing  exper imenta l  

results.  
On the  qua l i t a t ive  side it can be no ted  t ha t  for this  mechanism premix ing  of 

E with  e i ther  A or B will lead to  no change in s t eady-s t a t e  kinetics,  bu t  to an acceler- 
a t ion of the  p re - s t eady- s t a t e  kinet ics  re la t ive  to E I A L B ,  E I A + B, etc. This 
allows a clear d is t inc t ion  of this  mechanism from the o ther  three,  for which E + B 
premix ing  cannot  increase ra tes  (it m a y  decrease them,  if an abor t ive  E B  complex 
is formed),  

DISCUSSION 

The main  conclusions of the  present  work  are summar ized  in Table  V I I I .  They  
can be fur ther  summar ized  as follows: 

TABLE VIII  

S U M M A R Y  O F  K I N E T I C  E Q U A T I O N S  

Init ial  mixing conditions Formation of X Formation of Y Remarks 

EiAIB; EIA + B; E + BIA; ao, bo >> eo 
E + All?; ao, bo >> eo 
EIAIB; EIA + B; E + BIA; Co, bo >> a0 
E + AIB; bo, eo >> a0 

Ping pong bi bi 
EMIB;  EIA + B; E + BIA; a0, b 0 >> e 0 
E + A[B; ao, bo >> eo 
EIAJB; EIA + B; E + BIA ; e o, bo ~.~ ao 
E + AIB; eo, b0 >> a0 

Ordered ternary complex 
EIAIB; EIA + B; E + BIA; no, bo >> eo 
E + A[B; ao, bo ~ eo 
EiA]B; E]A + B; A + BIA; eo, b o >> a o 
E + AIB; e0, b, >> a 0 

Biphasic Biphasic 
Biphasic Biphasic 
Biphasic Triphasic 
Biphasic Triphasic 

Triphasic Triphasic 
Triphasic Triphasic 
Biphasic Quadriphasic 
No further Biphasic 
formation of X 

Triphasic Triphasic 
Triphasic Triphasic 
Triphasic Quadriphasic 
Triphasic Quadriphasic 

Steady state established 
Faster rise to steady state 
No steady state 
No steady state; faster rise 

Steady state 
Faster rise to steady state 
No steady state 
No steady state; faster 
production of Y 

Steady state 
Faster rise to steady state 
No steady state 
No steady state, faster rise 

(I) When  the concent ra t ion  of  E is l imit ing,  there  is a lways a s t eady  s ta te  
preceded b y  a phase consist ing of the  sum of exponent ia ls .  

(2) When  the concent ra t ion  of the  first subs t ra te  A is l imi t ing there  is no 
s t eady  s ta te ;  the  concent ra t ions  of X and Y rise to a l imit ing value equal  to the  
ini t ia l  concent ra t ion  of A ,  the  rise being represented  by  the sum of exponent ia ls .  
(The case of B being l imi t ing was also inves t iga ted ,  b u t  no ana ly t ica l  solut ion appears  
to be possible:  p resumably ,  there  would again be no s t eady-s ta te ,  the  concent ra t ions  
of X and  Y rising to the  ini t ia l  concent ra t ion  of B.) 

(3) Premixing  of E and B affects the  kinet ics  only in the  case of the  r andom 
te rna ry -complex  mechan i sm;  i t  leads to more r ap id  ini t ia l  reac t ion  as compared  
with E I A  ] B ,  etc. 

(4) Premix ing  E and  A leads to p roduc t  (X) format ion  only  in the  case of the 
ping pong mechanism.  

(5) Premix ing  E and  A followed by  add i t ion  of B leads to more  r a p i d  in i t ia l  
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reaction, but does not affect the number of phases, except for the ping pong bi bi 
mechanism. 

(6) Premixing does not affect the steady-state kinetics, except for the ping 
pong bi bi mechanism; this is a special case, because the starting material is now 
altered. 

Results for horse liver alcohol dehydrogenase 
Recently some transient-phase studies 6-9 have been carried out with horse 

liver alcohol dehydrogenase, and in particular, Luisi and Favilla 9 have studied tile 
effect of premixing the enzyme and co-enzyme. The results have been interpreted 
as implying that there are two catalytic sites on the enzyme. However, the theoretical 
equations derived in the present paper show that no such conclusion is necessary; 
the experimental results are consistent with a Theorell-Chance mechanism occurring 
at a single catalytic site. 

The main experimental results of the studies, with premixing of E and A 
(co-enzyme), can be summarized as follows, with reference to the theoretical treat- 
ment of the present paper: 

(I) With e 0 >> a o or b 0 there is a biphasic exponential formation of product X, 
completion of the reaction corresponding to depletion of the limiting reagent. This is 
consistent with the equation given in Table III  for the Theorell-Chance mechanism. 
Two catalytic sites are not required to explain the biphasic character. 

(2) During the biphasic formation of product X there is an initial exponential 
formation of approximately half of the product, followed by a slower exponential for- 
mation of the other half. This is explained by the equation in Table III  if ),1 and ~ are 
fairly close to one another. The exponential terms (amplitude factors) are then 
approximately equal, leading to the result that ao/2 will be produced initially followed 
by the remaining ao/2. 

(3) A similar result was found with a 0, b 0 >> e o and E + A I B; in this case a 
steady state is attained. There was an initial rapid production of X, followed by 
slower exponential processes; this is predicted by the equations in Table II. 

(4) The amplitudes of the pre-exponential terms under the above conditions 
were proportional to e 0, a 0 and b 0. This is predicted by the equations in Table II. 

We conclude that  the results are fully explained by the equations in Tables II 
and I l l  of the present paper, and that the transient-phase studies provide no evidence 
for two catalytic sites. 
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