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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 4, i.e.,
E|A|B,E|A+ BorE+ B|A; and (ii) E premixed with the first substrate 4,
1.e., E 4+ A | B. For each mechanism and premixing conditions two cases were
treated: (a) enzyme concentration limiting, i.e., e, < ay, by, and (b) concentration
of first substrate A limiting, a, < ¢;, b,. 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 g, 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! we have presented equations for the pre-steady-state and
steady-state kinetics of two-substrate systems occurring by the following mechanisms:
(1) Theorell-Chance, {2) ping pong bi bi, (3) ordered ternary complex, and (4) random
ternary complex.

It was assumed that the concentrations of the substrates 4 and B were in
great excess of that of the enzyme E, and that the three ingredients E, 4 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 A4, 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 4 is much less than that
of E and B. It 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.

THEORETICAL

IFigs 1, 2 and 3 show the Theorell-Chance, ping pong bi bi and ordered ternary-
complex mechanisms, and give the initial concentrations of the various species. Two
special cases are considered:

Y

o "&

A

N

Fig. 1. The Theorell-Chance mechanism, showing the concentrations of the various species for
the case a,, by > €.

(i) both substrates in excess of enzyme;

ag, by > ey;

(ii) enzyme and substrate B in excess of substrate 4 ;
ey, by > a,

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|4d|B, E|A+ B or E + B|A. The vertical stroke indicates mixing
at ¢ = o, the positive sign premixing; thus E | 4 4+ B means that 4 and B are
premixed, their mixed solutions being added to E at ¢ = o. By definition B is the
second substrate involved in the reaction; premixing of B with 4, or of B with E,
therefore, does not affect the kinetics. The equations for this case were given in the
previous paper?.
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TABLE 1

CONCENTRATIONS AT TIME {

EB EAB EA'BEY X Y

T heorell- Chance

1.4y, by > eg—m—n ay by m — _ — — noox oy
2. by, €4 > ay €, aGg—m—n—y by m — — — — nooxy
Ping pong bi bi

3.0, 0> e g—m—n—2z a,y by m n — z —— — x ¥
4. 0,0 > ay e ag—m—n—y—z by m e—z2—m—e— — z — X Yy
Ovdered ternary complex

5. ag,by > ey eg—m—n—2z a, by m — — n — z x Yy
6. 9,00 > ay € ay—m—n—y—z b, m — — n — z xy

(ii) E 4+ A | B. This type of premixing will affect the kinetics, in that there
will be more rapid reaction in the transient phase.

Theorell-Chance mechanism

The Theorell-Chance mechanism is shown in Fig. 1, and the equations for the
rates of formation of X (the first product produced) and Y (the product later pro-
duced) are given in Table II, for a,, &, >> ¢, and the two premixing conditions stated
above. The equations were obtained by the use of the Laplace transform method!—4.
The constants 4, and A, are always positive quantities, and we arbitrarily define 4,
as the one having the larger value. It is easily shown that 4, must be greater than
ks; Ay can be either greater or less than k,.

TABLE II

RATE EQUATIONS FOR THE THEORELL~CHANCE MECHANISM, WITH 4, bo > ey

A, and A, are the negatives of the roots of the quadratic equation
P2 (ko + kg + Rabo + ke)P + Rylkiag + k-y 4 Robo) + Bakgaghy = 0.

Premixing Formation of X Formation of Y
[N NN RyRoRseotob,
E|A|B x = 17ea0T070 : y = 170273892000 ;
ky(Riao+ k—y -+ Robo) + 1 kaaoby ka(ky@o+ koy+ Rybo) +A1keaa0bo
RikgeoaobolA—k . kyRakseoaoh .
E|4 + B _ 1#2€080b0 (A1 Q—(I—ellt) + 1223000(I—e;'1t)
AF(A—4y) A2 —2)
kiR bo(As—# . RiRokseqaob -
or £ + B4 + 1R 2€ofobo(Ar— k) (I—eA2t) _ F1Rafsle0g (1—e 7-2&)
34, —4,) 222, —4y)
kikakyeqagdy p k1Rakaeotoby :
X == Y =
ky(Ry@g+ Ry -+ Eabo) + Rifpaghy ’ ky(Ryagt k-1 + Eabo) -+ kykatoby
kik bo(T — A k=) (A —* - kykok bo(1— Ay k- -
E 4 AB M 2€0@qDy (T 1/R—1) (A —ks) (1— llt) + 172 390:0 o1 L= (1—e )-lt)
M2 (A —4y) M3(A —4y)
+ Fkoeotobo(1 — Aglhay) (Ag— k) (I——e»l“‘t) beykokseotoby(1—Ag/k ) (1—- —Amt)
A (A —4y) AP(A—Ay)
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Analysis of the experimental data with reference to the equations for x and y
was discussed in our earlier paper.

If, on the other hand, £ and A are premixed, the equilibrium £ + 4 = FA
is established; if m, is the value of m at £ = o we have the equilibrium equation

kiagey = hoymy, (1)

whence

My = —— (2)
v-1
The procedure for solving the differential equations for this case is similar to that for
the previous case!, the only modification being that in replacing the differentials by
operators P, the transformation is Py, — Pyy,,. The solutions for this case are shown in
the lower part of Table II.

It is to be noted that for both sets of premixing conditions there is a biphasic
exponential rise of x or y to the steady state, the steady state being identical in the
two cases. However, in the second case the exponential rise is more rapid; this is
because of the equilibrium concentration of EA4 that is established during the pre-
mixing. A study of the pre-steady state thus permits one to distinguish 4 (the first
substrate) from B; premixing with 4 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 actually reduce the pre-steady-state rate.

The equations for the situation in which the concentration of 4 is limiting
(eg, by > a,) are shown in Table III, for the two sets of premixing conditions. 4, and
A, are positive, with A; > A,. It is to be noted that there is now no steady state,
x and y rising to the value a,. The exponential rise is biphasic for x, triphasic for v.

TABLE 111

RATE EQUATIONS FOR THE THEORELL-CHANCE MECHANISM, WITH ¢y, by > a4

l and A, are the negatives of the roots of the quadratic equation
+(keo+kal+kb)P+kkzeob = 0.

Premzxmg Formatwn of X ‘ Formatwn of Y
ElAB ¥ = a k kzeollubo ;}.lt Y= ay— ‘kl}iML C—JIQ
PRI Ay(Ay = Ag) (A — Bg)
EjA b B _ i‘ 2o%eby. Do ol Lk kikokaeoanby X
FR7REYRY Aol = o) By — hy)
r E 4+ B4 _ Aﬁﬂ_k?f“f"_b"__ o 7Kt
Fea(Ay — ky) (A — k)
kR — A k- - kikok — -
E+ AB x:u0+~ﬂiL~l) ot y— ay— 2330‘10 ol T — 2 fk- Cllt
A4 —4y) Ao} (A — ko)
RRoyeoobo(1 —Agfk—y) 2,8 k k,feaeoao o(T—Agfky)  —at
— R e + 3
Aoy —4,) AxlAy —25) (A, —&y)
kikokateqaghe(1 —

Ralk—y) —p
e
Ry(Ay—ka) (g —ky)
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Analysis of experimental results for this situation could be carried out as follows.
A plot of In x against ¢ is biphasic, the slopes of the two lines being —2; and —4,.
From the equation at the top of Table III

A+ Ay = Ryeg + koy - kgby (3)
and

My = kykoeoby (4)

so that a plot of A, + A, against ¢, gives 4;, and against b, gives k£,; £_; can then be
obtained. Alternatively, A,4, could be plotted against eyb,. A similar procedure could
be applicd to y.

It is to be seen that the different premixing procedures give similar behavior
{x biphasic, y triphasic, no steady state). However, with 4, limiting, premixing E
and A gives a faster exponential rise than £ | 4 | B, £ | A + B, etc.

Ping pong bi bi mechanism

This mechanism is shown in Fig. 2, which gives the concentrations corre-
sponding to the condition ag, b, > ¢q (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’. The A values are the negatives of the roots of the
equation

E

€,~m-n-z Y
KA y
qo
EA EAB
k2
ksB
be
X
X

Fig. 2. The ping pong bi bi mechanism, showing the concentrations of the various species for the
case a,, by > eq.

AI

n

PP+ MPE4+ LP+ (=0 (5)
with

M = kg + key + ky + kaby + k4 (6)

L = kykby + (ks + ko) (RBrag + k—y + ko) + Riksag (7)

Q = kokbo(kydg + kg + kg) + kikokaty + RikoRaoby (8

The premixing of E and A4 gives rise to the product X; a study of its formation
in the absence of B is a good way of arriving at the constants %,, 2_; and %,. The
kinetic equation during this premixing process is
kykseoaq —At LN —Ayt

LA ot L (o)

ey + —
T A=A Ag(Ay—Ag)

X =
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=7
(Y —d)s* (v —d)e'Y
(5, o—1) Yodet - (50— 1) — BT aiv+a
ve- (rPyty 4 (Cy+ 1y +00'y) Ty — Y 1% oty yr- PPyt y
£
gty Ty + Oty 4 0Ty Py 0QouoyRy e + v Ry y 0Ty y
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c&ode%qn&am\@&~u& o@c@oww»\ Y w}»&
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— —_ 9— - (8] 5
b2 ety 9000ty yy N b2 (y—m)(°g%y 1) 0%y y vig+amoatvia
Py Gy Ty KA AU R (R R I At A S -
’ 9q003 4y yty o ! 0g0p07yEytyTy - givyid
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where —4, and —A4, are the roots of

P? + (kyay + kg + B))P + kikyay = 0 (10)

The constants %, ., and &, can readily be obtained, by analogous methods to those
described above and in our previous paper?.

At the end of the E 4 A premixing, E has all been converted into EA’; the
initial concentration of this is therefore ¢, 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 A values
are the negatives of the roots of the equation

P+ MP?4 NP+ Q=0 (r1)
with

M = kyag + kg + Ey + Egbp + ky (12)

N = kikaay + (Rby + ky) (R1ag + k- + k3) (13)

Q = hghaby + kykakyaghy + kikokady (14)

The determination of rate constants can be carried out as previously. It will be noted
that for this case of E + A | B the steady-state rates are the same for X as for Y,
but that they are different from those for £ | 4 | B.

The equations for the case in which the concentration of 4 is limiting (e,
by > a,) are given in Table V. The A, and A, values for the first premixing case are
the negatives of the roots of

P2 P(kiey + koy -+ k) - Rikgey = © (15)

and A is kg, In the case of E + A premixing, A is all converted into £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 4,
in the absence of B. The equation for this, with ¢, >> ay, is

¥ = ay+ RBikaega, oht kykaeotty Ry (16)
)'1 (Z'l —12) 12 (A’l _AZ)
where 4, and A, are the negatives of the roots of the equation
P2 - (Ryeg + kg + k)P + kykagy = 0 (x7)
€ m n-z
k% \
GO
EA
m
ks
kB2 X
b Nepp X
n

Fig. 3. The ordered ternary-complex mechanism, showing the concentrations of the various
species for the case a,, by > ¢,.
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TABLE V

RATE CONSTANTS FOR THE PING PONG BI BI MECHANISM ,WITH ¢, bo > ag

Premixing Fovmation of X Formation of Y
kikge - kikokakeqagd -
Ll4|B ¥ ==y 4 oo A V= a, + — 1#2R3R 4200004 o
ElA+B Ay(Ay—Ay) ARy — A} (A — Ag) (A~ ky)
or £+ Bl4 ferkseoay =2yt Rk akigkaeoagby 25t
7 - ¢
}-2(11 - 12) }*2(&) - j'z) (]“2“13) (/12- k4)
. kyRokahseadoby <At
-+ e — c
13(11“13)(12*}'3)(13“/?4)
hik ok ok eqaobg k.t

Balhy— k) Ga— k) (Fa—hg)

k,a —K
i) o 3ba'

Y T e kb
E+A4|B No further formation of X
Rabo@y -k t

TABLE VI

RATE CONSTANTS FOR THE ORDERED TERNARY COMPLEX MECHANISM, WITH dq, by 3> ¢,
The A values are the negatives of the roots of the polynominal

PP MP2HLP4+(Q = o

with

M = kyag+-ky+ho kg4 Ryt hoby

L= Ry(kiao+hoy - koby + By kg) + kg (hi@g - Roy) 4 ky(R1ao -+ k—y -+ Rabo) + k1 Rya0D¢

Q = koghy(kr@ot k1) +hoky(Byag+Roy -+ koby) 4 Rikigkyagby + Rykokaaoby

Premixing Formation of X Formation of Y
ElA|B o Rykykgkaeooby (= kikokakaeotobg _

kg y(Rydg+Fky) - hyky(Ryag+ k) -+ hyby) k_ghy(Ry@g+ k1) + kgky(kyao+ Ay - obo)

+ kykylhgt-ky)agb, + kika(khgtky)acho
LElA+B . .
or E+B|A
5 kikokakyegagby(hy— A1) . L\).jt) Z Rikgkakaeaobg 711')
_ Ao T o e . e " 1—e
A2 (P —1;) MHP— 1)
1= i=1
RyhgRakaeoaoby Rykokskyeqaoby

4 ¥ =
R_ghg(Biag+R_y) 4 Ryks(R1@g+ Ry 4 koby) hoghy(Raagt ko) Raka(Rrag+ hoy + Rebo)
-+ kyka(kgtky)agh, + kaka(kg ki) agho
E+A|B

3

3
Z kqkakaeoagby(1 —Aifk ) (kg — M) (1 C»;,it) z Rykakgkaeqagho(t —As/k ;) —At
i=]

( (1—c 1)
A2(P—4) : A2 (P —24)
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TABLE VII

RATE CONSTANTS FOR THE ORDERED TERNARY COMPLEX MECHANISM, WITH &, by > a,
The values are the negatives of the roots of the polynominal

PP+ MP*+LP +Q=o0

with

M = kyeg + ko + Boby + kg + R4

L = (kg + ka) (R16g + k) + Rakyby + Eikaeoby

Q = kRykgboeq.

Premixing Formation of X Formation of Y

3 4
E|A|B = a f}ﬁ@o“obo e—lit Y= ay — Z __/ilkzkskAeo“nbo e—alz
E|d+B ° M(P—h) "L M)
or E4Bl4 =1 =1

3 4

Feykghao@obo(T — A [ - RiRoRakseotobo(1 — Aifk - -
E+A|B x:%hz 123000( 1/ l)elit y:ao‘z 1234000( 1/ 1)el.1t
(P —Ay) M(P—2)

i= i=1

The results for this case are easily analyzed to give %;, k_; and &,.

This ping pong bi bi mechanism is easily distinguished from the others on the
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 4 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 4 gives a more rapid
pre-steady state period; premixing of £ with B has no effect.

Random ternary-complex mechanism
Even the steady-state equation® 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

v
BN

E+X+Y

Fig. 4. The random ternary-complex mechanism.

E

‘\\/
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by the Laplace transform method, but would be useless for interpreting experimental

results.
On the qualitative side it can be noted that for this mechanism premixing of

E with either 4 or B will lead to no change in steady-state kinetics, but to an acceler-
ation of the pre-steady-state kinetics relative to E| A | B, E| A4 + B, ¢tc. This
allows a clear distinction of this mechanism from the other three, for which £ + B
premixing cannot increase rates (it may decrease them, if an abortive EB complex
is formed).

DISCUSSION

The main conclusions of the present work are summarized in Table VIII. They
can be further summarized as follows:

TABLE VIII

SUMMARY OF KINETIC EQUATIONS

Initial mixing conditions Formation of X  Formation of ¥  Remarks

Ej4\B; E|A + B, E + Bl4; ag, by > ¢ Biphasic Biphasic Steady state established

E 4+ A\B; ay, by > ¢ Biphasic Biphasic Faster rise to steady state

E|A\B; El4 + B; E 4+ B|A4; e, by > a4 Biphasic Triphasic No steady state

E + A{B; by, 24 > ay Biphasic Triphasic No steady state; faster risc

Ping pong bi bi :

E|A\B; E|A + B; E 4 BlA; ag, by > ¢, Triphasic Triphasic Steady state

E +4 A|B; ag, by > ¢ Triphasic Triphasic Faster rise to steady state

E|A|B; EJA + B, E + BlA4; ¢y, by > ay Biphasic Quadriphasic No steady state

E 4 A|B; eq, by > @ No further Biphasic No steady state; faster
formation of X production of Y

Ordered ternary complex

E|A|B; ElA + B, E + Bld; ay by > ¢ Triphasic Triphasic Steady state

E 4+ A|B; ay, by > e, Triphasic Triphasic Faster rise to steady state
EJA\B; E|A + B; A + Bj4; ey, by > ay Triphasic Quadriphasic No steady state

ID 4 A|B; ey, by > a, Triphasic Quadriphasic No steady state, faster risc

(1) When the concentration of E is limiting, there is always a steady state
preceded by a phase consisting of the sum of exponentials.

(2) When the concentration of the first substrate A is limiting there is no
steady state; the concentrations of X and Y rise to a limiting value equal to the
initial concentration of A, the rise being represented by the sum of exponentials.
(The case of B being limiting was also investigated, but no analytical solution appears
to be possible: presumably, there would again be no steady-state, the concentrations
of X and Y rising to the initial concentration of B.)

(3) Premixing of E and B affects the kinetics only in the case of the random
ternary-complex mechanism; it leads to more rapid initial reaction as compared
with E | A | B, efc.

(4) Premixing E and A leads to product (X) formation only in the case of the
ping pong mechanism.

(5) Premixing E and A followed by addition of B leads to more rapid initial
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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®-® have been carried out with horse
liver alcohol dehydrogenase, and in particular, Luisi and Favilla® have studied the
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 £ and 4
(co-enzyme), can be summarized as follows, with reference to the theoretical treat-
ment of the present paper:

(1) With ¢, > a, or b, 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 ITI if 4, and A, are
fairly close to one another. The exponential terms (amplitude factors) are then
approximately equal, leading to the result that a,/z will be produced initially followed
by the remaining ay/z.

(3) A similar result was found with a,, b, > ¢, and E + A | 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 ¢y, a4 and b,. This is predicted by the equations in Table II.

We conclude that the results are fully explained by the equations in Tables I1I
and IIT of the present paper, and that the transient-phase studies provide no evidence
for two catalytic sites.
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