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The catalysis of the hydration of fumarate and dehydration of J-malate by fumarase has been studied spectropliotometric-
ally over a range of substrate concentrations of 0.1 to 1074 M for /-malate and 0.1 to 3 X 1073 M for fumarate. When
fumarate is the substrate linear Lineweaver—Burk plots are obtained at low substrate concentrations, but at higher con-
centrations the velocities are greater than expected. This effect is interpreted in terms of the alteration of the catalytic
properties of the enzyme by the binding of substrate at neighboring sites which affect the enzymatic sites, Michaelis con-
stants and maximum initial velocities for both substrates have been determined at low substrate concentrations over a pH
range of 5.5 to 8.5 at phosphate buffer concentrations of 5, 13, 50, 60 and 133 mJ}{. Although the kinetic constants vary
considerably witli the pH and phosphate concentration this variation is such that the Haldane relation between the kinetic
constants for the two substrates and the equilibrium constant for the over-all reaction is always obeyed. The maximum
initial velocities ( V) increase with phosphate concentration and approach a value independent of phosphate concentration.
Plots of V vs. pH are quite symmetrical bell-shaped curves as would be expected for the case where there are two ionizable
groups in fumarase which are essential for its activity. The fact that the Michaelis constants (Kn) for both substrates vary
strongly with the pH and are nearly directly proportional to the concentration of phosphate buffer at a given pH shows that

they may not be given the usual simple interpretation.

The results are interpreted i1l terms of a mechanisin which allows

specifically for interaction between the enzyme and a component of the buffer,

The catalysis of the hydration of fumarate and
dehydration of -malate by fumarase may be conven-
iently studied over a wide range of substrate con-
centrations, pH and buffer concentration because
of the sensitivity of the spectrophotometric method
for studying this reaction. The activating effect of
phosphate and other ions on both the forward and
reverse reactions has been studied recently by Mas-
sey? who has reviewed the earlier literature on this
topic. The fact that various salts exert such dif-
ferent effects indicates that more than an ionic
strength effect is involved. The present investiga-
tion has shown that the Michaelis constants for
fumarate and /-malate vary considerably with the
concentration of phosphate buffer. Thusthe Mich-
aelis constants cannot be interpreted simply in
terms of (k, + k3)/k1 as provided by the Michaelis—
Menten®-Briggs—Haldane* theory. In order to
provide a theoretical basis for the interpretation of
buffer effects mechanisms involving buffer-enzyme
interactions have been treated.s In addition to
providing data on the effect of phosphate on the
kinetic constants, an objective of this investigation
has been to test the Haldane relation® between
maximum initial velocities, Michaelis constants
and the equilibrium constant for the over-all reac-
tion. This relation has already been found to be
obeyed by the fumarase reaction at pH 7.3 in 0.05
M sodium phosphate buffer at 25°.7

Experimental

Crystalline fumarase was isolated from pig heart muscle
by procedures developed in this Laboratory! and by the
method of Massey.8 Identical kinetic results have been ob~
tained with materials isolated by the two procedures.

The Beckman DUR spectrophotometer used in the kin-
etic measurements has been described earlier.” The meas-

(1) The preceding article in this series is C. Frieden, R. M. Bock
and R. A. Alberty, THIS JOURNAL, 76, 2482 (1954).

(2) V. Massey, Biochem. J., 83, 67 (1953).
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(4) G. E. Briggs and J. B. S. Haldane, Biochem. J., 19, 338 (1925).

(5) R. A. Alberty and R. M. Bock, Proc. Natl. Acad. Sci., 39, 895
(1953).

(6) J. B. 8. Haldane, “Enzymes,’’ Longmans, Green and Co., Lon-
domn, 1930, p. 81.

(7) R. M. Bock and R. A. Alberty, THis JOURNAL, 76, 1921 (1953).

(8) V. Massey, Biochem. J., 51, 490 (1952).

urements have been facilitated by the use of logarithmic
chart papers on which optical density is read directly.?

The values of the extinction coeflicients for disodium fu-
marate given in Table I were determined with fumarate pro-
duced enzymatically from /-malate and are felt to be more
accurate than values given earlier? since this method has the
advantage of eliminating errors from absorbing impurities
in fumaric acid. The determinations were made by pre-
paring a solution of /-malate in 0.005 M phosphate buffer of
pH 7.3, adding enzyme, allowing the reaction to come to
equilibrium and then measuring the optical density at a
series of wave lengths employing suitable blanks. Since
only ratios of extinction coefficients may be determined di-
rectly by this method, the values of €, have been calculated
using ego = 1.45mM."! cm.™17

TABLE I

MoLArR ExTINcTION COEFFICIENTS® FOR Di1sopruM FuMAk-
ATE AT 25° IN DILUTE PHOSPHATE BUFFER

A, €\

mu (mM. "t em, 71) €20/ €,
205 16.6 0.0876
210 15.1 .0964
220 9.30 .156
230 4.52 .321
240 2.44 .505
250 1.45 1.000
260 0.900 1.61
270 .535 2.71
280 278 5.22
290 .118 12.3
300 .0433 33.5

¢ Defined by ¢ = D/lc where D islog (Iy/I), !is the length
of the optical path through the cell in cm. and ¢ is couceu-
tration in mM.

In making kinetic measurements it has been found advan-
tageous to keep the stock solution of the enzyme in a dilute
phosphate buffer at 0°. A small volume (usually 0.2 ml.)
of the enzyme solution is pipetted rapidly into a solution of
substrate and buffer in a 3-ml. cuvette with a 1 cm. optical
path, and the contents mixed by capping the cuvette and
inverting it rapidly several times before placing it into the
spectrophotometer. In some experiments it was necessary
to correct for loss in enzymatic activity during a series of

(9) Two new types of optical density paper are available from the
Minneapolis~Honeywell Co.: No. 6304-N for 0-= density and No.
6300-N for 0-0.0969. For the use of both of these charts it is neces-
sary to set the zero of the recorder at 19, full scale. This has the
advantage of allowing a small amount of overtravel for the dark current
adjustment.
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velocity measurements. This was accomplished by re-
running a certain substrate concentration at intervals,
plotting these velocities vs. time and interpolating to obtain
the correction factors for the other experiments. All of the
experiments were at 25°,

As shown in the Appendix it is uecessary to obtain the
initial velocities within the first 1.7, reaction when /-malate
is the substrate or the first 7.8 reaction when fumarate is
the substrate if the reaction is a reversible first-order reac-
tion and it is desired to keep the error in a zero-order calcula-
tiou of the initial rate less than 5%. Larger extents of re-
action may be utilized in the zero-order calculation of the
rate at substrate concentrations which are of the order of
the Michaelis constant or greater. Fortunately, the sensi-
tivity of the analytical method is increased 380 times in
going from a wave length of 300 to 205 mu. However, the
lowest wave length which may be used at a given concentra-
tion of fumarate is limited by its absorption. An indication
of the wave lengths used at various substrate concentrations
is given in the Appendix.

In studying velocities over a wide range of phosphate and
substrate concentrations there is the problem of whether to
compare experiments at constant pH or constant ratio of the
two ionic forms of phosphate since the pK for phosphate
changes appreciably with concentration. Since the enzyme
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Fig. 1.—Plot of initial velocity of hydration of sodium
fumarate at 25° vs. pH for 0.133 M sodium phosphate buffers
aud five fumarate concentrations indicated inmd/. The top
curve represents the maximum initial velocity obtained by

extrapolation of Lineweaver-Burk plots.
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is a protein its activity varies markedly with pH, evenu in
ranges where phosphate is predominately in either the mono-
valent or divalent form. Therefore, the kinetic constants
reported were obtained from Lineweaver-Burk® plots at
constant pH and constant total phosphate coucentration.

In determining reaction velocities over a wide rauge of
substrate concentrations it is a common problem that the
pH values of the reaction mixtures in a series of experiments
are not identical. This problem is especially serious at low
buffer concentrations since the pH of the substrate solution
may be somewhat different from that of the buffer. In
order to avoid this problem and to obtain kinetic constauts
over a wide range of pH values, plots of initial velocities
25s. pH were constructed for a series of five or more substrate
concentrations. The pH values are those measured on the
initial reaction mixtures shortly after the velocity determina-
tion. Such a plot is shown in Fig. 1. Velocities at choseit
pH values are then interpolated from the graph and Line-
weaver-Burk plots are constructed to obtain the Michaelis
constant (Kn) and maximum initial velocity (V) at this
pH and buffer concentration. A further type of experiment
is required in order to compare the values of V for fumarate
and l-malate at a series of phosphate concentrations. In
this latter type of experiment velocities are determined at
several phosphate concentrations in a narrow range of pH
and a plot of V s. phosphate concentration at constant pH
is constructed. Having done this at one pH value the ve-
locity curves at the various phosphate concentrations are
normalized (that is, corrected to a common enzyme activity)
and V us. phosphate concentration plots obtained by inter-
polation.

Deviations from the Michaelis-Menten Rela-
tion.—Initial velocities of dehydration of /-malate
at approximately pH 6.5 and four phosphate con-
centrations have been determined over a 1000-fold
range of /-malate concentrations. The velocities
were corrected to exactly pH 6.50 by use of plots of
velocity vs. pH. The data for the range 0.33-10
mM are presented as a Lineweaver-Burk plot in
Fig. 2. Data for the complete range of [-malate
concentrations are given in Table II from which it
may be seen that there is inhibition at 100 mA.
If this substrate inhibition is iguored the data may
be represented by the Michaelis~Menten?® equation

14
= TF Ka/(S) W
where v is initial reaction velocity, Vis the maximun
initial velocity and Ky, is the Michaelis constant.
The calculated values of ¢ in Table II have been
obtained from equation 1 with ¥V = 7.7 at all phos-
phate concentrations and Km = 0.27, 0.38, 0.87
and 1.37 mM at 5, 15, 33.3 and 50 mM phosphate,
respectively. Since the maximum initial velocity
is independent of phosphate concentration above 5
mM at pH 6.5 the increase in the slopes of the Line-
weaver-Burk plots with phosphate concentration

v

TaBLE II

DEPENDENCE OF INITIAL RATE OF DEHVDRATION OF [-
MALATE AT 25° AND pH 6.5 oN I-MALATE AND PHOSPHATE

CONCENTRATIONS
—————————————Relative rates:

(M), 3 mM phos. 15 mM phos. 33.3 md/ phos. 50 mM phos.
mM Expt. Eq. 1 Expt. Eq.1 Expt. Eq.1 Expt. Eq.1
0.100 1.9 2.1 1.8 1.6 0.81 0.79 0.44 0.52
0.333 4.2 4.3 3.7 3.6 1.50 1.50
1.00 6.1 6.1 57 56 3.9 4.1
3.33 6.5 7.1 6.7 6.9 6.2 6.1 5.3 5.4
10.0 7.2 75 74 7.4 67 7.1 6.7 6.8
33.3 7.4 7.6 80 7.6 7.8 7.5 7.7 7.4

6.9 7.7 63 7.7 5.8 7.6 53 7.6

100

(10) H. Lineweaver and D. Burk, THIs Jour~aL, 66, 658 (1934).
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Fig. 2.—Plot of reciprocal initial velocity #s. reciprocal l-malate concentration at pH 6.5 and 25° for the indicated phosphate
concentrations (mM).

suggests, according to the simple Michaelis-Menten
theory, that phosphate is acting as a competitive
inhibitor. However, an activating effect by phos-
phate may also be demonstrated by use of phos-
phate concentrations below 5 mA/.?

Initial velocities of hydration of fumarate at pH
6.5 at the same four phosphate concentrations have
been determined over a 3000-fold range of fumarate

of empirical equation which may be used to repre-
sent the variation of initial rate with substrate
concentration is

_ V + a/(8)
T 14 b/(S) + c/(5)?

where V, @, b and ¢ are constants for a particular
buffer, pH and temperature and ¥V and ¢ are di-

2

v

concentrations, and the data are given in Table III. rectly proportional to enzyme concentration. In
TasLg III
DEPENDENCE OF INITIAL RATE OF HYDRATION OF FUMARATE AT 25° AND pH 6.50 oN FUMARATE AND PHOSPHATE CONCEN-
TRATIONS
Relative rates®
(F). 5 mM phos. 15 m M phos. 33.3 mM phos. 50 mM phos.
mM Expt. Eq. 1 Eq. 3 Expt. Eq. 1 Eq. Expt. Eq. 1 Eq. 3 Expt. Eq. 1 Eq. 3
0.033 0.79 0.79 0.82 0.60 0.55 0.56
.100 4.4 4.2 4.2 2.7 2.7 2.8 2.20 2.16 2.25 1.48 1.57 1.60
.333 6.7 6.9 7.0 8.3 6.4 6.6 5.4 5.4 5.7 4.4 4.5 4.4
1.00 9.0 8.5 9.0 11.5 10.5 11.0 9.8 9.5 10.4 9.3 9.3 9.5
3.33 10.9 9.2 10.8 14.9 13.5 15.2 15.4 13.0 15.5 14.8 15.0 15.8
10.0 12.8 9.4 13. 18.8 14.7 18.5 20.2 14.5 19.8 20.2 18.2 20.1
33.3 16.4 9.5 17.3 21.7 15.2 21.9 24.0 15.2 24,2 22.9 19.6 23.0
100 8.3 9.5 20.4 9. 15.3 24. 10.6 15.3 26.9 13.2 20.0 24 .4

@ The enzyme concentration used here is different than for Table II.

In the range below 1 mM fumarate the data may be
represented quite well by equation 1 as shown in
Table III. However, at higher fumarate concen-
trations the initial velocities are greater than ex-
pected from the kinetic constants obtained at low
substrate concentrations. The curvature of the
Lineweaver—Burk plots of the data for the range 1-
33 mM fumarate is shown in Fig. 3. This ac-
tivation is believed to result from the binding of sub-
strate at sites on the enzyme molecule which have
an effect upon the enzymatic sites. If the inhibi-
tion at 0.1 M fumarate is ignored, the simplest type

their investigations of the mechanism of action of
urease, Kistiakowsky and Rosenberg!! found devi-
ations from the Michaelis-Menten equation which
may also be represented by equation 2. They
have pointed out that this type of rate equation
results if there are two types of enzymatic sites
which are either different and independent or which
are identical but interact in pairs. In view of the
activation of fumarase by various ifons, including
phosphate, activation by substrate itself appears to

(11) G. B. Kistiakowsky and A. J. Rosenberg, Tuis JournaL, 74,
5020 (1952).
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Fig. 3.—Plot of reciprocal initial velocity vs. reciprocal
fumarate concentration (at pH 6.5 and 25° for the indicated
phosphate concentrations (mAf)). The curves have been
calculated frotn equation 3 using the values of the kinetic
constants given in Table IV,

be responsible for curvature in the present case.
Mechanisms allowing for substrate activations also
vield rate equation 2.

It is characteristic of equation 2 that linear Line-
weaver-Burk plots with different slopes are ap-
proached at very high and very low substrate con-
centrations. Thus the data may be characterized
by four constants of the Michaelis type, V; and K;
at low substrate concentrations and V, and K, at
high substrate concentrations. Equation 2 may be
expressed in terins of these constants by

_ Ve + ViKe/(1 — Vi/VaX(S) s
T 14 K/(1 — Vi/T2)S) + KiKy/(1 = Vi/V,)(8)*
(3)

As (S) = 0, equation 3 becomes v = V,/(1 + K/
(8)), while as (S) = =, it becomes v = V,/(1 +
K,/(8)). The curves in Fig. 3 have been calcu-
lated from equation 3 using the values of the con-
stants given in Table IV,

v

TaApLe 1V

KineT1c CONSTANTS FOR THE INITIAL RATE OF HYDRATION
oF FUMARATE AT pH 6.5 AND 25°

Phos. conen.,, mM 5 15 33.3 50
Vi 9.5 15.4 15.4 20.3
Ky, mM 0.13 0.47 0.62 1.19
Vs 23 25 29 25
K, mM 14.0 6.6 7.3 3.9

Values of v calculated from equation 3 are also
given in Table III to show that this equation satis-
factorily represents the data if the substrate inhi-
bition at 100 mM is ignored. It is interesting that
Va2 is independent of phosphate concentration
within the accuracy of these rather limited data.
This is in accord with the idea of substrate activa-

R. A, ALperry, V. Massgy, C. FRIEDEN AND A, R. FUHLBRIGGE
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tion since at (S8) = o buffer will be completely
displaced from the activating sites, and so the rate
would be expected to be independent of buffer
concentration.

The constants 1y and K; are considered to be
characteristic of the enzyme which is in equilibritn
with the buffer and does not have substrate bound
at activating sites, The argument for this is sim-
ply based on the fact that no further deviations
from linearity are encountered at the lowest sub-
strate concentrations at which experiments are
feasible with our present techniques. When the
terms Michaelis constant and maximum initial
velocity are used later in this article they apply to
values obtained from the linear sections of Line-
weaver-Burk plots at low substrate concentrations
(Kl and Vl)

Variation of Michaelis Constants and Maximum
Initial Velocities with Phosphate Concentration.—
The values of Vy for fumarate increase with phos-
phate concentration to a maximum value as illus-
trated in Fig. 4. The experimental results may be
represented by an empirical equation of the type

y _ VoKn & Vo®)
K + (B)

where V, is the maximum initial velocity in the ab-
sence of buffer and Vp is the value approached at
high phosphate concentrations. Since Kp is equal
to the buffer concentration at which V = (Vo +
V8)/2, it will be referred to as the Michaelis con-
stant for the buffer. The values of Kg for fuma-
rate experiments as obtained from plots of 1/(V —
7)) vs. 1/(B) fall in the range 20-30 mM from pH
6-8.5.

(4)

150

100

Maximum initial velocity.

50

0 4 1
0 50 100 150
(Phosphate), mM.
Fig. 4.—Plot of maximum initial velocities of hydration
of fumarate vs. the concentration of sodium phosphate buffer
for four pH values.
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In the case of -malate the maximumn initial veloc-
ity (Vm) is independent of phosphate concentra-
tion above 5 mM at pH 6, 6.5and 7. Thus at these
pH values, K < 5 mM, as may be shown by use of
lower phosphate concentrations. The fact that
VM is independent of phosphate concentration from
5 to 133 mM within our experimental error makes it
unnecessary to consider ionic strength effects.
Massey? has shown that the effects of various salts
on the maximum initial velocity are quite specific
since the pH optimun is shifted to different extents
by different salts. It is important to note that the
decrease in initial velocity at most finite substrate
concentrations at high phosphate concentrations
previously noted? and found throughout this study
is not an ionic strength effect but results from the
fact that the Michaelis constant continues to in-
crease with increasing phosphate concentration be-
yond the concentration at which V; remains con-
stant. As would be expected it is found that this
inhibitory effect of phosphate increases as the sub-
strate concentration is decreased; that is, besides
being an activator phosphate also acts as a com-
petitive inhibitor (¢f. Figs. 2 and 3).

At pH values above 7-7.5, VM increases with the
phosphate concentration, and Kp is about 30 mM
at pH 8 to 8.5. The fact that different values for
Kp are obtained for the two substrates at lower pH
values indicates that Kp cannot be interpreted as a
simple dissociation constant for an enzyme-buffer
complex. A theoretical basis for equation 4 is pro-
vided by the mechanism discussed later which
shows why Kg may be expected to be different for
the forward and reverse reactions.

The Michaelis constants for both substrates be-
low pH 8 are directly proportional to the phosphate
buffer concentration over the range 5 to 133 ma/
as illustrated in Fig. 5. Above this pH value there
is some downward curvature. This is in marked
contrast to the variation of V; with phosphate
concentration. The fact that the plots of K vs.
phosphate concentration extrapolate to Michaelis

.
7k

100

150
(Phosphate), mM.
Fig. 5.—Plot of the Michaelis constants for J-malate (Q)

and fumarate (X ) vs. the concentration of sodium phosphate
buffer at pH 7.0.
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constants in the range below 0.1 mM at zero phos-
phate concentration shows that the affinity of
fumarate and /-malate is much greater than indi-
cated by the values of Michaelis constants in phos-
phate buffers. Accurate values of Kj in the ab-
sence of buffer cannot be obtained by extrapolation
of values above 5 mM phosphate. This indication
that the Michaelis constants in the absence of phos-
phate are so low is in agreement with the fact that
the Michaelis constants in tris-(hydroxymethyl)-
aminomethane chloride buffer of pH 7 are extremely
low, too low to be measured accurately by the tech-
nique described in this paper.

Variation of Michaelis Constants with pH.—
The pH variation of the kinetic constants may be
attributed to ionization of the enzyme, enzyme-
substrate complexes, enzyme-buffer complexes,
substrate and buffer. In the pH range investi-
gated the effect of ionization of the substrates is
undoubtedly quite negligible since the pK values

5 ] I !
4t 4
5
0
=
i 5 N
&3 .
2
| o 60
2 133 -]
)
1 | ] |
5 6 7 8 9
pH.

Fig. 6.—Plot of —log Ku »s. pH at 25° for four sodium
phosphate concentrations (m3{).

—logww KF
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pH.

Fig. 7.—Plot of —log K vs. pH at 25° for four sodium phos-
phate buffer concentrations (mAf).
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for the second dissociations of fumarate and I-
malate at 0.1 ionic strength and 25° are 4.18 and
4.73," respectively. The variation of the Michaelis
constants with pH is shown in Fig. 6 for l-malate
and Fig. 7 for fumarate. Following the suggestion
of Dixon!? the data are presented as plots of —log
Ki ws. pH. Dixon has discussed the use of such
plots in the calculation of ionization constants of
groups in the enzyme and enzyme-substrate com-
plex. In Figs. 6 and 7 there are no regions in
which the slopes are unity as would be expected
from Dixon’s theory if the pK’s for ionizable groups
were well separated. In the case of fumarase in
phosphate buffer a more complicated theory is
required since phosphate acts as an inhibitor, and
the situation is further complicated by the fact that
the ratio of the two forms of phosphate changes
with pH. The fact that experiments with sodium,
potassium and ammonium salts yield identical re-
sults indicate that it is the binding of H,PO,— and
HPO4™ which affects the properties of the enzyme.
In general, it must be expected that the effect of
bound H,PO,~ will be different from bound HPO,~
so that different ions may be responsible for the ac-
tivating and inhibiting effects at high and low pH
values. Thus a buffer utilizing tris-(hydroxy-
methyl)-aminomethane has the advantage over
phosphate that the concentration of a single anion
may be held constant over a wide range of pH.

In order to provide for the effect of buffer upon
the variation of kinetic constants with pH, mecha-
nisms involving both hydrogen ions and buffer ions
have been considered and are discussed in the
following paper.!3

Variation of Maximum Initial Velocities with
pH.—In the case of fumarase the interpretation of
the pH variation of V, is simpler than the inter-
pretation of Kj, since V), is independent of phos-

200 T T T T BRE

= 100

pH —.

Fig. 8.—Plot of Vr and Vu at 133 mM phosphate and 25°
2s. pH. The solid curves are calctilated from equation 5
using pKa 5.9 and pKy 7.7 for fumarate and pKs 7.3 and pKb
8.5 for I-malate.

(12) M. Dixzon, Biochem. J., B6, 161 (1953).
(13) R. A. Alberty, THIS JOURNAL, 76, 2494 (1954).
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phate concentration at high concentrations. Plots
of maximum initial velocity vs. pH are quite sym-
metrical for both substrates as illustrated in Fig. 8.
Michaelis and Davidsohn!* and Michaelis and
Pechstein!® suggested that such reversible loss of
catalytic activity may result from ionization of
acidic and basic groups of the enzyme. The mathe-
matical formulation of their hypothesis leads!®to the

equation
_ Vmax(l + 2 V Kb/Kn) (5)
T 1+ (HY)/K. + K/(HY)

where Vimax is the maximum initial velocity at the
optimum pH, and K. and Ky are acid dissociation
constants for groups in the enzyme molecule when
it is saturated with substrate. The curves in Fig. §
have been drawn according to equation 5 with val-
ues of Ky and Ky, determined from the data by the
method described earlier.16

The interpretation of the variation of maximumn
initial velocity with pH for fumarase in phosphate
buffers has been discussed by Massey and Alberty.!?
The pK. for enzyme saturated with [-malate is
about 7.3 independent of phosphate concentration
above 5 mM which is considerably higher than the
corresponding value of about 5.8 for fumarate which
is also independent of phosphate concentration.
The pKyp for enzyme saturated with /-malate is
about 8.5 independent of phosphate concentration
above 5 mM, while the corresponding value for
fumarate increases from 7.3 to 7.7 as the phosphate
concentration is increased from 5 to 133 mAM/. Thus
the two substrates have quite different effects upon
the ionization of essential groups of the enzyme.

Test of the Haldane Relation.—The relationship
between the two Michaelis constants, two maxi-
mum initial velocities and the over-all equilibrium
constant for a simple reaction F = M which is
catalyzed by an enzyme was derived by Haldane®
and is given by equation 6.

= M)eq _ VeKy
" (Fleg  VuKr
This relation has been found to be obeyed by the
fumarase-catalyzed reaction in 0.05 M phosphate
buffer of pH 7.3 at 25°.7 One of the possible cor-
responding relations for a reaction involving a co-
enzyme!® has been tested by Kornberg!® for the re-
action: nicotinamide mononucleotide + ATP &
DPN -+ inorganic pyrophosphate. In discussing
the agreement between the calculated value of
the equilibrium constant of 0.12 and the experi-
mental values which range from 0.27 to 0.61,
Kornberg pointed out that such a discrepancy may
result from rather small errors in experimental val-
ues and that a simpler reaction such as that cata-
lyzed by fumarase offers a more favorable oppor-
tunity for testing equation 6.

Since the derivation of equation 6 makes no
provision for the variation of Michaelis constants
and maximum initial velocities with buffer con-
centration or pH it is apparent that the derivation

(14) L. Michaelis and H. Davidsohn, Biochem. Z., 36, 386 (1911),

(15) L. Michaelis and H. Pechstein, $b7d., §9, 77 (1914).

(16) R. A. Alberty and V. Massey, Biochem. Biophys. Acta, in press.

(17) V. Massey and R, A. Alberty, ibid., in press.

(18) R. A. Alberty, Tuis JournaL, 78, 1928 (1953).
(19) A. Kornberg, J. Biol. Chem., 182, 779 (1950).

12

Keq (6)
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TABLE V
Rar1os oF MaxmMuMm INITIAL VELOCITIES ( VF/Vu), MIcHAELIS CONSTANTS (Ky AND Kr 1N mM) axp EguirisriuM CoN-
STANTS CALCULATED WITH THE HALDANE RELATIONSHIP AT S1X CONCENTRATIONS OF SODIUM PHOSPHATE BUFFERS AT 25°

5 mM -15 mM- 33.3 mM
pH Ve/Vu Ku f) Keq Ve/Vu Kum Kp Keq Ve/Vu Ku Kr Keq
5.5 10.0 0.21 0.21 10.0
6.0 4.65 0.05 0.050 4.7 8.3 0.072 0.27 2.3 7.85 .40 .53 6.0
6.5 3.10 .13 .090 4.5 4.1 0.40 .33 4.9 4.67 T7 72 5.0
7.0 1.30 .22 .085 3.4 1.6 1.00 .35 4.6 2.28 1.59 .87 4.2
7.5 0.55 .52 .082 3.5 0.57 2.33 .28 4.8 1.05 3.03 .74 4.3
8.0 .21 1.8 .082 4.6 .266 4.1 .21 5.2 0.425 6.25 .54 4.9
8.5 .08 2.8 072 3.1 .114 7.4 .15 5.6 0.16 12.5 .50 4.0

50 mM 60 mM 133 mM
5.5 16.6 0.25 0.98 4.3 12.7 1.24 1.90 8.3
6.0 9.75 0.87 1.35 6.3 9.2 1.82 2.70 6.2
6.5 4.7 0.94 1.10 4.8 5.65 1.64 1.70 5.4 5.8 2.67 3.33 4.7
7.0 2.7 1.50 1.21 3.4 2.72 3.33 1.96 4.6 2.38 6.7 3.33 4.8
7.5 0.95 2.82 0.89 3.0 0.95 6.7 1.32 4.8 0.92 11.8 2.22 4.9
8.0 0.52 4,96 0.72 3.6 .41 10 0.75 5.4 425 16.7 1.28 5.5
8.5 .25 15 0.75 5.0 .285 33 1.28 7.3

represents a considerable oversimplification of the
actual situation. It is, therefore, especially inter-
esting to find experimentally that equation 6 is
obeyed over a wide range of pH and buffer con-
centration provided the kinetic constants are cal-
culated from the linear portions of the Lineweaver—
Burk plots at low substrate concerntrations. Values
of the equilibrium constant for the over-all reaction
calculated from the kinetic data using equation 6
are given in Table V. The average of all these
values is K¢q = 4.7 with a standard deviation of
1.4. Since the data at pH 6.0 and 5.5 are more
erratic the average also has been computed after
excluding these data, and 4.4 = 0.9 is obtained.
Although the directly determined value for the
equilibrium constant varies with the phosphate
concentration the average value calculated from
the kinetic data may be compared with the value
at 50 mM phosphate which is Keq = 4.5.7 The
large standard deviation for the values of Keq
calculated from the Haldane relation results from
the accumulation of errors in the determination of
the four kinetic constants.

Since there is evidentlv negligible activating
effect by substrate at sufficiently low substrate
concentrations so that the Lineweaver-Burk plots
are linear, the maximum initial velocities and
Michaelis constants obtained in this region are
characteristic of the enzyme activated only by
buffer. It isapparent from the discussion of mech-
anisms which follows why the Haldane relation
is not obeyed by the kinetic constants determined
at high substrate concentrations where there is
substrate activation. At high substrate concen-
trations the enzyme is partially, or completely,
activated by substrate and so the kinetic properties
of the enzyme are different when the forward and
reverse reactions are studied.

According to the derivation the Haldane relation
vields the apparent equilibrium constant at the
pPH and salt concentration used. Although the
variation of K.q with phosphate concentration at
constant pH is too small to be detected by VKm/
VMKF, the variation of Keq with pH is sufficiently
large so that it may be demonstrated.” Xrebs®

(20) H. A. Krebs, Biockem. J., 64, 78 (1958).

has recently discussed the calculation of the pH
variation of the apparent equilibrium constant for
the fumarase reaction. Table VI gives the kinetic
constantsat twolow pH values in phosphate buffers.
It is seen that the Haldane relation yields values of
Keq in agreement with the theoretical values at
these pH values. The indicated range in the theo-
retical Keq is due to the uncertainty (£0.05 in pK)
in the second ionization constants of fumaric and
l-malic acids.” The indicated uncertainty in the
equilibriutit constant calculated from the Haldane
relation would result from a 59 error in each of
the four kinetic constants.

TaBLs VI

KinETICc CONSTANTS FOR FUMARASE IN 0.05 M Sopium
PHOSPHATE BUFFERS AT 25°

K,

K, K
m\ Haldane

pH Ve/Vu mM Theoret.

5.25 15.8 0.43 0.13 4.8+1.0 5.1-5.6

4.40 15,0 0.37 0.31 12.5=£2.7 7.4-10.2
Mechanism

If in addition to the basic Michaelis~-Menten
mechanism for the reaction of enzyme, E, and sub-
strate, S, to yield product, P

Krg kb
E+S<T=ES—>E+P (1)

a component, B, of the buffer (other than hydrogen
or hydroxyl ions) competes with substrate for the
enzymatic site
Krs
E+ B — EB (11)
and is also bound at another site at which it affects
the kinetic constants

Kpp
E+ B = BE (I1I)
the following reactions may be important.
Kxg I
BE+S 2 BES—> BE+ P (IV)

Kpps
BE + B _5 > BEB V)

The substance written at the right of E in a complex
is bound at the enzymatic site while the substance
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written to the left is bound at a neighboring site at
which it has an effect on the enzymatic site. If the
substrate competes with B for the non-enzymatic
site the following steps also must be included.

Ksg
E+S > SE (VI)
Kses ks
SE+ S ~ SES—>SE+ P (VID)
Ksrp
SE + B _—> SEB (VIII)

It is unnecessary to include steps such as ES +
B = BES since they are not independent of the
above equilibria. The niechanism represented by
reactions (I)-(VII) has previously been treated
by Alberty and Bock?® using the rapid-equilibrium
method. The form of the rate equation obtained
by the steady-state method is the same, but the
constants (K) for complexes which dissociate
to yield product are not equilibrium constants but
of the type derived by Briggs and Haldane.? If S
>> (E)o and (B) >> (E),, where (E,) is the total
molar concentration of enzymatic sites, the assump-
tion that d(ES)/dt = d(BES)/d¢ = d(SES)/d¢ = 0
for the mechanism (I)-(VIII) leads to equation 3
for the initial velocity with
Vi = k(E)
1 4+ kKrs(B)/k1KneKsrs (

1 + Kes/Kse + Kes (B)(1/KeeKpes + 1/KspKsrs)
Ki: = Krs

1+ (B)1/Kpr + 1/Kgp ) + (B)*/KeeKpen (8)
1 + Kps/Ksp+ Krs(B)1/KpeKprs + 1/KseKses)
Ve = ks(Eo 9)
K = KseKsrs{(1 — ki/k:)/Kes + 1/Ksg +

7)

(B) [(1 — ko/ks)/KpeKprs + 1/KseKsesl} (10)
0.3 ! I ]
0.2 —
_ M
[
[=9
5
151
0.1 —
F
0 | ] d1_
5 6 7 8 9

pH.

Fig. 9.—Initial slopes of plots of Kr and Ku vs. phosphate
concentration at 25°.
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where I\,EB, KBE: KBEBy KSE and I&’SEB are dis-
sociation constants for the equilibria II, IIL, V,
VI, and VIII while Kgs, Kars and Kgsgs are Mich-
aelis constants of the Briggs—-Haldane type. Thus
this mechanism leads to a rate equation of the exact
form found to represent the data for fumarase.

Since the Mlichaelis constants and maximum
initial velocities reported in this paper have been
computed from the linear regions of Lineweaver—
Burk plots at low substrate concentrations, the
variation of these kinetic constants with buffer
concentration should be expressed by equations 7
and 8. Equation 7 has the same form as the
empirical relation 4 found to represent V; as a
function of phosphate concentration. The empiri-
cal coustants of equation 4 are related to the equilib-
rium constants and rate constants of mechanism
(I)-(VIII) by

E(E)

S 190, — 1
Vo = TF Kuo/Ker (11)
, ky(E) .

= 12
Vo =1 + KpeKprs/KseKsen (12)
Kp = 1/Kes + 1/Kse (13)

1/KseKses + 1/KpeKsEs

Since the expression for Kg includes equilibrium
constants involving substrate, it is not surprising
that Kp has different values for fumarate and [-
malate. According to mechanism (I)-(VIII), V»
is independent of buffer concentration because at
infinite substrate concentration B is displaced from
both the enzymatic and neighboring sites by S,
and this is borne out by the rather limited data on
fumarate (Fig. 3).

The fact that Kj is found to increase with phos-
phate concentration over the whole pH range in-
vestigated is in agreement with equation 8. If
it were not for the (B)? term in the numerator,
resulting from step V in the mechanism, the varia-
tion of K; with pliosphate concentration would
closely resemble the variation of Vi. It is found
that the values of K; for fumarate and [-malate
are linear functions of phosphate concentration,
except in the region pH 8-8.5 where the plots are
concave downward for both substrates. The
initial slopes of the plots of Ky and K vs. phosphate
concentration are given in Fig. 9 as a function of
pH to show the different behavior of the two
substrates.

According to equation 10 the value of K is
expected to be a linear function of buffer concen-
tration, and the fact that K. for fumarate de-
creases with increasing phosphate concentration
at pH 6.5 indicates that &, is enough larger than k;
to make the coefficient of (B) negative.

Derivation of the Haldane Relation for the Case
that Buffer Affects the Kinetics.—In order to al-
low for the reverse reaction, steps I and IV of the
mechanism are rewritten

Kgr kip Kev
E+F —ZEFZEM_ > E+M (I)
kv
Kypgpw kay Kpex
BE+ F__”>BEF_>BEM__>BE+ M (IV)
kou

If the expressions for ¥y and K; (with F or M sub-
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stituted for S) are substituted for Vg, VM, Kr and
Ky in equation 6
K. = VeKy _ kirKeu(1 + krKer(B)/k:rKpeKser)
e VuKr  knKeum(l + kouKew(B)/biuKpeKpem)
(14)

It is obvious that equation 14 is equal to the ratio
of the equilibrium concentrations of M and F for
the cases that (B) = 0 and (B) = = since

_ (M)eq _ 21pKeym _ FerKpem
1" (Flea kwmKer  kmKprr

but it may also be seen that equation 14 should
give the equilibrium constant at any value of buffer
concentration since the coefficients of the (B) terms
in the numerator and denominator of 14 are iden-
tical according to 15.

On the other hand, it is not possible to relate the
kinetic constants at high substrate concentration
(K, and Vs) with the equilibrium constant for the
over-all reaction. If there is substrate activation
the kinetic constants obtained with one substrate
will be characteristic of enzyme activated by that
substrate, while the kinetic constants for the
reverse reaction will be characteristic of the enzyme
activated by the other substrate. When this is the
case there will be no simple connection between the
kinetic constants for the forward and reverse re-
actions.

K (15)

Appendix

In determining Michaelis constants it is important to ob-
tain truly ¢nitial rates since the derivations of rate equations
are all based upon this assumption. The following deriva-
tion shows the conditions under which this may be accom-
plished in the case of a reversible reaction like that catalyzed
by fumarase. The greatest difficulty is encountered at the
lowest substrate concentrations where the reaction is nearly

first order. Under these conditions the over-all reaction may
be represented by the reversible first-order reaction
ki
FZ=M (186)
ko
For this case the differential equation is
dx/dt = ki(co ~ %) — kex = kilco — (1 + Keq~Vx] (17)

where ¢y is the initial concentration of F, x is the concentra-
tion of M at any time and K¢q = ki/ks. Integration yields
the concentration of M.

x = co[l — e~Ftl + K =[] + K~lq]71  (18)

For low extents of reaction the initial velocity may be cal-
culated from x/¢, whereas the true initial velocity is dx/d¢ =
kico. In order that the initial velocity calculated from
x/t be within 5%, of the true initial velocity, it is necessary
for the ratio x/kicot be not less than 0.95. Introduction of
equation 18 yields

KiINETIC CONSTANTS: CONCENTRATION AND pH OF PHOSPHATE BUFFERS
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1 — g—kll(l + Keq—1)
Bl + Keg™)

The value of k¢ for which the ratio is 0.95 is 0.10 when fu-
marate is the substrate (¢.e., Koq = 4.5). Substitution of
Eit = 0.10 into equation 18 leads to the conclusion that the
extent of reaction must not be allowed to exceed 7.89 if it
is desired to obtain the initial velocity with an error of less
than 5% by a zero-order calculation. When /-malate is the
substrate (¢.e., Keq = 1/4.5) a similar calculation shows
that only the first 1.79, of the reaction may be used because
of the unfavorable equilibrium.

0.95 < (19)

TaABLE VII
INiTIAL CONCENTRATIONS OF FUMARATE AND [-MALATE
FOR WHICH 7.89% AND 1.79, REACTION, RESPECTIVELY,
CORRESPOND TO AD) = 0.1

A, (F), M), (F), (M),
mu mM mM mu M\ mi
205 0.077 0.35 260 1.4 6.5
210 .085 .39 270 2.4 11
220 .14 .63 280 4.6 21
230 .28 1.3 290 11 50
240 .53 2.4 300 30 136
250 .88 4.1 -

The initial concentrations of fumarate and J-malate for
which 7.8% and 1.7% reaction, respectively, correspond
to changes in optical density of 0.1 at various wave lengths
are given in Table VII. The full width of the 80-1009,
scale of the recorder represents an optical density of 0.097.
The optical density for the concentration of fumarate at
each wave length is 1.3, and so it may be seen that the fu-
marate concentrations given cannot be greatly exceeded be-
cause of the large light absorption. Since it is necessary to
obtain a change of AD X 103 of about 20 in 20 seconds in
order to obtain a satisfactory rate measurement with the
present apparatus, and about 10 seconds are required for
mixing, it may be seen that it is not possible to obtain satis-
factory rate measurements at fumarate concentrations be-
low about 0.02 mM or /-malate concentrations below 0.1
mM without employing longer cells.

The values given in Table VII apply with exactness only
at such low substrate concentrations that the reaction is
first order and larger extents of reaction may generally be
used at concentrations in the neighborhood of the Michaelis
constant or greater. However, since effects such as inhibi-
tion by product may cause the rate to drop off faster than
it otherwise would,?! it is desirable to use as small extent re-
action as possible in determining the initial velocity.

Acknowledgment.—The authors are indebted
to Dr. Robert M. Bock for many helpful discus-
sions. This research was aided by grants from the
National Science Foundation, the Eli Lilly Co.,
and the Research Committee of the Graduate
School of the University of Wisconsin from funds
supplied by the Wisconsin Alumni Research Founda-
tion.

MADISON, WISCONSIN

(21) H. T. Huang and C. Niemann, TrIs JourxAL, 73, 1541 (1951),



