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a pK,' of 5.65, which they obtained from a pH-activity
curve, was associated with the reduced FMN bound to
the enzyme. Since these measurements were per-
formed at substrate concentrations close to saturation,
any assignment to groups in the free enzyme is highly
speculative (see Alberty, 1956, and Krupka and
Laidler, 1960, for a more complete discussion of this
point.) A pK,’ of 5.68 has been obtained by us from
a pH-activity curve at near saturating substrate levels
and a pK,' of 6.3 from a pH-activity curve at non-
saturating substrate levels. The pK,’ determined
under the latter conditions more nearly approximated
the true pK,' of the free enzyme, as shown by the re-
sults reported here (in agreement also with the theoreti-
cal discussion given by Krupka and Laidler, 1960).
In any event, bonding of a base on the enzyme to the
hydroxyl proton of a carbinol substrate, followed by
the formation of the conjugate acid simultaneously
with the dehydrogenation proper (equation 3), may
well be a characteristic feature of most dehydrogenase
mechanisms.
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Detailed initial rate kinetic studies of substrate inhibition by oxalacetate, at pH 8.0 in 0.05 M
Tris acetate buffer, are reported. Substrate inhibition by oxalacetate occurs at concentrations
above approximately 2.5 X 10 —* M when the DPNH concentrationis 1 X 10-*M or less. The
experimental data are consistent with a reaction mechanism involving competitive inhibition
by the formation of an inactive E-oxalacetate complex, and independent uncompetitive inhibi-

tion by the formation of an E-DPN-oxalacetate complex.

evaluating kinetic parameters is presented.

Initial rate studies of a considerable number of en-
zymes have shown that deviations from the predictions
of the Michaelis-Menten theory are surprisingly com-
mon at relatively high substrate concentrations. Two
fundamentally different types of deviation are ob-
served. In the first type of deviation the reaction rate
is apparently inhibited at high substrate concentration.
The second, less commonly observed deviation is that

* This investigation was supported in part by Public
Health Service Research Grant No. H 3226 from the
Natonal Heart Institute.

A previously unpublished method of

in which the reaction is apparently accelerated at rela-
tively high substrate concentrations. These deviations
have come to be known as ‘‘substrate inhibition”” and
“substrate activation” respectively.

Substrate activation or inhibition is observed in
various types of enzymes, including hydrolases, trans-
ferases, and oxidoreductases. Moreover, the number
of substrates participating in the reaction seems to
have no obvious relationship to the occurrence of this
anomalous behavior. For example, Wolf and Nie-
mann (1959) have observed substrate activation of the
enzyme a-chymotrypsin by the substrate methylace-
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turate, Frieden (1959) has observed substrate activa-
tion of glutamic dehydrogenase by high concentrations
of glutamate, Wold and Ballou (1957) have reported
substrate inhibition of the enzyme enolase by glyceric
acid 2-phosphate, and Bodansky (1961) has reported
substrate inhibition of phosphoglucomutase. Other
examples too numerous to mention are present in the
literature.

Previous studies of malic dehydrogenase by Wolfe
(1955), Davies and Kun (1957), Pfleiderer and Hohn-
holz (1959), and Siegel and Englard (1960) have shown
that high substrate concentrations produce activation
or inhibition. More recently Raval and Wolfe (1962a)
have shown that substrate inhibition of malic dehy-
drogenase is produced by DPN, DPNH, and oxalace-
tate. Substrate activation of malic dehydrogenase by
high concentrations of malate was also reported.

The relatively common and apparently indiscriminate
occurrence of substrate activation and inhibition among
a variety of enzymes suggests that this behavior may in
some way be related to the poorly understood proper-
ties of enzymes as catalysts. Consequently, detailed
studies of substrate inhibition and activation of malic
dehydrogenase were undertaken.
of this study, substrate inhibition by oxalacetate, are
presented in this communication.

EXPERIMENTAL PROCEDURE

Tris 121! and DPNH were obtained from the Sigma
Chemical Company. Ozxalacetic acid was obtained
from the California Corporation for Biochemical Re-
search, and reagent-grade sodium sulfate was obtained
from Baker and Adamson.

The enzyme isolation and assay methods used were
identical to those described previously (Raval and
Wolfe, 1962a). Since it was desirable to study the
influence of oxalacetate at high concentrations, the
DPNH concentrations employed were restricted to a
range in which they produced no substrate inhibition.
Ozxalacetate concentration was varied over a wide range
so as to cover (i) the concentration range in which
initial velocity was in agreement with the predictions
of the Michaelis-Menten theory, and (i) the concen-
tration range which produced substrate inhibition by
oxalacetate of up to 90%.

Initial rate kinetic studies of monovalent (Tris
acetate) and divalent (sodium sulfate) anions were car-
ried out to study possible nonspecific ionic strength
effects. The maximum ionic strength used in this
ionic strength study was greater than that produced
by the highest oxalacetate concentration as outlined
above.

All kinetic measurements were carried out at pH
8.0 in Tris acetate buffer which was 0.05 M with respect
to acetate (ionic strength was 0.05). The tempera-
ture was held constant at 25° in all experiments. Trip-
licate assays were made at each substrate concentra-
tion.

An IBM 1620 computer was used in the statistical
analysis of all data by the method of Wilkinson (1961).
A least squares fit to a hyperbola program was used in
evaluating the apparent values of the kinetic param-
eters at fixed concentrations of the second substrate.
Employing data taken at oxalacetate concentrations
less than 2.5 X 104 M, the output from the hyperbola

! The following abbreviations are used throughout this
paper: DPNH = reduced coenzyme, OAA = oxalacetate,
EXY = active ternary complex, DPN = oxidized co-
enzyme, M = malate, v, = initial prevailing velocity,
and Tris = tris(thydroxymethyl)aminomethane (Tris 121
is primary standard-grade reagent).

The results of part’
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F1c. 1.—Plots of reciprocal initial velocity versus recipro-
cal DPNH concentration. The concentration of the fixed
substrate, oxalacetate (OAA), is given under each line. The
figure shows the range of concentrations employed in this
study, but curves at OAA concentrations of 4.0, 5.0, 10.0,
50.0, 100.0, 500.0, and 750 (all X 10-% M) have been omitted
in order to simplify the presentation. Experimental points
represent the average of three measurements.

program, with weighting factors, was used in a least
squares fit to a straight line program to evaluate the
zero order kinetic constants. Weighted output results
from the hyperbola program were evaluated for least
squares fit to a bell-shaped curve,

RESULTS

Figure 1 shows that double reciprocal plots {1,/v,
versus 1/(DPNH)]? are linear for all concentrations of
oxalacetate in the range from 1 X 10-%to 7.5 X 102
M. This indicates that DPNH did not produce sub-
strate inhibition at the concentrations used. Figure
2 shows that the double reciprocal plots of 1 /v, versus
1/(OAA) is a complex, nonlinear function when studied
over a very large substrate concentration range. Malic
dehydrogenase apparently obeys the simple Michaelis-
Menten theory at oxalacetate concentrations less than
2.5 X 104 M under our experimental conditions. Sub-
strate inhibition apparently occurs at concentrations in
excess of 2.5 X 10-* M. Since both the slope and the
intercepts of these plots are observed to be increased
with increasing oxalacetate concentration in the range
producing substrate inhibition (see Fig. 1), the inhibi-
tion is of a mixed type.?

Malic dehydrogenase apparently has a compulsory
order substrate binding mechanism in which the pres-
ence of a ternary complex is not distinguishable by

2 The expression 1/v, is substituted for e/v, in treating
the data, since the activity is expressed as molecular
activity and one active site per molecule of enzyme is
assumed.

3 If in the double reciprocal plots 1/u, vs. 1/(S): (1) the
ordinate intercept (1/v, = 0) is unchanged by the presence
of inhibitor, the inhibition is of the competitive type;
(2) the ordinate intercept is changed but the slope unal-
tered by the presence of inhibitor, the inhibition is uncom-
petitive; (3) the ordinate intercept and the slope are both
altered by the presence of inhibitor, the inhibition is said
to be of the mixed competitive and uncompetitive type.
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Fic. 2.—Plots of reciprocal initial velocity versus recipro-
cal oxalacetate (OAA) concentration. The concentration
of DPNH, the fixed substrate, is given above each line.
Solid circles represent data taken at the lowest concentra-
tion of the fixed substrate (1 X 10> M DPNH) used in this
study. Open circles represent data taken at the maximum
concentration (1 X 10-¢M) of DPNH used in this study.
Data obtained at the intermediate concentrations of DPNH
are not included in the interest of simplicity. The three
highest QA A concentrations were corrected for ionic strength
effects. Experimental points represent the average of three
velocity measurements.
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Fic. 3.-—-A plot of the reciprocal of the slope of each line
in Figure 1 against the —log (OAA), the fixed concentration
substrate. The vertical bars represent the standard error
which was obtained by analysis of least squares fit to a
hyperbola. Standard errors of 0.15 ordinate units or less
have been omitted. The smooth curve is a least squares fit
curve calculated from the data with the application of
weighting factors.

ordinary initial rate kinetic studies (Raval and Wolfe
1962a,b). Assuming that at high concentration:
(greater than 2.5 X 10-* M) oxalacetate forms an
inactive ternary complex E-DPN-OAA and also an
inactive binary complex E-OAA, the mechanism for
substrate inhibition by oxalacetate can be written as
follows:
ks

E + DPNH E-DPNH (@)
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ke
E + 0AA E-OAA (K') (®)
k_s
ks
E-DPNH + OAA EXY (c)
ks
ky
EXY E-DPN + M (@
L
ks
E-DPN + OAA E-DPN-OAA (K”)) (e)
ks
ks
E-DPN E + DPN 03]
ks

where K’; and K”, are inhibition constants.* The
steady state treatment of this mechanism by the method
of King and Altman (1955) gives the following rate
equation in terms of kinetic parameters.®

_ (OAA) ()
efvy, = %d’o + K %, +(T)AA)} + {(1 +

(OAA) on 1
i )(“" + (OAA>)} opNm) P

With low concentrations of oxalacetate such that
& >> (OAA)/K" ks (2)
1>> (OAA)/K'; (3)

the initial rate data will conform to simple Michaelis-
Menten kinetic behavior. As the concentration of
oxalacetate is increased the curve representing a double
reciprocal plot [1/v, versus 1/(OAA)] passes through a
minimum value, increasing at higher oxalacetate con-
centrations (smaller 1/(OAA) values) because of sub-
strate inhibition.

The kinetic constants, ¢., ¢1, ¢, and ¢:; can be eval-
uated as described by Dalziel (1957) if the data obtained
at low concentrations are used so that equations (2)
and (3) apply (no substrate inhibition is apparent).
Since this method fixes the upper limit of the substrate
concentration that can be used, an alternate method is
proposed as follows. If the expression for the slope
term of equation (1) is rearranged as:

Slope = ¢1 + ¢:2/K’1 + ¢ (0OAA)/K'r + ¢12/(OAA) (4)

it is apparent that a plot of the reciprocal of the slope
against —log (OAA) over a wide concentration yields a
bell-shaped curve (see Fig. 3) from which ¢, ¢, and
K’; may be determined. The equations used in com-
puting the values of these parameters are derived in
the appendix. The possibility of applying this method
of evaluating inhibition constants was suggested by
Alberty as cited by Dalziel (1957). Similar treatment
of the intercept data obtained from Figure 1 will
give a bell-shaped curve [l/intercept versus —log
(OAA)] as depicted in Figure 4. The values of ¢,, ¢:,
and K”";k; can be calculated as discussed in the ap-
pendix. Since %, is known (Raval and Wolfe, 1962b),¢
K", can be calculated. It is therefore possible to

t The data are also compatible with a perhaps less
plausible alternate to reaction (¢) above. This is:

EXY + OAA EXY-0AA

These two possibilities cannot be distinguished with the
available kinetic data.

Sy = 1/V, ¢ = Kpexu/V, o2 = Koan/V, ¢ =
Kuraioaa/ (DPNH) (OAA).

¢ Since different symbols were used, the constant k¢ in
this publication is the same rate constant as &, in the previ-
ous paper (Raval and Wolfe, 1962a).
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evaluate all of the kinetic parameters and the inhibition
constants by this method. Table I lists the values of
these experimental parameters and compares them with
values obtained at low OAA concentrations when ob-
tained by linear extrapolation. It is apparent that the
two inhibition constants have nearly identical exper-
mental values.

TaBLE I
ExpERIMENTAL VALUES OF VARIOUS KINETIC COEFFICIENTS
AND THE INHIBITION CONSTANTS AT pH 8.0, AND 25°, IN
0.05 M TR1S ACETATE BUFFER

Coef- Obtained

ficients from Substrate
and Inhibition Obtained by

Constants Studies® Extrapolation®

%o 3.0x10¢ 2.9 +0.04 X 10¢
b1 4.8 X100 5.3 £0.13 X 10~
b2 1.3 X10° 1.4 £0.03 X 10~
12 1.0 X104 6.8 +03 X 10-u
K'; 50X 107%mM —
K7, 5.7X1073m -

¢ Values given were calculated from least squares fit
to bell-shaped curve data using slope equation (2) (in
the appendix) and the corresponding intercept equation.
¢ Values given are those obtained by extrapolation to zero-
order conditions with respect to both substrates. Ap-
parent values were evaluated by least squares fit to a hyper-
bola at each of a series of ““fixed substrate concentrations.”
Zero-order values were obtained by least squares fit to a
straight line analysis of V~! versus (fixed concentration
substrate) ~! using apparent values and weighting factors
[(S. E.) 2] from the fit of a hyperbola treatment of the
data.

Discussion

The competitive part of the inhibition might occur
through oxalacetate binding reversibly at the DPNH
binding site or through enzyme configurational altera-
tion when combined at some locus adjacent to the
DPNH binding site.

The uncompetitive part of the inhibition could occur
when oxalacetate combines with certain reaction inter-
mediates. There are three possible ways that oxalace-
tate might inhibit uncompetitively with respect to
DPNH; (1) by forming an inactive ternary complex,
E-DPNH-OAA, (2) by forming an inactive qua-
ternary complex, EXY OAA, and (3) by forming an
inactive ternmary complex, E-DPN-OAA. Since at
lower concentrations OAA combines with the E-DPNH
complex to give an active and important intermediate
it is hard to conceive of the formation of an inactive
E.DPNH.OAA complex. The formation of EXY.-
OAA or E-DPN-OAA complexes is theoretically
possible in the case of malic dehydrogenase. Spec-
trophotometric studies support the existence of inac-
tive complexes between enzyme, coenzyme, and the
wrong substrate in the case of malic dehydrogenase
(Theorell and Langen, 1960), and lactic dehydrogenase
(Fromm, 1961). The E-DPN:OAA complex seems
more plausible because product inhibition data from
ribitol dehydrogenase (Fromm and Nelson, 1962) and
lactic dehydrogenase (Zewe and Fromm, 1962) are
consistent with the formation of ternary complexes of
enzyme, coenzyme, and wrong substrate. Moreover,
the nearly identical values of K”; and K’; argue for a
similar binding mechanism in both the competitive
and the uncompetitive inhibition reactions. If the
proposed mechanism is correct, the presence of DPN
apparently has little effect on oxalacetate binding by
the enzyme.
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F1G. 4.—A plot of the reciprocal of the ordinate intercept
(1/(S) = 0) of each experimental double reciprocal plot
against —log (OAA), the fixed concentration substrate.
The vertical bars represent the standard error obtained by
least squares fit to a hyperbola analysis of the data. Bars
were omitted if standard error values were less than 0.2
ordinate unit. The smooth curve is a calculated least
squares fit to the data.

If one assumes that a single ternary complex is
present in the compulsory substrate binding order
mechanism it is possible to calculate the value of the
dissociation constant for oxalacetate (from E--
DPNH-OAA) using initial rate data. The value of
this constant is 100 times smaller than the inhibition
constant values for oxalacetate which are reported in
this paper. If the assumed mechanism is correct
the dissociation constants for the E-DPNH.OAA com-
plex is quite different from that for the E-DPN-OAA
complex. This would seem to imply an altered or
possibly a different binding site for oxalacetate in these
two complexes. If, however, more than one ternary
complex is present in the reaction mechanism it may
not be possible to calculate the true dissociation con-
stant for oxalacetate in the E-DPNH.OAA complex
and this comparison of dissociation and inhibition
constants is not possible.

The E-OAA complex is proposed as an intermediate
in the case of the random substrate binding order
mechanism. The observation that this complex is
apparently inhibitory might be interpreted as an
argument against the presence of the random order
mechanism with one very subordinate pathway. Some
caution seems desirable in interpreting the data in this
way since it appears possible that oxalacetate may be
bound by the enzyme in at least two different ways
(vide supra).

APPENDIX
P12 b1 P12
= ey AA B 1
Slope ¢>l+K,,+K1,[0 l+[OAA] (1)
.. 1/Slope =
1/<¢>1 +;l,2>
p ! " . (2)
L2 L [OAA B .
+ (oK't + o) [ I+ < ¢>1g) [OAA ]
¢ + K
7

For large values of (OAA) {low -log (OAA’] the term
¢./'9. K’ + ¢ will dominate the denominator, and, as
(OAA) gets sufficiently large, 1 slope approaches zero.
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For very small values of (OAA) [high -log (OAA)], the
term

du/d1 + Ii?,z"

will dominate the denominator, and for sufficiently
small (OAA) values 1/slope will again approach zero.
There must, therefore, be a maximum value of 1/slope
in the range of (OAA) somewhere. Since (OAA) is
confined to the denominator, when the derivative of
the denominator with respect to (OAA) becomes zero,
i.e., when

’ ¢ 1 p—
o1/ (01 K'r + p12) — d’u/(d’l + K%) OAAY = 0
1 /slope has the maximum value.

Thus, the plot of 1/slope versus —log (OAA) will be
a bell-shaped curve with a maximum when

(OAA)pex = 90Kt/ ¢ (3)

Substituting the above equation in equation (1),
the maximum value of 1 /slope is

1/slopenss = (Vg1 + Vou/K'1) o)
If (OAA), is the oxalacetate concentration at which
(1/slope)/(1/slopey,. ) = 1/2

on the left hand side of the bell-shaped curve and
(OAA), is the concentration of oxalacetate at the cor-
responding point on the right hand side of the curve
then

(OAA), = oK [d,+ P12 )
1
and
(OAA); = _¢T ®)
12
¢ + K

Since the values of (OAA)ma, 1/slope..., (OAA),

Biochemistry

and (OAA), can be read directly from the curve of
1/slope versus —log (OAA) (Fig. 3), ¢, ¢1s, and K';
can be calculated by using equations (3), (4), (6), and (6).
A correction in the values of (OAA), and (OAA), ob-
tained from the bell-shaped curve is necessary if the
negative logs of their values differ by less than three
units. Correct values given in the Table were obtained
by computer calculation.

A similar treatment for the intercept can be derived
readily.

ACKNOWLEDGMENT

The authors are grateful to Dr. W. W, Cleland for
valuable advice and for making available computer
programs facilitating statistical analysis of the data.

REFERENCES

Bodansky, O. (1961), J. Biol. Chem. 236, 328.

Dalziel, K. (1957), Acta Chem. Scand. 11, 1708.

Davies, D. D., and Kun, E. (1957), Biochem. J. 66, 307.

Frieden, C. (1959), J. Biol. Chemn. 234, 810.

Fromm, H. J. (1961), Biochem. et Biophys. Acta 52, 199.

Fromm, H. J., and Nelson, D. R. (1962), J. Biol. Chem.
237, 215.

King, E. L., and Altman, C. (1956), J. Phys. Chem. 60,
1375.

Pileiderer, G., and Hohnholz, E. (1959), Biochem. Z, 331,
245,

Raval, D., and Wolfe, R. G. (1962a), Biochemistry 1, 263.

Raval, D., and Wolfe, R. G. (1962b), Biochemistry 1, 1112,

Siegel, L., and Englard, S. (1960), Biochem. Biophys. Res.
Comm. 3, 253.

Theorell, H., and Langen, T. A. (1960), Acta Chem. Scand.
14, 933.

Wilkinson, G. N. (1961), Biochem. J. 80, 324.

Wold, F., and Ballou, C. (1957), J. Biol. Chem. 227, 313.

Wolf, J. B.,, ITI, and Niemann, C. (1959), J. Am. Chem.
Soc. 81, 1012,

Wolfe, R. G. (1955), Ph.D. Dissertation, University of
California, Berkeley.

Zewe, V., and Fromm, H. J. (1962), J. Biol. Chem. 237,
1668.

The Use of Deuterated DPNH Mixtures as an Aid
in Establishing Dehydrogenase Mechanism*

JoHN F. THOMSON

From the Division of Biological and Medical Research,
Argonne National Laboratory, Argonne, Illinois

Received August 10, 1962

The use of a mixture of the stereoisomers of DPND as a coenzyme in dehydrogenase reactions

may provide information permitting a distinction between reaction mechanisms.

In the case

of an equilibrium mechanism, there is a linear relationship between the reciprocal of the initial
velocity (v) and the reciprocal of either the substrate (S) or coenzyme (C) concentration. For
steady-state mechanisms, however, 1/v varies linearly with 1/C, but not with 1/S. Data are
presented for two enzymes, yeast alcohol dehydrogenase and rabbit muscle lactate dehydro-

genase, which obey different mechanisms.

The kinetic equations for an enzyme acting on a mix-
ture of two substrates have been derived for unimolecu-
lar reactions. Whether a steady-state (Reiner, 1959)
or a rapid-equilibrium (Thorn, 1949) mechanism is
postulated, the following expression holds:

V181 VzSz

S A0 S ___ Va5 1
5 r KA+ Sk T M

v .
S, + K:(1 + 8,/K))

where S, and S, are the concentrations of the two sub-
strates, K, and K, are the Michaelis constants, and V,
and V, are the maximum velocities obtainable with
each substrate individually.

When the concentration of S, is any fraction a of

* This work was performed under the auspices of the
U. S. Atomic Energy Commniission,



