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SUMMARY

1. Pig liver glycolic acid oxidase (glycolate: O, oxidoreductase, EC 1.1.3.1) can
function with either 2,6-dichlorophenolindophenol (DCIP) (vmax = 1250 moles of
glycolate per mole of flavin per min) or O, (vmax = 620 moles of glycolate per mole
of flavin per min)®!® as the electron acceptor.

2. Straight-chain monocarboxylic acids are non-competitive inhibitors of this
enzyme with either glycolate or glyoxalate as the variable substrate and DCIP as the
electron acceptor. Dicarboxylic acids are competitive inhibitors when glycolate is the
variable substrate but they are non-competitive inhibitors when glyoxalate is the
variable substrate. Phosphate and arsenate cause enzyme activation.

3. The binding affinity of the enzyme for monocarboxylic acids is proportional
to the number of carbon atoms in the alkyl residue (), and a straight line is obtained
when log K; is plotted versus n. These results suggest that electrostatic and hydro-
phobic forces, associated with a positive charge and a hydrophobic region at the
active site, contribute to the binding affinity of monocarboxylic acids.

4. The binding affinity of the enzyme for oxalate is surprisingly high when
compared with monocarboxylic acids. A decreased binding affinity is observed for
other dicarboxylic acids as the number of carbon atoms increases. These results sug-
gest that the complex of the enzyme with oxalate involves electrostatic interaction
of both carboxylate groups of oxalate with two adjacent positively charged groups
at the active site. A similar bidentate complex may explain the binding affinity of the
enzyme for a-hydroxy acid substrates.

5. Conditions under which non-competitive inhibition can approximate com-
petitive inhibition are discussed to account for differences in the inhibition patterns
observed when glycolate and glyoxalate are used as the variable substrate.

Abbreviations: DCIP, 2,6-dichlorophenolindophenol; Hepes, N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid.

* The data in this paper are taken from a dissertation presented by M. S. to the Faculty of
the Graduate School of The University of Michigan in partial fulfillment of the requirements for
the degree of Doctor of Philosophy.

** Present address: Fachbereich Biologie, Universitat Konstanz, Konstanz, Germany.
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INTRODUCTION

Studies on the effects of anions on the visible absorption spectrum of glycolic
acid oxidase (glycolate: O, oxidoreductase, EC 1.1.3.1.) have indicated that there is
at least one positively charged amino acid and also a hydrophobic region of the pro-
tein near the flavin prosthetic group!. Anions which cause spectral perturbations in
other flavoproteins also act as enzyme inhibitors? 6. Studies on yeast lactic acid
dehydrogenase? and the cholinesterases® indicate that the inhibition constants of an
homologous series of inhibitors can vield important information about the active
surface of an enzyme. The present communication describes the inhibition of glycolic
acid oxidase by homologous series of monocarboxylic and dicarboxylic acids. These
studies indicate that the positively charged groups function in the binding of u-
hydroxy acid substrates. A model is proposed for the enzyme-substrate complex and
discussed in terms of the observed properties of the active site. Conditions under
which non-competitive inhibition can approximate competitive inhibition are also
discussed to account for differences in the inhibition patterns observed when dif-
ferent hydroxy acids are used as substrates.

METHODS AND MATERIALS

Glycolic acid oxidase was purified from pig liver by a modificationt of the
method of Dickinson®. Inhibition by monocarboxylic and dicarboxylic acids was
studied using DCIP as the electron acceptor. Unless otherwise stated, enzyme activity
was determined as previously described! except that the concentration of potassium
phosphate buffer (approx. 0.1 M) was varied to maintain a constant total salt concen-
tration (substrate, inhibitor plus phosphate) of o0.174 M.

It was found that after pipetting many aliquots from a dilute sample of enzyme,
enzyme activity decreased. A control sample of enzyme left undisturbed for the same
period did not lose activity. The reason for these losses was not discovered. Each set
of kinetic experiments described in this paper was obtained with enzyme freshly
diluted from a stock solution into 0.1 M sodium phosphate (pH 7.0) containing bovine
serum albumin (5 mg/ml) to enhance stability. The diluted sample of enzyme was
divided into several aliquots, and each aliquot used for no more than ten assays. Each
assay was done in duplicate; the average of these two assays was used for subsequent
kinetic analysis.

With the exceptions noted below, all reagents were obtained as previously
described!. Propionic, valeric, hexanoic, malonic and succinic acids were purchased
from Lastman Organic Chemicals. Glacial acetic acid was obtained from Baker
Chemical Company. Butyric acid was from F. P. Jay Chemicals. N-2-Hydroxyethyl-
piperazine-N'-z-ethanesulfonic acid (Hepes) was purchased from Calbiochem. Potas-
sium arsenate was obtained from Matheson, Coleman and Bell. The monocarboxylic
acids, except acetic acid, were distilled before use to remove colored impurities. All
other reagents were used without further purification. Substrates and inhibitors were
neutralized with NaOH before use.

Biochim. Biophys. Acta, 227 (1971) 521537
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RESULTS

Kinetics of the glycolate—DCIP reaction

Fig. 1 shows a plot of reciprocal turnover number wersus reciprocal glycolate
concentration at different concentrations of DCIP. The lines at different concen-
trations of DCIP are convergent. Similar results are obtained when the fixed and
variable substrates are reversed. At glycolate concentrations higher than 1.7-103 M
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Fig. 1. Plot of reciprocal turnover number versus reciprocal glycolate concentration. The concentra-
tions given above the lines refer to the concentrations of DCIP used. Turnover number is defined
as moles of glycolate oxidized per min per mole of enzyme-flavin. Flavin is estimated by its mea-
sured absorbance at 450 mu. The inset shows a plot of reciprocal turnover number at infinite
glycolate concentration versus reciprocal DCIP concentration.

excess substrate inhibition is observed. The intercepts of the double reciprocal plots
were plotted versus reciprocal substrate concentration (e.g. see inset of Fig. 1) to ob-
tain values for vyax (1250 moles of glycolate per mole of flavin per min) and Ky,
(Km (glycolate) == 4.2-107* M, Ky, (DCIP) = 2.8-107¢ M). A vmax of 620 moles of
glycolate per mole of flavin per min was obtained for the glycolate:0O, reaction®1°.
Although the two sets of data are not strictly comparable, it is clear that the enzyme
can function with O, or DCIP as electron acceptor.

Inhibition by monocarboxylic acids

The inhibition of glycolate oxidation at several different concentrations of
acetate is shown in Fig. 2. The inhibition is non-competitive with respect to glycolate
since both the slopes and intercepts of the Lineweaver-Burk plot are affected by the
inhibitor.

Eqn. 1 represents linear non-competitive inhibition.

1 Ky [1+ 1 ]r n I [I+ ] ] (1)

v Umax K; {slope) [A] Umax K; (intercept)
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Ifig. 2. Inhibition of glycolate oxidation by acetate. A. Plot of reciprocal turnover number versus
reciprocal glycolate concentration. Line 1, no inhibitor; Line 2, 4.17-10°2 M acetate; Line 3,
8.34+107% M acetate; Line 4, 1.67-1071 M acectate. B. Plot of intercepts (I) and slopes (S) versus
acetate concentration.

The values for Kiiopey and Kygintercepty represent those concentrations of inhibitor
that double the uninhibited slope and intercept, respectively. The values for K; are
easily obtained by replotting slopes and intercepts versus the inhibitor concentration
according to the method outlined by CLELAND!. The intercepts of the slope and inter-
cept plots on the horizontal axis give the Kjgiopey and Kicintercepty, respectively.
Values of 3.7-1072 and 7.1-1072 M are obtained for Kjgiopey and Kygintercepty, re-
spectively, from the secondary plot of the data obtained with acetate (Part B of
Iig. 2). Similar non-competitive inhibition of glycolate oxidation is observed with
other members of the homologous series of straight-chain monocarboxylic acids. The
pattern of inhibition is unchanged when glyoxalate is used instead of glycolate as the
primary substrate. The inhibition constants obtained for the monocarboxylic acids
are summarized in Table I.

It is seen that the values for K;giopey are always smaller than the corresponding
values for Kjntercepty- It will be shown later that Kjiope) 1 @ dissociation constant
for the complex of inhibitor with the oxidized enzyme, while Kj(intercepty 15 an ap-
parent dissociation constant for the complex of inhibitor with a catalytic intermediate
of the enzyme. The substrate used should not affect K;siope) but may affect Kigntercept)-

TABLE 1
MONQCARBOXYLIC AC1D INHIBITION CONSTANTS

Inhibition constants are molar inhibition constants.

I'nhibitor Glycolate (rlycolate Glyoxalate  Glyoxalate
["i(slope) ]\yi(intervept) I\’i(slope) F\yi(intercept)
(M) (M) (A1) (M)

Acetate 3.7-107% 7.1-1072 4810 2 2.3 1071

Propionate 9.5-1073 201072 177072 6.8+ 107

Butyrate 3.6-107% 7.3-107%

Valerate 1.3-107% 2.3-10 3 1.2-107°% 3.8-1078%

Hexanoate 3.0-10 1 r.r-1o3

Heptanoate 9.2-107° 4.7 1071
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Table I shows that Kjigiope) and Kj(intercepty are both independent of the substrate
used when glycolic acid oxidase is inhibited by monocarboxylic acids.

Both Kjsiopey and Kiygintercepty decrease as the number of carbon atoms in the
alkyl side chain increases (Table I). It is quite probable that one component of the
binding energy derives from electrostatic interaction of the negative carboxylate
group of the inhibitor molecule with a positively charged group near the active site
of the enzyme. However, the alkyl residue must also contribute to the binding af-
finity since the inhibition constants become progressively smaller as the alkyl residue
becomes larger. If the structure of the active site imposes no steric restrictions on the
paraffin chains, it is to be expected that each carbon atom will contribute equally
to the binding affinity. Under these conditions, the free energy change associated with
the binding of a monocarboxylic acid containing »# carbon atoms in its alkyl residue
can be represented by Eqn. 2.

AFxet = AFg1ectrostatic + #4 F—cry— (2)

Inhibition constants are dissociation constants (or proportional to dissociation
constants)!l. Therefore —RTIn K; can be substituted for AFye; (Eqn. 3).

—RT In K; = AFpiectrostatic + #AF_cHy- ()

Fig. 3 shows a plot of log,, inhibition constant as a function of # (these results were
obtained for the monocarboxylic acids with glycolate as substrate).

Since we are plotting dissociation constants, rather than association constants,
the free energy changes calculated directly from Fig. 3 have a positive value. If the
sign 1s changed from positive to negative we can consider the free energy changes as-
sociated with the binding of an inhibitor molecule, rather than its dissociation from
the enzyme surface.

A value of —1200 cal/mole is obtained for A Fgiectrostatic from the intercept at
n = 0 of the plot of log Kjsiopey versus n. The free energy change expected for an

Logg Inhibition Constant

1 2 3 4 5

=1

Fig. 3. Plot of .logm monocarboxylic acid inhibition constants as function of the number of car-
bon atoms (#) in the alkyl residue. Values for K; siope and K; intercept Obtained with glycolate as
substrate are plotted in Lines S and I, respectively.

BiochiA. Biophys. Acta, 227 (1971) 521-537



520 M. SCHUMAN AND V. MASSEY

electrostatic interaction can be estimated from the free energy change associated
with the formation of monovalent ion pairs in aqueous solution (approx. —I1400
cal/mole)2. Although precise comparison is not possible, the fact that the values are
of the same order of magnitude supports the hypothesis that one component of the
binding energy of monocarboxylic acids is associated with an electrostatic inter-
action.

A value for the free energy change for the transfer of one methvlene group
from solution to the enzyme surface can be calculated from the slope of the plot of
log Kiiope)y versus n. The value calculated was —710 cal/mole. Since the binding af-
finities of the monocarboxylic acids are inversely proportional to their solubility in
water, it 1s reasonable to assume that this component of the total free energy change
arises from a difference in the dielectric constant between the aqueous solvent phase
and the protein surface!2. It is found that the free energy change associated with the
transfer of a linear hydrocarbon chain from water to ethanol is — 700 cal/mole for
each methylene group in the chain'2. This value is similar to the value (—710 caly
mole) obtained from the plot of log Kysiope) versus n. These results suggest that there
1s a region near the active site which is similar to ethanol. This hydrophobic region
must be large enough to accommodate an alkyl residue of at least five carbon atoms
without steric interference. The inhibition of veast lactic acid dehvdrogenase by
monocarboxylic acids follows a pattern similar to that observed with glycolic acid
oxidase. Values of 1000 and 500 cal/mole were obtained for 1l giecirostatic and
AF _cH,-, Tespectively?.

Inhibition by dicarboxylic acids

Glycolic acid oxidase is also inhibited by dicarboxylic acids but in this case the
inhibition is competitive with respect to glycolate. Part A of Fig. 4 shows the effect
of oxalate on the oxidation of glycolate. The inhibition is competitive since only the
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Fig. 4. Inhibition of glycolate oxidation by oxalate. A. Plot of reciprocal turnover number versus
reciprocal glycolate concentration. Line 1, no inhibitor; Line 2, 1.0-107% M oxalate: L_me 3.
2.0-1073 M oxalate; Line 4, 4.0-10~3 M oxalate. B. Plot of slopes versus oxalate concentration. C.
Postulated structures for the enzyme-oxalate and the enzyme-substrate complexes.
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slope of the Lineweaver-Burk plot is affected by oxalate. Values for the slopes in
Part A of Fig. 4 were plotted versus the oxalate concentration (Part B of Fig. 4) and
a value for Kylopey Was determined from the intercept of this secondary plot on the
horizontal axis. Values of 3.7-10-% and 5.0-107% M were obtained for Kjgiope) from
two different determinations. The affinity of the enzyme for oxalate is surprisingly
high compared with its affinity for the monocarboxylic acids. If the binding of oxalate
involves electrostatic interaction between only one of its carboxylate groups and a
single positive charge at the active site, a binding affinity roughly similar to acetate
would be expected. However, the affinity of the enzyme for oxalate is approx. 100
times greater than that observed for acetate. It is reasonable to assume that the ad-
ditional forces involved are due to the second carboxylate group of oxalate. The
binding of oxalate may involve electrostatic interaction of both carboxylate groups
with two adjacent positively charged groups at the active site. Superficially, the
A Fyet for oxalate binding might be expected to be approximately twice the value of
A Fglectrostatic (—I200 caljmole) obtained for the monocarboxylic acids, 7.e. —2400
cal/mole. However, since molar equilibrium constants were used to calculate

A FElectrostatic the value obtained, according to Kauzmann!®® will include a contri-
bution arising from the free energy of mixing. If A Fgiectrostatic 1 doubled, the contri-
bution from the free energy of mixing is included twice. Therefore, the A Fyet predict-
ed for oxalate binding must be equal to 2{4 Fgiectrostaticy — AF Mixing- In a system
where two molecules react to form one molecule of product the free energy of mixing
at 25° is 2380 cal/mole. A value of —4780 cal/mole is therefore calculated for A Fyet.
This value corresponds to a dissociation constant of 3.0-107* M which agrees quite
well with the observed value of 3.7-10-%-5.0-107¢ M.

In similarity to results obtained with oxalate, inhibition by malonate and suc-
cinate is competitive with respect to glycolate. Unlike the monocarboxylic acids, the
inhibition constants for the dicarboxylic acids increase as the number of carbon atoms
increases (Table II). This is to be expected if the two positively charged groups are
rigidly held at a distance such that the formation of a bidentate enzyme-oxalate
complex is sterically favorable. When methylene groups are introduced between the
two carboxylate groups the conformation of the acid compatible with such a two-
point electrostatic interaction will be energetically less favorable and the effective
concentration of inhibitor molecules will be less than the actual concentration.

In the case of competitive inhibition it is possible to determine the number of
inhibitor molecules (1) bound per active site. Eqn. 4 represents linear competitive

TABLE II

DICARBOXYLIC ACID INHIBITION CONSTANTS
Inhibition constants are molar inhibition constants.

Inhibitor Glycolate Glyoxalate Glyoxalate
Kistope)  Kirstope)  Kigintercept)
M (M (M

Oxalate 4.4°107%  4.4-107¢ 1.4-1078
Malonate g.2-1072 8.2-1072 2.6-1072
Succinate 1.4-1072

* Average of two separate determinations.

Biochim. Biophys. Acta, 227 (1971) 521-537
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inhibition involving » molecules of inhibitor per active site. Eqn. 5 describes the
kinetics in the absence of inhibitor.

1 1 Ny In L
e il Lt e ()
Ui Umax Tmax N; (slope) \

1 1 N

— = e - (5)
v Umax Umax,

As indicated by BERGMANX AND SEGaL®, suitable transformation of Eqns. 4 and 5
gives Eqn. 0.

v
tog [ 1] = wmog 111+ ¢, “
Vi
KA
where € = log [ T ]
Ki stopey (/04 4+ [A])

A plot of log |(v/v;) — 17 versus log ' I should give a straight line with a slope equal
to n. Since the substrate concentration affects only the intercept, plots at different
substrate concentrations should give a series of parallel lines. This graphical deter-
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Fig. 5. Determination of the number of succinate ions bound per active site of glycolic acid oxidase.
The symbols v and v; refer to the velocity measured in the absence and in the presence of inhibitor,
respectively. Lines 1-6 were calculated from data obtained at the following glycolate concentra-
tions: M/2500, M/5000, M/7500, M/10 000, M/15 000, and M/20 coo, respectively.

mination of the number of inhibitor molecules bound per active site is illustrated for
succinate in Fig. 5. The plots for six different glycolate concentrations are essentially
parallel, the slopes varying between 1.05 and I.10. Similar values were obtained for
oxalate (#n = 0.98-1.04) and malonate (# = 1.03-1.10). These results show that the
complex contains one mole of dicarboxylic acid per active site.

The competitive inhibition of dicarboxylic acids described so far has been for
reactions in which glycolate was the substrate. When glyoxalate is the substrate,
oxalate and malonate are non-competitive inhibitors. Results obtained with malonate
are shown in I'ig. 6.
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Fig. 6. Inhibition of glyoxalate oxidation by malonate. A. Plot of reciprocal turnover number versus
reciprocal glyoxalate concentration. Line 1, no inhibitor; Line 2, 2.67- 10~ M malonate; Line 3,
5.34-10~2 M malonate; Line 4, 1.1 - 107! M malonate. B. Plot of slopes (S) and intercepts (I) versus
malonate concentration.

Table IT summarizes the inhibition constants for dicarboxylic acids with either
glycolate or glyoxalate as substrate. There is good agreement between the values for
Kisiope) determined with either substrate. As for the monocarboxylic acids, Kjsiope)
is smaller than Kj(intercepty When glyoxalate is the substrate. A possible explanation
for the inhibition patterns observed with the monocarboxylic and dicarboxylic acids
will be considered in DISCUSSION.

Effect of phosphate and arsenate

The effect of phosphate on enzyme activity with DCIP as the electron acceptor
is shown in Fig. 7. Phosphate causes an activation of glycolic acid oxidase. The acti-
vation occurs over the same range of phosphate concentrations with either glycolate
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Fig. 7. Phosphate activation in the DCIP assay. A. Specific activity as a function of log, , phosphate
concentration (M) with glycolate as substrate. All assays are performed at a glycolate concentra-
tion of 6.7 - 10~ M in the standard DCIP assay! except that the phosphate concentration is varied.
B. Same as in A, except that glycolate is replaced by 3.3-10-% M glyoxalate.
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or glyoxalate as substrate. Activity increases from a low value in 5-10 3 M phosphate
and reaches an upper level in 0.1 M phosphate. Decreasing the phosphate concen-
tration below 5-1073 M, or increasing the phosphate concentration above o.1 M does
not affect the activity.

A similar activation by phosphate is observed when K Fe(CN); is used as the
electron acceptor (Iig. 8). With K l'e(CN),, however, phosphate concentrations above
0.1 M inhibit the reaction. This inhibition is observed with either glycolate or gly-
oxalate as substrate. Raising the salt concentration using other anions, such as Cl-
or Hepes, does not cause activation of glycolic acid oxidase. As seen in IFig. 8, similar
activities are observed at low concentrations of either Hepes or phosphate. However,

[oR° 1 g
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o
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o
by
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Specific Activity
{Glyoxalate)
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Log,q [Salt] (M)
Iiig. 8. Effect of salt concentration on the K;Fe(CN), assay. A. Curve 1, specific activity as a
function of log,, phosphate concentration (M) with glycolate as substrate. All assays arc performed
at a glycolate concentration of 6.7-107* M in the standard K Fe(CN), assay! except that the
phosphate concentration is varied; Curve 2, same conditions as Curve 1 except that the salt con-
centration is varied using Hepes (pH 7.0) instead of phosphate. B. Same conditions as Curve 1 in
A except that glveolate is replaced by 3.3-107% M glyoxalate.

the activity remains constant over a wide range of Hepes concentrations and then
decreases at high salt concentrations.

Activation is also observed with arsenate, an anion closely related to phosphate.
The activation occurs within the same range of salt concentrations as does phosphate
activation and is quantitatively similar to that observed with phosphate. At high
concentrations of arsenate, the reaction with K,Fe(CN)4 as electron acceptor is in-
hibited.

Activation by phosphate occurs at a salt concentration similar to that required
to give appreciable formation of a complex between enzyme and phosphate. Such a
complex has been detected spectrophotometrically’. Other monovalent and divalent
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anions, which complex with glycolic acid oxidase, do not cause activation, instead
they inhibit. All of the inhibition studies described previously for the monocarboxylic
and dicarboxylic acids were done at phosphate concentrations which give maximal
activity.

DISCUSSION

This work has shown that in the oxidation of glycolate, coupled with the re-
duction of DCIP, glycolic acid oxidase shows converging-line kinetics. DiCKINsON®
and DICKINSON AND MassEY'? have reported previously that when O, is the electron
acceptor, the enzyme shows parallel-line kinetics. Parallel-line kinetics usually indi-
cate that an enzymic mechanism involves only binary complexes, while converging-
line kinetics requires a mechanism that involves a ternary complex!4. At first sight, it
appears that the mechanism of glycolic acid oxidase depends on the electron acceptor.
However, this is not necessarily the case. It can be shown? that for a mechanism which
involves only binary complexes, the slope of the secondary plot of the intercepts on
the y-axis of a Lineweaver-Burk plot versus the reciprocal of the concentration of
the secondary substrate (i.e. O,), should be independent of the nature of the primary
substrate (z.e. hydroxy acid). This is not the case with glycolic acid oxidase. DICKIN-
son?® found that the slope of such a secondary plot was different for glycolate and
glyoxylate. In addition, it is known that under certain limiting conditions, a mechan-
ism involving ternary complexes can give a set of apparently parallel lines in a Line-
weaver-Burk plot!®. Thus it is possible that in glycolic acid oxidase, the mechanism
with O, as electron acceptor is the same as the mechanism with DCIP as acceptor.

Inhibition studies have provided further information on the active site of
glycolic acid oxidase. It is proposed that the binding affinity of the monocarboxylic
acids reflects both electrostatic and hydrophobic forces. Electrostatic interaction
occurs between the negative carboxylate group and a positively charged group at the
active site. Evidence for such a charged group was also obtained from studies on the
effects of anions on the visible absorption spectrum!. The direct correlation found
between the binding affinity of a monocarboxylic acid, and the size of its alkyl residue
suggests that there is a hydrophobic region near the active site. This region is large
enough to accomodate an alkyl residue of at least five carbon atoms without steric
interference. A hydrophobic region near the flavin moiety is also suggested by the
resolved spectrum observed when anions bind to the enzyme!,

One component of the inhibition observed with both monocarboxylic and di-
carboxylic acids is due to a direct competition of the inhibitor and the hydroxy acid
substrate for oxidized enzyme. This competition may be for the positively charged
groups shown to be important in the binding of anions to the protein. Studies on the
inhibition by oxalate have suggested that this dicarboxylic acid forms a sterically
favorable bidentate complex with two adjacent positively charged groups at the ac-
tive site. This model for the binding of oxalate can be adapted to explain the binding
of a-hydroxy acids (see Part C of Fig. 4). In this modified model, one positively
charged group interacts with the negative carboxylate group of the substrate. A
second positively charged group interacts with the partial negative charge on the
oxygen atom of the hydroxyl group. It is necessary to propose this second inter-
action because electrostatic interaction involving only the carboxylate group cannot

Biochim. Biophys. Acta, 227 (1971) 521-537
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account for the affinity of the enzyme for a substrate such as glycolate. The free
energy change associated with the electrostatic interaction of a single carboxylate
group (—1I200 cal/mole) corresponds to a dissociation constant of 0.13 M. Although
the Ky for the enzyme—glycolate complex is not known accurately, preliminary
stopped-flow studies indicate that it is similar in magnitude to K, (K,  4.2-10 ?
M). The structure proposed for the enzyme-substrate complex would perhaps also
explain the specificity of the enzyme for hydroxy acids substituted at the o position.
A considerably decreased binding affinity, analogous to that observed with dicar-
boxylic acids, is expected for f-hydroxy acids. Although maximal activity is ob-
served with glycolate as substrate, this enzyme is also active with a number of a-
hydroxy acids of medium chain length®19. It is reasonable to assume that hvdrophobic
forces are especially important in the binding of substrates such as a-hydroxviso-
caproate.

Certain aspects of the inhibition studies require further consideration. Why is
the inhibition pattern observed with the monocarboxvlic acids independent of the
nature of the hydroxy acid used as substrate, whereas different inhibition patterns
are observed with the dicarboxylic acids when glycolate and glvoxylate are used as
substrates? The inhibition of the enzyme by oxalate is also dependent on the nature
of the hydroxy acid substrate when O, is used as the electron acceptor. However, in
this case the inhibition is competitive with respect to glvoxylate and non-competitive
with respect to glycolate®. All of these results are summarized in Table 111

TABLE I11

SUMMARY OF INHIBITION PATTERNS WITH CARBOXYLIC ACIDS

In all cases the type of inhibition refers to inhibition with respect to the a-hvdroxy acid substrate.
Monocarboxylic acids for System 1 include all members of the homologous straight-chain serics
from acetate to heptanoate. In System 2 acetate, propionate and valerate were tested; no data are
available for Systems 3 and 4. Dicarboxvlic acids tested in System 1 include oxalate. malonate,
and succinate. Oxalate and malonate were tested in System 2. Svstems 3 and 4 refer to data (taken
from ref. 9) obtained only with oxalate.

System Monocarboxylic Dicarboxylic
acids acids

1. Glycolate~-DCIP Non-competitive Competitive

2. Glyoxalate-DCIP Non-competitive Non-competitive

3. Glycolate--O, Non-competitive

4. Glyoxalate-0, Competitive

It is important to emphasize the kinetic differences between non-competitive
and competitive inhibition. In competitive inhibition the inhibitor affects only the
slope of a Lineweaver-Burk plot. A single inhibition constant, Kjsiope), is obtained.
In non-competitive inhibition the inhibitor affects both the slope and the intercept
of a Lineweaver-Burk plot. Two inhibition constants, Kisiopey and Kiintercep), are
obtained. It can be seen from Table III that the inhibitors always affect the slope
term. However, whether the inhibitor also affects the intercept term depends on the
nature of the hydroxy acid and the electron acceptor.

A possible explanation for the inhibition patterns observed with DCIP as the
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electron acceptor will be considered. A similar argument can also be applied to the O,
system. The converging-line kinetics observed with DCIP as the electron acceptor
suggest a mechanism involving a ternary complex. Various mechanisms can be writ-
ten which will satisfy this requirement. One such mechanism, indicated below, has
been arbitrarily selected for the purpose of this discussion. However, as will be seen,
the explanation offered to account for the observed inhibition patterns can be ap-
plied to other mechanisms.

kl k3
E + A 2 EA = EH,P
ky ky

k5 k7
EH,P + B = EH,PB 2 EPQ
kg L

kB kll
EPQeEQ + P2 E + Q

k10 klZ

where E and EH, are oxidized and reduced enzyme, 4 and B are substrates, and P
and @ are products.

In this discussion the following assumptions have been made: (1) Dead end
inhibition is assumed in all cases, 7.c. enzyme-inhibitor complexes are totally in-
active. (2) Similar mechanisms are assumed for the oxidation of glycolate and gly-
oxylate with DCIP as the electron acceptor. Identical or analogous intermediates are
formed during the oxidation of either substrate. (3) An inhibitor molecule and a
hydroxy acid substrate (4) or its keto acid product (P) cannot bind simultaneously
to oxidized enzyme. This is a reasonable assumption since it is known from spectral
studies that two anions (i.e. heptanoate and oxalate) cannot be bound simultaneously
to oxidized enzyme!. Since similar information concerning reduced enzyme is un-
available, this restriction need not hold for the binding of an inhibitor molecule to
reduced forms of the enzyme containing P.

According to the rules outlined by CLELAND!, a dead end inhibitor can affect
the slope of a Lineweaver-Burk plot if it combines with the same form of the enzyme
as the variable substrate (E, in the case of substrate 4). If an inhibitor combines with
a form of the enzyme which does not bind the variable substrate, it will affect the
intercept if the two enzyme forms are in reversible equilibrium. However, it will only
affect the slope if the variable substrate adds at some point further along in the
sequence than the inhibitor. Since the variable substrate (4) under consideration
adds at the start of the sequence, the slope will be affected only if the inhibitor com-
bines with E. This will be true for mechanisms which involve any number of ad-
ditional intermediates or even an entirely different mechanism, provided that 4 still
binds at the start of the sequence. Combination of the inhibitor with any other
enzyme form can only affect the intercept.

Enzyme forms incapable of unimolecular reaction with liberation of a sub-
strate or product or isomerization into such a form are called stable enzyme forms in
the CLELANDY nomenclature system. According to this nomenclature, E is a stable
enzyme form. Enzyme forms capable of unimolecular reaction with the liberation of
a substrate or product. or isomerization into such a form are called transitory com-
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plexes. For example, FH,P and EQ are transitory complexes. If an inhibitor com-
bines with a stable enzyme form, the observed K; will be a true K; (and therefore a
true Kq). However, if the inhibitor combines with a transitory complex, the observed
K; will be an apparent K;. It will be a function of the true K; and certain rate con-
stants in the mechanism!!.

As discussed above, the slope of a Lineweaver-Burk plot with .4 as the variable
substrate will be affected only if the inhibitor combines with E. Since E is a stable
enzyme form, the observed Kjope) Will be a true K; and should be independent of
the nature of the substrate 4. This prediction is satisfied reasonably well by the data
presented in Tables 1 and I1. The values obtained for K;ope) for the monocarboxylic
and dicarboxvlic acids with two different substrates are similar.

The intercept of a Lineweaver-Burk plot with A as the variable substrate will
be affected if the inhibitor combines with an enzyme form other than E. Since all
other enzyme forms in the mechanism under consideration are transitory, the
Kigntercepty Will not be a true K;. The observed Kjgntercepty Will be a function of a
true K; and certain rate constants in the mechanism and therefore need not be the
same for different substrates. In addition, if the inhibitor combines with an inter-
mediate such as EH,P, the true K; need not be the same with different substrates
since the nature of P will depend on the nature of A. It is therefore possible to define
an observed Kjgntercepty (&) as a function of a true K; (K¢} and certain rate constants
in the enzyme mechanism (/). The values for K¢ and / may vary for a given inhibitor
depending on the nature of the substrate. The following equations may be written:

(B, = )0 (), (7)
(KY), = Jo (K7 (%)
() = T () (9)
(U, = 75K, (10}

The superscripts m and d refer to the monocarboxylic and dicarboxylic acid series,
respectively. The numbers 1 and 2 refer to glycolate and glyoxylate, respectively. It
will be noted that Eqn. ¢ defines an inhibition constant not detected kinetically since
dicarboxylic acids only affect the slope of a Lineweaver—Burk plot when glycolate is
the variable substrate. Kinetically, (Ky4), is infinitely large. Since finite values are
obtained for (K ,4), (i.c. dicarboxylic acids affect the intercept of a Lineweaver-Burk
plot with glyoxylate as the variable substrate), the inequality expressed in Eqn. 11
will be true.

d

T = ), (1)

The equality expressed in Eqn. 12 is reasonable since the values obtained for
Kiintercepty in the monocarboxylic acid series are approximately the same with gly-
colate and glyoxylate as the variable substrates (see Table I}.
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T D, =T, (K] (12)

Since similar mechanisms are assumed, enzyme intermediates formed during
glycolate and glyoxylate oxidation will either be identical (e.g. EQ) or analogous (e.g.
EH,P). In general, with two classes of enzyme intermediates and two classes of
inhibitors, three combinations of enzyme intermediate-inhibitor complexes are
possible. In Case 1 both monocarboxylic and dicarboxylic acids combine with an
intermediate such as EQ. For a given substrate, the value for J will depend only on
the enzyme intermediate with which the inhibitor combines!!. In addition, it is clear
that the Ky will be independent of the nature of substrate 4. The following equations
can be written:

J, =1, =7, (13)
m=7=1, (14)
(), = (K)), = K| (x3)
(K1), = (K), =K (16)

Eqns. 13-16 can be substituted into Eqns. 11 and 12 to give Eqns. 17 and 18.
1K > K (r7)

AN (18
However, when Eqn. 17 is divided by Eqn. 18, an impossible inequality is obtained
and therefore Case 1 is ruled out.

In Case 2 both monocarboxylic and dicarboxylic acids combine with an inter-
mediate such as EH,P. Eqns. 13 and 14 also apply in this situation but Eqns. 15 and
16 need not apply. Under these conditions Eqn. 19 is obtained.

(KD, (KD,
>
K),  (K])

t’2

Eqn. 19 states that the relative affinity of EH,P for monocarboxylic and dicarboxylic
acids varies greatly with the nature of P. If this possibility is excluded, Case 2 can be
eliminated.

In Case 3 dicarboxylic and monocarboxylic acids combine with different
enzyme forms (e.g. EQ and EH,P). Let us assume that the true K; is relatively un-
affected by the nature of P. Eqns. 15 and 16 are assumed to be true. Eqns. 13 and 14
need not apply. Under these conditions Eqn. 20 is obtained.
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Using rules described by CLELAND!, it is possible to determine an expression for J in
terms of substrate-specific rate constants. The expression for J, associated with the
formation of a given enzyme intermediate—inhibitor complex is determined by per-
forming the following operations: (1). The distribution equations (i.c. E/E;) are
calculated according to the method of KinGg AND ALTMAN® in terms of kinetic con-
stants. (2) The rate equation in the presence of inhibitor is derived by the same method
used to derive the equation in the absence of the inhibitor except that the numerator
of the distribution equation of the enzyme intermediate with which the inhibitor
combines is multiplied by the factor (1 + I]/Ky). (3) The intercept term in the final
rate equation (with 4 as the variable substrate) is set equal to zero and solved for "7 |.
When the intercept term is zero |7] = JK;. If dicarboxylic acids combine with EH, P
and monocarboxylic acids combine with EQ, substitution of expressions obtained
for J into Eqn. zo vyields Eqn. 21.

[ kykokg ] [ bygkshy ] (21)
L 5 S 21
hoky = kaky - kohg 1y hghy - Roky 4 Roky 1,

The numbers 1 and 2 again refer to glycolate and glvoxylate, respectively. It will be
noted that the rate constants contained in Eqn. 21 can vary depending on the nature
of the substrate 4. Since it is known that glycolate and glyoxylate are oxidized at
different rates, there is no reason to assume that these rate constants will be identical
for the two substrates. This is consistent with the inequality expression.

In Case 3, qualitatively different inhibition patterns can result simply as a
function of quantitative differences in the rate constants associated with the oxi-
dation of glycolate and glyoxylate. Let us continue to assume that the true K; (Ky)
is relatively unaffected by the nature of P (i.c. Eqns. 15 and 16 are valid). Under these
conditions, J;™m and J,™ must be similar in magnitude since similar values for
Ki(intercepty are observed for monocarboxylic acids with glycolate and glyoxalate as
substrates. However, suppose J,4is 30 times larger than J,4. The Kintercepty Observed
for oxalate with glvoxalate as substrate is 1.4-1073 M. Using Eqns. g and 10, 2
Kiintercepyy Of approximately 4-1072M is predicted for oxalate inhibition with
glycolate as substrate. This value is 100 times larger than the value obtained for
Kiiopey In the case of oxalate inhibition. Under these conditions, the concentration
of oxalate required to double the intercept term would increase the slope term by a
factor of 100 (see Eqn. 1). Kinetically, it would be extremely difficult to detect an
effect of the inhibitor on the intercept, and the inhibition would appear to be compe-
titive.

Given the assumptions outlined at the beginning of this discussion, it is pos-
sible to rule out Case 1. At the present time it is not possible to distinguish between
Cases 2 and 3. Either case could account for the inhibition patterns observed with
monocarboxylic and dicarboxylic acids. However, Case 3 is somewhat more at-
tractive since the inhibition patterns can be explained solely in terms of differences
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in rate constants associated with two substrates which are found experimentally to
be oxidized at quite different rates.
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