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SUMMARY

Chicken lwver lactate dehydrogenase (L-lactate : NAD* oxidoreductase,
EC 1.1.1.27) catalyses the reversible reduction reaction of hydroxypyruvate to L-
glycerate. It also catalyses the oxidation reaction of the hydrated form of glyoxylate
to oxalate and ths reduction of the non-hydrated form to glycolate. At pH 8, these
latter two reactions are coupled. Th= coupled system equulibrium is attained when
the NAD*/NADH ratio is greater than unity.

Hydroxypyruvate binds to th= enzyme at the same site as the pyruvate. When
there are substanczs with greater affinity to this site 1n the reaction medium and their
concentration 1s very high, hydroxypyruvate binds to ths enzyme at the L-lactate site.
In vitro and with purified preparation of lactate dehydrogenase, hydroxypyruvate
stimulates the production of oxalate from glyoxylate-hydrated form and from NAD;
the effect is due to the fact that hydroxypyruvate prevents the binding of non-hydrated
form of glyoxylate to the lactate dehydrogenase n the pyruvate binding site. At pH 8,
the L-glyczrate stimulates the production of glycolate from glyoxylate-non-hydrated
form and NADH sincz hydroxypyruvate prevents the binding of glyoxylate-hydrated
form to the enzyme.

INTRODUCTION

Ths most significant mztabolic precursors of oxalate, thz final product of
meztabohism in mammals, are ascorbic acid and glyoxylate. The excess oxalate pro-
ducing hyp:zroxaluria comss from th: glyoxylate, the oxidation of which may be
catalysed by xanthine oxidase, glycolic acid oxidase, or by lactate dehydrogenase.
Ths part playad by this last namzd enzyme 1 pathological metabolic states leading
to the hypzrproduction of oxalate from glyoxylate [1-4] has recently bsen brought
to hight.

The different forms of hyperoxaluria [5, 6] give rise to diseases differentiated
by the metabolic pathway leading to the glyoxylate, precursor of the oxalate, and
which are originated by vitamin or enzyme deficiencies. Hyperoxaluna 1s classified
according to the nature of the products accompanying the oxalate mn urine. Type 11



210

primary hypzroxaluria or L-glyceric aciduria is due to a genetic deficiency of D-
glyczrate dehydrogenase, the absencz of which causes an accumulation of hydroxy-
pyruvate which, 1 turn, 1s reduced to L-glycerate by lactate dehydrogenase
L-Glycerate does not accumulate 1n the urine of healthy individuals, but 1ts level 1s
high in those suffering from a lack of D-glycerate dehydrogenase [7] Therefore,
although hydroxypyruvate 1s not a direct metabolic precursor of the oxalate, its
conversion 1nto L-glycerate 15 assoctated with the excess production of oxalate,
characteristic of hyperoxaluria.

The relationship bztween the reduction of hydroxypyruvate, with the aid of
lactate dehydrogenase, and the excess production of oxalate in vivo has not yet been
clearly established. It has bzen postulated [8] that the NAD™ produced m this
reduction 1s reconverted to NADH 1n the oxidation of glyoxylate to oxalate, catalysed
by this same enzyme. An attempt has bzen made 1n this paper to establish the condi-
tions i which the reactions of reduction of the hydroxypyruvate and oxidation of the
glyoxylate, catalysed by the purified preparations of lactate dehydrogenase, may be
assoclated 1n vitro to give rise to the appearance of excess oxalate.

Only spzctroscopic changes in NADH have been measured in the hydroxy-
pyruvate action on the glyoxylate oxidation and these have not been quantitatively
correlated with changes 1n concentrations of substrates or products. The observed
mitial rates of changes in NADH concentrations are the result of several competing
reactions which will bz mentioned and discussed 1n experimental part

METHODS

Chicken liver lactate dehydrogenase (L-lactate - NAD™ oxidoreductase,
EC 1.1.1 27) crystallized according to Lluis et al [9] has bzen used The specific
activity of the preparation 1s 275 umits/mg protein (1 umit = I umol converted
NADH/min); 1 g of the purified preparation contains 200 mg of protem. Freshly
prepared solutions of the following products in an appropriate buffer, after pH
adjustment (pH-meter) are used as substrates or mmhibitors- glyoxylic acid, hthium
hydroxypyruvate, 50 9/ sodium DL-lactate, DL-glyceric actd and sodium oxamate
(Merck), sodium pyruvate, NAD and NADH (Boehringer) and sodium oxalate
(UCB). The buffer used 1s 50 mM sodium phosphate, pH 74 or pH 8 0

The rate of NADH oxidation at 4 = 340 nm was followed to measure mitial
reaction rates, at 304+0 1 °C in a PYE UNICAM S-P 1700 recording spec:rophoto-
meter 1n 3-ml czlls and 1 cm light path Addition of the enzyme mmitiated the reaction.

The inhibitions have been characterised by the double reciprocal plot of
v vs [S] The binding site of two substrates, 1n the presencz of the same enzyme,
has been determined by Dixon’s method [10] K, and K,, are mhibition constants
calculated from the slopz and interczpt, respectively

RESULTS

Characterization of the hydroxypyruvate-lactate dehydrogenase-NADH system

The enzyme’s optimum pH 1n the hydroxypyruvate (24 mM)-lactate de-
hydrogenase (3 ug purified preparation/ml)-NADH (0.1 mM) system 1s 74 With
the same concentrations of enzyme and NADH, the double reciprccal plot of the
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initial reaction rates, obtamned with variable concentrations of hydroxypyruvate
(0.3-5mM) 1s linear, K, =0.5mM The hydroxypyruvate (10 mM or more)
mhibits as a result of excess substrate. The double reciprocal plot of the mmtial
reaction rates vs. the NADH concentrations (0 03-1 mM), obtamed with a constant
concentratton of hydroxypyruvate (5 mM and 3 ug of purified enzyme preparation/
ml) 1s linear; K, = 0.0l mM. Substrate mhibition by NADH excess (0 1 mM or
more) 1s also observed.

Hydroxypyruvate binding site in lactate dehydrogenase

In the hydroxypyruvate (0.3-5mM)-lactate dehydrogenase (3 ug purified
preparation/ml)-NADH (0.025-0 1 mM) system, the L-lactate (11.5 and 14 mM)
1s a non-compztitive inhibitor with respect to the hydroxypyruvate (K,, = 3.6 mM;
K,, = 2 mM) when the NADH 1s at a saturating concentration (0 1 mM) and 1s an
uncompetitive inhibitor (6.6 and 16 1 mM) with respect to NADH (K,, = 1.2 mM)
when the hydroxypyruvate 1s at a saturating concentration (5 mM). This suggest
that the L-lactate and the hydroxypyruvate does not bind to the same enzyme site

The results obtained with non-equimolar mixtures of pyruvate and hydroxy-
pyruvate, when the hydroxypyruvate concentration 1s higher or lower than the
pyruvate concentration, are given in Table I When higher hydroxypyruvate concen-
trations are used, i1t 1s shown that the experimental values agree with the theoretical
ones 1f it is assumed that both substrates compete for the same enzyme site. If the
hydroxypyruvate concentration 1s lower than that of the pyruvate, there is no com-
patition between the substrates. The phenomenon observed 1s 1n correlation with
the K, values of both substrates: K., yarorypyruvate) = 0-45 MM, Kp,0orivarey = 0 06 mM.
Non-equimolar mixtures of hydroxypyruvate and glyoxylate (Table II) show a
similar bzhaviour. Therefore, 1t may bz stated that when the hydroxypyruvate

TABLE 1
NON-EQUIMOLECULAR MIXTURES OF PYRUVATE AND HYDROXYPYRUVATE

Theoretical rates for competing (V') or not competing (¥12) substrates for the same site, Ve,p =
experimental rates, pH 7 4, [enzyme] = 6 6 ug of purified preparation/ml, [NADH] = 0 1 mM
Pyruvate-lactate dehydrogenase-NADH system Kmyr) = 0 066 mM, Vi, = 125 1072 A4/min
Hydroxypyruvate-lactate dehydrogenase-NADH system Kmmyarosypyr ) = 0 5 MM, Vipyarosypyr ) =
256 10~2 AA4/min Results are expressed as 44/min X 102

Pyruvate Hydroxypyruvate 2% Vy? Vexp

(mM) (mM)

001 01 55 63 52
03 10.4 11.8 106
05 13.4 151 128
07 154 172 152

001 004 66 69 70
006 80 83 91
008 91 94 115

003 004 72 81 88
0 06 85 9.5 104

008 94 106 138
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TABLE 11
NON-EQUIMOLECULAR MIXTURES OF GLYOXYLATE AND HYDROXYPYRUVATE

Theoretical rates for competing (¥¢!) or not competing (¥42) substrates for the same site, Vs, = €x-
perimental rates, pH 74, [enzyme] = 6 6 pg of purified preparation/ml, [NADH] = 0.1 mM
Glyoxylate-lactate dehydrogenase-NADH. system Kmgiyox >y = 3 MM, Vigizoxy =51 1072 AA4/mun
Hydroxypyruvate-lactate dehydrogenase-NADH system  Kyydroxymr> = 0 7 MM, Vinydroxypyr y =
77 10~2 AA/min Results are expressed as 4A4/mun x 102

Hydroxypyruvate  Glyoxylate Vil V12 Vesp
(mM) (mM)
0 015 0 66 1 11 24
133 16 18 25
26 24 26 31
200 44 46 49
03 0 66 26 31 28
1.33 29 37 26
26 33 45 39
200 46 66 48

concentration 1s low and the pyruvate or glyoxylate concentrations are moderately
high, the hydroxypyruvate 1s displaced from the characteristic pyruvate binding site
and must bind 1itself to another site on the enzyme molecule, probably the L-lactate
binding site.

Oxamate is a compztitive inhibitor of lactate dehydrogenase with respect to
pyruvate. Its effect on the hydroxypyruvate-lactate dehydrogenase (6 6 ug purified
preparation/ml)-NADH (0.1 M) may bz illustrative as to the site where the hydroxy-
pyruvate bmnds. The inhibition caused by the oxamate (03 and 0.5 mM) 1s purely
non-compztitive if the hydroxypyruvate varies from 0.005 to 0.1 mM, or 1s mixed
non-compztitive 1f the concentrations of both are similar ([oxamate] = 3-5 mM;
[hydroxypyruvate] = 1-10 mM). The inhibition by oxamate (0.05, 0.1 and 0.2 mM)
1s competitive if the hydroxypyruvate concentration vartes 1 to 10 mM. The nature
of the inhibition by oxamate changes gradually and may be related to the displacement
of the hydroxypyruvate from its binding site when there 1s a high concentration of
substrates with greater affinity.

Oxido-reduction of glyoxylate at pH 8

At pH 8, the glyoxylate may be oxidized (with NAD) or reduced (with NADH)
by lactate dehydrogenase. The reaction rates 1n the glyoxylate-lactate dehydrogenase-
NAD system at pH 8, show two straight Iines of differing slopzs (Fig 1). If the
reaction times are very short, the slope 1s steeper than if the times are extended.
This phenomenon 1s independent of the glyoxylate concentration (0.8-4 mM).
At pH 8, the glyoxylate (hydrated form)-lactate dehydrogenase-NAD* produces
NADH, this latter reduces the anhydrous form of the glyoxylate (glyoxylate (an-
hydrous form)-lactate dehydrogenase-NADH system) to glycolate. Therefore, there
must bz a NAD*/NADH ratio at which an equilibrium 1s attained bztween the oxida-
tion and reduction of the glyoxylate; that is, there may bz an initial mixture of NAD™,
NADH, and glyoxylate with which no absorbancs increments or decrements are
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Fig 1. Imtal rates from glyoxylate-lactate dehydrogenase-NAD™* system [glyoxylate], 4 mM,
[NAD], 33 mM, 50 mM sodium phosphate buffer, pH 8, [enzyme], 6 6 ug of purified prepara-
tion/ml.

observed at A =340 nm. The results obtained with different concentrations of
glyoxylate (2-7.8 mM) show that the NAD*/NADH ratio is always greater than
unity (33-66), this seems to suggest that, at this pH, the reduction reaction is more
favourable than the oxidation reaction. It may be assumed, therefore, that the NADH
formed by the glyoxylate (hydrated form)-lactate dehydrogenase-NAD™* system may,
m turn, bz active in the reduction of the glyoxylate (anhydrous form) to glycolate.

Action of hydroxypyruvate in the oxidation of glyoxylate

In the presence of NAD™ and enzyme, the hydroxypyruvate undergoes no
change and 1s a competitive inhibitor (0.0003-0.001 mM; K,, = 2 uM) with respect
to the glyoxylate (0.15-1 mM) in the glyoxylate-lactate dehydrogenase (6.6 ug
purified preparation/m!)-NAD (3.3 mM) system.

When studying the effect of the hydroxypyruvate on the glyoxylate-lactate
dehydrogenase-NAD™' system at pH 8, we have taken into consideration all the
reactions that may take place bztween the substrates initially present, which are the
hydrated and non-hydrated forms of the glyoxylate the NAD™ and hydroxypyruvate
and the products which appear in the reaction medium. The initial reaction 1s as
follows*

(OH),CH-COOH+NAD 5 oxalate+ NADH+H*

When the NADH appzars, the following reactions may take place:
HOC-COOH-+NADH-+H* 5 glycolate+ NAD*
Hydroxypyruvate-~NADH-+H™* = r-glyczrate - NAD*

The imtial reaction rates obtained in vitro with mixtures of glyoxylate, NAD®,
hydroxypyruvate and lactate dehydrogenase at pH 8 are given in Table III. The
velocity plots, obtained by the spectrophotometric method, show two straight lines
with a genuine inflection point bstween them, similar to what is observed 1n the
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TABLE III

ACTION OF HYDROXYPYRUVATE IN THE GLYOXYLATE-LACTATE DEHYDRO-
GENASE-NAD SYSTEM, pH 8

[Enzyme] = 3 ug of purified preparation/ml, [NAD]* = 3 3 mM, [glyoxylate] = 4 mM Vand V~
mitial rates calculated from the first and second slope of velocity recording plots

Hydroxypyruvate  AA4/minx 102 Activation or Effect of hydroxypyruvate

(mM) mhibition (%) on the velocity plots
14 Vv’ Ist slope  2nd slope

0 65 37 - -

0 0005 67 37 4 0

0 0008 717 38 19 4 Increments

0 001 89 43 37 16

0 005 70 43 8 10

001to01 65 37 -~ - -

05 28 18 57 51

1 19 12 70 67 Decrements

3 0.8 04 87 89

glyoxylate-lactate dehydrogenase-NAD™* system 1n the absence of inhibitor (Fig. 1)
The presence of low concentrations of hydroxypyruvate increases the reaction rates
In the presenc: of high hydroxypyruvate concentration, a drop in the reaction rates
15 observed. Spzctrophotometric absorbance imcrements are observed 1n all cases due
to the production of NADH When considering the ensemble of possible reactions,
it may bz assumed that at the start of the reaction th: NADH concentration will be
mfinitely low and no reaction with the hydroxypyruvate, the concentration of which
1s also low, will bz observed. On the other hand, the hydroxypyruvate will bind to
th: enzyme 1n 1ts preferred site, to which non-hydrated form of the glyoxylate also
binds and this, in view of its lesser affinity, may bz displacad by th: hydroxypyruvate.
This fact will imply that when th= hydrated form of the glyoxylate 1s reduced (pre-
ferred reaction) the equilibrium bztween both forms of the glyoxylate 1s displaced
towards the latter form, which 1s the genuine substrate of the glyoxylate (hydrated
form)-lactate dehydrogenase-NAD system and this would produce an apparent
activation of thz system. When the hydroxypyruvate conczntrations in th2 medium
are high, they may react with the NADH, which would manifest itself as a reduction
of the rate values.

The same effects, although less notable, also appear when the second straight
line of the velocity plots 1s analysed. In fact, after thz early part of the reaction has
elapsed, th: NADH concentration in the medium 1s highsr and may reducz the
hydroxypyruvate Independently of thz increments or decrements observed in the
reaction rates when measuring the NADH absorbance variation, this effect 1s an
increase in the production of oxalate.

Effect of L-glycerate on the glyoxylate-lactate dehydrogenase-NADH system

In the glyoxylate (1.2-10 mM)-lactate dehydrogznase (6 6 ug purifizd prepara-
tion/m!)-NADH (0 1 mM) system (pH 7 4), thz vL-glyczrate (4 1 and 8 3 mM) 15 a
non-comp:titive 1nhibitor (K,, = K,; = 2.6 mM) with respzct to the glyoxylate
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TABLE IV

ACTION OF L-GLYCERATE IN THE GLYOXYLATE-LACTATE DEHYDROGENASE-
NADH SYSTEM, pH 8

[Enzyme], 3 ug of purified preparation/ml, [NADH], 0 1 mM, [Glyoxylate], 2 mM

L-Glycerate 14 Activation or inhibition Effect of L-glycerate
(mM) (AA/min x 102) %) on the velocity plots
0 54 ~

00041 66 22 Increments

0 0083 6 11

0041 58 7

41 48 74

83 31 43 Decrements

Ths presencs of L-glycarate 1n the above system, in vitro at pH 8, produces variable
effects depznding on 1ts concentration (Table 1V). This shows that the lower concen-
trations of L-glycsrate produce increases in the glyoxylate reduction rate, whilst
the higher conczntrations produce a slowing down. The effects described are similar
to those observed in the glyoxylate oxidation system in presencz of variable concentra-
tions of hydroxypyruvate. The increased rate observed n the presence of the lower
concentrations of L-glycerate may bz interpreted, if it 1s accepted that this binds to
the same enzyme site as to which the hydrated form of glyoxylate, whose binding it
prevents, whereby the reduction of the non-hydrated form 1s facilitated. All of this
brings about a reduction in the NADH concentration, as shown by the absorbance
readings. Thz inhibition observed in the presence of the higher concentrations of
L-glyczrate 1s only apparent, sincz this will bz oxidized by the NAD coming from the
glyoxylate-lactate dehydrogenase-NADH system.

DISCUSSION

Thz results describzd indicate that the hydroxypyruvate binds to the same
enzyme site as the pyruvate (as happesns with the inhibition produced by the L-lactate
and with the non-equimolecular mixtures of pyruvate-hydroxypyruvate or glyoxylate-
hydroxypyruvate 1f hydroxypyruvate conczntrations are high) Hydroxypyruvate 1s
displaced from th: same enzyme site as thz pyruvate, probably to the same enzyme
site as L-lactate, when 1n the reaction medium are present pyruvate or glyoxylate
concantrations higher than hydroxypyruvate concentrations.

The oxidation of the glyoxylate, catalyzed by lactate dehydrogenase, has bzen
studied at pH 8. Under these conditions, glyoxylate would also be reduced to glycolate
by the same enzyme. The reaction velocity plots obtamed and the value of the
NAD*/NADH ratio, when an equiltbrium 1s obtained in the coupled system, show
that the reduction reaction takes place in preferencz to the oxidation reaction and
they suggest that the glyoxylate conversions are adapted to thz following scheme:

(OH),CH-CO0~ HOC-COO0O~

NAD 'v NADH L NAD

~“00C-CO0O~ {OH)CH,-COO0~
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Fig 2 Relationships between several reactions catalyzed by lactate dehydrogenase

The opposite effects induced by hydroxypyruvate on the glyoxylate-lactate dehydro-
genase-NAD™ system, at pH 8, may be explained by reference to Fig. 2 The hydrated
form of the glyoxylate, which is converted into oxalate at the same enzyme site as the
L-lactate (step 1) and the non-hydrated form, which 1s converted into glycolate at
the enzyme site to which the pyruvate binds (step 2) are in the reaction medium.
The hydroxypyruvate, having a greater affinity for the same enzyme site than glyoxy-
late (non-hydrated form), prevents its binding. For this reason the equilibrium

etween the two forms of glyoxylate 1s displaced towards the hydrated form (step 3),
which one 1s enzymatically oxidized (step 1) and an activating effect 1s observed when
the increase in NADH concentration 1s read in the spectrophotometer. The activating
effect produced by small hydroxypyruvate concentrations 1s only perceptible when
the reaction begns; mitially steps 2 and 4, will not take place because there 1s not
NADH in the reaction medium. After the few first seconds of the reaction, when a
sufficient NADH concentration has been reached, the processes 2 and 4 will consume
it and the activation observed will be smaller. High concentrations of hydroxypyruvate
should prevent the binding of the non-hydrated form of the glyoxylate to the enzyme
and would facilitate, therefore, the conversion of the hydrated form into oxalate;
nevertheless, hydroxypyruvate at high concentrations causes an mhibition 1f the
spectrophotometric readings are taken into consideration. This does not mean that
the production of oxalate is not stimulated under these conditions, but that, since the
hydroxypyruvate concentration is high, step 4 takes place at a very appreciable level
and NADH 1s consumed leading to the above observed apparent mhibition The
hypotheses formulated are analogous to those which could bz deduced from the
results obtained with the study of the action of the L-glycerate in the glyoxylate-
lactate dehydrogenase-NADH system.

The 1n vitro experiments we have discussed seem to suggest that higher concen-
trations of hydroxypyruvate intubit binding of the non-hydrated form of glyoxylate
to the enzyme and thereby promote the oxidation of the hydrated form of glyoxylate
and thus increase oxalate production.
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