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A detailed kinetic analysis of the oxidation of mono-substituted
mandelates catalysed by L-(+)-mandelate dehydrogenase (L-
MDH) from Rhodotorula graminis has been carried out to
elucidate the role of the substrate in the catalytic mechanism.
Values of Kmn and kcat (25 °C, pH 7.5) were determined for
mandelate and eight substrate analogues. Values ofthe activation
parameters, AH: and AST (determined over the range 5-37 °C),
for mandelate and all substrate analogues were compensatory
resulting in similar low values for free energies of activation AGt
(approx. 60 kJ - mol-V at 298.15 K) in all cases. A kinetic-isotope-
effect value of 1.1+ 0.1 was observed using D,L-[2-2H]mandelate

INTRODUCTION
Although 2-hydroxyacids are relatively stable towards oxidation
by dioxygen, stereospecific flavoenzymes that catalyse the oxi-
dation of such compounds are widely distributed in nature. One
such enzyme is the L-(+)-mandelate dehydrogenase (L-MDH),
from the yeast Rhodotorula graminis, which catalyses the oxi-
dation of L-(+)-mandelate to phenylglyoxylate [1,2]. L-MDH
belongs to a family of enzymes, the flavocytochromes b2, which
includes the L-lactate dehydrogenases (L-LDH) from the yeasts
Saccharomyces cerevisiae and Hansenula anomala [3]. In a

detailed comparison of L-MDH from R. graminis and L-LDH
from S. cerevisiae, it was evident that the two enzymes have
mutually exclusive substrates [4]. It was also shown, by kinetic
isotope effect (KIE) measurements, that the transition states in
the two enzymes must be different [4]. These results raised several
questions about the catalytic mechanism in L-MDH. To gain
further information on this mechanism we have investigated the
reactivity of L-MDH with a range of ring-substituted substrate
analogues which varied in the position (meta or para) and
electron-withdrawing/donating power of the ring substituent.
We report here a detailed kinetic study on the oxidation of
mandelate and eight substituted mandelates to the corresponding
phenylglyoxalates by L-MDH as shown in Scheme 1. The
mandelates used have been numerically designated as shown and
are referred to using the appropriated number throughout.
We also describe the resulting structure-activity correlations

and demonstrate the application of extended forms of linear free-
energy relationships as an aid to understanding and verifying
these correlations.

MATERIALS AND METHODS

Isolation of enzyme

L-MDH from R. graminis (strain KGX39) was prepared as

previously described [4]. Enzyme concentrations were measured
using previously published molar absorption coefficients [5].

as substrate and was invariant over the temperature range
studied. The logarithm of kcat values for the enzymic oxidation
of mandelate and all substrate analogues (except 4-hydroxyman-
delate) showed good correlation with Taft's dual substituent
constant C (where cr = or+0.64o-) and gave a positive reaction
constant value, p, of 0.36+0.07. This linear free-energy re-
lationship was verified by analysing the data using isokinetic
methods. These findings support the hypothesis that the enzyme-
catalysed reaction proceeds via the same transition state for each
substrate and indicates that this transition state is relatively non-
polar but has an electron-rich centre at the a-carbon position.

,OH

Scheme 1 Oxidation of mandelate and eight substituted derivatives to
their corresponding phenylglyoxalates
Name

L(+)-Mandelate
D,L-Mandelate
DL-[2-2H]Mandelate
4-Chloro-D,L-mandelate
4-Bromo-D,L-mandelate
4-Fluoro-D,L-mandelate
4-Methyl-D,L-mandelate
3-Methoxy-D,L-mandelate
4-Methoxy-D,L-mandelate
3-Hydroxy-D,L-mandelate
4-Hydroxy-D,L-mandelate

Number R Y

la H
lb H
Ic H
2 4-Cl
3 4-Br
4 4-F
5 4-Me
6 3-OMe
7 4-OMe
8 3-OH
9 4-OH

H
H
2H
H
H
H
H
H
H
H
H

Substrate analogues
L-Mandelate, D,L-mandelate and all substituted D,L-mandelates
were obtained from Aldrich and were > 99% pure. All of these
substrates were used without further purification. D,L-Mandelate
deuterated at the C-2 position, D,L-2-[2H]mandelate, was pre-
pared by a previously reported procedure [4]. The purity of this
deuterated mandelate was checked by t.l.c. The isotopic purity
was ascertained by 'H n.m.r. spectroscopy and mass spectrometry
as previously reported [4].

Kinetic measurements
Kinetic experiments were carried out between 5 °C and 37 °C
(with an accuracy of + 0.1 °C) in Tris/HCl buffer at pH 7.5 and
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I 0.10. The buffer concentration was 1OmM in HCI with I
adjusted to 0.10 M by addition of NaCl.

Steady-state kinetic measurements involving the enzymic and
non-enzymic (uncatalysed) oxidation of2-hydroxyacid substrates
were carried out using Beckman DU62 or Pye-Unicam SP8-400
spectrophotometers. Reaction temperatures were maintained
with the use of a Grant LTD6 circulatory water bath. Ferri-
cyanide was used as electron acceptor and the reaction was
monitored at 420 nm using an absorption coefficient of
1010 M-1- cm-' [6].

Steady-state parameters
Reaction rates, v, were measured from initial slopes (up to 10%
product formation) of absorbance changes with time. With some
substrate analogues the uncatalysed reaction made a significant
contribution to the reaction rate as indicated by eqn. (1).

E + S ES kcat. E + P
k~tuncat.

p

(1)

Where kuncat is the rate constant for 'spontaneous' or non-
enzymic oxidation of the substrate, and kcat and Km are the
classical Michaelis-Menten constants. The value of kunlat. is
easily measured in the absence of enzyme and this value can then
be subtracted from the observed rate constant, kobs, in the
presence of enzyme to give the initial rate, vo, for the enzyme
catalysed reaction as shown in eqn. (2).

vO= (kobs.-kuncat.) [S] (2)
Observed rate constants were measured at various concentra-

tions of the purified enzyme (5 x 10-9 to 1 x 10-' M). The
relationship between initial rates, corrected for the uncatalysed
reaction and substrate concentration, showed typical saturation
behaviour [7]. Values of Km and kcat were determined using a

non-linear regression analysis [8]. Such parameters were obtained
from at least four separate reactions, with reproducibility better
than +10 % (mean values are quoted).

Kinetic isotope effects for L-MDH were determined using D,L-
[2-1H]mandelate and D,L-[2-2H]mandelate as substrates.

Activation parameters and isokinetic methods
Activation parameters; AHW, AS$ and AGI were determined
from the dependencies of the kinetic parameters keat, Km, and
kcat./Km on the temperature T (K) using a linear form of the
Eyring equation [9]. For enzyme-catalysed oxidations, kinetic
runs were performed from between 5 °C and 37 °C in approx.
5 °C steps. Non-enzymic oxidations were studied from 15 °C to
80 'C. The enhancement of the enzyme-catalysed reaction with
respect to the uncatalysed reaction was calculated according to
eqn (3).

6AGT = -RT1n(kcat./kuncat.) (3)
Verification of isokinetic relationships was carried out by the
method of Exner [10].

RESULTS AND DISCUSSION

Kinetic Isotope effects
L-MDH from R. graminis belongs to a family of enzymes known
as the flavocytochromes b2 which includes L-LDH from

Saccharomyces cerevisiae [3,4]. In L-LDH it has been shown
from deuterium kinetic isotope effects, 2H-KIEs, that the rate-

determining step of the reaction is abstraction of the C-2
hydrogen of lactate as a proton [3,5]. However, it has been
reported recently that there is no observable 2H-KIE for the
oxidation of mandelate by L-MDH and this was interpreted as
clear evidence that the transition states in the two enzymes were
different [4]. This result is confirmed in the present study as direct
kinetic measurements on D,L-mandelate and its deuterated ana-
logue D,L-[2-2H]mandelate give rise to a negligible KIE value of
1.1+ 0.1 at 25 °C. This KIE value varied little with temperature
ranging from 1.03+0.15 at 5 °C to 1.24+0.19 at 35 °C, i.e. the
same within experimental error. Thus we can completely rule out
abstraction of the C-2 hydrogen of L-mandelate making any
significant contribution to the rate-determining step of the
reaction. This result raises questions about the nature of the
transition state and the contribution of the substrate in the
oxidation of mandelate catalysed by L-MDH.

Steady-state kinetics
For mandelate and all eight substituted mandelates the enzyme
catalysed reaction was found to accurately follow first-order
kinetics with respect to substrate over at least three to four half-
lives. Initial rates for the enzymic oxidation of all substrates
studied were measured over a range of substrate concentrations
(0.01-20 mM). Saturation kinetic behaviour was observed
throughout [11], with no evidence for substrate or product
inhibition. Resulting kcat and Km values are listed in Table 1.

Activation parameters
An enzyme, in common with all catalysts, interacts with its
substrate to form a transition state which must be of lower free
energy than that for the uncatalysed reaction. To understand the
nature of the transition state one must therefore have an estimate
of the free energy of its formation. The activation energy for the
formation of the transition state which rate limits the enzyme-
catalysed reaction, can be determined by analysing the depend-
ence of rate on temperature. Thus, for each substrate, the
variation of kcat and Km values with temperature was investi-
gated. The data were fitted to a linear form of the Eyring
equation (Figure 1) and resulting activation parameters for kcat

Table 1 Steady-state kinetic parameters for the reaction of L-MDH with
mandelate and substituted mandelates
All experiments were carried out at 25 OC in Tris/HCI buffer, pH 7.5 (/0.10). Ferricyanide
(1 mM) was used as electron acceptor. Values of kcat are expressed in mol electrons
transferred/mol enzyme per second. Kinetic parameters at 25 °C were estimated by non-linear
least-squares analysis of their values from the Eyring equation.

cat. (at 25 °C) Km (at 25 °C) kct.Km
Substrate R (s-1) (mM) (M-1 . s-1)

la H 114+6 0.24+0.04 4.7x 105
lb H 94+5 0.35+0.05 2.6 x 105
Ic H 93+5 0.74+0.11 1.3 x 105
2 4-Cl 116+6 0.38+0.06 3.0 x 105
3 4-Br 108+5 0.26+0.04 4.1 x105
4 4-F 98+5 0.16+0.02 6.0x 105
5 4-Me 80+4 0.17+0.03 4.8 x 105
6 3-OMe 106+5 0.12+0.02 8.7 x 105
7 4-OMe 68+3 0.12+0.02 5.7 x 105
8 3-OH 108+5 0.15+0.02 7.4 x 105
9 4-OH 146+7 0.08+0.01 1.9x 106



L-Mandelate dehydrogenase from Rhodotorula graminis 649

-0.8

--1.2

-1.4

-1.6 . .
3.2 3.3 3.4 3.5 3.6 3.7

103 x 1/T(K-1)

Figure 1 Eyring plots of ln(k IT) versus I/T for the oxidation of various
mandelates by R. graminis L-IDH

Key to symbols: A, L-(+)-mandelate; +, D,L-mandelate; O, D,L-[2-2H]mandelate.

Table 2 Values of k and corresponding activation parameters for the
reaction of L-MDH witltrmandelate and substituted mandelates
All experiments were carried out in Tris/HCI buffer, pH 7.5 (/0.10). Ferricyanide (1 mM) was
used as electron acceptor. The temperature range was 5-37 IC. Values of AG$ (25 0C) were
determined from the relation of AH? and AS? at 25 0C.

AG?
k<1 (at 25 0C) (at 25 0C)

Substrate R (s-1) (kJ mol-1)
AH? AST
(kJ - mol-1) (J mol-1 * K-1)

la H 114+6 61.3 18.1 +1.0 -145+10
lb H 94+5 61.8 11.8+0.7 -168+13
IC H 93+95 61.8 12.1+2.7 -167+50
2 4-Cl 116I+6 61.3 8.6+2.7 -177+8
3 4-Br 108+5 61.4 10.1 +4.5 -172+10
4 4-F 98+5 61.6 13.2+2.4 -162+4
5 4-Me 80+4 62.2 18.5+1.1 -147+11
6 3-OMe 106+5 61.5 11.9+4.6 -166+8
7 4-OMe 686+3 62.5 23.8+1.1 -130+7
8 3-OH 108+5 61.4 10.6+2.2 -170+5
9 4-OH 146+7 60.6 21 .5+1.3 -131+9

are listed in Table 2. For kcat measurements, the -substituent
effects on AS? and AHl values compensate for oneianother to
give rise to an almost constant, low, free energy of activation
AG?298 of 60 kJ mol-1. This is in contrast with the much larger
free energy for the non-enzymic or uncatalysed reaction which
was found to be approx. 100 kJ - mol-'. The rate enhancement for
the enzyme-catalysed oxidation of mandelate compared with
that for the reaction in the absence of enzyme (kcat./kuncat.) is
estimated to be about 1 x 108, and by using eqn. 3 the value of
8AGI was found to be 44.1 kJ -mol-'.
The relatively low enthalpies of activation and more negative

entropies of activation (Table 2) are typical for an intramolecular
enzyme-substrate reaction. The near constancy of the free
energies of activation, AG$, for the oxidation of all of the
substituted mandelates by L-MDH is strongly indicative that the
same mechanism applies in all cases. However, much more
informative data on the importance of structural features of the
substituted mandelates have been obtained from analysis of the
isokinetic relationships.

lsokinetic relationships
If a given reaction series follows a common mechanism with the
same rate-determining step then there should be a quantitative
relationship between enthalpy and entropy of activation, i.e. the
so called isokinetic relationship or compensation law [10]. From
the activation parameters in Table 2 there appears to be just such
a compensation between AHt and ASt, consistent with an

isokinetic relationship in the data for L-MDH. We have used the
methods recommended by Exner [10,12] to analyse our data in
order to confirm such a relationship. Using eqn. (4) excellent
correlations were obtained when log kcat (i+ 5 °C) was plotted
against log kCat(5 °C) (Figure 2).

logk,t.(i+ 5 0C) = a + b - logkc,t (5 °C) (4)
(where i = temperatures from 0 to 35 °C rising in 5 °C steps).

Additional verification for the isokinetic relationships was
obtained from a statistical analysis of the Arrhenius plots for
each of the substituted mandelates (Figures 3 and 4). The
Arrhenius plots were compared to allow the identification of a
common intersection point at a particular temperature, the
'isokinetic temperature', f (Figures 3 and 4). From the statistical
analysis [13,14] of the Arrhenius plots for kcat (Figure 3) it can
be seen that substrates 1-8 show a common intersection at an
isokinetic temperature, f = 332+11 K, with only substrate 9 (4-
hydroxy-D,L-mandelate) deviating from this. In fact 4-hydroxy-
D,L-mandelate is the most efficient substrate with L-MDH, having
a kcat./Km value some 4-fold greater than D,L-mandelate itself
(Table 1).

In the case of the statistical analysis of the Arrhenius plots for
the apparent Km values, (Km)app, (Figures 4a and 4b) three
substrates (7, 8 and 9) deviate from the others, which give an
isokinetic temperature, ft, of 271 + 14 K. It is important to note
here that the substrate which deviates from the isokinetic
relationships for both kcat and Km is the 4-hydroxy-D,L-mandelate
and one obvious explanation for this deviation is that 4-
hydroxymandelate has the potential to form an additional
hydrogen bond not available to the parent substrate. The
formation of such a hydrogen bond might be expected to lead to
changes in kcat and Km and thus cause a deviation from the
isokinetic relationship. In the case of the Km analysis only, the 4-
methoxy and 3-hydroxy derivatives also deviate from the iso-
kinetic relationship. This would suggest that these substituents
form additional interactions upon enzyme-substrate-complex
formation but not on transition-state formation as they still
correlate well in the kcat analysis.

Structureactivity correlations
The oxidation of various substituted mandelates by L-MDH can
be analysed using a Hammett-type approach. The Hammett
treatment aims to correlate the effect of a meta- or para-ring
substituent on the rate of reaction. Thus, attempts were made to
correlate kcat values with the classical Hammett relation [15],
(eqn. 5) and these gave reasonable agreement (Table 3, Fit no.
1-6).

log(kc.t.)R = log(kcat.). +o-p (5)
(The Hammett equation is a linear free-energy relationship
where: C- values are numbers which sum up the total electronic
effects, resonance plus inductive, of a group R attached to the
ring; and p is the reaction constant. Reactions with a positive p
are helped by electron withdrawing groups and reactions with a
negative p are helped by electron-donating groups.) Excluding 4-
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0.5 Figure 4 Statistical analysis of Arihenlus plots for K. for the oxidation of
mandelates Ib,2-9 (a), and lb,2-6 (b), catalysed by L-MDH

Solid and dotted lines are as defined in Figure 3.

3.5 4.0 4.5

Figure 3 Statistcal analysis of Arrhenius plots for k,, for the oxidaton of
mandelates lb,2-9 catalysed by L-MDH

Solid lines are experimental Arrhenius plot. The dotted line represents the S.D., S,, when the
Arrhenius plots are constrained to pass through a common point at the isokinetic temperature,
fl, at the minimum of the Sx plot. The arrow pointing to the left indicates the axis for the solid
lines and the arrow pointing to the right indicates the axis for the dotted line.

hydroxymandelate, the kcat. values for all substrates correlated
fairly well with the standard type of Hammett parameters; a-, 0m,
o'I, u.p [16,17], (Table 3, Fit no. 1-6). All fits resulted in a

reasonable magnitude for the reaction constant, p. The p values
from Table 3 are all relatively low (< 0.5) indicating that the ring
substituents have only a small demand on the electron density at
the C-2 carbon of the transition state. This is consistent with a

fairly electron-rich C-2 carbon in the transition state for the
reaction.
To gain further insight into the separate contributions of

inductive and resonance effects we analysed the data in terms of
dual substituent parameters [17,18] (Table 3, Fit no. 7-12). This

Table 3 Substffituent-dependence
mandelates lb,2-8 by L-MDH

of k,, (25 OC) for the oxidation of

Fit Substituent Hammett Statistical Correlation
number constant* p valuest F-testt quality ?If§

1 or

2 am, ayp+
3 am, p

4 alap
5 aTm, lrR
6 °m. aR,
7 o-m+ 0.2(op+- p)

8 Crm,+ 1 *2(a-p+-a
9 oam+ 0.2(ap--ap)

10 Cm+ 1*2(ap--ap)
11 0-1 + 0.2oR
12 a, +O.6qR+
13 al+1.0R+
14fl a, + 0.64 (+ 0.09)TR'
* From [16, 17].

0.45 (±0.08)
0.24 (±0.05)
0.48 (± 0.23)
0.44 (±0.09)
0.09 (± 0.29)
0.10 (±0.16)
0.38 (±0.08)
0.22 (±0.08)
0.45 (±0.10)
0.44 (±0.27)
0.25 (±0.13)
0.38 (±0.03)
0.50 (±0.24)
0.36 (±0.07)

408 0.10
190 0.11
90 0.27

410 0.10
20 0.49
70 0.29

201 0.11
210 0.11
405 0.10
61 0.30

105 0.27
593 0.09
405 0.27
622 0.08

t Errors in parentheses were estimated from the 95% confidence limit by the ftest.
t 95% confidence limit.

§ From [12].
11 Parameters for this fit obtained were obtained by multiple linear regression.
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indicates that substrate oxidation is important in determining the
value of kcat and must therefore contribute to rate limitation.
From all of the above information we envisage the mechanism

of mandelate oxidation by L-MDH to proceed as follows: (i) the
Michaelis complex is formed; (ii) the enzyme imposes con-
siderable strain on the substrate distorting the geometry at the C-
2 position and polarizing the C-2 carbon, this represents the
highest energy transition state i.e. the state which rate limits the
reaction; (iii) the C-2 hydrogen is lost as a proton generating a
carbanion intermediate, this process makes no contribution to
rate limitation; (iv) electron transfer from carbanion to flavin
then occurs, generating reduced flavin and phenylglyoxalate, the
oxidized product. This mechanism has many features in common
with that for the oxidation of L-lactate by flavocytochrome b2, L-
LDH, [3,6] but differs significantly at the highest energy-
transition state.

Figure 5 Hammtt plot

The linear relationship between log k,;, for the oxidation of substituted mandelates by L-MDH,
and the optimum combination of Hammett-Taft parameters [a = (o-a +0.64oR+)].

correlation is given by Taft's dual substituent parameters equa-
tion (eqn. 6) [15,19].

log(k,8,.)R = log(k,..)H +p(CJI + Ao_R ) (6)

Where (kcat.)R = keat. for substituted mandelate R; (kcat.)H = kCat
for mandelate (lb); a-, is the value for the inductive effect; and
0'R+ the value for the resonance effect. Values of p and A were
calculated from a series of determinations on the eight different
substituted mandelates by multiple linear regression with a S.D.,
S,Y, of 1.36 x 10-2; a correlation coefficient, r, of 0.9969; an F-
test, of 622 [20]; and Exner's correlation quality [21], 0, of 0.08.
Values were found to be: p = 0.36 (±0.07); and A = 0.64
(± 0.09). The value of A gives an estimate of the resonance

demand on the C-2 carbon of mandelate by the ,-aryl ring. The
best-fit value of A, which was found to be 0.64, indicates that the
relative importance of the resonance effect is only around two-
thirds that of the inductive effect.
The reason for the resonance effect being less important can be

viewed in terms of the structure of the transition state. If the
transition state in L-MDH involves the formation of a carbanion-
type species at the C-2 position, as is believed to occur in L-LDH,
then maximum resonance stabilization would be achieved if the
C-1-C-2 bond were co-planar with the ring of mandelate. If,
however, the C-2-C-3 bond were to twist such that the transition
state lost planarity then the resonance contribution would fall.
The inductive effect would, of course, be unaffected by the degree
of planarity of the transition state. Thus the fact that the A value
is only 0.64 and not 1.0 is supportive of the idea that the
transition state is non-planar.

It is worth considering at this stage that the overall mechanism
of catalysis in flavocytochrome b2, L-LDH, is of the 'Ping-Pong'
type [22,23] and this is also likely to operate in R. graminis L-

MDH. Such a mechanism involves a number of steps which
might rate limit the reaction. For example one possibility might
be that the reaction is rate limited by reoxidation of the reduced
enzyme by the electron acceptor ferricyanide. However, we

believe that the data presented in this paper is consistent with the
idea that substrate oxidation contributes substantially to overall
rate limitation. The fact that kcat is dependent upon the nature
of the substrate (Table 1) and also that logkcat shows a linear
relationship with Hammett-Taft parameters (Figure 5) clearly

Conclusions
From our studies on L-MDH we draw the following conclusions:
(i) the oxidations of the substituted mandelates by L-MDH
investigated in this present study all proceed via a common

mechanism; (ii) the effect of the various ring substituents on the
enzyme-catalysed reaction indicates that in the transition state
the C-2 carbon is fairly electron rich; (iii) the low resonance

contribution is consistent with a non-planar transition state; and
(iv) from the KIE evidence it would appear that the L-MDH-
catalysed reaction proceeds via a distinctly different transition
state from that in L-LDH.
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