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Abstract

In the past few years, we have been working in a complete comparative kinetic study involving three different NADPH
recycling reactions having the reduction of 6-methyl-5-hepten-2-one (sulcatone) catalysed by alcohol dehydrogenase from
Thermoanaerobium brock{irBADH) and producingS-(+)-6-methyl-5-hepten-2-ol (sulcatol) as the main reaction. A fun-
damental step in this study involves the elucidation of the kinetic mechanism of the main reaction, which must be the
rate-limiting step of the overall process in all systems studied. In the present work, we demonstrated by initial velocity and
product inhibition studies that sulcatone/sulcatol reduction reaction follows a Theorell-Chance BiBi mechanism. Using the
kinetic parameters hereby and previous determined, it was possible to simulate time-course curves for coupled enzymatic
systems used. Considering the good correlation between the adjusted curves and experimental data it is possible to affirm
that coupled enzymatic reaction systems can be kinetically described by evaluating just the kinetic behaviour of the main
reaction.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:Alcohol dehydrogenase; Sulcatone; Coenzyme regeneration; Kinetic study; Theorell-Chance BiBi mechanism

1. Introduction reactions in asymmetric synthesis allowing the trans-
formation of prochiral substrates into valuable chiral
Chiral technology has progressed a long way. It has building blocks of pharmaceutical interg&t-4].
found applications in the production of biochemicals,  Alcohol dehydrogenase frorfthermoanaerobium
pesticides, flavour chemicals, pigments, liquids crys- brockii (TBADH), a NAD(P)-linked enzyme, is be-
tals, non-linear optical materials and polymers. This is ing increasingly used as catalyst in chiral synthesis
justified because enantiomers are often readily distin- because of its high enantiospecificity, its broad sub-
guished by biological systems, and may have different strate specificity and its extraordinary tolerance to-
pharmacological or toxicological effects-5]. wards high concentrations of organic solvents such
Oxidoreductions, especially the reduction of as 2-propanol 20% (v/v). Moreover, TBADH presents
carbonyl compounds, are very important organic a remarkable capacity to withstand up t0°€5 All
these features attracted much technological interest
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2. Experimental
H_ ,OH
M ﬁ"TBADH 4 b

2.1. Materials
NADPH NADP
P’ "L_'Lm B’ Alcohol dehydrogenase fromT. brockii (EC
1.1.1.2), glucose dehydrogenase fr8acillus mega-
Scheme 1. General representation for the three coupled enzy-terium (EC 1.1.1.47), glucose-6-P-dehydrogenase
matic systems studied by Bastos et[d0]. Enzyme-coupled re-  from baker’s yeast (EC 1.1.1.49), glucose-6-phosphate,
generation systems:’Bglucose or glucose-6-phosphate (G6P); Trizma base, bovine serum albumine (BSA, fraction

and E2, glucose dehydrogenase frBacillus megateriun{GDH) . .
or glucose-6-phosphate dehydrogenase fBancharomyces cere- V) and NADPH were purChased from Sigma Chemical

visiae (G6PDH). Substrate-coupled regeneration system; B CO., 6-methyl-5-hepten-2-one£f-6-methyl-5-hep-

2-propanol 20% (v/v); and E2, TBADH. ten-2-ol, 2-propanol and 2-butanol were products
from Aldrich. All other reagents were of analytical
grade.

achieved if an efficient in situ regeneration system, to

return the coenzyme to its original redox form, is used 2.2. Methods

[3,6—15] There are two types of coupled enzymatic

systems: 2.2.1. Enzyme activity

« Those with only one enzyme acting in both TBADH ac_tivity was measur_ed in the direction of
2-butanol oxidation by following NADPH absorp-

the main and recycling r_eactlons also called tion at 340 nm essentially as described by Pereira
substrate-coupled regeneration systems and those

; . et al. [16]. Protein concentration was determined as
with two different enzymes called enzyme-coupled ; i
. described by Hartree using BSA as standa].
regeneration systemS¢heme L

A comparative kinetic study between three different 2.2.2. Kinetic mechanism
coupled enzymatic systems for in situ regeneration of  The determination of the kinetic mechanism of re-
NADPH was performed by Bastos et HIO]. All three duction of sulcatone catalysed by TBADH was done
systems are representedScheme 1 by initial velocity and product inhibition studies with
Steady-state kinetic studies are a very powerful tool NADPH 0.5 mM, 20ul of the enzyme stock solution
for predicting the behaviour of biocatalytic processes (3 mg/ml in Tris—HCI buffer 0.1 M pH 7.8 with 0.1%
and for enantioselective production of chiral building BSA), rac-sulcatol (0.05-0.8 mM) as product inhibitor
blocks. and sulcatone (0.05-0.5 mM) as variable substrate. All
Although kinetic studies with TBADH have been the experiments were performed in Tris—HCI buffer
performed[16—19] the kinetic mechanism of the re- 0.1 M pH 7.8 at 37C by following NADPH concen-
duction of sulcatone catalysed by this enzyme was un- tration decrease at 340 nm.
known and a fundamental step in kinetic modelling of
coupled enzymatic reactions involves the elucidation 2.2.3. Data processing
of the kinetic mechanism of the main reaction, that  The values (symbols) appearing in thigs. 1 and
must be the rate limiting step of the overall process in 2 are the mean of experimentally determined initial
all systems studiefll0,15] velocities (triplicates), and were used in determining
In the present work we demonstrate that the re- the kinetic parameters. Estimates of kinetic parame-
duction of sulcatone t&-(+)-sulcatol catalysed by ters Kg, Vi, Ki andK;j), and of their standard error
TBADH follows a Theorell-Chance BiBi kinetic  (S.E.) were obtained by fitting the appropriate rate
mechanism. Based on this kinetic model and by us- equation to a set of 40 experimental initial velocity
ing the parameter estimates of the corresponding ratedata obtained as described above using a non-linear
equation a complete kinetic modelling of the three least-squares computer program, developed in our
different coupled enzymatic reactions described by laboratory[21]. Egs. (1) and (2)which correspond
Bastos et al. was also performgd]. to the linear mixed-type inhibition model and to
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Fig. 1. Fitting of the mixed-type rate equation to experimental data. Concentratiac-sfilcatol: @) 0mM; (@) 0.2mM; (A) 0.4 mM;
(M) 0.5mM; (+) 0.6 mM. The concentration of NADPH was constant and equal to 0.5mM and the concentration of sulcatone varied from
0.05 to 0.5mM. The lines represent the best-fit curves obtained by fHing3) to the experimental data.

linear competitive inhibition rate equation, respec- value of the dissociation constant of enzyme-varied
tively, were fitted to these experimental data. substrate—product inhibitor compleX] [is the con-
centration of sulcatol.

o= Vm(B] )
=
Vm[B] The three coupled enzymatic recycling systems
U= Xe@ T [11/K) LBl (2) used for the kinetic modelling were set up as de-
scribed by Bastos et dl10].
where v; is the initial velocity, Vi, the maximum
velocity; [B] the concentration of sulcatond$g 2.2.5. Kinetic modelling
the Michaelis constant for sulcaton; the inhi- Coupled enzymatic recycling systems can be repre-

bition constant forrac-sulcatol, K the apparent sented by the general scheme showe8é¢heme 2
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Fig. 2. Fitting of the competitive rate equation to experimental data. All experimental conditions were described in the cdpton. of
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Scheme 2. General representation of enzymatic coupled enzymatic K, (mM)

systemswj, main initial reaction velocityy», recycling initial re-
action velocity; A, NADPH; Q, NADP; B, sulcatone; P, sulcatol;
B’, recycling substrate;’Precycling productyy, velocity of for-
mation of P;vy, velocity of formation of P, vq, velocity of for-
mation of Q;vg, velocity of formation of B. The following equa-
tions system was introduced into the program: (=Bo+Po—P;
(2 A=A0+Qo—Q; (3) vp=v1; (4) vy = v2; (B) vg = —vp;
(6) vo = vp — V.

Therefore, based on this general scheme and
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Table 1
Values of the parameters used for simulations of time-course curves
experiments

Parametefs Value
Vi, (MM/h) 6.19
Vi, (MM/h)P 51.0
9.38
Kg (mM) 0.088
Kip (MM) 0.013
Kg® (mM) 0.013
KaP (mm) 0.00141
Kia? (mM) 0.03
Kig® (mM) 0.013
Kiy (MM)° 10,000

aAll the parameters are referred to main reaction exdépt
that is related to the recycling reactions.

bData from[16].

®Value chosen in order to overcome kinetic contribution of

on the kinetic mechanism proposed in the present the recycling reaction.

work, Eq. (3) represents the rate equation for the
Theorell-Chance BiBi mechanisrB¢heme Bin the

in QUICKBASIC and based on the method of

presence of both the products of the main (P) and Runge—Kutta of fourth order for numeric integration

recycling reactions (fPand considering the inhibition
produced by excess &:

Vi, B
Kg(1+ (Kia/A)(1+ (P/Kip)(L+ (P'/Kiy))
+B(1+ (Ka/A) + (B/Kin))

3)

where Vi, is the maximum forward velocityg the
Michaelis constant for sulcatonk;j, the dissociation
constant of the E-NADPH compleX, the inhibi-
tion constant for the recycling product reactidgy
the inhibition constant for the product of the main re-
action,Ka the Michaelis constant for NADPH ar,
is the inhibition constant for excess of sulcatone.
Time-course curves simulations were performed
with a computer program developed in our labo-
ratory named Runge-Kutta (RK)-RECTD written

P
NADPH (A) /L/\/}B ) NADP (Q)

AR

E E -NADPH E -NADP E

Scheme 3. Theorell-Chance BiBi kinetic mechanism for the re-
duction of sulcatone catalysed by TBADH.

of differential equations. This program simulates a
coupled enzymatic system where the main reaction
follows a Theorell-Chance BiBi mechanisiad. (3)
(Scheme R

The kinetic parameters used in the simulation are
shown inTable 1

The boundary conditions utilised in the simulations
were the same used to obtain the experimental data
and are described imable 2

It must be emphasised that the valueskgf and
the initial concentration of Bwere chosen in order
to overcome the kinetic and thermodynamic contribu-
tions of the recycling reaction. This could be done be-
cause all three recycling systems described by Bastos
et al.[10] were irreversible.

Table 2

Boundary conditions used in the simulations

Parameters Value
Time (h) 0
Concentration of P (mM) 0
Recycling reaction productg{mM) 0
Recycling reaction substrate)B(mM) 3000
NADP, Q (mM) 0
NADPH, Ag (mM) 0.2
Main reaction substrate,B(mM) 25

2Value used to overcome kinetic contribution of the recycling
reaction.
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2.2.6. Enzymes and coenzyme stability

The kinetic of TBADH denaturation was deter-
mined by following, in independent experiments, its
activity for 96 h when submitted to the same reac-
tional conditions of the coupled systems. The kinetics
of NADPH denaturation was determined by mea-
suring its concentration changes at 340nm during
96 h in Tris—HCI buffer 0.1 M pH 7.8 at 2%C. Both
processes were demonstrated to follow a kinetic of
pseudo-first order with the equations shown below.
The value appearing in the exponential terms repre-
sent the pseudo-first order rate constant.

For substrate-coupled regeneration approach
[NADPH] = [NADPH]qe(~0-0067%(h). [TBADH] =
[TBADH] o e(~0-0093:(h))

For two enzyme-coupled regeneration systems
[TBADH] = [TBADH](e(~0024%(h): INADPH] =
[NADPH]q e(~0-010Z(h) when GDH is the recycling
enzyme; [NADPH]= [NADPH]q e-0056%(h) when
G6PDH is the recycling enzyme.

These equations were introduced in the simulation
program used in this work to take into account these
deleterious side reactions.

3. Results and discussion

Discrimination between the two possible steady-
state kinetic mechanisms for the reduction of sulca-
tone catalysed by TBADH, Theorell-Chance BiBi
(Scheme Band sequential ordered Theorell-Chance
BiBi (Scheme %[17,22] was achieved by analysing
the inhibition produced byac-sulcatol, with respect
to sulcatone acting as varied substrate. Since the re-
duction of sulcatone to sulcatol catalysed by TBADH
has been reported to be absolutely enantioselective,
producing §)-(+)-sulcatol with an enantiomeric ex-
cess higher than 99%6-8], the use ofrac-sulcatol

?
NADPH (A) W (B) /\/\% (P) NADP (Q)

|| L]

E-NADPH (E-NADPH-B=E-NADP-P) E-NADP
Scheme 4. Sequential ordered BiBi kinetic mechanism for the
reduction of sulcatone catalysed by TBADH.
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instead of its §-enantiomer, can be considered kinet-
ically acceptable. The identification of this inhibition
pattern is essential to evaluate the kinetic significance
of the ternary complexes of the main reactjti,22].

Inthe case of the sequential ordered Theorell-Chance
BiBi model (Scheme % as a consequence of the
existence of ternary central complexes the inhibi-
tion referred to is linear mixed-type. However, if the
steady state concentration of the central complex is
not kinetically significant, i.e. Theorell-Chance BiBi
model Scheme B a linear competitive inhibition
pattern must be obtained.

For this purpose, a set of experimental data ob-
tained as described under Experimental, was used to
fit Egs. (1) and (2)Although the data displayed in
Figs. 1 and 2apparently conform to a linear compet-
itive inhibition pattern as well as to the mixed-type
one, the data contained ifable 3show that the K
value is at least two orders of magnitude higher than
Kip. Moreover as shown iTable 3 the asymptotic
standard error oK is indicative of poor precision in
the determination of this parameter, strongly suggest-
ing that this kinetic parameter is redundant. Accord-
ing to this analysis, thdJK; term of theEq. (1)can
be eliminated and, in this wakq. (1)is transformed
into the linear competitive rate equatidad. (2).

Optimal experimental conditions for coupled enzy-
matic systems are those that allow the maximum con-
version of the substrate in the shortest period of time.
In this way, the complete conversion of the substrate of
the main reaction (sulcatone) will be favoured under
irreversible conditions of the coupled system where
only product inhibition will limit this conversion.

To obtain these ideal experimental conditions, it
must be assured that the main reaction is the rate-
limiting step of the coupled system, and therefore,

Table 3
Comparison of kinetic parameters estimates for both mechanisms
Parameters Value: S.E.
Sequential Theorell-Chance
ordered BiBi BiBi
Vm = S.E. @mol/min) 0.008+ 0.00008 0.008+ 0.00008
Kg + S.E. (mM) 0.088+ 0.0299 0.08%+ 0.0031

Ki £ S.E. (mM)
Kii £ S.E. (mM)
YX

0.132+ 0.00392
16.374+ 5.4676
7.05x 10°°

0.138+ 0.00441

7.02 x 10°°
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Fig. 3. Time-course curves of the reduction of sulcatone catalysed
by TBADH. (A) Enzyme-coupled regeneration systenill) GDH

as recycling enzyme; sulcatone (25 mM), 2.9 international units of
TBADH, glucose (100 mM) and GDH were diluted in Tris—HCI
buffer 0.1 M pH 7.8 in 3 ml. The reaction was started with NADPH
(0.2mM) and the mixture was incubated at°Z5for 72h @)
G6PDH as recycling enzyme. Sulcatone (25 mM), 2.9 international
units of TBADH, G6P (30mM) and G6PDH were diluted in
Tris—HCI buffer 0.1M pH 7.8 in 3ml. The reaction was started
with NADPH (0.2 mM) and the mixture was incubated at’25for
72h. (B) Substrate-coupled regeneration approah Sulcatone
(25mM) and 2.9 international units of TBADH were added to a
solution of 2-propanol (20% (v/v)) in Tris—HCI buffer 0.1 M pH
7.8 in 3ml. The reaction was started with NADPH (0.2 mM) and
the mixture was incubated at 26 for 72h. The lines represent
the best-fit curves obtained by computer simulation.

the rate of the whole system must be kinetically inde-

pendent of the nature of the recycling reaction.
Bastos et al[10] in order to make sure that the

main reaction was, in fact, the rate-limiting step, chose,

F.M. Bastos et al./Journal of Molecular Catalysis B: Enzymatic 19—-20 (2002) 459-465

obtained from initial rate experiments in the absence
or presence of sulcatonelgble 7). This result is
clearly suggestive that the reaction rate of whole sys-
tem only depends upon the rate of the main reaction.
As shown inFig. 3 (curve A), with this kind of recy-
cling system, the reaction attained 84% of conversion
in 72h.

On the other hand, when the substrate-coupled re-
generation was used, the experimental data showed
>99% of conversion also in 72Fig. 3 curve B).
This difference as can be seen kig. 3 is due to
a higher reaction rate in curve B that can be at-
tributed to the overcoming of the inhibition of the
main reaction produced by sulcatol (P) in the pres-
ence of 2-propanol 20% (v/v) (that corresponds to
3 M 2-propanol). Furthermore, the driving force aris-
ing from the substrate-coupled regeneration system
must be higher than that of the two enzyme-coupled
regeneration systemsig. 3, curve A).

In order to find the value oKj, when substrate-
coupled regeneration system was used, all the parame-
ter estimates summarisedTable 1were maintained,
excepKip. The value oKj, was varied systematically
and the Syx value of the time-course curve generated
was computed. This procedure was repeated several
times, a graph of Syx versu§, was drawn and the
value ofKj, corresponding to the minimum of the re-
sulting curve was considered as the actual value of
this kinetic parameter (results not shown). A value of
1.14 mM was estimated in this way fl,. This value
is approximately hundred times higher than g
value estimated when the two enzyme-coupled regen-
eration system were used. The difference founijin
values estimated as described is indicative of overcom-

for substrate-coupled regeneration approach, the strat-ing of inhibition produced by sulcatol (P) and this is
egy of using saturating concentration of the substrate clearly explained by a Theorell-Chance BiBi mech-

of the recycling reaction (B, 2-propanol 20% (v/v)
(Scheme ) For enzyme-coupled regeneration sys-

tems besides saturation with the recycling substrate,

anism Scheme B Substituting the value oKjp by
1.14 mM in the set of parameters showTable land
on performing the simulation as described under Ex-

the authors increased the recycling enzyme concentra-perimental an excellent correlation between the sim-

tion.
Fig. 3 shows the time-course curves obtained for

two enzyme-coupled regeneration systems and for the

ulated curve and the experimental data was obtained
(Fig. 3 curve B).

substrate-coupled regeneration approach. As depicted

in Fig. 3, an excellent correlation between the experi-

mental data (symbols) and the simulated curve was ob-
tained for both enzyme-coupled regeneration systems
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