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Abstract

Redox enzyme mediated biocatalysis has the potential to regio- and stereo-specifically oxidize hydrocarbons producing
Ž .valuable products with minimal by-product formation. In vitro reactions of the camphor cytochrome P-450 5-monooxygen-

ase enzyme system with naphthalene-like substrates yield stereospecifically hydroxylated products from nonactivated
hydrocarbons. Specifically, the enzyme system catalyzes the essentially stereospecific conversion of the cycloarene, tetralin
Ž . Ž . ŽŽ . Ž . .1,2,3,4-tetrahydronaphthalene to R -1-tetralol R - y -1,2,3,4-tetrahydro-1-naphthol . It is shown that this reaction
obeys Michaelis–Menten kinetics and that interactions between the enzyme subunits are not affected by the identity of the
substrate. This subunit independence extends to the efficiency of NADH usage by the enzyme system—subunit ratios do not

Ž .effect efficiency, but substrate identity does. Tetralin is converted at an efficiency of 13"3%, whereas R -1-tetralol is
Žconverted at 7.8"0.7%. A model of this system based on Michaelis–Menten parameters for one subunit Pdx: K s10.2M

. Ž y1 Ž ."2 mM and both substrates tetralin: K s66"26 mM, n s0.11"0.04 s , and R -1-tetralol: K s2800"1300M max M
y1.mM, n s0.83"0.22 s is presented and used to predict the consumption and production of all substrates, products andmax

cofactors. Published by Elsevier Science B.V.
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1. Introduction

Regioselective hydroxylation of aromatic and
alicyclic hydrocarbons can lead to valuable in-
termediates useful to the agrochemical, pharma-
ceutical, petrochemical, and flavor industries.
The cytochrome P-450 monooxygenases, of
which there are now more than 300 known
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forms, representing a wide range of substrate
specificities, catalyze the regio- and stereospe-
cific hydroxylation of compounds starting from
substrates that have few or no functional groups.
These biocatalysts are found in many types of
microbial, plant, insect and mammalian cells
and have great potential for carrying out value-
added biotransformations and contaminant
biodegradation. The effective utilization of these
biocatalysts requires data on the nature of poten-
tial substrates and cofactors, and on the thermo-
dynamics and kinetics of the reactions cat-
alyzed. Also, any mechanistic picture of the
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reaction must be consistent with such phe-
nomenological results.

ŽThe enzyme system camphor cytochrome
. Ž .P-450 5-monooxygenase EC 1.14.15.1 con-

sists of three protein subunits: putidaredoxin
Ž .reductase PdR , relative molecular mass M sr

Ž .43,500; putidaredoxin Pdx , M s11,600; andr
Ž .cytochrome P-450 hydroxylase Cyt-m , Mcam r

s45,000. NADH is used as a reducing source.
In vitro, this system has been shown to exhibit
wide-ranging biotransformation capabilities in-
cluding hydroxylation of camphor-like struc-

w xtures 1,2 , regiospecific oxidation of benzene
w xderivatives 3,4 , and oxidative and reductive

w xdehalogenation of aliphatic halocarbons 5–7 .
Rationalization of substrate selectivity and prod-
uct distribution has often been based on the

w xstructure 8 of the catalytic site, i.e., the heme
pocket located in the hydroxylase protein.

w xPreviously, Grayson et al. 9 established that
camphor 5-monooxygenase mediated biohy-

Ž .droxylation of tetralin to R -1-tetralol:

tetralin aq qNADHy2 aq qO aqŽ . Ž . Ž .2

qHq aq ° R -1-tetralol aqŽ . Ž . Ž .
qNADy aq qH O l A1Ž . Ž . Ž .2

is essentially an ‘irreversible’ reaction, K f4eq

=1065. The driving force of this reaction, the
large enthalpy of formation of water and the
large difference between the enthalpy of forma-

Ž Ž ..tion of substrate tetralin l and hydroxylated
ŽŽ . Ž ..product R -1-tetralol s , is common to all

camphor 5-monooxygenase mediated hydrocar-
bon biohydroxylations. This suggests that bio-
hydroxylation is thermodynamically very favor-
able for hydrocarbon substrates. In fact, Peter-

w xson et al. 10 obtained similar favorable ther-
modynamics for the biohydroxylation of cam-

Ž .phor to q -5-exo-hydroxycamphor. This paper
presents the results obtained from investigating
the biocatalytic ability of camphor 5-mono-
oxygenase to hydroxylate unnatural substrates.

ŽWe report herein that camphor cytochrome
.P-450 5-monooxygenase, originally isolated

from the bacterium Pseudomonas putida PpG

786, hydroxylates non camphor-like hydrocar-
bon substrates; naphthalene, 1,2,3,4-tetrahydro-

Ž .naphthalene tetralin and decahydronaphthalene
Ž .decalin . DMSO can be used as an accelerator
for biohydroxylation of hydrocarbon substrates,
but at high concentrations, it inhibits the reac-
tion. It was also found that the Michaelis–
Menten dissociation constant for the Pdx–Cyt-m
complex was not effected by substrate identity.
NADH efficiency, expressed as the stoichiomet-
ric relationship between NADH usage and sub-
strate disappearance, is independent of Pdx con-
centration, but strongly dependent upon the
identity of the substrate. Kinetic studies were
undertaken to determine the effect of unnatural
substrates on catalytic ability, resulting in a
Michaelis–Menten based model of the stere-

Ž .ospecific bioconversion of tetralin to R -1-te-
tralol.

2. Experimental

2.1. Chemicals and buffers

The principal substances used in this study,
their respective Chemical Abstracts Services
Ž .CAS registry numbers, empirical formulas,
molecular weights and suppliers are: 1,2,3,4-te-

Ž .trahydronaphthalene tetralin , 119-64-2, C -10

H , 132.205, Aldrich; 1,2,3,4-tetrahydro-1-12
Ž .naphthol 1-tetralol , 529-33-9, C H O, 148.10 12

Ž . Ž .205, Aldrich; R - y -1,2,3,4-tetrahydro-1-
ŽŽ . .naphthol R -1-tetralol , 23357-45-1, C H O,10 12

Ž . Ž .148.205, Sigma; S - q -1,2,3,4-tetrahydro-1-
ŽŽ . .naphthol S -1-tetralol , 53732-47-1, C H O,10 12

148.205, Sigma; decahydronaphthalene mixture
of cis 493-01-6 and trans 493-02-7, C H ,10 18

Ž . Ž138.25, Aldrich; " -norcamphor 2-norbor-
.nanone , 22270-13-9, C H O, 110.16, Sigma;7 10

naphthalene, 91-20-3, C H , 128.17, Aldrich;10 8
Ž . Ž .1R - q -camphor, 464-49-3, C H O, 152.10 16

24, Sigma; b-nicotinamide adenine dinucleotide
Ž .NAD , 53-84-9, C H N O P , 663.431, Sig-21 27 7 14 2

ma; and b-nicotinamide adenine dinucleotide,
Ž .reduced form, disodium salt NADH , 606-68-8,
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C H N O P Na , 709.411, Sigma. Lyso-21 27 7 14 2 2

zyme chloride, ampicillin, cytochrome c, and
deoxyribonuclease I were from Sigma. The other
substances used in this study were reagent grade
chemicals purchased from Fisher Scientific,
Pittsburgh, PA. Purified water for all media and
experiments was obtained from a Millipore,
Milli-q system with an HPLC-grade organic
scavenging cartridge.

The following buffers were used: P-0, 0.02
M KH PO , adjusted to pH 7.4 with f2 M2 4

KOH; P-100, 0.02 M KH PO , 0.1 M KCl,2 4

adjusted to pH 7.4 with f2 M KOH; T, 20
mM Tris–HCl, pH adjusted to 7.4 with f1 M
Tris base.

2.2. Preparation of enzyme system

2.2.1. Growth and purification
DH5-a Escherichia coli clones of the three

Ž .enzyme subunits: putidaredoxin Pdx , putidare-
Ž .doxin reductase PdR and cytochrome P-450cam

Ž .hydroxylase Cyt-m , were provided by Profes-
sor Julian A. Peterson of the University of
Texas Southwestern Medical Center, Dallas, TX.

w xUsing previously reported methods 7,9 , sepa-
rate growth and purification of each subunit
eliminated the threat of cross-contamination and
provided much higher yields of the purified
proteins than those obtained from the natural
host, P. putida. Information on the yield, purity

w xand activity 7,11 for each protein subunit is
summarized in Table 1. As previously reported
w x9 , the spectroscopically measured purity of the

subunits was over 90% and using high-resolu-
tion two-dimensional gel electrophoresis as de-

w xscribed by Edwards et al. 12 mole fraction
purity was estimated to be greater than 97%.

2.3. Analytical

2.3.1. Gas chromatography
A Varian 3700 GC equipped with a flame

ionization detector and a J&W Scientific DB-5
ŽMegabore column lengths30 m, i.d.s0.53

.mm coated with a phenyl-substituted meth-
Žylpolysiloxane phase mass fractions0.05, film

y6 .thicknesss1.5=10 m was used for quan-
tification of tetralin, 1-tetralol, decalin, naphtha-
lene and norcamphor. The temperatures of the
injector port and detector were, respectively,
2508C and 3008C. Helium was used as the
carrier gas; its head pressure was f4.1 bar.
The volume of sample injected was 2 ml. For
tetralin and 1-tetralol detection, the following
temperature gradient was used for the column
oven: 808C at ts0; at ts17 min, the tempera-
ture was increased at a rate of 4 K miny1 until a
final temperature of 2958C was reached; this
temperature was maintained for 8 min. The
respective retention times for tetralin and 1-te-
tralol were 24 min and 33 min. Decalin, naph-
thalene and norcamphor were detected using the
following temperature gradient for the column
oven: 708C at ts0; at ts6 min, the tempera-
ture was increased at a rate of 10 K miny1 until
a final temperature of 2958C was reached; this
temperature was maintained for 8 min. The

Table 1
Characterization of protein purification

3 a b c y1 y1Ž . Ž . Ž .Protein Yield=10 A l rA l Activity nmol mg s1 2

Ž .putidaredoxin reductase PdR 1.1 to 1.3 0.13 to 0.14 220 to 250
Ž .putidaredoxin Pdx 2.5 to 3.6 0.44 to 0.48 410 to 580

Ž .cytochrome P-450 hydroxylase Cyt-m 1.8 to 2.5 1.5 to 1.6 230 to 380cam

a Ž .Yield is defined as mass of proteinrmass of wet cell paste .
b Ž . Ž .The absorbance ratio A l rA l was determined for the following wavelengths l: l s454 and l s275 nm for PdR; l s455 and1 2 1 2 1

l s275 nm for Pdx; and l s392 and l s280 nm for Cyt-m.2 1 2
c Ž . Ž .The activity of PdR and Pdx is amount of cytochrome c reduced r mass of protein= time as determined by the method described by

w x Ž Ž . Ž . . Ž .Phillips and Langdon 11 . The activity of Cyt-m is amount of 1R - q -camphor hydroxylated r mass of protein= time as determined
w xby the method described by Koe and Vilker 7 .
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respective retention times for norcamphor,
trans-decalin, cis-decalin and naphthalene were
9.2, 11.0, 11.9 and 13.4 min.

2.3.2. High performance liquid chromatography
HPLC was used for the quantification of

Ž . Ž .tetralin, R -1-tetralol, S -1-tetralol, 1-tetralone
and 2-tetralone. The system used was a Beck-
man System Gold Programmable Detector Mod-
ule 166 equipped with a Beckman 110B sol-
vent-delivery module, a Beckman 427 integra-
tor, a NEC PC-8300 and a Chiralcel OB-H

Ž .column lengths15 cm, i.d.s0.46 cm kept at
Žroom temperature. The mobile phase was 95

.vol.% hexaneq5 vol.% isopropyl alcohol ; the
flow rate was 0.5 ml miny1. The sample was
introduced to the column using a calibrated

Ž .injection loop volumes100 ml and the wave-
length of the detector was set at 254 nm. Under
these conditions, the respective retention times

Ž . Ž .for tetralin, R -1-tetralol, S -1-tetralol, 1-tetra-
lone and 2-tetralone were 4.9, 9.5, 14, 16.5 and
22 min.

2.3.3. Gas chromatography-mass spectrometry
Methylene chloride extracts were prepared

for GC-MS analysis in a manner identical to the
Ž .hexane extract preparation see Section 2.4.2 .

Concentrates from the methylene chloride phase
of the extracted sample were used as 1.5 ml
splitless injections onto the GC-MS. The GC-MS
measurements were performed with a Finnigan

Ž .9610 GC FinniganrMAT, Sunnyvale, CA
equipped with a J&W Scientific DB-5 capillary

Ž .column lengths30 m, i.d.s0.25 mm inter-
faced with a Finnigan 4000 mass spectrometer
Želectron energys70 eV, ion source tempera-
tures2708C, ion source pressures1.0=10y4

.Pa and emission currents0.5 mA . The injec-
tor and detector temperatures were 2808C. The
column temperature was held at 308C for 4 min
and then increased at a rate of 6 K miny1 to a
final temperature of 3008C. The spectral data
were recorded using an Incos data system at a
scan rate of 1 s decadey1. Spectral data were

matched with those in the EPA-NIH Spectral
w xDatabase 13 .

2.3.4. Spectrophotometry
Although HPLC, GC and GC-MS were able

to measure most of the species involved in the
hydroxylation reactions, NADH was tracked us-
ing a Beckman DUw-65 Spectrophotometer. The
spectrophotometer was blanked either with a
buffer solution or with a control solution as
appropriate for the experiment. Samples were
placed in 1.5 ml cuvettes and the absorbance at
340 nm was recorded. This absorbance was
converted into NADH concentration using the
extinction coefficient 6.22 mMy1 cmy1. Sam-
ples with A over 1, corresponding to340 nm

solutions with over f160 mM NADH, were
diluted with known quantities of P-100 in order
to bring measurements back into the linear range
of the instrument.

2.4. Hydroxylation reactions

2.4.1. Pre-reaction subunit cleaning
Purified enzyme solutions were prepared for

reactions in a two-column procedure. After
thawing in an ice bath, the three purified sub-
units were separately concentrated using Milli-
pore Ultrafree-CL centrifugal filter units with a
10,000 nominal molecular mass cutoff. Cam-
phor was removed from the purified Cyt-m by a
method adapted from Gunsalus and Wagner
w x14 . Cyt-m solutions were made 50 mM in
DTT and incubated for 15 to 20 min at 228C.
Camphor and DTT were removed by gel filtra-

Žtion on a Sephadex G-10 column Pharmacia,
.lengths20 cm, i.d.s1 cm , equilibrated with

the buffer T. The effluent Cyt-m was concen-
trated with the above-mentioned filter unit.
Then, thawed Pdx and PdR and the reconcen-
trated Cyt-m were individually passed through a

Žsecond Sephadex G-10 column Pharmacia,
.lengths40 cm, i.d.s1 cm with the reaction

buffer P-100. This chromatographic step was
necessary to serve as a buffer exchange and to
remove any remaining camphor or DTT from
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the proteins. All preparations of enzyme solu-
tions, unless noted otherwise, were carried out
at 48C. If the enzyme preparations were not
used within 1 h, the solutions were stored in an
argon environment.

2.4.2. Hydroxylation reaction mixtures
Hydroxylation reactions were performed to

determine product identification, substrate–
NADH stoichiometry and kinetic parameters.
The prepared enzyme subunits were first mixed
with P-100 and DMSO dissolved substrate in a
Teflon flask to make a master solution. The
master solution consisted of 118 mM substrate,
0.44% volrvol DMSO, 3.55 mM Cyt-m, 3.55
mM PdR, 35.5 mM Pdx and 80–99% volrvol
P-100. Teflon vessels were used in place of
glass vessels to minimize the chance of adsorp-
tion of tetralin on the walls of the master flask.
A volume of 2.75 ml of the master solution was
pipetted into each of the 5 ml glass reaction
vials and sealed with a Teflon coated rubber
septum. The Teflon coating eliminated the pos-
sibility of dissolution of the rubber into the
solution. Reactions were started by the addition
to each reaction vial of 0.5 ml of 24 mM
NADH dissolved in P-100. P-100 without
NADH was added to start non-reacting control
vials. The vials were then shaken at f100 rpm
at room temperature. The initial reacting con-
tents of a typical reaction vial were 80–99%
volrvol P-100, 0.37% volrvol DMSO, 3.0 mM
Cyt-m, 3.0 mM PdR, 30 mM Pdx, f100 mM
substrate and 3.7 mM NADH. Due to the low
aqueous solubility of the substrates, separate
vials were used for each time point to minimize
the loss of substrate on the vials and pipettes
during transfers; i.e., a complete reaction vial
was sacrificed for each result. Reactions were
stopped by the addition to each reaction vial of

Ž0.5 g NaCl and 1 ml of organic solvent hexane
for tetralin based reactions—methylene chloride
for GC-MS samples and non-tetralin GC sam-

.ples . This addition was followed by vigorous
mixing for 1 min. The emulsion which formed
was broken down by centrifugation at f2200

=g for 10 min. The organic phase was thenn

removed for analysis. Concentrations were de-
termined from differences between the concen-
trations measured in reaction vials and those
measured in the corresponding control vials. By
coupling these concentrations with the sampling
time, substrate disappearance and product gen-
eration rates were determined.

2.4.2.1. CosolÕent effect experiments. Determi-
nation of DMSO kinetic effects required reac-
tions with the same enzyme–substrate mix with
varied amounts of DMSO. This was achieved
by making a master solution that consisted of
162.5 mM substrate, 6 mlrml DMSO, 4.875
mM Cyt-m, 4.875 mM PdR, 48.75 mM Pdx and
80–99% volrvol P-100. A volume of 2 ml of
the master solution was added to each reaction
vial. To this, P-100 and the desired amount of
cosolvent totalling 0.75 ml were added to the
vial. Several vials were chosen to serve as
controls. The reactions and analysis then pro-
ceeded according to the method described in
Section 2.4.2.

2.4.2.2. Stoichiometry experiments. These inves-
tigations were designed to determine the stoi-
chiometric relationship between NADH utiliza-
tion and substrate conversion. Two types of
experimental measurements were needed to de-
termine this relationship. NADH was measured
spectrophotometrically, while substrates and
products were measured using both GC and
HPLC chromatographic methods. A volume of
2.75 ml of the master solution described above
was pipetted into each vial. The methods from
Section 2.4.2 were used with the following ex-
ceptions. All but two vials were used for deter-
mining substrate disappearance and product ap-
pearance rates. Reactions were started by the
addition of 0.5 ml of 12 mM NADH. Lower
NADH concentrations were necessary in order
to ensure reliable NADH spectrophotometric

Ždata. Control vials non-reacting samples repre-
.senting initial conditions were started by adding

0.5 ml of P-100.
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NADH rates were determined using the two
vials not used in the substrate and product rate
experiment. Cuvettes with a 1.5 ml volume
were prepared for spectrophotometric measure-
ment of the solution NADH concentration by
the addition of 950 ml of P-100. The spectro-
photometer was blanked at 340 nm with one of
the prepared cuvettes to which had been added a

Ž50 ml sample from the control vial 2.75 ml
.master solution and 0.5 ml P-100 . The reaction

vial was started by the addition of 0.5 ml of 12
mM NADH. This vial was capped and then
gently inverted to mix. Approximately every
100 s, 50 ml was withdrawn from the reaction
vial. This 50 ml sample was added to a prepared
cuvette, the reaction time was recorded, and the
cuvette was gently inverted to mix the sample
with the diluting P-100. The cuvette was in-
serted into the spectrophotometer, and the ab-
sorbance at 340 nm was recorded for f30 s at
1 s intervals. Changes in the NADH concentra-
tion which may have occurred during the lag
between the time the 50 ml sample was diluted
Ž .recorded as the reaction time and the spec-
trophotometric measurements began, were ac-
counted for by extrapolating the 30 s sample
NADH concentration record back to the dilution
time. Using this method NADH concentrations
were determined at f100 s intervals allowing
the generation of NADH vs. time profiles. Com-
parison of the initial substrate and product rate
data with this NADH profile were used to deter-
mine the stoichiometric relationship between
NADH rate and hydroxylation rate.

2.4.2.3. Kinetic parameter experiments.
Michaelis–Menten kinetic parameters were de-
termined from initial rate data obtained from
GC and HPLC measurements of substrate and
product concentrations. Initial rate data was ob-
tained on hydroxylation reactions that had con-

Ž .versions near 10% 4–15 min . Because of inac-
curacies associated with the detection of te-
tralin, product generation was measured for these
experiments. This necessitated the production of

Ž .at least 5 mM R -1-tetralol to ensure that mea-

surement errors were small compared to mea-
sured values. In reactions with low concentra-
tions of tetralin this forced conversions up to
30%—well out of the range of initial rate data.
The effect of this high conversion on the predic-
tion of Michaelis–Menten parameters was re-
viewed. Theoretical analysis predicted no effect
on n . On the other hand, K for the te-max M

tralin–Cyt-m interaction was overestimated by
15%. This lower projected K falls withinM,tetralin

the experimental error and is more favorable
than the one predicted strictly from the experi-
mental data. The more conservative K M,tetralin

prediction based strictly on the experimental
data without theoretical adjustment was used.

Determination of Pdx dependent Michaelis–
Menten parameters necessitated reactions with
the same enzyme–substrate mix with varied
amounts of Pdx. This was achieved by making a
master solution that consisted of 162.5 mM
substrate, 6 mlrml DMSO, 4.875 mM Cyt-m,
4.875 mM PdR, 4.875 mM Pdx and 80–99%
volrvol P-100. A volume of 2 ml of this master
solution was added to each reaction vial. To
this, P-100 and the desired amount of Pdx to-
talling 0.75 ml were added to the vial. Several
vials were chosen to serve as controls. The
reactions and analysis then proceeded according
to the method described in Section 2.4.2.

Determination of substrate dependent
Michaelis–Menten parameters necessitated reac-
tions with the same enzyme–cosolvent mix with
varied amounts of substrate. For each substrate
concentration tested both a non-reacting control
and a reaction vial were needed. The control
vial was used to determine the amount of sub-
strate initially in the reaction due to possible
substrate losses during transfers. This was
achieved by making a master solution that con-
sisted of no substrate, no DMSO, 3.55 mM
Cyt-m, 3.55 mM PdR, 35.5 mM Pdx and 80–
99% volrvol P-100. To make these vials identi-
cal, 5.7 ml of the master solution was put into a
12 ml borosilicate test tube. A volume of 24.9
ml of substrate at the desired concentration dis-
solved in DMSO was added to the test tube.
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This solution was mixed and then 2.75 ml was
dispensed into each of two reaction vials. A
volume of 0.5 ml of 24 mM NADH was added
to the reacting vial and 0.5 ml of P-100 was
added to the control. The reactions and analysis
then proceeded according to the method de-
scribed in Section 2.4.2.

3. Results and discussion

3.1. Hydroxylation of non-terpenes

The in vitro camphor 5-monooxygenase me-
diated biohydroxylations of a range of com-
pounds was investigated using a standardized
reaction procedure. The native substrate, cam-
phor, and a structurally similar molecule, nor-
camphor, were used as reference compounds.
The biohydroxylations of these reference com-

w xpounds have been well studied 2,15–29 and
Žillustrate the native behavior of the enzyme see

.Fig. 1 . The other substrates studied, naphtha-
lene, tetralin and decalin, are cyclic hydrocar-
bons which are structurally different from cam-
phor. They have hydroxylation products which
are potential precursors for synthesizing biologi-

w xcally active substances 30–34 . The hydroxyl-
ation rates of these representative compounds
were measured under conditions where reac-
tions were only limited by Cyt-m and substrate
concentrations.

Initial reaction rates based on substrate disap-
pearance can be found in Table 2. These rates
were normalized with respect to the Cyt-m ac-
tive site concentrations. As would be expected,
the fastest rates occurred with the native sub-
strate camphor and the structurally similar nor-
camphor. The three naphthalene based sub-
strates; naphthalene, decalin and tetralin, reacted
three orders of magnitude more slowly than the
terpene compounds. These slower rates suggest
a poorer interaction between the hydrocarbon
substrates and the enzyme active site within the
Cyt-m subunit.

Ž . Ž . Ž .Fig. 1. Catalytic cycle for substrate camphor hydroxylation by the camphor cytochrome P-450 5-monooxygenase system: Scam
Ž . Ž 2y. Ž y.substrate, camphor; m cytochrome P-450 hydroxylase; NADH nicotinamide adenine dinucleotide, reduced form; NADcam

Ž . Ž . Ž . Ž .nicotinamide adenine dinucleotide, oxidized form; PdR putidaredoxin reductase; Pdx putidaredoxin; e first electron transfer; e1 2
Ž . Ž y P. Ž .second electron transfer; S–OH hydroxylated substrate, 5-exo-hydroxycamphor; O superoxide complex; superscript o oxidized2

Ž . Ž . Ž .species; superscript r reduced species; superscript S substrate-bound species; subscript O oxygen-bound species. Adapted from2
w xGunsalus et al. 35 .
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Table 2
Rates of camphor 5-monooxygenase mediated hydroxylation reac-
tions

a y1Ž .Substrate Substrate utilization rate s
bcamphor 13"4

norcamphor 0.203"0.003
naphthalene 0.05"0.01
tetralin 0.05"0.02
decalin 0.06"0.02

a Ž .The sample solutions total volume 3.25 ml contained substrate
Ž . Ž . Ž . Ž .f90 mM , Cyt-m 3 mM , Pdx 30 mM , PdR 3 mM , DMSO
Ž . Ž .52 mM and NADH 3.7 mM in P-100. The reaction was carried
out at 228C. Rates are expressed in terms of active site turnovers
Ž .mmol substrate convertedrmmol Cyt-mPs . The uncertainties in

Žrates are equal to the standard error of the mean a minimum of
.three measurements was performed to obtain each result .

b The camphor reaction is too quick to accurately measure initial
rates by sampling techniques. There is a one to one correspon-
dence between NADH and camphor utilization. Therefore, this
rate was determined by spectrophotometrically following NADH
usage of camphor reactions.

3.1.1. CosolÕent effects
The camphor 5-monooxygenase enzyme sys-

tem has the ability to stereospecifically add a
hydroxyl group to unactivated hydrocarbons
creating specifically activated hydrocarbons
which could potentially be used as precursors to
valuable products. Unfortunately, this enzyme
system is water soluble and unactivated hydro-

w xcarbons are not. Previously, we reported 9 that
DMSO, methanol and 1,4-dioxane act as accel-
erators for the biohydroxylation of tetralin to
Ž .R -1-tetralol. Without any discernible increase
in tetralin solubility, the enzyme system with
cosolvent had a rate up to five fold higher than
the system without cosolvent. To optimize co-
solvent concentration, hydroxylation rates of re-

Ž . Ž .action A1 , tetralin to R -1-tetralol, were mea-
sured as a function of DMSO concentration as
shown in Fig. 2. The addition of a small amount
of DMSO dramatically increased the reaction
rate, but continued increases in DMSO concen-
tration led to decreasing rates. The DMSO vol-
ume percentage of 0.37%, used for the reactions
in this paper, represents a compromise between
having an accurately measurable amount of
DMSO and maximizing reaction rate.

3.1.2. NADH and enzyme subunit concentration
dependence

The camphor 5-monooxygenase enzyme sys-
tem consists of the electron source NADH, and
the three different enzyme subunits; Cyt-m, PdR
and Pdx, all of which influence the rate of
biohydroxylation. Cyt-m contains the active site
of the camphor 5-monooxygenase enzyme sys-
tem. All calculated rates were normalized by
this concentration. By individually varying
component concentrations, concentration sensi-
tivity was evaluated for each component and
expressed as Michaelis–Menten dissociation
constants, K . Component concentrations lessM

than twice K cause rates to decrease to lessM

than two thirds of the maximum rate and exhibit
near first order dependence on the concentration
of the limiting component. With a concentration
above nine times the value of K , the reactionM

will proceed at greater than 90% of the maxi-
mum rate with negligible changes in reaction
rate for small changes in component concentra-
tion. Although it was developed to describe

Fig. 2. Effect of DMSO on the camphor 5-monooxygenase hy-
Ž .droxylation of tetralin to R -1-tetralol. Reaction rates normalized

by reaction rate without DMSO present. The sample solutions
Ž . Ž . Žtotal volume 3.25 ml contained tetralin f100 mM , Cyt-m 3

. Ž . Ž .mM , PdR 3 mM , Pdx 30 mM , DMSO at the indicated vol.%
Ž .and NADH 3.7 mM in buffer P-100. The reaction was carried

out at 228C. All rates of reaction are averages of product appear-
ance and substrate disappearance within the first 8 min of reac-
tion. The uncertainties in reaction rate are equal to the standard

Žerror of the data at least three measurements were performed to
.obtain each result .



( )D.A. Grayson, V.L. VilkerrJournal of Molecular Catalysis B: Enzymatic 6 1999 533–547 541

enzyme–substrate interactions, the Michaelis–
Menten kinetic model:

n S
s 1Ž .

V S qKmax M

can also be used to quantitatively describe the
interactions between the components of the
camphor 5-monooxygenase enzyme system.
Camphor 5-monooxygenase mediated biohy-
droxylation rates showed strong concentration
dependence on all components, except PdR.

Roome published a Michaelis–Menten
NADH dissociation constant of K s77M,NADH

w x"12 mM 36 . This agreed well with screening
experiments that showed camphor hydroxyl-
ation rates decreased markedly for NADH con-
centrations less than 200 mM. By working with
NADH concentrations above 1 mM, NADH
limitations were minimized.

Preliminary subunit screening reactions
demonstrated that hydroxylation rates were least
sensitive to the concentration of PdR. If the PdR
concentration was equal to or greater than the

Ž .Cyt-m concentration f3 mM , increases in
PdR concentration had a negligible effect on
hydroxylation rates. This seems to be contra-
dicted by Roome and Peterson’s measurement
of PdR’s Michaelis–Menten dissociation con-

w xstant, K s139"25 mM 36 . Roome andM,PdR

Peterson’s K was determined under condi-M,PdR
Žtions of limiting NADH stoichiometric equiva-

.lence with PdR . When NADH was at concen-
trations from two to five times the PdR concen-
tration, the Pdx–PdR interaction was much

w xstronger 36 . In a production setting, NADH
would be maintained at a level much higher
than five times the PdR concentration. NADH is
consumed by the reaction and would only be at
low concentrations near the completion of a
reaction cycle. Thus, for a commercial process,
the effective K will be smaller than thatM,PdR

measured by Roome and Peterson, making PdR
a non-limiting component. Accordingly, these
experiments were conducted with concentration
levels of NADH much higher than that of PdR.

The strong dependence of camphor 5-mono-
oxygenase hydroxylation rates on Pdx concen-
tration is attributed to electron transfer interac-
tions as well as product release. Pdx cannot pass
electrons to Cyt-m without substrate binding.
Substrate binding raises the redox potential of
Cyt-m to allow electron passage from Pdx to

w xCyt-m 35,37,38 . The rate limiting step of cam-
phor biohydroxylation is the second electron

w xtransfer from Pdx to Cyt-m 35,38–43 . A 3 Pdx
to 1 Cyt-m complex is the most effective cou-

w xpling for this electron transport 35 . Pdx has
also been shown to act as an effector in product

w xrelease 32,38,39 with a concentration of 0.16
mM of oxidized Pdx being needed to produce

w xhalf the maximal product yield 29 . Pdx’s nu-
merous interactions with Cyt-m signified an
indirect interaction between substrate and Pdx
which called for detailed investigation.

Simple kinetic studies were undertaken to
examine substrate–Pdx interactions. Hydroxyl-
ation rates at varying Pdx concentrations were

Ž .measured using camphor, R -1-tetralol, and two
different concentrations of tetralin as substrate.
Fig. 3 shows typical results from one of these
experiments. Assuming Michaelis–Menten ki-
netics between Pdx and Cyt-m, nonlinear re-

Fig. 3. Tetralin hydroxylation rate as a function of Pdx concentra-
tion used to calculate the Michaelis dissociation constant, K ,M,Pdx

Žfor the Pdx–Cyt-m complex. The sample solutions total volume
.3.25 ml contained Pdx at the indicated concentrations, tetralin

Ž . Ž . Ž . Ž .330 mM , Cyt-m 3 mM , PdR 3 mM , DMSO 52 mM and
Ž .NADH 3.7 mM in buffer P-100. The reactions were carried out

at 228C. All rates of reaction are averages of substrate disappear-
ance within the first 8 min of reaction. The uncertainties in Pdx

w xconcentration are estimated to be f0.05= Pdx ; the uncertainties
in hydroxylation rate are f0.1=rate.
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gression of the Pdx concentration vs. hydroxyl-
ation rate data from each of the experiments
was fit to the Michaelis–Menten equation:

n Pdx
s . 2Ž .XV Pdx qKmax M,Pdx

The calculated values of V X and K aremax M,Pdx

presented in Table 3. As expected, maximum
hydroxylation rate, V X , follows the same trendsmax

as the hydroxylation rates presented in Table 2.
Less camphor-like substrates reacted slower and
lower tetralin concentrations also exhibited
slower reaction rates. The measured K sM,Pdx

were essentially identical for all three substrates
and at both tetralin concentrations. Thus, al-
though different substrates caused different hy-
droxylation rates, these differences were not
caused by substrate induced changes in the
Pdx–Cyt-m interactions.

( )3.2. Biohydroxylation of tetralin to R -1-tetra-
lol

The cell free camphor 5-monooxygenase me-
diated biohydroxylation of tetralin leads to f

Ž . Ž . w x96% R -1-tetralol and 4% S -1-tetralol 9 .
Ž .According to the Aldrich catalogue, R -1-tetra-

lol is approximately 15,000 fold more valuable

Table 3
Effect of substrate on Pdx Michaelis–Menten parameters

XSubstrate K VM,Pdx max

y1100 mM camphor 9.5"2.2 mM 53"3 s
y1330 mM Tetralin 10.7"2.2 mM 0.114"0.009 s
y1100 mM Tetralin 10.9"2.2 mM 0.070"0.004 s
y1Ž .100 mM R -1-tetralol 11.4"4.3 mM 0.034"0.004 s

Ž . Ž .a The sample solutions total volume 3.25 ml contained sub-
Ž . Ž .strate at the indicated concentration, Cyt-m 3 mM , PdR 3 mM ,

Ž . Ž .DMSO 52 mM , NADH 3.7 mM in buffer P-100, and varied
amounts of Pdx. The reaction was carried out at 228C. All rates of
reaction are averages of substrate disappearance within the first 8
min of reaction. The uncertainties in substrate concentration are

w xestimated to be f0.05= substrate ; the uncertainties in K M,Pdx

and V are equal to the standard error from the nonlinearmax
Žregression of the data to fit Michaelis–Menten kinetic model at

.least six measurements were performed to obtain each result .

than tetralin. 2 This large increase in value illus-
trates the commercial potential of stereospecific
hydrocarbon biohydroxylation reactions. It has
also been shown that high concentrations of
Ž .R -1-tetralol disappear from this system. Al-
though isolation of this unknown product was
not accomplished, HPLC retention times are
consistent with what is expected for a dihydroxy
derivative of tetralin. Such a product would be
consistent with the operation of this enzyme

w xsystem 9 . Thus, the overall tetralin biohydrox-
Ž .ylation reaction is two reactions; reaction A2

with tetralin as the substrate:

tetralin aq qNADHy2 aq qO aqŽ . Ž . Ž .2

qHq aq ™ R -1-tetralol aqŽ . Ž . Ž .
qNADy aq qH O 1 A2Ž . Ž . Ž .2

Ž . Ž .and reaction B with R -1-tetralol as the sub-
strate:

R -1-tetralol aq qNADHy2 aqŽ . Ž . Ž .
qO aq qHq aq ™unknown aqŽ . Ž . Ž .2

qNADy aq qH O 1 . BŽ . Ž . Ž .2

To understand this process a detailed stoichio-
metric and kinetic study of these reaction was
conducted to develop a model of camphor 5-
monooxygenase mediated biohydroxylation of
tetralin.

3.2.1. Substrate–NADH stoichiometry
Camphor 5-monooxygenase mediated biohy-

droxylation involves the transfer of a pair of
electrons from NADH, through the electron
transport proteins; PdR and Pdx, into the active
site found in Cyt-m. Here, the electrons activate
the bound oxygen. The activated oxygen either
reacts to yield the hydroxylated product and

2 The 15,000 fold increase was based on calculations using the
cost of the largest quantities available in the 1994r5 Aldrich
catalog: tetralin 99% had a price of US$0.0123 gy1 while both
Ž . Ž . y1R - and S -1-tetralol were priced at US$188.20 g .
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water or it is released without interacting with
Žthe substrate to form a hydroperoxide see Fig.

. w x1 29 . The ability to successfully hydroxylate a
substrate, instead of releasing a hydroperoxide,
is dependent upon a number of factors; ease of
hydrogen abstraction from the substrate, ease of
hydroxyl addition to the oxidized substrate, and
appropriate steric and hydrophobic interactions
between the active site and the substrate to
maintain the appropriate active site environment
for reaction. The relationship between the initial
rate of NADH utilization and the initial rate of
substrate utilization is the substrate–NADH
stoichiometry of this reaction. The stoichiomet-

Ž .ric ratio molar rate of substrate utilization r
Ž .molar rate of NADH oxidation can be thought
of as the efficiency of the reaction. When all of
the available electrons are used to create prod-
ucts the stoichiometric ratio is one, but when-
ever unwanted hydroperoxides are generated the
efficiency drops below one. Since NADH is
consumed in this biohydroxylation reaction,
NADH efficiency is an important factor in the
overall cost of this biohydroxylation process.

Substrate–NADH stoichiometries were deter-
mined for the substrates camphor, tetralin and
Ž .R -1-tetralol. These efficiencies along with
published efficiencies for other substrates can
be found in Table 4. The efficiencies were
strongly influenced by substrate structure. Cam-
phor and camphor like substrates were essen-
tially perfect with nearly all of the available
electrons being funnelled into the product. Hy-
drocarbons which were structurally different
from camphor had efficiencies about an order of
magnitude lower. The idea that Pdx–Cyt-m in-
teractions are independent of substrate–Cyt-m
interactions was reinforced by the discovery that
concentration variations of the Pdx had a negli-
gible effect on substrate–NADH efficiency.
NADH efficiency for the substrate tetralin was

Ž .f13"3% and R -1-tetralol degradation was
even less efficient at f7.8"0.7%. These new
results agree well with the results previously
published for non camphor-like substrates which
have NADH efficiencies of approximately 10%.

Table 4
Effect of substrate on substrate–NADH stoichiometry

Substrate Efficiency References
Ž100%Psubstrate
utilizedrNADH

.utilized
acamphor 100"4% This work

w xthiocamphor 98% 44
atetralin 15"3% This work

bŽ .tetralin 5 mM Pdx 12"4% This work
w xnorcamphor 12% 15,28
w xcamphane 8% 44

aŽ .R -1-tetralol 7.8"0.7% This work
w xethylbenzene 5% 4
w xstyrene 2.2% 3
w xcis-b-methylstyrene 1.0% 3

a Ž .The sample solutions total volume 3.25 ml contained substrate
Ž . Ž . Ž .f100 mM , Cyt-m 3 mM , Pdx 30 mM except where noted ,

Ž . Ž . Ž .PdR 3 mM , DMSO 52 mM and NADH 1.85 mM in P-100.
The reaction was carried out at 228C. Efficiency is expressed in

Žterms of percentage 100%=mmol substrate convertedrmmol
.NADH used . The uncertainties in efficiencies are equal to the

Žstandard error of the mean a minimum of three measurements
.was performed to obtain each result .

b The conditions are identical to those described in tablenote a
except that the concentration of Pdx was 5 mM.

3.2.2. Substrate Michaelis–Menten kinetics
Camphor 5-monooxygenase enzyme system

Michaelis–Menten kinetic parameters were in-
dividually determined for the substrates tetralin

Ž .and R -1-tetralol. Secondary reactions and
product inhibition effects were avoided by using
data from initial rate experiments. These were
performed at varying concentrations of tetralin

Ž .and R -1-tetralol. NADH and PdR were pre-
sent in excess concentrations, and the same Pdx
concentration was used for all reactions. Assum-

Ž .ing simple Michaelis–Menten kinetics, Eq. 1
was used to obtain substrate dependent K andM

V X from nonlinear regressions of turnover ratemax

vs. substrate concentration plots. Tetralin’s
Michaelis constant, K s66"26 mM, sug-M

gests that it binds much more tightly to the
Ž .active site than does R -1-tetralol with a

Michaelis constant of K s2800"1300 mM.M

The limiting rates exhibit just the opposite be-
havior. Strongly binding tetralin reacts with a
limiting rate of V X s0.05"0.01 sy1. This ismax
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almost an order of magnitude slower than
Ž . Xweakly bound R -1-tetralol’s rate of V s0.4max

"0.1 sy1.

3.2.3. Kinetic model
A model of the camphor 5-monooxygenase

enzyme system was constructed to predict the
substrate and product profiles as a function of
time for the conversion of tetralin. As previ-
ously stated, the biohydroxylation of tetralin is
actually two simultaneous reactions, reaction
Ž . Ž .A2 and reaction B . Although these are the
proper chemical reactions, they are not appro-
priate for modelling this biohydroxylation pro-
cess. The model focuses on the limiting species
in each of the ‘streams’ leading to the active
site within the cytochrome P-450 hydroxyl-cam

ase subunit.
The substrate stream consists of the sub-

Ž .strates and cosolvents: tetralin, R -1-tetralol,
oxygen and DMSO. DMSO concentration can
have a strong influence on the reaction rate
Ž .Fig. 2 but, for the purposes of this model
DMSO concentration was considered constant.
Biohydroxylation reactions were performed to
test the effect of oxygen concentration. It was
found that air saturated systems and oxygen

Žsaturated systems containing five times more
.oxygen exhibited no significant differences in

reaction rate nor in product formation. Thus, the
Ž .substrates, tetralin and R -1-tetralol, were the

only species from the first stream considered to
be of kinetic import. The power stream consists
of the species which supply and transfer the
reducing power to the active site. In the preced-
ing sections, we have demonstrated that PdR
and NADH can be made available in non-limit-
ing concentrations. Pdx concentration had a sig-

Ž .nificant influence on reaction rate see Fig. 3 .
The important species identified by this stream
analysis for inclusion in the tetralin biohydrox-

Ž .ylation model were: Cyt-m the active site ,
Ž . Ž . Ž .tetralin first stream , R -1-tetralol first stream
Ž .and Pdx second stream .

Ž .The substrates, tetralin and R -1-tetralol,
compete for the same active site in the Cyt-m

subunit. Thus, it was important to consider these
reactions simultaneously. Focusing on the kinet-
ically important species as determined by the

Ž .stream analysis, reaction A2 , the conversion of
Ž .tetralin to R -1-tetralol was rewritten as:

k1

Cyt-mq tetralin l Cyt-m–tetralin
ky1

k 2

™ R -1-tetralolqCyt-mŽ .
CŽ .

Ž . Ž .and reaction B , the conversion of R -1-tetra-
lol to ‘unknown’, was rewritten as:

k 3

Cyt-mq R -1-tetralol lŽ .
ky3

k 4

Cyt-m– R -1-tetralol ™ unknownŽ .
qCyt-m. DŽ .

Using standard Michaelis–Menten analysis
techniques, a pair of coupled velocity equations
were developed for these two reactions. The
resulting equations were for the tetralin hydrox-

Ž .ylation reaction C :
XV tetralin1-max

n s1 R -1-tetralolŽ .
tetralin qK 1qM1 ž /K M2

3Ž .
Ž .and for the R -1-tetralol to ‘unknown’ reaction

Ž .D :
XV R -1-tetralolŽ .2-max

n s2 tetralin
R -1-tetralol qK 1qŽ . M2 ž /K M1

4Ž .
Ž .where n is the predicted rate of R -1-tetralol1

production, V X is the maximum possible1-max
Ž .value of n for a given Pdx concentration , n1 2

Ž .is the predicted rate of R -1-tetralol disappear-
ance, V X is the maximum possible value of2-max

Ž .n for a given Pdx concentration , K is the2 M1

Michaelis constant associated with the dissocia-
tion of the tetralin–Cyt-m complex, and K isM2

the Michaelis constant associated with the dis-
Ž .sociation of the R -1-tetralol–Cyt-m complex.
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Ž . Ž .Eqs. 3 and 4 take into account all of the
substrate competition at the active site, but do
not account for the effects of Pdx concentration.

Ž .Cytochrome P-450 hydroxylase Cyt-mcam

interactions with Pdx are not influenced by
substrate–Cyt-m interactions. The consistent
K values found in Table 3 illustrate that,M

although Pdx–Cyt-m binding is dependent on
binding of a substrate, the identity of the sub-
strate does not influence the binding. Thus, Pdx
was treated as an independent entity that only
effected the V X of the reactions. Fig. 3 showsmax

the effect of Pdx concentration on biohydroxyl-
Ž .ation and this effect is expressed in Eq. 2 .
Ž .Multiplying the right hand side of both Eqs. 3

Ž . Ž .and 4 by the right hand side of Eq. 2 , two
equations were developed that not only reflect
substrate active site interactions, but also ac-
count for the interaction with Pdx. For the

Ž .conversion of tetralin to R -1-tetralol the veloc-
ity equation becomes:

V tetralin1-max
n s1 R-1-tetralol� 0tetralin qK 1qM1 ž /K M2

=
Pdx

5Ž .ž /Pdx qK M,Pdx

Ž .and the R -1-tetralol to ‘unknown’ velocity
equation becomes:

V R-1-tetralol2-max
n s2 tetralin� 0R-1-tetralol qK 1qM2 ž /K M1

=
Pdx

6Ž .ž /Pdx qKŽ . M,Pdx

w xwhere Pdx is the molar concentration of Pdx,
K is the Michaelis constant associated withM,Pdx

the dissociation of the Pdx–Cyt-m complex, and
the rest of the variables are as described for

Ž . Ž .Eqs. 3 and 4 except V and V which1-max 2-max

are maximum velocities at infinite concentra-
tions of both substrate and Pdx. With the excep-
tion of changes in cosolvent concentration, Eqs.

Table 5
Michaelis–Menten kinetic model parameters

y1 a y1Ž . Ž .Limiting K mM V sM Max

component

Pdx K s10.6"2 –M,Pdx

tetralin K s66"27 V s0.107"0.035M1 1ymax
Ž .R -1-tetralol K s2,800"1300 V s0.83"0.22M2 2ymax

a Extrapolated to infinite Pdx concentration.

Ž . Ž .5 and 6 account for all of the critical interac-
tions in the biohydroxylation of tetralin.

The Michaelis–Menten kinetic parameters
determined from initial reaction rates used for
this model can be seen in Table 5. The Michaelis
binding constants measured in Section 3.2.2

Ž . ŽŽ .were used for K tetralin and for K R -M1 M2
.1-tetralol . The Pdx Michaelis binding constant,

K , used was an average of the values foundM,Pdx

in Table 3. All of the previously presented
V X and V X rates reflect either infinite1ymax 2ymax

Ž .Pdx concentration Table 3 or infinite substrate
concentration. Using these V X values, experi-max

Ž . Ž .mental conditions and Eqs. 5 and 6 , Vmax

values were extrapolated for infinite concentra-
tions of both Pdx and substrate.

Ž . Ž .Eqs. 5 and 6 were used along with the
results from the stoichiometric experiments to
develop equations to predict concentration

Ž Ž .. Ž Ž ..changes to substrate Eq. 7 , cofactor Eq. 8
Ž Ž . Ž ..and product Eqs. 9 and 10 .

d n 1
tetralin sy 7Ž .

d t 0.96
d n n1 2

NADH s q 8Ž .
d t 0.13 0.078
d

R -1-tetralol sn yn 9Ž . Ž .1 2d t
d 0.04

US -1-tetralol s n yn 10Ž . Ž .1 2d t 0.96
U wŽ .where n is n as a function of S -1-2 2

x 3 wŽ . x Ž .tetralol , thus all R -1-tetralol in Eq. 6 are
wŽ . xreplaced by S -1-tetralol . Using an initial con-

dition of 80 mM tetralin and 1.6 mM NADH,

3 In an attempt to identify the ‘unknown’ product, the degrada-
Ž . Ž .tion of S -1-tetralol was performed. It was found that S -1-tetra-

Ž .lol degradation followed the same kinetics as R -1-tetralol.
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simultaneous Newton iterations were performed
Ž . Ž . Ž . Ž .on Eqs. 5 – 7 , 9 and 10 . The resulting

substrate and product profiles were plotted along
with data from a pair of experiments and can be
seen in Fig. 4. NADH profiles seen in Fig. 5

Ž .were generated for Eq. 8 using the same
method. There is strong agreement between the
experimental data points and the model.

For the first 800 s, the model estimate and
experimental data points almost coincide, but
after this initial phase, the model begins to
overestimate the reaction rate. At about 800 s,
the NADH concentration drops below 1 mM,
out of the range for which the model was

Ž .developed see Fig. 5 . The reaction rates are
limited by NADH availability. These limiting
conditions would not occur during a production
run, but were necessary to confirm NADH
tracking by the model. At higher NADH con-
centrations the spectrophotometric signal be-
came too strong and high dilutions were needed
to obtain readings. Unfortunately, the necessary

Ž .dilutions were so high greater than 25 fold that
the noise they introduced made measurement of

Fig. 4. Time course plot of substrate and product concentration
during the conversion of tetralin by the camphor 5-monooxygen-

Ž .ase enzyme system. The sample solutions total volume 3.25 ml
Ž . Ž . Ž . Žcontained tetralin 80 mM , Cyt-m 3 mM , PdR 3 mM , Pdx 30

. Ž . Ž .mM , DMSO 52 mM and NADH 1.6 mM in buffer P-100. The
Ž .reactions were carried out at 228C. The symbols are: ' tetralin,

Ž . Ž . Ž . Ž .v R -1-tetralol and B S -1-tetralol. The lines are predic-
tions based on the Michaelis–Menten kinetic model of the system

Ž . Ž .Eqs. 5 – 10 . The uncertainties in concentrations are estimated to
be approximately 5% of the measured value down to a minimum
error of approximately 3 mM. This figure should be looked at in
conjunction with the NADH profile which can be seen in Fig. 5.

Fig. 5. Time course plot of NADH during the conversion of
tetralin by the camphor 5-monooxygenase enzyme system. The

Ž . Žsample solutions total volume 3.25 ml contained tetralin 80
. Ž . Ž . Ž . ŽmM , Cyt-m 3 mM , PdR 3 mM , Pdx 30 mM , DMSO 52
. Ž .mM and NADH 1.6 mM in buffer P-100. The reactions were

carried out at 228C. The NADH concentrations were measured
Ž .spectrophotometrically. The symbol l represents NADH. The

line represents the prediction based on the Michaelis–Menten
Ž .kinetic model of the system, Eq. 8 . This figure should be looked

at in conjunction with the substrate and product profiles which are
seen in Fig. 4.

concentration impossible. By keeping the NADH
concentration lower, reliable spectrophotometric
data were obtained. As seen in the figure, this
forced some experimental data into a region not
applicable to the model.

An interesting and potential valuable behav-
ior is seen in the reaction after 1000 s. At this

Ž .point tetralin is exhausted and R -1-tetralol
begins to be consumed. This makes sense. Al-

Ž .though R -1-tetralol can potentially degrade
eight times faster than it can be formed from

Ž .tetralin, the much weaker binding of R -1-te-
tralol with the active site allows tetralin to out

Ž .compete R -1-tetralol for the active site. From
the model, we can predict that n rn s5.461 2
w x wŽ . xtetralin r R -1-tetralol . Thus, tetralin will re-

Ž .act faster than R -1-tetralol until the concentra-
Ž .tion of R -1-tetralol is more than five times

that of tetralin. This behavior is likely to be
repeated with most hydrocarbon substrate-hy-
droxylated product pairs reacting with this sys-
tem. The product will be chemically easier to
hydroxylate because of its hydroxyl group, but
that same hydroxyl group will decrease its affin-
ity for the active site. Thus, it will be easy to
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limit the amount of secondary reaction, by sim-
ply removing as much product as possible dur-
ing the course of the reaction or alternatively by
starting with excessive amounts of substrate.

In summary, the above data and model show
that the camphor 5-monooxygenase enzyme sys-
tem can be used to produce valuable chiral
products from unactivated cycloarene sub-
strates. A simple Michaelis–Menten kinetic
model based on initial rate data is sufficient to
predict substrate utilization, and product genera-
tion as well as NADH and cofactor usage.
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