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Kinetic and Stereoelectronic Effects of a Fluorine Substituent on the Reaction
Catalysed by an NADPH-Dependent Cyclohex-1-enylcarbonyl CoA Reductase
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The introduction of a fluorine atom at C-3 of cyclohex-1-enecarbonyl CoA has a dramatic effect on the processing of
the fluorinated over the natural analogue by NADPH dependant cyclohex-1-enecarbonyl CoA reductase from
Streptomyces collinus; the fluorinated analogue is processed with a five fold increase in Vimax and kinetic isotope
studies suggest that hydride delivery is only partially rate limiting in the latter case; the enzyme also shows a small
kinetic preference for axial over equatorial fluorine at C-3 of 3-fluorocyclohex-1-encarbonyi CoA 4.

There have been extensive kinetic and mechanistic studies
carried out on NAD(P)H-dependent alcohol dehydrogenases. !
By contrast NAD(P)H-dependent enoyl thioester reductase
have received limited study although such reactions play a key
role in processes such as fatty acid and polyketide bio-
synthesis.?

NADPH dependant cyclohex-1-enylcarbonyl CoA reductase
(CHCR) catalyses the reduction of cyclohex-1-enylcarbonyl
CoA 1 to cyclohexylcarbonyl CoA 2 (Fig. 1) and is thought to
be responsible for formation of a cyclohexyl moiety of the
antifungal agent ansatrienin produced by Streptomyces colli-
nus.? This enzyme has recently been cloned, overexpressed in
Escherichia coli. and purified to homogeneity.* The stereo-
chemical course of the reduction proceeds with transfer of a
hydrogen from the pro-4S position of NADPH to the Si face of
C-2 and anti incorporation of solvent hydrogen at C-1.5 As part
of our ongoing studies on the effects of selective fluorination on
enzyme reactions®® we have investigated 3-fluorocyclohex-
1-enecarbonyl-CoA 4 as a substrate for CHCR. The cyclohex-
ane ring system presents an ideal situation in which to explore
stereoelectronic effects of fluorine substitution. Here we report
that incorporation of a fluorine substituent at C-3 of the
substrate dramatically enhances the catalytic rate of the
reaction, and has an effect on the rate limiting step of the
process. Furthermore CHCR exhibits a small kinetic differ-
entiation between the two diastereoisomers of 3-fluorocyclo-
hex-1-enylcarbonyl CoA 4.
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Scheme 1 Stereochemical course for the conversion of 1 into 2 catalysed by
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Fig. 1 Schematic representation of the transition states for hydride delivery
to 4a and 4b

Racemic 3-fluorocyclohex-1-enecarboxylic acid 3t was
synthezised from methyl cyclohex-1-enecarboxylate as shown
in Scheme 2. The coenzyme-A ester 4 was prepared!2 and was
used directly in enzyme assays. The K, and V.« values were
obtained for the natural substrate cyclohex-1-enylcarbonyl CoA
1 with purified CHCR using NADPH and [4S-2HINADPH
(Table 1).13

The decrease in the V. of the reaction using [4S5-
2HINADPH is indicative of a primary isotope effect (ku/kp =
3.0) and shows that this step is significantly rate limiting.
Similar primary isotope effects (kw/kp = 3-5) have been
observed in NAD(P)+ dependent alcohol dehydrogenases where
hydride (deuteride) transfer between the substrate and nucleo-
tide cofactor is the rate limiting step of the reaction.'#!5 The
decreased K, for [4S-2H]NADPH compared to NADPH is
unlikely to be due to an isotope effect on binding. Rather, the
observation of an isotope effect on Ky, under conditions where
there are substantial isotope effects on V.« likely indicates a
Michaelis constant that is a steady state rather than a
dissociation constant.

The Vax for the reaction catalysed by CHCR with 3-fluor-
ocyclohex-1-enylcarbonyl CoA (4a and 4b) was almost five-
fold greater than that with the natural substrate 1. A rate
enhancement of this magnitude by addition of a fluorine
substituent in an enzyme catalysed reaction is unprecendented !¢
but presumably arises due to the electronegativity of the
fluorine atom at C-3 lowering the energy barrier for hydride
delivery to C-2.%

The K, value (Table 1) for 4 was higher than 1 although it
still emerges as an excellent substrate. The K, values
determined for NADPH was also higher for 4 than 1 and those
determined for [4S-2H]NADPH were almost seven fold greater
with 4 than 1. These increases are accompanied by an increased
reaction rate suggesting that the Michaelis constant for the
nucleotide cofactor is a steady state rather than a dissociation
constant. Significantly the V.« values obtained for 4 using
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Scheme 2 Reagents and conditions: i, CrOs3, Ac,0, AcOH, benzene,® 56%;
ii, NaBH,, CeCl3.7H,0, MeOH,!® 80%; iii, diethylaminosulfur tri-
fluoride,!! CH,Cl,, 69%; iv, KOH, MeOH, 77%; v, CoASH, Et;N,
EtOCOCI (quantitative)
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Table 1 Kinetic analyses of the reaction catalysed by cyclohex-1-enylcarbonyl CoA reductase using NADPH and NADP2H. Substrate concentrations ranged
from 3 to 100 umol dm—3 and data were analysed by non-linear regression analysis.

Substrate Cofactor Substrate K,4/u (dm3 mol—1) Cofactor K2/ (dm3? mol—1) Vimax®/U mg—! protein
Cyclohex-1-enylcarbonyl CoA 1 NADPH 25+1 95+1 75x0.5

NADP2H 26 + 44/ 36+09 25+1.0
3-Fluorocyclohex-1-enylcarbonyl CoA 4 NADPH 44 +4 16 + 3¢/ 365

NADP?H 14+4 28+4 27+1

2 Reported substrate K,, values are averages obtained from analyses conducted at 50 and 100 mmol dm—3 cofactor concentrations. ¥ Reported cofactor K,
values are averages obtained from analyses conducted at 100 and 200 mmol dm—3 substrate concentrations. ¢ V., values are average values obtained from
all K, determinations. One unit (U) is defined as the oxidation of 1 pmol of NADPH per min. ¢ Determined in duplicate only at a cofactor concentration
of 100 mmol dm—3. ¢ Determined in duplicate only at a substrate concentration of 100 pmol dm—3. / Estimated errors.

NADPH and [4S-2H]NADPH were much closer (ky/kp ca. 1.3)
than those for 1 (ky/kp ca. 3) indicating that the hydride
(deuteride) transfer is at best only partially rate limiting.
Presumably the fluorine substituent has lowered the energy
barrier for hydride delivery sufficiently such that another step in
the catalytic cycle is contributing significantly to the overall
rate. The V.« for the reduction of 4 by CHCR in D,0 rather
than H,0 was unchanged indicating that the proton transfer is
not rate limiting in the fluorinated analogue. Accordingly, the
rate-limiting step for the reduction of 4 by CHCR is either
substrate/cofactor binding or product/cofactor release.l” As
hydride transfer is clearly rate limiting for reduction of 1 but not
4, the difference in V., for the reduction of these substrates
with [(45)-2HINADPH (approximately 15-fold) is even more
dramatic than with NADPH.

Interestingly, CHCR exhibited a kinetic differentiation
between the two diastereoisomers of 4 (4a and 4b). Assuming
that the enzymatic reduction of 4 proceeds with the same
stereospecificity as 1, then the preference for the COCoA
moiety to lie equatorially, dictates that one epimer (4a)
generates product with fluorine axial (i.e. S5a) and the other
epimer (4b) generates product with fluorine equatorial (i.e. Sb).
19F{1H}-NMR analysis of the CHCR reduction of 4 with time
revealed a steady disappearance of the substrate signal at &
—171 and a concomitant increase in two signals at —182.5 and
—168.5 which could be assigned!® to the formation of (3R)-
fluoro-(1R)-cyclohexylcarbonyl CoA 5a (axial fluorine) and
(3S)-fluoro-(1R)-cyclohexylcarbonyl CoA 4b (equatorial fluo-
rine), respectively. After 20-30% conversion the ratio of
integrals of the 19F{1H}-NMR signals associated with 5a and
5b was approximately 1.3 : 1 (3 runs) and then this ratio steadily
decreased to 1:1 as the reaction was allowed to run to
completion. Clearly both 4a and 4b react faster than 1 with
CHCR due to an inductive effect, but there is also a small kinetic
preference for the production of Sa over Sb in the early stages
of the reaction. This may be a binding effect, but would require
that the K, values of 4a and 4b are significantly different with
the experimental K, value emerging as an average of the two.
Alternatively theoretical analysis of nucleophilic attack at sp?
hybridized carbons with fluorine at the «-carbon suggests that
the preferred transition state geometry has fluorine anti-
periplanar to the incoming nucleo-phile due to an n-o*
stabilizing interaction of the Anh-Eisenstein type.®!920 The
hydride addition by CHCR to the Si-face of C-2 of 1 suggests
that the transition state for hydride delivery to 4a (fluorine axial)
rather than 4b (fluorine equatorial) will stabilize the incoming
hydride more effectively due to donation of negative density
into the o* orbital associated with the fluorine atom (lobe
transition state 4a in Fig. 1). This rational is consistent with the
experimental observation.
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Footnotes

T Selected physical and spectroscopic data for 3. Mp 62-64 °C; 6y (CDCl5,
400 MHz) 11.05 (1 H, bs, CO,H), 7.04 (1 H, dm, CH), 5.515 (1 H, dm, Jur
= 47 Hz) and 1.55-2.5 (6 H, m, CH,); 8(CDCl5) 172.3 (CO), 137.0 (d,
2Jcp = 19.6 Hz, =CH), 134.5 (d, 3Jcg = 9.3 Hz,=C), 85.7 (d, Jcr = 164.8
Hz, CHF), 28.2 (d, 2Jcr = 19.3 Hz, CH»), 23.8 (d, 4/cr = 2.7 Hz, CH;) and
18.1 (d, 3Jcr = 2.6 Hz, CHy); O (CDCl3, 376 MHz) and —173.3 (d, Jgu =
45 Hz); m/z (EI*) 144.1 (M*, 29.5%).

1 An increase in rate of hydride transfer from NADH to an aldehyde by
electron withdrawing groups has previously been observed with the NAD+
dependent yeast alcohol dehydrogenase.'4 However, all of the substituted
benzaldehyde derivatives studied were converted much more slowly than
the natural acetaldehyde substrate.
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