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Cyclopropane Fatty Acid Synthase
from Escherichia coli: Enzyme
Purification and Inhibition by
Vinylfluorine and Epoxide-
Containing Substrate Analogues
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Cyclopropane fatty acids (CFAs) found in the lipids of many
eubacteria are known to play diverse roles in a variety of cellular
events. A precursor of CFAs is a phos-
pholipid, such as 3-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE), which
contains an unsaturated fatty acyl chain.
Cyclopropanation at the A%'°-oleoyl acyl HO,C
chain is catalyzed by CFA synthase by Hﬁ ¥

. - N (s
using S-adenosyl-.-methionine as the Me’ T
methylene donor. Several mechanisms
for the ring-formation step have been
postulated, but there is little experimen-
tal evidence to distinguish among these
proposals. To study this intriguing reac-
tion, we have developed a convenient
purification method that allows the iso-
lation of significant quantities of CFA
synthase of high purity and good activity. Two phospholipid
derivatives, PFOPE, which contains a 9-/10-vinylfluorooleoyl
chain, and PEOPE, a 9,10-epoxyoleoyl-containing compound,
were designed to probe for contending carbocationic or enzyme
nucleophile/anionic mechanisms. It was found that PFOPE is not
a substrate but an inhibitor for CFA synthase. This observation is
consistent with a carbocation mechanism in which the fluorine
substitution at the vinyl position deactivates the olefin and also
renders a carbocation intermediate/transition state unstable.
The fact that PEOPE functions solely as a reversible inhibitor
argues against the direct involvement of a nucleophile in CFA
formation and lends credence to a carbocation mechanism. The
convenient enzyme preparation and the inhibition studies
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described herein will certainly aid in further elucidation of the
reaction catalyzed by CFA synthase.

Cyclopropane fatty acids (CFAs, 1) are known to occur in the
lipids of many eubacteria,” including Mycobacterium tuber-
culosis, which is the causative agent of tuberculosis.” These
unusual fatty acids have been postulated to play diverse roles in
a variety of cellular events including protection of bacteria from
environmental stress, alteration of membrane structural integ-
rity, resistance to macrophage-mediated oxidative damage, and
overall virulence.®! The biosyntheses of CFAs are catalyzed by
CFA synthase with S-adenosyl-.-methionine (AdoMet, 2) as the
methylene donor.?> 4 The substrate is a phospholipid containing
an unsaturated fatty acyl (UFA) chain (3) whose double bond is
positioned 9-11 carbon units from the ester linkage of the
phospholipid backbone (Scheme 1).#! Hence the catalysis must
occur at the interface of the membrane and the surrounding
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aqueous environment. Our interest in this enzyme is motivated
not only by the intriguing chemistry and enzymology involved,
but also by the enzyme’s potential as a target for antibacterial
strategies as there is no apparent human homologue.

The gene (cfa) encoding E. coli CFA synthase has been
cloned,a heterologously expressed,”® and the corresponding
protein has been purified by using a phospholipid-floatation
method.#d Poor yields resulting from the purification process,
low purity caused by phospholipid contamination, and weak
activity after removal of the phospholipids,® pressed us to
develop an improved methodology to obtain CFA synthase for
our in vitro studies. Accordingly, the cfa gene was PCR amplified
from E. coli genomic DNA, cloned into a pET28b(+) vector, and
expressed in E. coli BL21(DE3) cells. The N-Hiss-tagged CFA
synthase was purified by Ni-NTA chromatography in the
presence of sorbitan monolaurate to yield 97 mg protein per
liter of culture with an activity of 188 U per mg of protein (1 U=
1 pmol of product per min at 37 °C).” The formation of enzyme
aggregates partially accounts for poor activity. After numerous
futile attempts to optimize a combination of detergents, buffers,
and phospholipids to boost enzyme activity, it was discovered
that protein aggregation could be minimized by the addition of
80 um bovine serum albumin (BSA) in the purification buffer.”]
The CFA synthase purified under these conditions exhibits an
activity of 19800 Umg~", which corresponds to nearly two
orders of magnitude improvement over previous results. Thus,
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for the first time, significant quantities of phospholipid-free CFA
synthase of high purity and good activity are readily accessible.
At this point, the stage was set for exploring the mechanism of
CFA synthase. Several mechanisms had been proposed. Most
often cited is one that involves the formation of a corner-
centered or a nonclassical delocalized carbocation intermediate
(4) in a direct nucleophilic attack of AdoMet by the olefinic
moiety of the substrate (Scheme 2a).®! However, how this
intermediate is formed and subsequently processed is not
obvious because neither the olefin nor the proton being
removed in the ring-closure step is chemically activated. Two
alternatives have also been proposed. As shown in Scheme 2b,
the reaction could be initiated by the attack of an active site
nucleophile, which would subsequently be expelled in the ring-
closure step.” A route involving transfer of the methylene group
from a sulfur ylide (5), or its equivalent, to 3 has also been
postulated (Scheme 2¢)." In these two cases, the transition
state has a more carbanionic character (such as in 6)." To obtain
evidence for ring formation involving either a carbocation or a
carbanion intermediate/transition state, two derivatives of the
natural substrate, 3-palmitoyl-2-oleoyl-phosphatidyl ethanol-
amine (POPE, 3), were synthesized as mechanistic probes.
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Compound 7, 3-palmitoyl-2-(9-/10-fluorooleoyl)phosphatidyl
ethanolamine (PFOPE), containing a vinylfluorinated olefin, is
expected to markedly decrease the stability of an electron-
deficient transition state (4/8);''? this would result in either a
reduced rate or a complete lack of turnover of the fluorinated
species (Scheme 3, mechanism a).l"¥ If mechanism b is operative,
incubation with 7 may lead to enzyme inactivation by either a -
elimination of the fluoride ion to give 10 or an a-elimination of
the fluoride ion followed by a 1,2-H shift to give 13, depending
on the regiospecificity of the initial nucleophilic attack. Similar
outcome can also be envisioned for mechanism c. In contrast,
epoxide-containing compound 14 (3-palmitoyl-2-(9,10-epoxyo-
leoyl)phosphatidylethanolamine—PEOPE), which was prepared
by oxidation of the double bond of POPE (3) with m-
chloroperbenzoic acid (Scheme 4), is designed to probe a
mechanism with significant carbanion character. The electro-
philic nature of an epoxide makes it a suitable reagent to trap an
enzyme-active-site nucleophile. Compound 7 was prepared as a
mixture of 9- and 10-fluorooleoyl derivatives as depicted in
Scheme 5.

Upon incubation of 7 (a mixture of 7a/7b) and 14 with CFA
synthase, it was found that neither compound is a substrate for
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Scheme 3.

the enzyme. Instead, both are reversible inhibitors against the
natural substrate (3).') Coincubation with 7 led to a modest
(30-70%) reduction of the enzyme activity, while greater than
97% reduction was observed with 14 under the same con-
ditions. It should be noted that oleic acids fluorinated at C-7 and
C-12 are both substrates for the synthase, albeit with reduced
turnover efficiency (32% and 5%, respectively) when incubated
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with cell-free extracts of Lactobacillus plantarum.'® The obser-
vation that compound 7 cannot be processed by CFA synthase
clearly indicates that the fluorine substitution at the vinyl
position can more effectively deactivate the olefin and destabi-
lize the carbocation intermediate/transition state. This finding is
consistent with a carbocation mechanism. The failure of both 7
and 14 to form a covalent adduct with the enzyme argues
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against the direct involvement of an enzyme nucleophile or a
sulfur ylide in CFA formation,"'” and lends further credence to a
carbocation mechanism."® The fact that compound 14 is an
excellent inhibitor suggests that the epoxy oxygen in 14 may
interact favorably with one or more active-site residues allowing
14 to compete more efficiently than the substrate for the
enzyme active site.

In summary, our study has led to an efficient enzyme-
purification protocol, identified the first phospholipid inhibitor
for CFA synthase, and provided further insight into the
mechanism of this intriguing cyclopropanation reaction. The
convenient enzyme preparation and the inhibition studies
described here will, no doubt, aid in further elucidation of the
catalysis by CFA synthase.
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