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ABSTRACT: Cyclopropane fatty acid (CFA) synthases catalyze the formation of cyclopropane rings on
unsaturated fatty acids (UFAs) that are natural components of membrane phospholipids. The methylene
carbon of the cyclopropane ring derives from the activated methyl group ofS-adenosyl-L-methionine
(AdoMet), affordingS-adenosyl-L-homocysteine (AdoHcys) and a proton as the remaining products. This
reaction is unique among AdoMet-dependent enzymes, because the olefin of the UFA substrate is isolated
and unactivated toward nucleophilic or electrophilic addition, raising the question as to the timing and
mechanism of proton loss from the activated methyl group of AdoMet. Two distinct reaction schemes
have been proposed for this transformation; however, neither was based on detailed in vitro mechanistic
analysis of the enzyme. In the preceding paper [Iwig, D. F. and Booker, S. J. (2004)Biochemistry 43,
http://dx.doi.org/10.1021/bi048693+], we described the synthesis of two analogues of AdoMet,Se-adenosyl-
L-selenomethionine (SeAdoMet) andTe-adenosyl-L-telluromethionine (TeAdoMet), and their intrinsic
reactivity toward polar chemistry in which AdoMet is known to be involved. We found that the
electrophilicity of AdoMet and its onium congeners followed the series SeAdoMet> AdoMet> TeAdoMet,
while the acidity of the carbons adjacent to the relevant heteroatom followed the series AdoMet>
SeAdoMet> TeAdoMet. When each of these compounds was used as the methylene donor in the CFA
synthase reaction, the kinetic parameters of the reaction,kcat andkcat KM

-1, followed the series SeAdoMet
> AdoMet > TeAdoMet, suggesting that the reaction takes place via methyl transfer followed by proton
loss, rather than by processes that are initiated by proton abstraction from AdoMet. Use ofS-adenosyl-
L-[methyl-d3]methionine as the methylene donor resulted in an inverse isotope effect of 0.87( 0.083,
supporting this conclusion and also indicating that the methyl transfer takes place via a tight sN2 transition
state.

Cyclopropane fatty acids (CFAs)1 exist naturally within
the membrane structures of a wide variety of prokaryotes
and several eukaryotes (1, 2). Ostensibly, their presence
appears to relate little to the ecological niche of the respective

organism, since they are present in strict anaerobes, aero-
tolerant anaerobes, facultative anaerobes, microaerophiles,
and obligate aerobes (1). Despite the predominance of CFA-
producing organisms, theraison d’être of the cyclopropane
modification is not completely understood in any system.
In Escherichia coli, CFAs are found in fatty acids that
comprise membrane phospholipids and are formed predomi-
nantly as the organism enters late-log and early-stationary
phases of growth (3). This is attributed in part to the finding
that transcription of the gene that encodes CFA synthase,
the protein responsible for catalyzing CFA formation inE.
coli, is partly under the control of therpoS gene product,
which is aσ factor that is essential for the expression of
proteins that are present during stationary phase (4). Many
of these proteins act in response to various types of
environmental stress (4). Nevertheless, mutant strains ofE.
coli that are defective in CFA synthesis grow normally within
the laboratory framework and appear to be as viable under
a variety of stress conditions as the wild-type strain (5, 6).
Recent work indicates that cyclopropane modifications in
E. coli protect the bacterium from acid shock (7).

Cyclopropane rings are also found within the large (∼C70-
C90), R-branched,â-hydroxylated fatty acids (mycolic acids)
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MTA, 5′-methylselenoadenosine; SOPG, 1-stearoyl-2-oleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)]; TeAdoHcys,Te-adenosyl-L-homotelluro-
cysteine; TeAdoMet,Te-adenosyl-L-telluromethionine; TeMTA, 5′-
methyltelluroadenosine; TFA, trifluoroacetic acid; UFA, unsaturated
fatty acid.
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of slow-growing pathogenic species of mycobacteria, such
asMycobacterium tuberculosisandM. leprae. Notably, few
or no cyclopropane rings are found in the mycolic acids of
saprophytic strains of mycobacteria such asM. smegmatis
and M. boVis (8, 9). Moreover, strains ofM. tuberculosis
with null mutations in theirpcaA gene, which encodes a
cyclopropane mycolic acid (CMA) synthase, are unable to
persist within infected mice and kill them, even though initial
growth proceeds normally (10). In addition to affecting
pathogenesis, cyclopropanation of mycolic acids decreases
membrane permeability via a reduction in fluidity (11). This
process has been associated with the ability ofM. tubercu-
losis to resist treatments that utilize common antibiotics and
chemotherapeutic agents, suggesting that CMA synthases
may prove to be fruitful targets for the treatment of
tuberculosis. Several CMA synthases are known, and CFA
synthase fromE. coli shares∼35% sequence identity and
∼48% sequence similarity with these proteins, suggesting
that the underlying mechanism of cyclopropanation is
conserved in each case (12, 13).

CFAs are produced from the corresponding unsaturated
fatty acid (UFA); the methylene carbon derives from the
activated methyl substituent ofS-adenosyl-L-methionine
(AdoMet) (2). This is a bi bi reaction, in which two
substrates, AdoMet and the UFA, interact to yield two
products,S-adenosyl-L-homocysteine (AdoHcys) and the
corresponding CFA, with concomitant release of a proton
(Scheme 1). Two aspects of this reaction are especially
noteworthy with respect to chemical and biochemical
principles. First, CFA synthase is a soluble cytoplasmic
enzyme, although it associates reversibly with the inner
leaflet of cellular phospholipid bilayers (14). Interestingly,
the unsaturated fatty acid substrate lies in the interior of the
phospholipid bilayer and is presumably unexposed to the
cytoplasm. The second substrate, AdoMet, is charged at all
relevant pH values and highly soluble in aqueous solution
and would not be expected to have ready access to the
phospholipid bilayer interior. The manner in which the
enzyme brings its two substrates of opposite solubilities in
close proximity remains enigmatic. Second, the “business
end” of the UFA substrate is an isolated and unactivated
double bond that is always in the cis conformation; albeit,

trans cyclopropane synthase activity has been found in
mycobacteria (2, 15). In vivo labeling studies inLactobacillus
arabinosus, which also contains a cis CFA synthase, revealed
that both of the vinylic hydrogens of the substrate olefin are
retained in the final product, suggesting that intermediates
that involve loss of either of these hydrogens (e.g., cyclo-
propene, exomethylene, or methylalkene structures) were not
operative (16). Transfer of the methylene group from
AdoMet takes place with loss of only one of the original
hydrogens; however, isotopic dilution has been observed in
L. plantarumin vivo feeding studies (17).

Detailed mechanistic studies of the CFA synthase reaction
have been limited because of the extreme lability of the
enzyme. Since isolated olefins are generally both poorly
nucleophilic and poorly electrophilic, any polar mechanism
proposed would be at best only weakly satisfying. In solution
chemistry, reactions of this nature usually proceed via
carbene intermediates, which are rare in enzyme catalysis,
unless the olefin is a Michael acceptor, which facilitates
ylide-based mechanisms (18, 19). The central issue with
respect to the mechanism of catalysis by CFA synthase
concerns the timing and mechanism of proton loss from the
activated methyl group of AdoMet. Two distinct working
hypotheses have been advanced, but neither was based on
detailed in vitro studies of purified protein. As early as 1963,
the intermediacy of a sulfonium methylide was suggested,
wherein the reaction is initiated by removal of one of the
protons from the methyl substituent of AdoMet (20). The
resulting carbanion would be stabilized by electrostatic
interaction with the positively charged sulfur atom, delocal-
ization of electron density into the empty d orbitals of the
sulfur atom, or both (21). This proposal garnered momentum
from a subsequent model study in which diphenylsulfonium
methylide was shown to cyclopropanate various unactivated
alkenes in the presence of a copper catalyst. The active
cyclopropanating agent was postulated to be a copper-carbene
complex generated after coordination of the ylide to the
copper catalyst, with subsequent expulsion of diphenylsulfide
(22).

In vivo studies on the biosynthesis of various sterols
gradually led to a competing line of thought for the
mechanism of cyclopropanation. Careful and detailed product

Scheme 1: The CFA Synthase Reactiona

a R ) -(CH2)2CH(NH3
+)COO-.
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analyses from a host of feeding studies suggested that
ergosterol, fucosterol, and various derivatives of 24-meth-
ylene sterols could all be biosynthesized from their respective
olefinic precursor via a carbocation intermediate generated
by electrophilic addition of the methyl substituent of AdoMet
onto theπ electrons of the olefin (19, 23, 24). In the vast
majority of reactions, the carbocation produced would be
tertiary, which is significantly more favorable than the
secondary carbocation that would be generated if this
mechanism were operative in CFA synthases. More recent
investigations of the biosynthesis of mycolic acids inM.
tuberculosissuggested that a similarly generated carbocation
intermediate could account for the three major mycolic acid
modifications of olefins that are formed by three structurally
related enzymes: MMAS-4, which catalyzes formation of a
secondary alcohol with an adjacent methyl branch, MMAS-
3, which catalyzes the O-methylation of the secondary
alcohol, and MMAS-2, which catalyzes cyclopropanation of
the proximalcis-olefin of the mycolic acid substrate (25).

Herein, we describe experiments that distinguish between
two mechanistic scenarios for the cyclopropanation of
unactivated olefins by CFA synthase. We report the develop-
ment of assays that allow detailed kinetic studies to be carried
out on the enzyme, as well as those that allow direct
observation of the cyclopropanated product. We establish
that the enzyme neither binds divalent metal ions nor is
inhibited by compounds that scavenge them. We use AdoMet
and its onium congeners in combination with insight obtained
from pH-dependent degradation studies of the compounds
to show that the reaction takes place via a rate-limiting
methyl transfer to the olefin followed by proton loss, rather
than by processes that initiate with proton loss from AdoMet.
Last, we show thatR-secondary deuterium isotope effects
are consistent with the model established by elemental
effects, and further indicate a rate-limiting methyl transfer
that takes place via a tight sN2 transition state.

MATERIALS AND METHODS

Materials.All DNA modifying enzymes and reagents were
purchased from New England Biolabs (Beverly, MA), as was
Vent polymerase and its associated 10× reaction buffer.
Oligonucleotide primers were obtained from Integrated DNA
Technologies (Coralville, IA), while deoxynucleoside tri-
phosphates were purchased from Amersham Pharmacia
Biotech (Piscataway, NJ). CompetentE. coli DH5R cells
were purchased from PGC Scientific (Gaithersburg, MD).
E. coli (W3110) genomic DNA, methylthioadenosine (MTA),
adenine, AdoHcys, catecholO-methyl transferase (COMT),
3,4-dihydroxybenzoic acid (DBA), potassium ferricyanide,
1,10-phenanthroline, and tryptophan were all purchased from
Sigma (St. Louis, MO). The pET-28a(+) and pET-26b(+)
plasmids andE. coli BL21(DE3)pLysS cells were purchased
from Novagen (Madison, WI). Yeast extract and tryptone
were purchased from Marcor Development Corporation
(Hackensack, NJ). Kanamycin sulfate was purchased from
Shelton Scientific (Shelton, CT). Isopropyl-â-D-thiogalac-
topyranoside (IPTG) was purchased from Biosynth Interna-
tional (Naperville, IL). Lysozyme, ethylenediaminetetraacetic
acid (EDTA), and streptomycin sulfate were purchased from
Fisher Biotech (Fair Lawn, NJ). Phenylisothiocyanate (PITC)
and a high-purity amino acid calibration standard (Standard
H) were purchased from Pierce (Rockford, IL). Nickel

nitrilotriacetic acid (Ni-NTA) resin was purchased from
QIAGEN (Valencia, CA). 1-Stearoyl-2-oleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)] (SOPG) in chloroform was
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
The metal powders, CoSO4‚6H2O, MnSO4‚H2O, NiSO4‚
6H2O, and CuSO4‚5H2O, were all obtained from Aldrich
(Milwaukee, WI), while a prepared iron standard (1000µg
mL-1 in 2% HNO3) was obtained from SPEX CertiPrep
(Metuchen, NJ). All solvents used for HPLC were of HPLC
grade or better. All other chemicals and reagents were of
the highest purity available and were purchased from Sigma
or Aldrich unless noted otherwise.

AdoMet, Se-adenosyl-L-selenomethionine (SeAdoMet),
andTe-adenosyl-L-telluromethionine (TeAdoMet) were syn-
thesized as described in the preceding paper (26). S-Adeno-
syl-L-[methyl-d3]methionine was synthesized in the same
fashion usingL-[methyl-d3]methionine, which was obtained
from Cambridge Isotope Laboratories, Inc (Andover, MA).

General Procedures.Routine UV-visible spectra were
recorded on a Cary (Varian, Walnut Springs, CA) 300 Bio
spectrophotometer using the associated Cary WinUV soft-
ware package. High-performance liquid chromatography
(HPLC) was carried out on an 1100 system from Agilent
(Foster City, CA) with variable wavelength detection, while
analysis by gas chromatography (GC) was carried out on an
Agilent 6850 system with flame ionization detection (FID).
Both instruments were equipped with autosamplers to
facilitate the analysis of multiple samples. Sonic disruption
of E. colicells was carried out with a 550 sonic dismembrator
from Fisher Scientific (Pittsburgh, PA) in combination with
a horn containing a1/2 in. tip.

Conventional molecular biological manipulations were
conducted using previously described standard procedures.
DNA sequence determinations were performed by the
Nucleic Acid Facility of the Penn State University Biotech-
nology Institute. Routine, small-scale plasmid preparations
were carried out with the Promega (Madison, WI) Wizard
kit, while large-scale plasmid preparations were carried out
with Qiagen (Valencia, CA) Midi or Maxi kits. Removal
and purification of DNA from agarose gels were performed
with QIAquick gel extraction kits (Qiagen). The polymerase
chain reaction (PCR) was conducted with a Robocycler
temperature cycler from Stratagene (La Jolla, CA). Each
amplification reaction contained the following in a volume
of 100 µL: 50 pmol of each primer, 20 nmol of each
deoxynucleoside triphosphate, 2µg of E. coli (W3110)
genomic DNA, 1 U of Vent polymerase, and 10µL of 10×
Vent polymerase buffer. After a 5-min denaturation step at
95 °C, 35 cycles of the following program were initiated: 1
min at 95°C, 1 min at 45°C, and 2 min at 72°C.

Construction of CFA Synthase OVerexpression Strain.The
gene forE. coli CFA synthase was amplified by PCR. The
forward primer (5′-GCG-GCG-TCC-ATA-TGA-GTT-CAT-
CGT-GTA-TAG-AAG-AAG-TC-3′) was engineered to con-
tain anNdeI restriction site (underlined) near its 5′-terminus,
while the reverse primer (5′-GCG-GAA-TTC-TTA-GCG-
AGC-CAC-TCG-AAG-GCC-G-3′) was engineered to con-
tain anEcoRI restriction site (underlined) near its 5′-terminus.
After amplification and purification of the 1.1-kb fragment,
it was digested withNdeI andEcoRI, and ligated into a pET-
26a vector that had been similarly digested, resulting in
plasmid pTAM100. An expression vector for His-tagged
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(HT) CFA synthase was constructed by removing theNdeI-
EcoRI fragment from pTAM100 and ligating it into a pET-
28a vector that had been similarly digested, resulting in
plasmid pATG125.

Growth and OVerexpression of CFA Synthase.A single
colony of E. coli BL21(DE3)pLysS containing plasmid
pATG125 was used to inoculate 200 mL of 2×YT media
(27) containing 50µg mL-1 of kanamycin sulfate and 0.1%
dextrose. After the culture was allowed to grow at 37°C for
8 h with shaking (225 rpm), four 25-mL aliquots were used
to inoculate four 6-L Erlenmeyer flasks, each containing 2.5
L of the above media. The cultures were grown at 37°C
with agitation (225 rpm) until an OD600 of 0.6 was attained.
IPTG was added to a final concentration of 40µM, and the
cultures were incubated further for 2 h in thesame fashion.
The cultures were chilled on ice for 30 min, and the cells
were harvested at 4°C by centrifugation at 10 000× g for
10 min. The cell paste was immediately frozen in liquid
nitrogen and stored at-80 °C. A typical yield was 2.5 g of
wet cell paste per liter of culture.

Purification of CFA Synthase.All purification steps were
carried out at 4°C unless specifically noted, and all buffers
were adjusted to a pH of 7.5 after incorporation of all
components. In a typical purification, 25 g of cell paste was
resuspended in 75 mL of lysis buffer (50 mM HEPES, 300
mM KCl, 10 mM imidazole, 10% glycerol) containing
lysozyme at a final concentration of 1 mg mL-1. After being
stirred at room temperature for 20 min, the mixture was
stirred in an ice-water bath until its temperature reached
8 °C or less (∼15 min), and then subjected to four 30-s bursts
of sonic disruption (35% output or 210 W) with intermittent
pausing to maintain the temperature ate8 °C. The lysate
was centrifuged for 1 h at 50 000× g and 4°C, and the
resulting supernatant was loaded onto a Ni-NTA column
(2.5 cm× 5 cm). The column was washed with 10 column-
volumes of wash buffer (50 mM HEPES, 300 mM KCl, 20
mM imidazole, 10% glycerol), before elution of CFA
synthase with 30 mL of elution buffer (50 mM HEPES, 300
mM KCl, 250 mM imidazole, 10% glycerol). Fractions
displaying significant absorbance at 280 nm were pooled and
concentrated to∼300µM by ultrafiltration using an Amicon
stirred cell (Millipore; Billerica, MA) with a YM-10 mem-
brane and exchanged into 100 mM HEPES (pH 7.5) by
dialysis. The dialysate was combined with an equal volume
of 50% glycerol, resulting in a final buffer composition of
50 mM HEPES (pH 7.5) and 25% glycerol. The protein,
which was determined to be greater than 95% pure by SDS-
PAGE with Coomassie staining, was frozen in liquid nitrogen
and stored at-78 °C until ready for use. Its concentration
was determined spectrophotometrically using an extinction
coefficient that was determined in this work (ε280) 70 700
M-1 cm-1).

Molar AbsorptiVity Determination of CFA Synthase.A
modified version of the amino acid analysis procedure of
Heinrikson and Meredith was used to establish the molar
absorptivity of CFA synthase at 280 nm (28). A UV-visible
spectrum of a 1-mL sample of CFA synthase in 50 mM
HEPES (pH 7.5) was recorded, and an aliquot (1.3 nmol) of
the protein was hydrolyzed under vacuum in 6 N HCl for
24 h at 110 °C in a vacuum hydrolysis tube (Pierce,
Rockford, IL). 3-Hydroxy-L-proline (40µmol) was added
as an internal standard before hydrolysis. Excess water and

acid were removed by centrifugal evaporation using a
Thermo Savant (Milford, MA) SpeedVac concentrator, and
the residue was dissolved in 50µL of coupling buffer (10:
5:2:3, acetonitrile/pyridine/triethylamine/water). The coupling
buffer was evaporated in the same fashion, and the resulting
residue was again dissolved in 50µL of coupling buffer. A
5-µL aliquot of PITC was added, and the solution was
allowed to stand at room temperature for 10 min. The
coupling buffer and PITC were removed under vacuum, and
the residue was dissolved in 10% methanol in water. Finally,
the solvent was once again removed under vacuum, and the
samples were dissolved in 10% methanol in 10 mM
potassium phosphate buffer (pH 6.5). The hydrolysate was
analyzed by HPLC using a Zorbax SB-CN column (5µm,
4.6 mm× 250 mm) with three solvents: 10 mM potassium
phosphate buffer, pH 6.5 (solvent I), methanol (solvent II),
and acetonitrile (solvent III). The sample was injected onto
the column, which was equilibrated in 90% solvent I/10%
solvent II, and the column was developed at a flow rate of
1 mL min-1. After 15 min under the initial conditions, solvent
III was increased from 0 to 32% over 32 min at the expense
of solvent I, while maintaining solvent II at 10%. A
calibration curve for several amino acids was generated by
subjecting graded amounts of a standard solution of amino
acids to derivitization and separation by the same procedure.
The absolute concentration of CFA synthase was determined
by dividing the concentrations of any of several amino acids
in the protein hydrolysate by the number of times that the
amino acid appeared in the CFA synthase sequence.

Construction of an AdoHcys Nucleosidase OVerexpression
Strain.The 699-bpE. coli AdoHcys nucleosidase gene (pfs)
was amplified by PCR using two oligonucleotide primers
that were complementary to the sequence at each end of the
gene. The forward primer (5′-GCG-ACG-CAG-CAT-ATG-
AAA-ATC-GGC-ATC-ATT-GGT-GCA-ATG-3′) introduced
a uniqueNdeI restriction site (underlined) at the 5′-terminus
of the gene, while the reverse primer (5′-GCA-GGC-AGC-
GAA-TTC-TTA-GCC-ATG-TGC-AAG-TTT-CTG-CAC-C-
3′) introduced a uniqueEcoRI restriction site (underlined)
at the 3′-terminus of the gene. After amplification and
purification of the 0.7-kb fragment, it was digested withNdeI
andEcoRI, and ligated into a pET-28a vector that had been
similarly digested, resulting in plasmid pATG134. The
plasmid was subsequently transformed intoE. coli strain
BL21(DE3)pLysS for expression of the protein.

OVerexpression of AdoHcys Nucleosidase.A single colony
of E. coli BL21(DE3)pLysS containing plasmid pATG134
was used to inoculate 50 mL of 2×YT media containing 50
µg mL-1 of kanamycin sulfate. After the culture was allowed
to grow at 37°C for 12 h with shaking (225 rpm), four 10-
mL aliquots were used to inoculate four 6-L Erlenmeyer
flasks, each containing 3 L of theabove media. The cultures
were grown at 37°C with agitation (225 rpm) until an OD600

of 0.6 was attained. IPTG was added to a final concentration
of 500 µM, and the cultures were incubated further for 3 h
in the same fashion. The cultures were chilled on ice for 30
min, and the cells were harvested at 4°C by centrifugation
at 10 000× g for 10 min. The cell paste was immediately
frozen in liquid nitrogen and stored at-78 °C. A typical
yield was 3 g of wetcell paste per liter of culture.

Purification of AdoHcys Nucleosidase.All purification
steps were carried out at 4°C unless specifically noted. In
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a typical purification, 10 g of wet cell paste was resuspended
in lysis buffer (50 mM HEPES, 300 mM KCl, 10 mM
imidazole, 10% glycerol, pH 7.5) containing lysozyme at a
final concentration of 1 mg mL-1. After being stirred at room
temperature for 20 min, the mixture was stirred in an ice-
water bath until its temperature reached 8°C or less (∼15
min) and then subjected to four 30-s bursts of sonic
disruption (35% output or 210 W) with intermittent pausing
to maintain the temperature ate8 °C. The lysate was
centrifuged for 1 h at 50 000× g and 4°C, and the resulting
supernatant was loaded onto a Ni-NTA column (2.5 cm×
5 cm). The column was washed with 10 column-volumes of
wash buffer (50 mM HEPES, 300 mM KCl, 20 mM
imidazole, 10% glycerol, pH 7.5) before eluting AdoHcys
nucleosidase with 30 mL of elution buffer (50 mM HEPES,
300 mM KCl, 250 mM imidazole, 10% glycerol, pH 7.5).
Fractions displaying significant absorbance at 280 nm were
pooled and concentrated by ultrafiltration using an Amicon
stirred cell with a YM-10 membrane, and exchanged into
100 mM HEPES (pH 7.5) by dialysis. The dialysate was
combined with an equal volume of 50% glycerol, rapidly
frozen in aliquots with liquid N2, and stored at-80 °C. The
protein concentration was determined spectrophotometrically
using an extinction coefficient (ε280 ) 3140 M-1 cm-1) that
was determined by the procedure of Gill and von Hippel
(29).

Metal Analysis of CFA Synthase.Metal analysis was
carried out by inductively coupled plasma (ICP) spectroscopy
using a PS3000UV instrument from Leeman Labs (Hudson,
NH). Standard solutions of each metal (Fe, Zn, Cu, Mn, Co,
Ni, and P) ranging from 0.05 to 5 ppb were prepared and
used to calibrate the ICP spectrometer prior to sample
analysis. Concentrations of metal found in the protein sample
were subsequently correlated to the protein concentration to
determine the stoichiometry of each metal bound.

Preparation of Phospholipid Large Unilamellar Vesicles.
SOPG (100-200 mg) in chloroform was placed in a 25-mL
vial and subjected to rotary evaporation at 50°C under
reduced pressure (aspirator) to remove all traces of solvent.
The remaining dry film of phospholipids was resuspended
in 4-8 mL of 10 mM HEPES (pH 7.5) by intermittent
vortexing for 2 h while spinning at 50°C on a rotary
evaporator without applied vacuum. The homogeneous
mixture of phospholipids was subsequently subjected to three
cycles of freezing at-80 °C and thawing at 37°C. Large
unilamellar vesicles (LUVs) were prepared by extrusion of
the solution of phospholipids through polycarbonate filters
(100 nm pore size) using a commercially available extruder
from Avanti Polar Lipids, Inc (Alabaster, AL). The phos-
pholipid concentration was determined by a previously
described method (30), and the resulting vesicles were stored
at room temperature and used within 10 h of preparation.

ActiVity Assays of CFA Synthase.The time-dependent
formation of products in the CFA synthase reaction was
monitored by HPLC or GC. A typical assay mixture
contained the following in a final volume of 300µL: 50
mM HEPES (pH 7.5), 800µM AdoMet, 15 mM SOPG, 0.8
µM CFA synthase, 0.5µM AdoHcys nucleosidase (specific
activity 3.2µmol min-1 mg-1), and 1 mM tryptophan, which
was used as an internal standard (IS). All components of
the reaction mixture, excluding AdoMet, were incubated at
37 °C for 4 min prior to initiation of the reaction by addition

of AdoMet. Aliquots (40µL) were removed at various times,
and the reaction was quenched by addition of H2SO4 to a
final concentration of 50 mM. Samples were then stored at
<4 °C until ready for analysis. Samples to be analyzed for
adenine by HPLC were centrifuged (14 000× g) to remove
most of the phospholipids (PL), and a 10-µL aliquot of the
supernatant was injected onto an Agilent Zorbax SB-CN
column (4.6 mm× 250 mm, 5µm) that was equilibrated in
95% solvent A (0.4% trifluoroacetic acid (TFA) in water,
titrated to pH 1.8 with triethylamine) and 5% solvent B
(methanol). Simultaneous linear gradients of 5-30% solvent
B and 0-50% solvent C (acetonitrile) from 5 to 15 min gave
good separation of AdoMet (3.15 min), adenine (4.5 min),
AdoHcys (5.9 min), MTA (11.3 min), and the IS (12.9 min).

Assays to be analyzed by GC were carried out in a total
volume of 2 mL. Aliquots (500µL) of the quenched reaction
mixture were extracted three times with 400µL of n-hexane,
and the hexane layers were pooled (1.2 mL) and incubated
at room temperature with 100µL of 2 N NaOH in methanol
for 10 min to form the fatty acid methyl esters (FAMEs) of
the corresponding phospholipids. The FAMEs were concen-
trated under a stream of N2, and 0.2-µL aliquots were
subjected to analysis by GC-FID using a DB-23 column (0.25
µm, 60 m× 0.25 mm) from J & W Scientific (Folsam, CA).
The injection port was maintained at 250°C, while the
detector was maintained at 280°C. The initial column
temperature was maintained at 50°C for 1 min, raised to
175 °C over the following 5 min, and raised again to 230
°C over the following 13.75 min, resulting in a total run
time of 19.75 min. Under these conditions, the saturated fatty
acid (C18:0) eluted at 16.3 min, the unsaturated fatty acid
(cis-C18:1) eluted at 16.7 min, and the cyclopropane fatty
acid (cis-C18:1) eluted at 17.9 min. The concentration of
the CFA product produced at each time point was calculated
from eq 1,

wherein [S] is the concentration of the SOPG substrate and
ICFA and IC18:0 are the integrated intensities of the peaks
corresponding to CFA and C18:0, respectively. Initial rates
as a function of substrate concentration were fitted to eq 2
by nonlinear regression,

whereinV0 is the observed initial rate at a given substrate
concentration [S],Vmax is the maximal velocity of the
reaction, andKM is the apparent Michaelis constant for
AdoMet.

Deuterium Isotope Effects.R-Deuterium isotope effects
were measured by direct comparison of the kinetic constants
obtained for [methyl-d3]AdoMet and unlabeled AdoMet. Both
substrates were synthesized and purified simultaneously, and
their concentrations were determined spectrophotometrically
(ε260 ) 15 400 M-1 cm-1). Reactions were carried out as
described above for activity determinations, and initial rates
at varying concentrations of AdoMet (5-500µM) were fitted
to eq 2.

ActiVity Determination for Catechol O-Methyl Transferase.
The general procedure for the activity determination of
COMT was adapted from known methods (31). A typical

[CFA] ) [S]ICFA/IC18:0 (1)

V0 ) Vmax[S]/(KM + [S]) (2)
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assay contained the following in a final volume of 220µL:
50 mM HEPES, pH 7.5, 5 mM MgCl2, 5-200µM AdoMet
or SeAdoMet, 400µM 3,4-dihydroxybenzoic acid (DBA),
and 100 units of COMT. When reactions were conducted
with TeAdoMet, its concentration was varied between 25
and 4000 µM, and 250 U of COMT were employed.
Reactions were initiated by the addition of DBA after
preequilibration of a mixture of all other components at
37 °C. At various times, 40-µL aliquots were removed and
quenched with 10µL of 125 mM H2SO4. After precipitated
protein was pelleted by centrifugation, 10-µL aliquots of the
supernatant were analyzed by HPLC using the method
described for separating the nucleoside products of the CFA
reaction. Under these conditions, DBA eluted at 11.9 min,
and 3-O-methyl DBA eluted at 13.2 min.

RESULTS

Expression, Purification, and Characterization of CFA
Synthase.Previous studies ofE. coli CFA synthase have
vividly outlined the inherent difficulties associated with
working with the enzyme (1, 14). In particular, CFAs or
UFAs that serve as substrates appear to stabilize the enzyme,
which can become problematic if they dissociate during
conventional column chromatography. In the absence of
phospholipids, the enzyme is completely inactivated upon
incubation at 37°C for 30 min and loses 50% of its activity
at 4 °C during a period of∼16 h (14). Because of this
lability, a strategy that would allow rapid purification of the
enzyme was employed. Thecfa gene was cloned into the
NdeI site of a pET-28a vector, resulting in the production
of protein containing a tandem six-histidine sequence (His-
tag) separated from the natural N-terminus of the protein by
a linker of 10 amino acids. Expression was carried out inE.
coli BL21(DE3)pLysS as described previouslysa procedure
that minimizes inclusion body formation (32)sand the
protein was purified to greater than 95% homogeneity by
immobilized metal affinity chromatography (IMAC) using
a Ni-NTA matrix. The protein was concentrated to∼200-
250 µM, frozen in liquid N2, and stored at-78 °C in 25%
glycerol. Under these conditions of storage, CFA synthase
lost less than 10% percent of its initial activity after 6 months.
Concentrating the protein to 300µM or greater resulted in
its precipitation from solution.

The UV-visible spectrum of purified CFA synthase is
shown in Figure 1. Of note is the absence of distinct features
at wavelengths greater than 320 nm, which is consistent with
the absence of bound organic cofactors. A broad shoulder
that extends throughout the spectral envelope is discernible
and is attributed to light scattering by phospholipids that are
tightly associated with the protein, which is described below.

Amino acid analysis using precolumn derivatization with
PITC was carried out to establish a molar absorptivity for
the protein at 280 nm. This was necessary because it could
not be sufficiently concentrated to use the procedure of Gill
and von Hippel, which requires substantial dilution in 6 M
guanidine hydrochloride (29). The protein, corresponding to
the UV-visible spectrum in Figure 1, was hydrolyzed in 6
N HCl under reduced pressure for 24 h at 110°C, and the
resulting amino acids in the hydrolysate were derivatized
with PITC and separated by HPLC. Varying concentrations

of a commercially available amino acid mix were subjected
to the same procedure to generate a calibration curve that
was used to quantify the concentrations of select amino acids
in the hydrolysate. Table 1 lists the amino acids that were
chosen as standards, and the corresponding molar absorp-
tivities that were calculated using the UV-visible spectrum
shown in Figure 1. An average value of 70 700( 3300 M-1

cm-1 was determined from these values.
Purified CFA synthase was analyzed for bound Ni, Fe,

Zn, Mn, Co, Cu, and P by ICP spectroscopy (Table 2).
Phosphorus was present in amounts that were stoichiometric
with the protein (1.05( 0.21 equiv), while Fe, Zn, Mn, Co,
Ni, and Cu were present at levels that were below, or only
slightly above, the detection limit of the instrument. The
finding of stoichiometric quantities of phosphorus suggests
that the enzyme is isolated with phospholipids bound at the
active site, which presumably accounts for its stability. It is
possible also that the phosphorus is unrelated to phospho-
lipids; however, GC-MS analysis indicated that fatty acids
were indeed bound to the purified protein (data not shown).

Assay DeVelopment for CFA Synthase.HPLC- and GC-
based procedures were developed to measure the activity of
CFA synthase. In the reaction, two substrates are converted

FIGURE 1: UV-visible spectrum of CFA synthase. The protein was
diluted in 50 mM HEPES, pH 7.5, and 100 mM KCl. The broad
tailing that is seen from 300 to 700 nm is attributed to light
scattering by phospholipids that are bound tightly to the protein.

Table 1: Molar Absorptivities for CFA Synthase from Amino Acid
Analysisa

PTH-amino acid
calculated CFAS molar

absorptivityb (M-1 cm-1)

Ser 72 400( 8 700
Gly 67 300( 9 400
His 74 600( 10 200
Met 73 600( 9 100
Ile 73 900( 7 800
Leu 66 500( 9 100
Phe 69 100( 8 500
Lys 68 000( 5 100

a Molar absorptivities were calculated as described in Materials and
Methods. The mean CFA synthase molar absorptivity was determined
to be 70 700( 3300 M-1 cm-1. b Values are means of three separate
determinations, and error is reported as( standard deviation.
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into three products. In the absence of uncoupling, turnover
can be quantified by measuring the time-dependent loss of
either of the two substrates, or the time-dependent accumula-
tion of one of the three products. The HPLC-based procedure
monitors the formation of adenine, which is derived from
AdoHcys. AdoHcys is a product inhibitor of most methyl
transferases (33) and inhibits CFA synthase with an apparent
Ki of 220 µM. Therefore, AdoHcys nucleosidase, which
degrades AdoHcys to adenine andS-pentosylhomocysteine,
was included in all assays to alleviate product inhibition.
The GC-based procedure monitors the direct production of
the CFA product; however, the HPLC-based procedure has
a limit of detection of 1µM for adenine, making it more
than 10-fold more sensitive than the GC-FID procedure. In
addition, the GC-based method requires considerably more
preparation before injection.

One caveat of the CFA synthase reaction involves the
nature of the phospholipid substrate. In this study its
concentration was maintained at very high levels in all assays
(15 mM), which simplifies kinetic analysis of the reaction
with the varied substrate (AdoMet). Nevertheless, hetero-
geneity in the nonvaried substrate, even when present at
saturating concentrations, can complicate kinetic analysis of
the reaction, especially if the nonvaried substrate binds before
the varied substrate. The deviation from Michaelis-Menten
behavior stems from the multiple enzyme forms to which
the varied substrate can bind (34). Membrane phospholipids
can vary in the nature of the headgroup, the nature of the
fatty acid chains attached to their glycerol backbones, and
the carbon on which any given fatty acid chain is bound
(i.e. sn-1- or sn-2-position). The phospholipids present in
membrane bilayers ofE. coli are composed of 75% phos-
phatidylethanolamine (PE), 20% phosphatidylglycerol (PG),
and 5% cardiolipin (CL) (35). CFA synthase is most active
on phospholipids containing mixtures of headgroups; how-
ever, when only one headgroup is present, phosphatidyl-
glycerol supports the highest level of activity (14). We
elected, therefore, to use 1-stearoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (SOPG) as our model substrate,
which contains a glycerol headgroup, acis-9-octadecenoic
fatty acid at thesn-2-position of the glycerophospholipid,
and an octadecanoic fatty acid at thesn-1-position of the
glycerophospholipid. In this fashion, only the fatty acid chain
in the sn-2-position contains a substrate for the enzyme.

In Figure 2, a typical time-dependent trace of adenine
formation is displayed. The rate of product formation is not
linear for extended periods of time and begins to decline
only after∼20 µM CFAs are formed, despite the presence
of millimolar concentrations of both substrates. This rapid
decline in reaction rate before substantial amounts of
substrate are consumed is not uncommon for enzymes that
catalyze reactions at interfaces and usually indicates slow
exchange of enzyme among phospholipid vesicles (36). In
all activity determinations reported herein, only the initial
linear portion of each trace (0-3 min) is used to obtain initial
rates. Also apparent in Figure 2 is that the linear portion of
the time course does not extrapolate back to 0µM adenine.
AdoMet degrades nonenzymatically to adenine and MTA,
which are common contaminants in most preparations of the
compound (37-40). Any MTA present in the preparation
or produced during the activity determination is rapidly
converted to adenine by the MTA/AdoHcys nucleosidase that
is included in each reaction. Each time point was corrected
for adenine produced during the assay by processes that are
unrelated to CFA synthase, according to eq 3, where [A]t is

the concentration of adenine at timet, [A] c is the concentra-
tion of adenine produced through the CFA synthase pathway,
[AdoMet]0 is the initial concentration of AdoMet, andk1

(5.1 × 10-6 s-1) andk2 (6.9 × 10-6 s-1) are the respective
apparent first-order rate constants for the nonenzymatic
degradation of AdoMet to adenine and MTA at pH 7.5 and
37 °C (26). When AdoMet was replaced with SeAdoMet,
eq 3 was reduced to eq 4, since the nonenzymatic formation
of adenine from SeAdoMet was negligible under the condi-

Table 2: Results of Metal Analysis on CFA Synthase by ICP
Spectroscopya

metal
metal/CFA synthase

molar ratio

Fe <0.01
Zn <0.01
Mn <0.01
Co <0.01
Cu <0.01
Ni 0.013
P 1.05( 0.21b

a Metal analysis was carried out as described in Materials and
Methods. The concentration of CFA synthase in each sample was
2-100µM, and the detection limit of the instrument was 1µM. b The
concentration of CFA synthase ranged from 33 to 88µM. The results
are the average of four separate sample preparations. Error is reported
as( standard deviation.

FIGURE 2: Typical CFA synthase activity assay trace showing
formation of adenine over time. Reactions were carried out at 37
°C in 50 mM HEPES, pH 7.5, and contained 15 mM SOPG, 0.8
µM CFAS, 0.5 µM AdoHcys nucleosidase, 1 mM tryptophan
(internal standard), and 500µM AdoMet. Aliquots were removed
at various times and analyzed by HPLC as described in Materials
and Methods. In the inset, the plot shows concomitant formation
of adenine (9) and CFA methyl ester (b).

[A] c ) [A] t - [AdoMet]0(1 - e-t(k1+k2)) (3)
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tions of the assay; however, the apparent first-order rate
constant for nonenzymatic formation of 5′-methylseleno-
adenosine (SeMTA) was significantly greater (k2 ) 8.5 ×
10-5 s-1) (26).

TeAdoMet does not undergo significant nonenzymatic
degradation under the conditions of the assay (26). However,
the AdoHcys nucleosidase present in the assay unexpectedly
catalyzed formation of adenine andTe-pentosyltellurome-
thionine from TeAdoMet but not the equivalent products
from AdoMet or SeAdoMet (Figure 3). The turnover number
(kcat) for AdoHcys nucleosidase using TeAdoMet as a
substrate was 0.112 min-1, while the Michaelis constant (KM)
for TeAdoMet was 128µM. Therefore, when CFA synthase
assays were conducted with TeAdoMet as the methylene
donor, the initial rate (V0) was determined from eq 5, wherein

Vobs is the observed initial rate, [E] is the concentration of
AdoHcys nucleosidase, and [TeAdoMet]0 is the starting
concentration of TeAdoMet.

The inset to Figure 2 compares the relative concentrations
of adenine and CFAs formed as a function of time. Typical
GC and HPLC traces are provided in Supporting Information
(Figures S3 and S1, respectively). It is important to note that
the only peaks observed by GC are the methyl esters of C18:
0, cis-C18:1, and cyclopropane C18:1, indicating that no
intermediates or alternate products are formed to significant
extents. At early time points, the concentrations of adenine
and the CFA differ by as much as 30%; however, the amount
of product observed by GC at early times is close to the
limit of detection of the detector and in a range where the
response is not linear. The hyperbolic nature of the curve
derives from the relatively high concentrations of enzyme
employed in the assay to detect the product by GC-FID.
When AdoHcys nucleosidase was omitted from the reaction,
the peak corresponding to adenine in the HPLC trace was
significantly less intense, while a peak corresponding to
AdoHcys became visible (Figure S2 in Supporting Informa-
tion). The residual adenine is attributed to nonenzymatic
degradation of AdoMet.

Effect of AdditiVes on CFA Synthase.CFA synthase was
assayed in the presence of agents that are capable of chelating
metals or altering their oxidation states. The protein was
incubated with each of the additives at 37°C for 5 min prior
to initiating the reaction with AdoMet. As shown in Table
3, dithiothreitol (DTT), potassium ferricyanide, sodium
dithionite, EDTA, and 1,10-phenanthroline had neither a
stimulatory nor an inhibitory effect on the reaction within
experimental error.

Effect of AdoMet, SeAdoMet, and TeAdoMet on the Kinetic
Parameters of CFA Synthase and COMT.The effect of
AdoMet and its onium congeners on the CFA synthase
reaction in the presence of saturating concentrations of the
UFA substrate is displayed in Figure 4. The corresponding
Lineweaver-Burk plots are shown in the insets in each panel,
and the extracted kinetic parameters from fits to eq 2 are
listed in Table 4. When AdoMet was used as the cosubstrate

(Figure 4A), the associated turnover number andKM value
were 7.31( 0.25 min-1 and 89.4( 12.8 µM. Under the
same conditions, SeAdoMet was a significantly better
cosubstrate, displaying a turnover number of 13.0( 0.4
min-1 and aKM value of 56.4( 6.0 µM (Figure 4B). Last,
TeAdoMet was a significantly worse cosubstrate, displaying
a turnover number of 3.62( 0.18 min-1 and aKM value of
740µM (Figure 4C). When first-order (kcat) or second-order
rate constants (kcat KM

-1) are compared, the relative order of
reactivity is SeAdoMet> AdoMet> TeAdoMet, SeAdoMet
displaying a specificity constant (kcat KM

-1) that is 47 times
that of TeAdoMet (Table 4).

The well-studied enzyme COMT displayed similar proper-
ties when assayed with AdoMet and its onium congeners
(Table 5). Although the trend remains the same, the differ-
ences in the magnitudes ofVmax KM

-1 between AdoMet and
SeAdoMet are less pronounced with COMT. By contrast,
both of these compounds were significantly better cosub-
strates than TeAdoMet, displaying second-order rates con-

[A] c ) [A] t - [AdoMet]0(1 - e-k2t) (4)

V0 ) Vobs-
{(kcat[E][TeAdoMet]0)/(KM + [TeAdoMet]0)} (5)

FIGURE 3: Concentration dependence of TeAdoMet on the initial
rate of adenine formation by AdoHcys nucleosidase. Assays
contained 50 mM HEPES, pH 7.5, 1 mM tryptophan as internal
standard, 10µM AdoHcys nucleosidase, and 0.1-1.4 mM TeAdoM-
et. Solid lines represent fits of initial rate data to eq 2. The inset
shows a Lineweaver-Burk representation of the data.

Table 3: Dependence of CFA Synthase Activity on Metal
Chelators, Oxidants, and Reductantsa

addition
concn
(mM)

activity
(%)

none 100
EDTA 1 113
1,10-phenanthroline 0.5 83
DTT 1 90

10 91
sodium dithionite 2 112

10 115
potassium ferricyanide 0.5 84

5 121
a Assays were carried out as described in Materials and Methods.

Each reagent was incubated with CFA synthase at 37°C for 5 min
before initiating the reaction by the addition of AdoMet. The percent
activities are normalized against a typical assay containing no additions.
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stants that were greater than 100 times that of the tellurium-
containing cosubstrate.

Deuterium Isotope Effects on the CFA Synthase Reaction.
Reactions in which AdoMet was replaced with [methyl-d3]-
AdoMet were carried out to ascertain whether deuterium
substitution at the activated methyl group of AdoMet would
alter the kinetic properties of the reaction. Both compounds
were synthesized and purified simultaneously and varied

from 5 to 500µM at saturating concentrations of the UFA
substrate. In Figure 5, initial rates, plotted as a function of
AdoMet or [methyl-d3]AdoMet concentration are displayed
with the associated Lineweaver-Burk plots presented in the
inset. Fits of the initial-rate data to eq 2 yieldedkcat andKM

values of 11.8( 0.6 and 53( 9.3, and 13.6( 0.5 and
54.4 ( 8.4 for AdoMet and [methyl-d3]AdoMet, resulting
in an isotope effect of 0.87( 0.083 onkcat and 0.88( 0.07
on kcat KM

-1 (Table 6). Repetition of the experiment gave
an isotope effect of 0.86( 0.09 onkcat.

FIGURE 4: Concentration dependence of AdoMet (A), SeAdoMet
(B), and TeAdoMet (C) on the initial rate of adenine formation by
CFA synthase. Assays contained 50 mM HEPES, pH 7.5, 15 mM
SOPG, 1µM AdoHcys nucleosidase, 10-1250µM AdoMet (A),
10-625µM SeAdoMet (B), or 10-3000µM TeAdoMet (C), and
0.5 (A), 0.1 (B), or 5µM (C) CFA synthase. Tryptophan (1 mM)
was also included in each assay as an internal standard. Solid lines
represent fits of initial rate data to eq 2. The insets show
Lineweaver-Burk representations of the data.

Table 4: Kinetic Parameters of CFA Synthase with AdoMet,
SeAdoMet, and TeAdoMeta

substrate KM (µM) kcat (min-1)
kcat KM

-1

(µM-1 min-1)

AdoMet 89.4( 12.8 7.31( 0.25 0.0818( 0.012
SeAdoMet 56.4( 6.0 13.0( 0.4 0.230( 0.025
TeAdoMet 740( 102 3.62( 0.18 0.00489( 0.00072

a Assays were carried out as described in Materials and Methods.
The data were fitted to eq 2 to extract the above kinetic parameters.
Error is reported as( standard deviation.

Table 5: Kinetic Parameters of COMT with AdoMet, SeAdoMet,
and TeAdoMeta

substrate
KM

(µM)
Vmax

(nM min-1)b
Vmax KM

-1

(min-1)b

AdoMet 4.92( 0.44 7.92( 0.11 0.001 61( 0.000 15
SeAdoMet 4.61( 0.65 8.89( 0.17 0.001 93( 0.000 27
TeAdoMet 87.5( 11.0 1.25( 0.03 0.000 014 3( 0.000 001 8

a Assays were carried out as described in Materials and Methods.
Data were fitted to eq 2 to extract the above kinetic constants. Error is
reported as( standard deviation.b Values are reported inVmax andVmax

KM
-1 because the enzyme was obtained as an impure preparation. All

values were normalized to the number of units of COMT added.

FIGURE 5: Concentration dependence of AdoMet (b) and [methyl-
d3]AdoMet (9) on the initial rate of adenine formation by CFA
synthase. Assays contained 50 mM HEPES, pH 7.5, 15 mM SOPG,
0.8 mM CFAS, 1.0 mM AdoHcys nucleosidase, and 10-250 mM
AdoMet or [methyl-d3]AdoMet. Tryptophan (1 mM) was also
included as an internal standard. Solid lines represent fits of initial
rate data to eq 2. The insets shows Lineweaver-Burk representa-
tions of the data.
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DISCUSSION

Characterization of CFA Synthase.CFA synthase is unique
among enzymes that employ AdoMet as a cosubstrate; it
catalyzes the net transfer of a methylene group, rather than
a methyl group, to an isolated and unactivated olefin. The
manifest goal of the research described herein was to address
the timing of proton loss from the activated methyl group
of AdoMet to distinguish among several reasonable models
for catalysis that have been advanced. In Scheme 2, the two
mechanistic possibilities that served as a framework for this
study are displayed. In pathway 1, direct methyl transfer to
the olefin substrate would afford a methyl-cation intermedi-
ate, which upon loss of a proton could cyclize, forming a
cyclopropane ring. Alternatively, loss of a proton from the
activated methyl group of AdoMet would give rise to a
sulfonium methylide, which could react by at least two
mechanisms (pathway 2). Direct attack of the carbanion onto
the olefin would transfer the negative charge to the fatty acid,
affording a cyclopropane ring upon reattack of the carbanion

onto the bridging methylene (formerly methyl) carbon of
AdoMet with concomitant expulsion of AdoHcys (pathway
2A). Or, as described in Pathway 2B, the ylide could serve
as a precursor to a carbene intermediate as proposed
previously for this reaction (22).

Pathway 1 has little or no precedent in solution chemistry.
Conversely, there is significant chemical precedent for the
use of sulfonium ylides to form cyclopropane rings; however,
such reactions typically require suitably polarized electro-
philes such as Michael acceptors (18). Carbenes and car-
benoids are well-appreciated intermediates in cyclopropana-
tion reactions (18). We postulated that if CFA synthase
catalyzed its reaction via formation of an ylide, the protein
might also harbor a metal ion, either to polarize the double
bond for nucleophilic attack via asymmetric coordination or
to participate in the formation of a metal carbene species.
Analyses for Cu, Zn, Co, Fe, Ni, and Mn, common transition
metals found in biology, indicated that they were not
associated with the protein in amounts that were significantly
above the detection limit of the ICP spectrometer. However,
phosphorus was detected in quantities that were stoichio-
metric with enzyme, which was attributed to the presence
of tightly bound phospholipids.

One point of concern was that the activity observed was
perhaps attributable to a minute fraction of enzyme contain-
ing bound metal, which goes undetected in metal analyses.
Attempts to establish the concentration of active protein by
ascertaining whether a burst of product (AdoHcys) preceded
the normal steady-state rate of product production were
unsuccessful. Burst kinetics was not observed. Several other

Scheme 2: Working Models for CFA Synthase Reaction

Table 6: Kinetic Parameters ofR-Deuterium Isotope Effect on CFA
Synthase Activitya

substrate KM (µM) kcat (min-1)
kcat KM

-1

(µM-1min-1)

AdoMet 53.1( 9.3 11.8( 0.6 0.222( 0.040
[methyl-d3]AdoMet 54.4( 8.4 13.6( 0.5 0.250( 0.040

a Isotope effects were measured from direct comparison of the kinetic
constants obtained with AdoMet and [methyl-d3]AdoMet as described
in Materials and Methods. The calculated isotope effect onkcat is
0.87 ( 0.083.

Onium Chalcogen Effects in CFA Synthase Biochemistry, Vol. 43, No. 42, 200413519



lines of evidence, however, suggest that activity is not
attributable to minute amounts of metal-containing enzyme.
First, treatment of CFA synthase with metal chelators such
as EDTA ando-phenanthroline had little or no effect on
turnover. Second, agents such as potassium ferricyanide and
sodium dithionite, which might oxidize or reduce a bound
metal ion, rendering it incapable of carrying out its normal
function, had little or no effect on turnover. Last, the turnover
number reported herein for CFA synthase (7.31 min-1 with
AdoMet as the cosubstrate) agrees well with those of other
AdoMet-dependent methyltransferases (MTases), which typi-
cally catalyze relatively slow reactions. For example, the
turnover number for COMT is∼60 min-1 for methylation
of the hydroxyl group at C-3 and∼6-12 min-1 for
methylation of the hydroxyl group at C-4, whereas the
turnover number for glycine N-MTase is∼6 min-1 (41) and
that for guanidinoacetate MTase is 4.86 min-1 (42). DNA
MTases tend to have even lower turnover numbers under
steady-state conditions; however, methyl transfer often is not
the rate-limiting step. Pre-steady-state studies have allowed
rate constants for only the methyl transfer step to be extracted
in a number of systems. For example,HhaI DNA-(cytosine-
C5)-MTase has akmethylation of ∼15.6 min-1 (43), whereas
BamHI DNA-(cytosine-N4)-MTase fromBacillus amylolique-
faciensand bacteriophage T4Dam DNA-(adenine-N6)-MTase
havekmethylationsof 5.1 and 33.6 min-1, respectively (44). It
must be mentioned that theEcoRI DNA-(adenine-N6)-MTase
has a kmethylation of 2460 min-1 (45); however, this rate
constant is generally not representative of those of most
methyltransferases. Of all methyltransferases, the nucleophile
in the CFA reaction is perhaps the least reactive. In cytosine-
C5-MTases, another example of methyl transfer to carbon
atoms, a conserved cysteine residue drives the reaction via
nucleophilic addition to the double bond that is to accept
the methyl group (46, 47). These significant points suggest
that a substantial fraction, if not all, of our CFA synthase
preparation is indeed in an active form and therefore lead
us to conclude that CFA synthase does not employ a metal
in catalysis, which casts doubt on the plausibility of ylide
formation as a key step in its mechanism.

Elemental Effects on the CFA Synthase Reaction.Our
model studies in the preceding paper (26) should allow us
to predict relative reactivities of AdoMet, SeAdoMet, and
TeAdoMet in AdoMet-requiring reactions if the relevant
chemistry is involved in the rate-determining step of the
reaction. These “elemental effects” have been used exten-
sively in the analysis of phosphoryl transfer reactions to
dissect their kinetic mechanisms (48, 49). In such instances,
substitution of a sulfur atom for one of the oxygen atoms
on the phosphate to be transferred typically results in a
retardation of the step, stemming from a combination of steric
and electronic effects. However, inverse “thio effects” also
have been observed (50). Thio effects can allow determina-
tion of the rate-limiting step in a reaction; however, a number
of caveats associated with using them as such have been
registered (49).

Onium chalcogen effects were employed herein to address
the timing of proton loss from the activated methyl group
of AdoMet. As described above, and detailed in Scheme 2,
the question that was posed was whether the proton is
removed from the activated methyl group of AdoMet while
it is still bonded to the sulfur atom. In the preceding paper

(26), the intrinsic reactivities of AdoMet and its onium
congeners in aqueous solution as a function of pH were
assessed. Their relative electrophilicities were determined by
monitoring the formation of MTA, 5′-methylselenoadenosine
(SeMTA), or 5′-methyltelluroadenosine (TeMTA), which
derive from intramolecular attack of the carboxylate of
AdoMet, SeAdoMet, or TeAdoMet onto the respectiveγ
carbon. Their relative acidities were assessed by monitoring
formation of adenine, which results from deprotonation at
C-5′, with a subsequentR/â elimination to generate an
aldehyde at C-1′ concomitant with cleavage of the glycosidic
bond (51). Analysis of the pH-dependent data allowed
extraction of apparent pKa values of∼11.5 and∼14.1 for
deprotonation at C-5′ of AdoMet and SeAdoMet, a difference
of ∼2.6 pKa units. Marcus theory (52) allows prediction of
rate constants for proton abstraction as a function of the
separation in the pKa values (∆pKa) between the general-
base catalyst in the reaction and the proton to be abstracted
(53, 54). Equation 6 describes this relationship, whereink is

the rate constant for proton abstraction,kB is Boltzmann’s
constant,T is the temperature in Kelvin,h is Planck’s
constant,R is the universal gas constant, and∆Gq is the
intrinsic barrier to isoergonic proton transfer. Assuming that
∆Gq is relatively equal for proton abstraction from AdoMet
as compared to SeAdoMet, it can be shown that a difference
of 2.6 pKa units would correspond to a∼400-fold decrease
in k when AdoMet is replaced with SeAdoMet. The assump-
tion that∆Gq is relatively equal for AdoMet versus SeAdo-
Met derives from their steric and electronic similarities. As
an internal check of the validity of this assumption, the ratios
of the rate constants for adenine formation from AdoMet
and SeAdoMet at pH 10.5 and pH 12 were found to be 435
and 471, in fair agreement with the calculated ratio (26).
The finding that the CFA synthase reaction proceeds almost
twice as fastwith SeAdoMet than with AdoMet, therefore,
argues against proton abstraction from the activated methyl
group while it is attached to the chalcogen.2

Although the apparent pKa values established in our
solution studies are not intrinsic (microscopic) pKa values,
there is evidence that the differences in the intrinsic pKa

values of protons adjacent to sulfonium versus selenonium
groups vary to similar extents. A recent analysis of the effects
of adjacent onium cations on the equilibrium acidities of
select compounds in dimethyl sulfoxide solution revealed
the pKa values of C6H5CH2S+Bu2Br-, C6H5CH2Se+Bu2Br-,
and C6H5CH2Te+Bu2Br- to be 18.8, 23.5, and 23.8 (21). In
addition, the pKa of the trimethylsulfonium ion in water has
been estimated to be 18.9 (55).

Substitution of SeAdoMet for AdoMet in the CFA
synthase reaction resulted in a 2-fold enhancement inkcat

and a∼3-fold enhancement inkcat KM
-1, while substitution

with TeAdoMet resulted in a 2-fold reduction inkcat and a
∼17-fold reduction inkcat KM

-1. As detailed above, this trend
is inconsistent with a rate-limiting proton abstraction to form

2 Recent work from the laboratory of Dr. Hung-wen Liu using fatty-
acid analogues of phospholipids is also consistent with a carbocation
mechanism for CFA synthase [Molitor, E. J., Paschal, B. M. and Liu,
H.-W. (2003)ChemBioChem 4, 1352-1356].

k ) (kBT/h)exp{-[(∆Gq/(RT)) + 2.303∆pKa]} (6)
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a sulfonium methylide but is consistent with our findings
on the relative electrophilicity of the three compounds in
water. Although a detailed kinetic analysis of this enzyme
has yet to be carried out, all AdoMet-dependent MTases
follow sequential mechanisms, and it is highly likely that
CFA synthase is similar. Under initial rate conditions and
in the presence of saturating concentrations of substrates,
kcat can be expressed in terms of all of the first-order rate
constants in the reaction, including those governing the
release of products. Therefore, upon substitution of SeAdo-
Met for AdoMet, the increase inkcat could reflect faster
release of SeAdoHcys from the product complex or faster
conversion of the UFA-SeAdoMet complex to the CFA-
SeAdoHcys complex. Our failure to observe a burst under
pre-steady-state conditions in our kinetic studies suggests that
product release is not rate-limiting and that changes observed
are related to the chemical step. The finding that the reaction
proceeds at a faster rate with SeAdoMet, but at a slower
rate with TeAdoMet would argue against an increase in the
rate constant associated with some other type of nonchemical
step, such as a conformational change.

Elemental Effects on COMT.To add credence to our
findings, the response of COMT to onium chalcogens of
AdoMet was assessed. COMT is perhaps the best-character-
ized AdoMet-dependent MTase. The kinetic mechanism is
ordered-sequential; AdoMet binds first, followed sequentially
by Mg2+ and catechol, while the release of products follows
the reverse order (31). Importantly, methyl transfer is rate-
limiting (56). When SeAdoMet was substituted for AdoMet
in this system, a∼1.1-fold enhancement inkcat and a∼1.2-
fold enhancement inkcat KM

-1 was observed, while substitu-
tion with TeAdoMet resulted in a 6.3-fold reduction inkcat

and a∼112-fold reduction inkcat KM
-1. Although the effects

are not as dramatic as those observed with CFA synthase
on SeAdoMet substitution, the most important aspect of this
study is that there was no significant decrease inkcat, which
would be expected if proton abstraction from SeAdoMet were
a key step in catalysis.

Presently, very little can be extracted from the absolute
magnitudes of onium chalcogen effects in enzyme systems
because of a lack of relevant model studies to ascertain to
what extent they can vary. In our model studies, SeAdoMet
was 10-fold more reactive as an electrophile than AdoMet;
however, in the two different enzyme systems addressed in
this study, the effect onkcat varied between 1.1 and 1.8. The
difference may be partly attributable to solvation effects. In
water, the medium in which the model studies were carried
out, the ground state for AdoMet may be further lowered as
compared to SeAdoMet because of better solvation of the
sulfonium ion versus the selenonium ion.

Deuterium Isotope Effects on CFA Synthase.To substanti-
ate the conclusions drawn from elemental effects, isotope
effect studies on the CFA synthase reaction using [methyl-
d3]AdoMet were carried out. We postulated that if ylide
formation were operative and rate-limiting, a primary isotope
effect on C-H bond cleavage should be observed. By
contrast, if methyl transfer were operative and fully rate-
limiting, a smallR-secondary isotope effect on the reaction
would be expected, the value and nature of which would
depend on the nature of the transition state for transfer. An
inverse isotope effect of∼0.87 on bothVmax andVmax KM

-1

was observed. A similar isotope effect (0.83( 0.05) was

observed on COMT-catalyzed methyl transfer by Hegazi,
Borchardt, and Schowen using [methyl-d3]AdoMet. This
isotope effect, in combination with the13C isotope effect on
Vmax of 1.09 ( 0.05 allowed them to conclude that methyl
transfer was rate-limiting and that it proceeded via a “tight”
transition state, wherein there is substantial bonding of the
nucleophile and the leaving group to the central atom (56).
Ideally, we would have liked to determine the13C isotope
effect onkcat to strengthen our argument; however, in contrast
to the studies on COMT, the precision of our assay did not
allow a reliable direct comparison of rates that might differ
by less than 5%.

ConVersion of the Methyl-Cation Intermediate to the
Cyclopropane Product.Buist and MacLean arrived at a
similar conclusion in their in vivo feeding studies on the
transfer of deuterium to CFAs from isotopically labeled
L-methionines (17). Using [methyl-d3]-, [methyl-d2]-, and
[methyl-d1]-methionine, they were able to calculate a mini-
mum intramolecular isotope effect of 3.6( 0.2 on the
transfer of deuterium to CFAs. The absence of an intermo-
lecular isotope effect (1.01( 0.04) whenL. plantarumwas
fed a 1:1 mixture of L-methionine andL-[methyl-d3]-
methionine led them to conclude that C-H bond cleavage
is not rate-determining in the cyclopropanation reaction.
Important among their observations was that about one-third
of all CFAs generated in their in vivo feeding studies had
exchanged protons in their cyclopropane rings, which was
not a result of nonenzymatic exchange from AdoMet. They
concluded that these results were most consistent with a rate-
limiting methyl transfer to the olefin, resulting in a carbonium
ion intermediate, followed by a relatively fast and reversible
deprotonation of the methyl-cation intermediate to afford the
cyclopropane ring.

We invoke the intermediacy of a protonated cyclopropane
ring as our working hypothesis for the deprotonation of the
methyl-cation species (Scheme 2). These are well-known
intermediates in the rearrangement of various carbonium ions,
the simplest of which is the 2-propyl cation (57). In addition,
they have been invoked in the biosynthesis of various marine
sterols (58-60), as well as the catalytic-antibody-induced
cyclization of a high-energy cationic intermediate (61, 62).
Equilibrium constants have been measured for proton
transfers between protonated methanol (pKa ca. -2) and
cyclopropane, as well as protonated formic acid (pKa ca.-4)
and cyclopropane in the gas phase (63), and are 0.484 and
3.65 (64), respectively, suggesting that the pKa of a proto-
nated cyclopropane ring is ca.-2 to -4. The equilibrium
constant between protonated methanol and methylcyclopro-
pane is 2.85, which would result in a slightly higher pKa for
protonated methylcyclopropane than for protonated cyclo-
propane.

Recently, the crystal structures of three CMA synthases
from M. tuberculosishave emerged and have shed light on
how an enzyme active site might be engineered to effect a
reaction that does not take place in solution (65). In
particular, a structure of CMA1 bound with cetyltrimethyl-
ammonium bromide and AdoHcys is most informative, since
the former mimics the fatty acid substrate while the latter
mimics AdoMet. Although turnover in an assay system with
purified enzyme has not been reported for any CMA
synthase, several aspects of the structure deserve particular
mention. Since both substrates are bound to the enzyme
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simultaneously, a sequential rather than ping-pong mode of
catalysis would be operative. The active site is composed
primarily of aromatic amino acids, the majority of which
are tyrosines. The face of the aromatic ring of Tyr-33 is 4.9
Å away from the positive charge on the substrate analogue
and is postulated to contribute to transition state stabilization
in the normal reaction via aπ-cation interaction (65, 66).
Unexpected electron density was found in the active site and
was assigned as a bicarbonate ion based on its planar shape
and hydrogen-bonding pattern. The authors suggest that the
bicarbonate ion might act as a general base to abstract a
proton from the methylated-carbocation intermediate to allow
cyclopropane ring formation (65). Alternatively, it might
serve to stabilize the transition state via an electrostatic
interaction.

The Use of Onium Chalcogen Effects in other Enzyme
Systems.Whether onium chalcogen effects will prove to be
a generally useful tool for elucidating the mechanisms of
AdoMet-dependent reactions remains to be determined. As
described for thio effects in phosphoryl transfer reactions, a
meaningful interpretation of any effect will probably require
caution as well as additional information from supporting
methods. However, in contrast to sulfur substitution for
oxygen in phosphoryl transfer reactions, onium chalcogen
substitution would appear to be less invasive, since the
chalcogen itself would not be expected to interact directly
with active site amino acids in the ground state or transition
state of the reaction. The most significant change would be
simply in the size of the molecule.

The employment of onium chalcogens of AdoMet would
appear to be most useful in enzyme systems such as CFA
synthase, wherein the mode of reactivity is unclear and
formation of a sulfonium ylide is a mechanistic possibility.
Two similar systems deserve mention. The first is the enzyme
QueA, which catalyzes the penultimate step in the biosyn-
thesis of queuosine, a hypermodified nucleoside found in
the anticodons of certain tRNAs (67). This nucleoside
contains a cyclopentenediol group attached to a (7-amino-
methyl)-7-deazaguanine core structure termed preQ1. QueA
transfers the ribosyl moiety of AdoMet to preQ1 with release
of adenine and methionine and concomitant formation of an
expoxy carbocycle. Recent mechanistic investigations of this
enzyme are most consistent with formation of a sulfonium
ylide as a key step in catalysis (68).

The second system involves the biosynthesis of the
polycyclopropane fatty acid derivatives FR-900848 and
U-106305 fromStreptoVerticillium ferVensandStreptomyces.
The former is a potent antibiotic against filamentous fungi,
while the latter is an inhibitor of cholesteryl ester transfer
protein (69, 70). It has been proposed that a polyenoic fatty
acid side chain of U-106305 is the substrate for cyclopropane
formation via cationic intermediates, since the fatty acid is
derived from acetate units as in polyketide and fatty acid
biosynthesis (69). A contrasting proposal suggests that
cyclopropane formation in U-106305 derives from sulfonium
ylide formation, followed by attack of the carbanion on the
R/â unsaturated thioester while the fatty acid is appended to
the acyl carrier protein (71). The large number of unchar-
acterized AdoMet-dependent reactions and the intrinsic
diversity of the reactivity of the sulfonium substituent portend
new and exciting chemistry to be unraveled soon.
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