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ABSTRACT: Ferulic acid decarboxylase from Saccharomyces
cerevisiae catalyzes the decarboxylation of phenylacrylic acid to
form styrene using a newly described prenylated flavin mono-
nucleotide cofactor. A mechanism has been proposed, involving
an unprecedented 1,3-dipolar cyclo-addition of the prenylated
flavin with the αβ bond of the substrate that serves to activate
the substrate toward decarboxylation. We measured a combi-
nation of secondary deuterium kinetic isotope effects (KIEs) at
the α- and β-positions of phenylacrylic acid together with
solvent deuterium KIEs. The solvent KIE is 3.3 on Vmax/KM but
is close to unity on Vmax, indicating that proton transfer to the product occurs before the rate-determining step. The secondary KIEs
are normal at both the α- and β-positions but vary in magnitude depending on whether the reaction is performed in H2O or D2O.
In D2O, the enzyme catalyzed the exchange of deuterium into styrene; this reaction was dependent on the presence of bicarbonate.
This observation implies that CO2 release must occur after protonation of the product. Further information was obtained from a
linear free-energy analysis of the reaction through the use of a range of para- and meta-substituted phenylacrylic acids. Log(kcat/KM)
for the reaction correlated well with the Hammett σ− parameter with ρ = −0.39 ± 0.03; r2 = 0.93. The negative ρ value and
secondary isotope effects are consistent with the rate-determining step being the formation of styrene from the prenylated flavin−
product adduct through a cyclo-elimination reaction.

Enzyme-catalyzed decarboxylation reactions constitute an
important class of biological reactions yet are inherently

difficult to achieve under physiological conditions.1,2 This is due
to the accumulation of negative charge on the α-carbon in the
transition state of decarboxylation, which results in a high-energy
transition state. To overcome the unfavorable energetic barrier for
decarboxylation enzymes, a wide variety of cofactors can be em-
ployed, including organic prosthetic groups such as thiamine pyro-
phosphate and pyridoxal phosphate and Lewis acids such as Mg2+,
Fe2+, and Mn2+, which serve to stabilize the negative charge.1,2

Decarboxylases have also attracted interest as industrial-scale
catalysts for the production of high value, optically pure chemicals
under mild conditions in environmentally friendly bioprocesses.3,4

Aromatic acid decarboxylases are of particular interest, as these
enzymes can be used to produce a wide variety of commercially
valuable substituted aromatic compounds such as styrene, vinyl
guiacol, and vanillin. One such enzyme, ferulic acid decarboxylase
(FDC), catalyzes the decarboxylation of a wide variety of ring-
substituted phenylacrylic acid (cinnamic acid) derivatives to
produce the corresponding substituted styrene derivatives.5−7

Recently, studies on FDC have identified a new flavin-derived
cofactor involved in the decarboxylation of α,β-unsaturated
carboxylic acids.7−9 This cofactor, which has been termed a
prenylated (pr) flavin, is a modified form of FMN (prFMN)
containing an extra 6-membered ring formed by the addition of
an isopentyl group between the N5 and C6 positions of the

isoalloxazine flavin nucleus (Figure 1). The cofactor is used by a
family of enzymes represented by UbiD, which catalyzes the
decarboxylation of 4-hydroxy-3-octaprenylbenzoic acid as part of
ubiquinone biosynthesis in many prokaryotes.10−14 PrFMN was
recently shown to be synthesized from dimethylallyl phosphate
and FMN by UbiX.8,9

On the basis of crystallographic evidence, a mechanism has
been proposed for FDC that involves an initial 1,3-dipolar cyclo-
addition between prFMN and the double bond of phenylacrylic
acid, which is followed by a Grob-type elimination of carbon
dioxide (Figure 1A).8,15−17 Protonation of the substrate by an
active site glutamate and finally cyclo-elimination to yield styrene
and prFMN complete the catalytic cycle. The mechanism of
FDC is of considerable interest because true thermal pericyclic
reactions are extremely rare in enzymes, and 1,3-dipolar cyclo-
additions are unprecedented.18,19 We note that a simpler mech-
anism involving a Michael addition of prFMN to the double bond
of phenylacrylic acid followed by decarboxylation and elimination
of the cofactor was also considered (Figure 1B).8 However, this
mechanism was disfavored on the basis of an X-ray structure of
a covalent inhibitor−prFMN adduct that was inconsistent with
prFMN reacting in this way.8 Here, we used a combination of
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isotope effects and linear free-energy analysis to probe the
mechanism by which this newly discovered cofactor catalyzes
decarboxylation reactions.

■ MATERIALS AND METHODS

Materials. trans-Cinnamic acid, styrene, p-coumaric acid,
4-methoxycinnamic acid, 4-fluorocinnamic acid, 4-formylcin-
namic acid, 4-bromocinnamic acid, 4-chlorocinnamic acid, and

4-methylcinnamic acid were purchased from Acros Organic. trans-
Cinnamic acid, 3-nitrocinnamic acid, and 3-methoxycinnamic acid
were purchased from Sigma-Aldrich. 4-Cyanocinnamic acid was
purchased from Matrix Scientific. 4-Aminocinnamic acid and
4-nitrocinnamic acid were purchased from Tokyo Chemical
Industries. 4-(2-Carboxy-vinyl)-benzoic acid methyl ester was
purchased from Santa Cruz Biotechnology. All other chemicals
were purchased from Sigma-Aldrich.

Figure 1. Proposed mechanisms for the FDC-catalyzed decarboxylation of phenylacrylic acid proceeding through (A) 1,3-dipolar cyclo-addition to
the prFMN cofactor and (B) Michael addition/elimination of prFMN to the substrate. (C) Details of the active site: active site residues are shown
in magenta with the prFMN cofactor in orange. The substrate analogue α-methylphenylacrylic acid (blue) is shown bound in the active site
(PDB ID: 4ZA7).
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d7-trans-Cinnamic acid and 3-d1-trans-cinnamic acid were pur-
chased from Sigma-Aldrich; 2-d1-trans-cinnamic acid was synthe-
sized by reaction of benzaldehyde with d6-acetic anhydride using
standard literature procedures.20

Holo-FDCwas recombinantly expressed in Escherichia coli and
purified as described previously.7

Enzyme Assay. Assays of FDC activity were routinely per-
formed in 100 mM phosphate buffer (pH 7.4) at 25 °C. Stock
solutions of substrates were prepared in DMSO. Assays contained
substrates at various initial concentrations between 10 and 50 μM.
Reactions were initiated by addition of FDC to a final concentration
between 50 and 500 nM depending on the activity of the enzyme
with a particular substrate. We followed the activity spectrophoto-
metrically by monitoring depletion of the substrates. The wave-
lengths used to monitor the enzyme activity and extinction coeffi-
cients of the various substrates are given in Table 1. Care was taken

to ensure that the assay remained linear at the concentrations of
substrate and enzyme used.
pH Dependence and Solvent and Secondary Deute-

rium Isotope Effect Measurements. The pH dependence of
FDC activity was studied with the following buffers: pH 4.0−6.5,
100 mM sodium citrate; pH 6.5−8.0, 100 mM sodium phos-
phate; pH 8.0−9.0, 100 mM Tris chloride. For measurements in
deuterated solvents, the buffer components were dissolved in
D2O (99.9%) and repeatedly lyophilized to exchange protium.
pDwas corrected using eq 1, where χ is the mole fraction of D2O.

χ χ= + + +pD pH 0.076 0.3314 0.000092
(1)

To measure the solvent deuterium kinetic isotope effect on
styrene formation, the reactions were performed in buffers con-
taining various mole fractions of D2O, and the deuterium content
of the styrene produced was analyzed by GC-MS as described
previously.17,21

Secondary KIEs were measured at substrate concentrations of
50 μMand enzyme concentrations of 50 nM so that the measure-
ments represent the KIE onVmax/KM. Experiments were performed
at a pD and pH of 6.5, where the activity of the enzyme is indepen-
dent of pH.
We monitored the proton exchange experiments using 1H

NMR at 400 MHz at 22 °C by monitoring the disappearance of
the styrene resonance at 5.2 ppm. The reaction buffer was
comprised of 100 mM potassium citrate in D2O (pD 6.5), 10 μM
FDC, 20 mM KHCO3, and 2.5 mM styrene. Reaction mixtures

that lacked KHCO3 were also prepared and were degassed prior
to reaction to remove dissolved CO2.

■ RESULTS
Hammett Analysis of FDC. Linear free-energy relationships

provide a powerful tool with which to interrogate reaction
mechanisms.22 The narrow substrate range of most enzymes
limits the utility of this approach for the investigation of enzyme
reactions, although for more promiscuous enzymes, linear free-
energy analyses have proved to be highly informative.23−25

The broad substrate range of FDCmade it an excellent candidate
to conduct a Hammett analysis of the decarboxylation reaction.
The kinetics of decarboxylation were studied for a series of
14 para- and meta-substituted phenylacrylic acids with σ−

values ranging from 1.25 to −0.66, which are listed in Table 2.

The relatively high KM values for some substrates of >0.35 mM
precluded reliable measurements of full Michaelis−Menten curves.
Therefore, initial velocities were measured at low substrate concen-
trations relative to KM, where velocity is proportional to substrate
concentration, allowing the determination of kcat/KM for each
substrate (Table 2).
The resulting Hammett plot for a series of 12 of the substituted

phenylacrylic acids listed in Table 2 is shown in Figure 2.
The data were poorly correlated with the standard Hammett
parameter σ (ρ =−0.5; r2 = 0.65) but showed a strong correlation
with the Hammett parameter σ− (ρ = −0.39 ± 0.03; r2 = 0.93).
Two substrates, 4-amino- and 4-hydroxyphenylacrylic acid,
reacted much more slowly than expected based on their highly
negative σ− values. These substrates are the only compounds that
contain hydrogen bond-donating functional groups. Although it
is unclear why they react so slowly, the large deviation of these
compounds from the trend line suggests they may react by a dif-
ferent mechanism. For this reason, they were excluded from the
calculation of ρ in our analysis.
The apparent linearity of the Hammett analysis provides

strong evidence that a chemical step is rate-determining in the
reaction. The negative slope of the plot, which is caused by
electron-releasing groups that increase the rate of reaction, is very
unusual, as decarboxylation reactions (both enzymatic and
nonenzymatic) involve a buildup of negative charges in the
transition state and are therefore associated with large positive
ρ values. The strong correlation with σ− indicates that, in addition to
inductive effects, delocalization of electrons through the extended

Table 1. Assay Wavelengths and Extinction Coefficients for
Phenylacylic Acid Derivatives Used in This Study

substituent assay wavelength (nm)
εsubstrate

(M−1 cm−1)
εproduct

(M−1 cm−1)

p-NH2− 292 17900 1840

p-HO− 294 16900 7930

p-CH3O− 290 18900 5410

p-CH3− 280 19000

p-H− 276 17900

p-F− 276 14300 948

m-CH3O− 276 14300

p-Cl− 280 21200 1810

p-Br− 278 22000 2630

p-CH3OOC− 300 19000

m-NO2− 280 14800 7240

p-CN− 284 26600 7230

p-CHO− 304 24800

p-NO2− 314 18000 9760

Table 2. kcat/KM Values Measured for FDC-Catalyzed
Decarboxylation of Various Phenylacrylic Acid Derivatives

substituent σ− kcat/KM (M−1 s−1) log(kcat/KM)

p-NH2− −0.66 12400 ± 670 4.09 ± 0.023
p-HO− −0.37 4550 ± 250 3.66 ± 0.023
p-CH3O− −0.27 28100 ± 1800 4.45 ± 0.027
p-CH3− −0.17 27000 ± 1600 4.43 ± 0.025
p-H− 0 24500 ± 1400 4.39 ± 0.023
p-F− 0.02 27500 ± 1800 4.44 ± 0.027
m-CH3O− 0.12 27000 ± 2000 4.44 ± 0.031
p-Cl− 0.23 19700 ± 1200 4.29 ± 0.026
p-Br− 0.26 21400 ± 1300 4.33 ± 0.026
p-CH3OOC− 0.66 11500 ± 320 4.06 ± 0.012
m-NO2− 0.71 14300 ± 1000 4.16 ± 0.030
p-CN− 0.88 12800 ± 880 4.11 ± 0.029
p-CHO− 1.13 8690 ± 300 3.88 ± 0.015
p-NO2− 1.25 8690 ± 160 3.94 ± 0.008
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π-system associated with the aromatic ring is important in
stabilization of the transition state in a step that contributes
significantly to the overall rate of the reaction.19,25

Kinetic Isotope Effects. The proposed mechanism of the
FDC reaction involves the creation and breaking of bonds at three
carbon atoms in the substrate. The kinetic significance of these
bonding changes in the overall reaction was examined through
the use of kinetic isotope effects. In particular, proton incorporation
into styrene should be subject to a solvent kinetic isotope effect,
and the transient changes in hybridization at Cα and Cβ of the
substrate should be subject to secondary kinetic isotope effects.
pH Dependence and Solvent Isotope Effects. Initial

characterization by 1H NMR of the styrene produced in the FDC
reaction established that the solvent proton is incorporated trans
to the phenyl ring of styrene, as evidenced by the disappearance of
the signal at 5.2 ppm when the reaction was performed in D2O
(see Deuterium Exchange into Styrene). Therefore, decarboxyla-
tion occurs with the retention of the configuration at Cα, which is
in accord with the geometry of the active site and the proposed
role of Glu282 acting as the proton donor.
Because solvent isotope effects may be influenced by pH, we

first investigated the activity of FDC as a function of pH and pD.
Under Vmax conditions, the enzyme exhibits a bell-shaped pH
dependence, typical of many enzymes, with an activity maximum
at pH 6.5. The acidic limb is characterized by pKa = 5.3± 0.1, and
the basic limb is characterized by pKa = 8.0 ± 0.1. The enzyme
activity in deuterated buffers was very similar, although the pKa of
the acidic limb was shifted to a slightly lower value (pKa = 5.0 ±
0.1) (Figure 3). On the basis of the pL curves, the solvent KIE on
Vmax (

DVsolvent) was measured at pL = 6.5. The value is very close
to unity (DVsolvent = 0.95 ± 0.05; n = 5), indicating that proton
transfer to the product is not a kinetically significant step in the
overall reaction.
To investigate the protonation step inmore detail, we conducted

a proton inventory analysis, which allowed us to measure the
solvent KIE on Vmax/KM (DV/Ksolvent). Reaction mixtures were set
up at pL 6.5 in buffers containing 0.1 mole fraction increments of
deuterium (χD2O). The styrene produced by the reaction was
isolated, and the mole fraction of deuterium (χstyrene) was
determined by GC-MS. While DV/Ksolvent may be estimated by
the determination of χstyrene at χD2O =0.5, forwhich

DV/Ksolvent =∼3.3,

we can determine it more accurately by fitting the full proton inven-
tory data, shown in Figure 4, to eq 2.

χ
χ

= −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟SIE

1
1product

D O
obs

solvent

2

(2)

From this analysis, a substantial solvent KIE on Vmax/KM is
evident, with DV/Ksolvent = 3.33 ± 0.09. We note that eq 2
assumes that only a single proton is in motion in the transition
state; the excellent fit of the data to the equation suggests that this
assumption is valid. KIEs on Vmax are observed only if the
isotopically sensitive step is rate-determining under saturating
substrate concentrations, whereas the KIE on Vmax/KM
represents the KIE determined at low substrate concentrations
and reflects all steps up to and including the first irreversible step.

Figure 4. Proton inventory for FDC. The mole fraction of D2O in the
solvent is plotted against the ratio of protiated to deuterated styrene.
The solid line represents the best fit to eq 2. A linearized plot of the data
is shown in the inset.

Figure 2. Hammett plot for the FDC-catalyzed decarboxylation of
14 different para- and meta-substituted phenylacrylic acids. Data points
in red were used to determine ρ; the two outliers in blue were excluded
from the analysis.

Figure 3. pL-rate profile for decarboxylation of phenylacylic acid by
FDC in H2O (blue) and D2O (red) buffers.
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Our data therefore indicate that the steps that control Vmax/KM
and Vmax are different. We interpret these results as an indication
that protonation of the product is associated with a significant
energetic barrier and occurs before the first irreversible rate-
determining step of the reaction. As discussed below, these steps
are likely associated with release of the products from the enzyme.
Secondary Kinetic Isotope Effects. Secondary kinetic

isotope effects report on changes in the stiffness of bonds adjacent
to the site of the reaction andmay be either normal or inverse.26−29

They are particularly informative for an examination of changes in
the geometry of carbon atoms: the transition from tetrahedral to
planar geometry is associated with a normal secondary KIE, where-
as the transition from planar to tetrahedral geometry is associated
with an inverse secondary KIE. To investigate the mechanism of
the FDC reaction, we measured secondary deuterium KIEs at both
the α- and β-positions of phenylacrylic acid in both D2O and H2O
buffers (the commercially available β-deuterated phenylacrylic acid
was also deuterated on the phenyl ring; the remote isotope was
assumed to not influence the KIE at the β-position). KIEs were
determined at 25 °C in 100mMsodium citrate buffer (pL 6.5) by a
direct comparison of reaction rates at low substrate concentrations
relative to KM so that the measurements represent KIEs on
Vmax/KM. The data are presented in Table 3.

In H2O, no apparent 2° KIE was observed at the α-position,
whereas at the β-position a large, normal 2° KIE was measured
(2°DV/Kβ(H2O) = 1.10 ± 0.03; n = 9). In contrast, in D2O,
the apparent 2° KIE at the α-position became significant
(2°DV/Kα(D2O) = 1.12 ± 0.03; n = 9), whereas the 2° KIE at
the β-position was suppressed and was at unity within error.
When dideuterated phenylacrylic acid was the substrate, large 2°
KIEs were measured in both H2O and D2O. The fact that these
KIEs are normal indicates that they both arise from the
rehybridization of the α- and β-carbons from tetrahedral to
planar geometry during the reaction.
Deuterium Exchange into Styrene. The decarboxylation

catalyzed by FDC can be driven in the reverse direction in the
presence of styrene and high concentrations of bicarbonate.30

We used the reversibility of the reaction to examine the require-
ments for proton transfer between Glu282 and substrate. Reaction
mixtures were set up in citrate-buffered D2O solutions containing
2 mM styrene that were either purged of dissolved CO2 or
supplemented with 20 mM KHCO3. We monitored the exchange
of deuterium into styrene using 1H NMR by following the disap-
pearance of the resonance at 5.20 ppm. Deuterium incorporation
at the trans-position of C1 also resulted in a simplification of
the signal at 5.75 ppm due to the cis-C1 hydrogen from a doublet
of doublets to a doublet together with a slight upfield isotope-
induced chemical shift. In CO2-purged buffers, little to no exchange
of deuterium was observed (Figure 5), whereas the addition of
KHCO3 resulted in deuterium exchange into styrene occurring
quite rapidly with an apparent rate constant kapp of ∼1.5 min−1.
This result demonstrates that CO2must be present in the active site
for protonation/deprotonation of the styrene−prFMN adduct to

occur. This implies that dissociation of CO2 does not occur until
after the product is protonated when the reaction proceeds in the
decarboxylation direction.

■ DISCUSSION
The novel isopentenyl modification of FMN converts a cofactor
generally associated with redox reactions into one that supports
decarboxylation. Its discovery raises a number of interesting
questions regarding the mechanism by which FDC catalyzes
the decarboxylation of aromatic substrates and the nature of the
rate-determining step. The proposed mechanism involving a
1,3-dipolar cyclo-addition of prFMN with phenylacrylic acid
(Figure 1A) seems plausible, as the alkylation of N6 of the flavin
introduces functionality into the cofactor which is expected to
have an ylide character similar to that of an azomethine ylide.8,31

The kinetic experiments described here provide insight into the
rate-determining step in the reaction mechanism and provide
further lines of support for the mechanistic proposal shown in
Figure 1, which is based primarily on X-ray crystallography of
enzyme−inhibitor complexes.
The stereospecificity with which deuterium is incorporated

into styrene is consistent with the α-carbon remaining bonded to
prFMN after decarboxylation. If the α-carbon of the substrate
was free to rotate about the Cα−Cβ bond, then a scrambling of
the isotope would be observed. The stereochemistry of deuterium
incorporation, which occurs with a retention of the configuration,
is also consistent with the proposed role of Glu282 acting as the
proton donor in the reaction. The basic limb of the pH-rate profile
(Figure 3), which is characterized by an apparent pKa of 8.0, may
be attributed to Glu282, as this residue must be protonated for the
reaction to proceed. Although a pKa of 8.0 is quite high even for a
buried glutamate side chain, the proximity of the negatively
charged substrate is expected to further raise its pKa.
Furthermore, the observation that proton exchange into

styrene requires HCO3
− indicates that release of CO2 from

the enzyme must occur after proton transfer to the substrate
(we assume that HCO3

− serves as a CO2 source rather than the
enzyme utilizing HCO3

− directly). It would also be consistent if
the proton transfer preceded decarboxylation in the reaction
mechanism, although this seems unlikely. Lastly, the large solvent
deuterium KIE on Vmax/KM (DV/Ksolvent = 3.33 ± 0.09),
measured by internal competition, contrasts with the KIE on
Vmax, measured by a direct comparison of reaction rates in H2O
and D2O, which are close to unity. This is consistent with
protonation of the styrene−prFMN adduct being the rate-
determining step in the decarboxylation/protonation portion of
the reaction. However, it is unlikely that protonation is the rate-
determining step that limits kcat. This would be inconsistent with
the fact that the solventKIE onVmax is unity and that the secondary
KIEs are normal, rather than inverse, as discussed below.
The strong correlation of log(kcat/KM) with the Hammett σ−

parameter (Figure 2) points to a chemical step in the reaction as
rate-determining, rather than a substrate-binding or product
release step, in which case ρwould be expected to be close to zero.
Interestingly and unexpectedly, for a decarboxylation reaction, ρ is
negative (ρ = −0.39). Therefore, it seems unlikely, regardless of
the precise details of the mechanism, that the decarboxylation step
is rate-determining. Otherwise, the buildup of negative charge in
the transition state should lead to a positive ρ value, which is
generally observed in decarboxylation reactions.22,25

The negative ρ value provides evidence that the 1,3-cyclo-
elimination reaction that leads to the release of styrene from
prFMN is likely to be rate-determining in the FDC reaction; this

Table 3. Summary of Secondary Kinetic Isotope Effects
Measured for the FDC-Catalyzed Decarboxylation of
Deuterated Phenylacrylic Acids in H2O and D2O

deuterium position 2° DV/K (H2O) 2° DV/K (D2O)

Cα 0.99 ± 0.02 1.12 ± 0.030
Cβ 1.10 ± 0.016 1.01 ± 0.027
Cα and Cβ 1.15 ± 0.017 1.32 ± 0.035
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would be consistent with the 2° KIE measurements discussed
below. We note that, although the correlation of reactivity
with σ− is generally discussed in terms of resonance effects,
this formalism derives from the overlap of p-orbitals to form
extended π-systems and is thus correlated with the HOMO-
LUMO analyses used to rationalize thermal pericyclic reactions.
In 1,3-dipolar cyclo-addition reactions, azomethine ylides have a
nucleophilic character and react increasingly rapidly with increas-
ingly electron-withdrawing dipolarophiles (i.e., the rate of reaction
is dominated by the difference in energy between the HOMO of
the azomethine ylide and the LUMO of the dipolarophile).31

Indeed, these types of cyclo-addition reactions have been found to
exhibit linear free-energy relationships that correlate well with the
electronic properties of the dipolar ylide and the dipolarophile.31

This implies that the rate of the reverse cyclo-elimination reaction
will, conversely, be slowed by electron-withdrawing substituents.
In the present case, the structure of prFMN suggests that its reac-
tivity toward dipolarophiles will resemble that of an azomethine
ylide; hence, electron-withdrawing substituents on the phenyl ring
will slow the final cyclo-elimination reaction leading to product
formation, consistent with our experimental observations.
The 2° KIEs measured for FDC provide further evidence that a

chemical step, rather than a substrate binding or product release
step, is rate-determining. Normal 2°KIEs are observed at both the
α- and β-positions of phenyl acrylate, although they are solvent-
dependent, which complicates their interpretation as discussed
below. Normal 2° isotope effects are indicative of a change in

geometry at the carbon atoms from tetrahedral to planar,27 which
again points to the rate-determining step involving the formation
of the styrene double bond in the final cyclo-elimination reaction.
The change in the apparent 2°KIEs observed when the reaction

is performed in D2O is unusual but may be explained by the fact
that, when the α-carbon undergoes rehybridization, it contains an
additional deuterium from the solvent. This will introduce a
cryptic 2° KIE at the α-carbon that could mask the 2° KIE at the
β-carbon. When the enzyme is reacted with α-deuterated pheny-
lacrylic acid in D2O, the α-carbon will contain two deuterium
atoms; thus, the observed 2° KIE will be further elevated and
will appear as a normal KIE. A similar argument can be made to
explain the further increase in 2° KIEs when α,β-dideuterated
substrates are used. The pattern of 2° KIEs further suggests that
the 1,3-cyclo-elimination reaction that leads to the formation of
the styrene double bond occurs in a concerted but asynchronous
reaction in which bond cleavage is advanced at the α-carbon with
respect to the β-carbon.
Our results do not definitively rule out a previously considered

mechanism in which a Michael addition of prFMN to pheny-
lacrylic acid facilitates decarboxylation, as shown in Figure 1B.8

However, we consider this possibility as less likely because in
this mechanism the 2°KIEs indicate that decarboxylationwas rate-
limiting, concomitant with a change in geometry from tetrahedral
to planar at the α- and β-carbons. As discussed above, postulating
decarboxylation as the rate-limiting step appears inconsistent with
the negative value of ρ associated with the overall reaction.

Figure 5. FDC catalyzes deuterium exchange into styrene in the presence of 20mMHCO3
−. 1HNMR spectra were recorded at 500MHz between 0 and

30 min after addition of FDC. The bottom spectrum was recorded under the same conditions but in the absence of HCO3
−. For details, see the text.
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In conclusion, the results presented here are consistent with
the proposed mechanism for FDC, which involves a novel cyclo-
addition reaction of the substrate with the prenylated flavin
cofactor. The results suggest that the rate-determining step in the
catalytic cycle is resolution of the product−prFMN adduct
through a cyclo-elimination reaction. Furthermechanistic studies
will be necessary to better establish the timing of the decar-
boxylation and protonation events, for example, by the measure-
ment of heavy atom KIEs associated with decarboxylation. So far,
evidence for the cyclic adduct between the substrate and prFMN
remains indirect, and further experiments are needed to sub-
stantiate the formation of this key intermediate. Our results
suggest it may be possible to stabilize this adduct sufficiently
to permit its characterization by reaction of the enzyme with
highly electron-withdrawing substrates that slow the rate of cyclo-
elimination. The substrate reactivity patterns uncovered here
may also be useful in guiding efforts to engineer FDC toward
alternative substrates or greater catalytic efficiency.
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