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ABSTRACT: Ferulic acid decarboxylase catalyzes the decarboxylation of various
substituted phenylacrylic acids to their corresponding styrene derivatives and CO2
using the recently discovered cofactor prenylated FMN (prFMN). The mechanism
involves an unusual 1,3-dipolar cycloaddition reaction between prFMN and the substrate
to generate a cycloadduct capable of undergoing decarboxylation. Using native mass
spectrometry, we show the enzyme forms a stable prFMN−styrene cycloadduct that
accumulates on the enzyme during turnover. Pre-steady state kinetic analysis of the
reaction using ultraviolet−visible stopped-flow spectroscopy reveals a complex pattern of
kinetic behavior, best described by a half-of-sites model involving negative cooperativity
between the two subunits of the dimeric enzyme. For the reactive site, the cycloadduct of
prFMN with phenylacylic acid is formed with a kapp of 131 s

−1. This intermediate converts
to the prFMN−styrene cycloadduct with a kapp of 75 s−1. Cycloelimination of the
prFMN−styrene cycloadduct to generate styrene and free enzyme appears to determine
kcat for the overall reaction, which is 11.3 s−1.

Enzyme-catalyzed decarboxylations make up an important
class of biological reactions that are ubiquitous in both

primary and secondary metabolism. However, decarboxylation
reactions are challenging to catalyze, as they generally possess
high-energy barriers associated with the buildup of negative
charge on the α-carbon in the transition state. Indeed,
decarboxylases catalyze some of the largest rate enhancements
(∼1017-fold) so far measured for enzymes.1,2 Therefore, nature
has evolved a remarkably wide variety of catalytic strategies to
facilitate decarboxylation reactions, using cofactors such as
pyridoxal phosphate and thiamine pyrophosphate that serve as
electron sinks, and Lewis acidic metal ions.3−5

Decarboxylases have also attracted a growing amount of
interest for their potential to function as “green” catalysts
capable of catalyzing regio- and stereospecific reactions under
mild conditions.6,7 Decarboxylases have been employed in
engineered biosynthetic pathways designed to produce
commodity chemicals such as styrene8 and acrylamide;
bifunctional alcohols, e.g., 1,3-propanediol and 1,4-butanediol;
isobutanol, which is a promising new biofuel;9 and high-value
fine chemicals and pharmaceuticals.6,7 Importantly, under
favorable conditions, decarboxylases can function as carbox-
ylases and hydratases, leading to interest in using them for CO2
capture and the hydration of double bonds to produce chiral
alcohols.7

Members of the newest family of decarboxylases to be
discovered employ a novel modified flavin, termed prenylated
FMN (prFMN), as a cofactor to effect decarboxylation
reactions on otherwise unreactive aromatic substrates.10−15

prFMN contains an additional six-membered ring, appended
between the C6 and N5 positions of the isoalloxazine flavin
moiety, that is derived from dimethylallyl phosphate in
bacteria16 or dimethylallyl pyrophosphate in yeast.17 This
additional ring is installed by a specialized prenyl transferase
enzyme.18 Collectively, the two components of this class of
decarboxylases are known as UbiD/UbiX-like decarboxylases.
The canonical member, UbiD, catalyzes the decarboxylation of
4-hydroxy-3-octaprenylbenzoic acid to 2-octaprenylphenol as
part of ubiquinone biosynthesis in many bacteria, whereas
UbiX is the corresponding bacterial prenyl transferase.19−21

Since their discovery, it has become apparent that UbiD/
UbiX-like (de)carboxylases are widely distributed in microbes
where they are involved in the metabolism of a range of
aromatic polyunsaturated molecules. A recent phylogenetic
analysis22 identified more than 200 UbiD-like decarboxylases
that fall into three subgroups: (a) phenylacrylic acid
decarboxylases, of which ferulic acid decarboxylase
(FDC)13,14,23 is the best characterized, (b) aromatic (de)-
carboxylases, of which 3,4-dihydroxybenzoate decarboxylase
(AroY)24 is the best understood, and (c) α,β-unsaturated
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aliphatic decarboxylases, exemplified by tautomycetin-D
decarboxylase (TtnD).22 These latter enzymes are involved
in secondary metabolism and make up the most recently
identified subgroup.
The mechanism by which prFMN-dependent enzymes

catalyze decarboxylations remains to be fully elucidated and
is especially interesting because the cofactor may function by
more than one mechanism. For the phenylacrylic acid and α,β-
unsaturated aliphatic decarboxylases, a mechanism involving a
novel 1,3-dipolar cycloaddition between the substrate and
prFMN has been proposed.13,23 This proposal has attracted
considerable interest because genuine thermal pericyclic
reactions are very rare in enzymes and 1,3-dipolar cyclo-
additions have no precedent in other enzymatic reactions.25,26

However, it seems implausible that a cycloaddition mechanism
could operate for aromatic decarboxylases, because this would
require breaking the aromaticity of the ring. Instead, as in the
case of AroY, it appears more likely that prFMN may act as an
electrophilic catalyst in these decarboxylations.24

In this paper, we investigate the reaction performed by FDC,
which catalyzes the decarboxylation of a range of ring-
substituted phenylacrylic acid (cinnamic acid) derivatives to
produce the corresponding substituted styrene derivatives.12,13

The proposed mechanism is shown in Figure 1. The formation
of cycloaddition adducts in the mechanism is supported by
crystallographic studies27 of the enzyme complexes that
provide evidence for the formation of various covalent adducts
between prFMN and substrates or substrate analogues.
Structures that are similar to those of several of the proposed
intermediates depicted in Figure 1 have been determined.
Another line of evidence supporting this mechanism derives
from the reaction of FDC with a mechanism-based inhibitor
that allowed the prFMN−inhibitor cycloadduct to be
characterized by high-resolution native mass spectrometry.23

Linear free energy analyses using a series of substituted
phenylacrylic acid derivatives, combined with primary and

secondary deuterium kinetic isotope effect measurements,
point to cycloelimination of the styrene product (intermediate
E in Figure 1) as the rate-determining step in the reaction.28

Computational studies have provided further support of the
energetic feasibility of forming cycloadducts between prFMN
and phenylacrylic acid.29

Although there is now experimental evidence supporting the
existence of some of the intermediates proposed in the
mechanism of FDC, the kinetics of the reaction remain to be
fully developed. Here we report pre-steady state kinetic
analyses of FDC reacting with phenylacrylic acid, together
with native mass spectrometry (MS) analyses of prFMN−
substrate adducts. These data provide evidence for the
formation and decay of the first cycloadduct in the reaction
cycle and identify the kinetics of formation for the second
cycloadduct that forms between styrene and prFMN, which is
the intermediate that accumulates on the enzyme.

■ MATERIALS AND METHODS

Reagents. trans-Phenylacrylic acid, d7-trans-phenylacrylic
acid, styrene, and d8-styrene were all purchased from Sigma-
Aldrich Co. All other materials were purchased from Sigma-
Aldrich Co. or Thermo Fisher Scientific Co.

Expression and Purification of FDC. Expression and
purification of recombinant holo-FDC from Escherichia coli
were performed as described previously.12

Native Mass Spectrometry Assay. Purified FDC was
buffer exchanged into 200 mM ammonium acetate using Micro
Bio-Spin 30 columns (Bio-Rad, Hercules, CA). Substrates were
first dissolved in dimethyl sulfoxide (DMSO) to improve
solubility. All reactions were performed in 200 mM ammonium
acetate with a substrate:enzyme ratio of 5:1, and mixtures
incubated on ice for 10 min before analysis. A pH of 6.6 was
used for the reaction of FDC with styrene substrates, and a pH
of 8 was used for phenylacrylic acid substrates.

Figure 1. Proposed 1,3-dipolar cycloaddition mechanism of FDC. The iminium species of prFMN (species A) performs a 1,3-dipolar cycloaddition
on the phenyl acrylate substrate (intermediate B), resulting in a cycloadduct (intermediate C). Decarboxylation then occurs coupled to the cleavage
of the C4a−Cβ bond, forming a singly tethered adduct (intermediate D). A proton is abstracted from a conserved active site glutamic acid as a
second cycloadduct is formed (intermediate E). Finally, a cycloelimination reaction is performed, freeing the product styrene and re-forming the
iminium form of prFMN (species F).
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Sample aliquots (5 μL) were analyzed under native MS
conditions30 by ion mobility mass spectrometry (IM-MS) on a
quadrupole ion mobility time-of-flight mass spectrometry (Q-
IM-ToF MS) instrument (Synapt G2 HDMS, Waters, Milford,
MA). The complex of FDC with substrate−prFMN adduct
ions was generated using nanoelectrospray ionization (nESI).
The initial instrument settings were set to minimize ion
activation, thereby maintaining noncovalent interactions such
that no significant signals were observed for free FMN-related
peaks. The capillary voltage was set to 1.5 kV, and the sampling
and extraction cones were set to 30 and 0 V, respectively, with
a trap collision energy at 20 V. For CID experiments, the trap
collision energy was increased to 100 V to dissociate the non-
covalently bound substrate−prFMN adducts, giving rise to a
series of substrate−prFMN adduct-derived peaks at low m/z
values. Data were processed in Masslynx (Waters).
Stopped-Flow Absorption Spectroscopy. Purified

concentrated FDC was stored in 50 mM potassium phosphate
and 10% (v/v) glycerol (pH 7.5). A stock solution of 10 mM
phenylacrylic acid was prepared in the same buffer as the
enzyme and used to make more dilute phenylacrylic acid
solutions for experiments. FDC was transferred into a glass
tonometer and made anaerobic by cycling between evacuation
and flushing with argon gas. Buffer and phenylacrylic acid
solutions were transferred to glass syringes and made anaerobic
by being bubbled with argon gas for 10 min before use. Styrene
was added directly to a syringe of anaerobic buffer and used
immediately to prevent introduction of oxygen.
A Hi-Tech Scientific KinetAsyst SF-61 DX2 stopped-flow

spectrophotometer (TGK Scientific) controlled by the Kinetic
Studios software package (TGK Scientific) was used for pre-
steady state experiments. Single-wavelength absorbance traces
were collected using a monochromator, whereas a charge-
coupled device was used to collect absorbance spectra from
300 to 800 nm. The stopped-flow apparatus was made
anaerobic by soaking the system overnight with an oxygen-
scrubbing solution containing ∼0.1 unit mL−1 protocatechuate
dioxygenase and 1 mM protocatechuate (3,4-dihydroxyben-
zoate) in 0.1 M potassium phosphate buffer (pH 7.0). The
apparatus was rinsed thoroughly with anaerobic buffer before
use. Reactions were performed at 4 °C. Time-dependent
spectra were analyzed by singular-value decomposition31 and
modeled to calculate the spectra of reaction intermediates
using KinTek Explorer (KinTek Corp.).
Data Averaging. For some stopped-flow data recorded at

single wavelengths, the data were recorded under identical
experimental conditions at different time scales to obtain data
with high temporal resolution on the millisecond to second
time scale. These data were then averaged to maximize the
signal-to-noise ratio before fitting. Generally, three to five
stopped-flow shots were recorded using the same conditions
and time range, and the traces averaged. This process was
repeated for a variety of time ranges to improve the quality of
data at all times of interest. The exact time points at which the
spectrometer recorded the individual data points were unique
to each time scale. Therefore, the time dimension was first
binned using Microsoft Excel. One hundred bins were used for
each order of magnitude within the range of 10−3 to 5 s. The
absorbance values corresponding to each time were then
averaged. Figure S1 shows an example of this procedure.
Steady State Analysis. The decarboxylase activity of FDC

was measured spectrophotometrically at 304 nm to monitor
the consumption of phenylacrylic acid.12 Reactions were

performed in 50 mM potassium phosphate and 10% (v/v)
glycerol (pH 7.5) at 4 °C. Stock solutions of FDC and
phenylacrylic acid were also prepared in this buffer and kept on
ice to keep solution temperatures close to 4 °C. Reactions of
100 nM FDC with concentrations of phenylacrylic acid ranging
from 20 to 800 μM were carried out in triplicate. The initial
velocities were fit to the Michaelis−Menten equation using
KaleidaGraph 4.0 (Synergy Software).

Spectrum of FDC Reacted with Styrene. A 253 μM
solution of FDC was prepared in 50 mM potassium phosphate
and 10% (v/v) glycerol (pH 7.5). The buffer was bubbled with
argon gas that had been passed through a 5 M potassium
hydroxide trap for ∼24 h to remove dissolved CO2. A stock
solution (87 mM) of styrene was prepared in DMSO. The
enzyme was introduced into an aerobic cuvette, final
concentration of 76 μM, and the reaction was initiated by
addition of styrene, final concentration of 870 μM. The
ultraviolet−visible (UV−vis) spectrum was recorded for a
duration of 1 min using a Hewlett-Packard 8452a diode array
spectrophotometer. Each reaction condition was performed in
triplicate.

■ RESULTS AND DISCUSSION
Reaction of FDC with Styrene. Our previous studies of

the FDC reaction, employing linear free energy analysis and
primary and secondary deuterium kinetic isotope effects,
suggested that the rate-limiting step is likely to be the
cycloelimination of the styrene−prFMN adduct, which would
be expected to accumulate on the enzyme during catalysis.28

To obtain more direct evidence that styrene accumulates on
the enzyme, we studied the reaction of FDC with styrene in
buffer that had been purged of CO2 by being sparged with
argon. Under these conditions, carboxylation of styrene (the
reverse reaction) cannot proceed, and therefore, if stable, the
prFMN−styrene adduct (intermediate E in Figure 1) should
accumulate on the enzyme. As shown in Figure 2, the spectrum
of holo-FDC (final concentration of 76 μM) in degassed buffer
has a clear peak at 380 nm characteristic for the prFMN
iminium species. Upon addition of styrene (final concentration
of 870 μM), the intensity of the peak at 380 nm decreases
along with the formation of a new, broad peak at 460 nm
(Figure 2), indicating that a reaction between the prFMN and

Figure 2. Spectral changes accompanying the reaction of prFMN with
styrene. The spectrum of unreacted FDC is colored red; the spectrum
of the proposed styrene adduct is colored blue.
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styrene has occurred. The resulting species was stable at room
temperature for several minutes. Our previous studies of FDC
reacting with the mechanism-based inhibitor 2-fluoro-2-
nitrovinylbenzene,23 together with spectroscopic character-
ization of model C4a,N5-alkylated flavins,32−34 which are also
characterized by an absorbance band with a maximum between
425 and 460 nm, support the idea that the spectrum of FDC
that had reacted with styrene represents the cycloadduct with
prFMN.
Identification of prFMN Adducts by Native MS. To

obtain more information about the identity of the
spectroscopically observed prFMN adduct, we used native
MS to characterize prFMN adducts formed by reaction with
the substrate or products. Holo-FDC (20 μM) in 200 mM
ammonium acetate was incubated with either 100 μM styrene
or 20 μM phenylacrylic acid for 10 min on ice. The protein
solution was then directly introduced into the mass
spectrometer. The prFMN−substrate adduct was then
dissociated from the protein in situ, allowing the mass of the
adduct to be determined before it could decompose.
The mass spectrum of the prFMN−substrate adduct (Figure

3B,D) showed two peaks at m/z 629.29 and 667.24 that
matched exactly the expected values for the cycloaddition
adduct of prFMN with styrene complexed with a proton and a
potassium ion, respectively. These peaks were absent in control
samples (Figure 3F). The same adducts were observed
regardless of whether the enzyme was reacted with phenyl-
acrylic acid or with styrene, indicating that the styrene
cycloadduct is the species that accumulates on the enzyme at

equilibrium. The identity of the adduct was further confirmed
when FDC was reacted with either d8-styrene or d7-
phenylacrylic acid. In this case, the masses of the peaks due
to the adduct were shifted higher by 7 amu to m/z 636.34 and
674.30 due to the presence of the deuterium label (Figure
3C,E). The loss of one deuterium atom from the adduct with
d8-styrene is explained by the enzyme-catalyzed exchange of
the proton at the site of (de)carboxylation28 through the
transient formation of the deprotonated intermediate, D,
shown in Figure 1.

Pre-Steady State Kinetic Analysis. Having established
that the intermediate that accumulates on the enzyme is the
cycloaddition adduct of prFMN with styrene, we proceeded to
investigate the kinetics of its formation from phenylacrylic acid
in more detail using stopped-flow UV−vis spectroscopy. Holo-
FDC (165 μM) was reacted with 1 mM phenylacrylic acid
(final concentrations after mixing) at 4 °C in the stopped-flow
spectrophotometer, and UV−vis spectra were recorded
between 300 and 800 nm at various times over a period of
12.5 s. The spectra were characterized by an increase in
absorbance at 460 nm and a decrease at 380 nm, indicating the
accumulation of a prFMN−substrate adduct (Figure 4). After
1 s, the spectrum closely matched that of the enzyme reacted
with styrene, which is consistent with the prFMN−styrene
cycloadduct being the intermediate that accumulates at
equilibrium. Signs of photodegradation were observed after 3
s, so in subsequent stopped-flow experiments, data collection
was limited to the first two seconds of reaction.

Figure 3. Identification of the prFMN−styrene cycloadduct reaction intermediate by native MS. (A) Structures of the proposed unlabeled and
deuterated prFMN−styrene cycloadducts. (B) FDC reacted with trans-phenylacrylic acid. The peaks at m/z 629.29 and 667.24 correspond to the
styrene cycloadduct complexed with a proton and a potassium ion, respectively. (C) FDC reacted with d7-trans-phenylacrylic acid. The peaks at m/
z 636.34 and 674.30 correspond to the deuterated styrene cycloadduct complexed with a proton and a potassium ion, respectively. (D) FDC
reacted with styrene. The peaks at m/z 629.22 and 667.19 similarly correspond to the styrene cycloadduct complexed with a proton and a
potassium ion, respectively. (E) FDC reacted with d8-styrene. The peaks at m/z 636.28 and 674.24 correspond to the deuterated styrene
cycloadduct complexed with a proton and a potassium ion, respectively. (F) Unreacted FDC. The peak at m/z 645.29, which is present in all
spectra, is likely due to small amounts of a prFMN−phenylpyruvate adduct, as noted previously.13
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The steady state kinetic parameters for FDC were
determined under the conditions used for the stopped-flow
experiments: 4 °C in 50 mM potassium phosphate and 10%
glycerol (pH 7.5). Under these conditions, the kcat for the
decarboxylation of phenylacrylic acid was 11.3 ± 0.6 s−1 and
the KM was 60 ± 9 μM (Figure S2). Therefore, in the stopped-
flow experiments with the substrate in only a small molar
excess over the enzyme (∼6-fold), the reaction would have
reached chemical equilibrium within a few turnovers and well
within the initial 1 s of the experiment. This information
coupled with our characterization of the styrene−prFMN
cycloadduct included above indicates that this stable
substrate−prFMN species is the styrene−prFMN cycloadduct.
On the basis of the spectral changes we observed in the

initial experiments, we chose four wavelengths to monitor the
kinetics of the reaction using monochromatic light so that
photochemistry was minimized: 380 and 460 nm were selected
because these wavelengths exhibited the largest absorbance
changes, whereas 344 nm exhibited smaller absorbance
changes. Lastly, we selected 425 nm, which from initial
experiments appeared to be an isosbestic point; however, as
discussed below, this is not in fact the case.
Representative traces from single-wavelength stopped-flow

kinetic experiments are shown in Figure 5. At each of the
wavelengths investigated, multiple kinetic phases were
observed within the first second. These spectral changes are

sufficiently rapid to represent the kinetics of reactions
occurring on the enzyme that are likely to be mechanistically
significant. In each case, there is an initial very rapid decrease
in absorbance that occurs largely within the mixing time of the
spectrometer with a kobs of >1000 s−1. This may represent
changes to the absorption characteristics of the cofactor in
response to substrate binding. At slower time scales, the
spectral changes depend upon the wavelength as described
below.
At 380 nm, two main phases are observed that occur with

kobs values of ∼146 and ∼14 s−1 (Figure 5B). (We note that a
further, very slow decrease in absorbance was also observed at
this wavelength that required an additional exponential
function to adequately fit the data. It is unclear why this
occurs, but it appears to be too slow to represent catalysis.)
Comparably, there are two phases observed at 460 nm
characterized by similar but opposite amplitudes with kobs
values of ∼160 and ∼5 s−1 (Figure 5D). We consider that the
biphasic increase in absorbance at 460 nm over time most
likely represents the accumulation of the cycloaddition adduct
between prFMN and styrene on the enzyme, which our mass
spectrometry measurements and recent crystallographic
studies27 indicate is the enzyme species that accumulates at
chemical equilibrium.
When the reaction was monitored at 344 nm, kinetic

behavior similar to that observed at 460 nm was observed

Figure 4. Pre-steady state spectral changes observed in reaction of FDC with phenylacrylic acid. Representative spectra shown here were recorded
at times ranging from 5 ms to 1 s after mixing. The final enzyme and substrate concentrations were 165 μM and 1 mM, respectively. The time zero
spectrum was recorded by mixing FDC with buffer in the stopped-flow instrument. The inset shows difference spectra calculated by subtracting the
time zero spectrum of FDC.
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(Figure 5A). More complex kinetic behavior was observed
when the reaction was monitored at 425 nm. In this case, there
is an initial increase in absorbance followed by a partial
decrease before a second slight increase and a final slower
decrease (Figure 5C). Although the absorbance changes at
these wavelengths are quite small and the data are therefore
somewhat noisy, this kinetic behavior was observed over
multiple shots. The apparent rate constants and amplitudes
calculated from fitting these traces are listed in Table S1.
To obtain further information about this complex pre-steady

state kinetic behavior, we investigated the effect of decreasing
the substrate concentration on the reaction kinetics. The
enzyme was reacted with 700, 500, or 150 μM phenylacrylate
(final concentrations after mixing), with the latter concen-
tration representing an approximately stoichiometric ratio of
enzyme to substrate, and the reaction was monitored at the
wavelengths described above. The concentration-dependent
kinetics for the reaction are shown in Figure 6, and the
apparent rate constants and amplitudes calculated from fitting
the kinetic traces obtained at the various wavelengths and
substrate concentrations are listed in Table S1.
Although the apparent rate constants associated with the

various reaction phases change little, there are marked changes

in the amplitudes associated with these phases. Notably, the
amplitudes of the two slower phases are decreased, whereas the
amplitudes of the two faster phases increase slightly as the
substrate concentration is decreased. This effect becomes most
pronounced when the substrate and enzyme are at
stoichiometric concentrations and is especially evident at 425
nm (Figure 6). The concentration dependence of the reaction
suggested that FDC may exhibit half-of-sites reactivity arising
from negative cooperativity between the two subunits of the
dimeric enzyme. Such behavior is not uncommon in
oligomeric enzymes and has been well-studied in other
enzymes, an example being the homodimeric enzyme
thymidylate synthase.35,36 In the case presented here, the
data suggest a tighter-binding “fast” subunit and a weaker-
binding “slow” subunit.
The data obtained at the various different wavelengths

shown in Figure 5 illustrate the complicated nature of the
kinetic behavior observed. Therefore, rather than attempt to fit
the data from each specific wavelength to a kinetic model, we
recorded a complete set of time-dependent spectra for the
reaction of 165 μM FDC with 1 mM phenylacrylic acid. This
data set was obtained using a CCD stopped-flow spectropho-
tometer, and the data were subjected to global analysis using

Figure 5. Pre-steady state kinetics for FDC reacting with phenylacrylic acid. The reaction of FDC (165 μM) with phenylacrylic acid (1 mM) was
monitored at four representative wavelengths, and the absorbance changes were fitted to exponential functions: (A) 344 nm, fitted to a three-
exponential function, (B) 380 nm, fitted to a four-exponential function, (C) 425 nm, fitted to a five-exponential function, and (D) 460 nm, fitted to
a three-exponential function. The traces shown are averaged using the procedure described in Materials and Methods. Similar fits were obtained
from non-averaged data (Figure S3).
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Kintek Explorer. Experiments were analyzed as difference
spectra by subtracting the initial spectrum at ∼2.0 ms from
each subsequent spectrum. Spectra were first filtered by
singular-value decomposition31 to decrease the noise, and the
four most significant components (Figure S4) were used for
further analysis using Kintek Explorer using the apparent rate
constants estimated from fitting the single-wavelength data at
425 nm as initial values for the model.
The data were reasonably fitted by Scheme 1 that assumes

rapid substrate binding and that the two active sites on the

enzyme, a and b, react with different kinetics, i.e., half-of-sites
reactivity. An initial, fast substrate-binding step to form the
Michaelis complex on either subunit a or b of the FDC dimer
is followed by two kinetically distinct steps (I1a, I1b, I2a, and I2b
in Scheme 1) through which the Michaelis complex is

converted first to the prFMN−phenylacrylate cycloadduct
and then to the final prFMN−styrene cycloadduct that
accumulates on the enzyme. The choice of a mechanism
with four measurable kinetic steps was dictated as the
minimum needed to model the changes in the absorbance
observed at 425 nm. Attempts to fit the data with fewer kinetic
intermediates yielded significantly worse fits.
The apparent rate constants calculated from fitting the data

to the half-of-sites model are listed in Table 1. The
experimental data fit well to this kinetic model; representative
fits of the model to the data at 345, 380, 425, and 460 nm are
shown in Figure S5. We assumed that although the half-of-sites
reactivity allowed for differing kinetic profiles between the two
active sites of the FDC dimer, the spectra of the intermediates
would be the same for each active site. Using this model, we

Figure 6. Concentration dependence of spectral changes observed for the reaction of FDC with phenylacrylic acid. The reaction of FDC (165 μM)
with the indicated concentrations of phenylacrylic acid was monitored at four representative wavelengths: (A) 344, (B) 380, (C) 425, and (D) 460
nm. The traces have been offset for the sake of clarity, and the absorbance changes were fitted to exponential functions as described for Figure 5.

Scheme 1

Table 1. Apparent Rate Constants Calculated from Global
Fitting of Pre-Steady State Kinetic Data

parameter value (s−1) standard error (s−1)

k1a,app 131 7
k2a,app 75 4
k1b,app 4.5 0.1
k2b,app 0.55 0.02
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ascribe the fastest phase, described by k1a, to the formation of
the cycloadduct between phenylacrylate and prFMN (inter-
mediate C in Figure 1) at the fast site. The slower phase
described by k2a is ascribed to the conversion of C to E, the
prFMN−styrene cycloadduct, at the fast site. Similarly, k1b and
k2b are ascribed to the formation of intermediate C and its
subsequent conversion to E, respectively, at the slow site.
The component spectra of the intermediates calculated from

global fitting are shown as difference spectra in the left panel of
Figure 7. The difference spectrum of the initially formed
intermediate, I1 (intermediate C in Figure 1), is distinguished
by a positive absorption peak at 425 nm with a shoulder
extending to ∼520 nm and a negative absorbance at 390 nm.
In comparison, the later intermediate I2 (intermediate E in
Figure 1) is characterized by difference spectra with a large
negative peak at 390 nm and a broad positive peak at ∼460
nm. This latter spectrum matches well to the spectrum of the
stable prFMN−styrene cycloadduct obtained by reaction of
styrene with FDC.
The spectrum of the first intermediate to form is very similar

to that of the adduct formed by reacting FDC with 2-fluoro-2-
nitro-vinylbenzene, which is a mechanism-based inhibitor that
mimics the structure of phenylacrylate. We previously
characterized this adduct, demonstrating by native MS analysis
that it reacts to form a cycloadduct with prFMN.23 These
observations support the idea that the transiently formed
intermediate is the prFMN−phenylacrylate adduct (inter-
mediate C in Figure 1). The spectrum is unlikely to represent
the other proposed prFMN adduct, the phenylethylene adduct
formed after decarboxylation (intermediate D in Figure 1),
because, by analogy with the spectra of model flavin
compounds, this species is expected to have absorption
maxima at ∼350 nm with a lower-intensity band that extends
out to ∼800 nm.13

The fact that the complicated spectral signature of this
reaction can be modeled using three spectral components (ES,
I1, and I2) is consistent with our proposal for half-of-sites
reactivity. Further detailed studies will be needed to elucidate
the structural changes, induced substrate binding at one active
site, that introduce asymmetry into FDC homodimer that, in
turn, results in the two active sites having different reaction
kinetics. It is worth noting that the apparent rate constant for
the formation of the final intermediate (k2b = 0.55 s−1) is an
order of magnitude slower than the kcat of 11.3 s−1 measured

under the same conditions. This observation suggests that the
enzyme−prFMN−styrene cycloadduct that ultimately accu-
mulates on the enzyme may not represent a true, kinetically
competent intermediate, but rather may be a product-inhibited
form of the enzyme.

■ CONCLUSIONS

Here we present the first detailed kinetic analysis of a member
of the recently identified and rapidly expanding family of
prFMN-dependent decarboxylases. We demonstrate that the
species that accumulates on the enzyme is the cycloadduct of
styrene with prFMN. This implies that cycloelimination of this
adduct to release the product is most likely the rate-
determining step in catalysis, consistent with our earlier
Hammett analysis of FDC.28 FDC exhibits complicated pre-
steady state kinetic behavior that can be ascribed to half-of-
sites reactivity, with one subunit of the FDC dimer reacting an
order of magnitude faster than the other. These studies have
allowed the apparent rate constants for the reaction of prFMN
with phenylacrylate to be determined. For the fast site,
formation of the initial cycloadduct of phenylacrylate with
prFMN occurs with a kapp of ∼130 s−1. The conversion of this
intermediate to the decarboxylated cycloadduct of prFMN
with styrene occurs with a kapp of ∼75 s−1. Finally,
cycloelimination of the product and diffusion from the active
site is likely the rate-determining step represented by a kcat of
11.3 s−1. The spectral changes described by kapp values of 4.5
and 0.55 s−1 are thought to be due to reaction at the slower
second subunit and appear to be too slow to be kinetically
competent.
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Figure 7. Global fitting of pre-steady state kinetic data for FDC reacting with phenylacrylic acid. Difference spectra (left) calculated for
intermediates I1 and I2, in Scheme 1 (a and b active sites assumed to have the same spectra). Calculated time course (right) for the accumulation
and decay of reaction intermediates in Scheme 1. Data fitting performed using Kintek Explorer.
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