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ABSTRACT: Ferulic acid decarboxylase (FDC) catalyzes the reversible carbox-
ylation of various substituted phenylacrylic acids to produce the correspondingly
substituted styrenes and CO2. FDC is a member of the UbiD family of enzymes that
use prenylated-FMN (prFMN) to catalyze decarboxylation reactions on aromatic
rings and C−C double bonds. Although a growing number of prFMN-dependent
enzymes have been identified, the mechanism of the reaction remains poorly
understood. Here, we present a detailed pre-steady-state kinetic analysis of the
FDC-catalyzed reaction of prFMN with both styrene and phenylacrylic acid. Based
on the pattern of reactivity observed, we propose a “two-stroke” kinetic model in
which negative cooperativity between the two subunits of the FDC homodimer
plays an important and previously unrecognized role in catalysis. In this model,
catalysis is initiated at the high-affinity active site, which reacts with phenylacrylate
to yield, after decarboxylation, the covalently bound styrene−prFMN cycloadduct.
In the second stage of the catalytic cycle, binding of the second substrate molecule to the low-affinity active site drives a
conformational switch that interconverts the high-affinity and low-affinity active sites. This switching of affinity couples the
energetically unfavorable cycloelimination of styrene from the first site with the energetically favorable cycloaddition and
decarboxylation of phenylacrylate at the second site. We note as a caveat that, at this point, the complexity of the FDC kinetics leaves
open other mechanistic interpretations and that further experiments will be needed to more firmly establish or refute our proposal.

■ INTRODUCTION

Enzyme-catalyzed decarboxylation reactions are ubiquitous in
both primary and secondary metabolism; however, decarbox-
ylation reactions often proceed through highly unfavorable
transition states associated with the accumulation of negative
charge on the α-carbon.1,2 Therefore, nature has evolved a
remarkably diverse range of cofactors that can function as
electron sinks in decarboxylation reactions; well-studied
examples include pyridoxal phosphate and thiamine pyrophos-
phate and Lewis acidic metal ions.3−5 Decarboxylases have also
attracted considerable interest for their ability to function as
“green” catalysts capable of catalyzing both decarboxylation
and C−C bond-forming reactions under mild conditions.6,7
The most recently discovered decarboxylation cofactor is

prenylated-FMN (prFMN). This cofactor appears to be
widespread in microbes and is used to facilitate decarbox-
ylation reactions at sp2-hybridized carbon atoms in double
bonds and aromatic rings that otherwise would be
unreactive.8−14 In prFMN, the isoalloxazine ring system of
the flavin is modified by the addition of a fourth ring that
bridges the flavin C6 and N5 positions and is derived from an
isoprene unit. This modification is performed by a specialized
prenyl transferase that uses reduced FMN and either
dimethylallyl phosphate (in bacteria15) or dimethylallyl

pyrophosphate (in yeast16) as substrates.17 prFMN-dependent
decarboxylases are often referred to as UbiD-like decarbox-
ylases after UbiD, the enzyme that catalyzes the decarbox-
ylation of 4-hydroxy-3-octaprenylbenzoic acid to 2-octaprenyl-
phenol as part of ubiquinone biosynthesis in many
bacteria.18−20

Ferulic acid decarboxylase (FDC)11,12,21 was the first
enzyme to be structurally characterized, leading to the
identification of prFMN, and remains the best understood.
The decarboxylation mechanism involves an unusual 1,3-
dipolar cycloaddition between the substrate and prFMN, as
shown in Figure 1 for the decarboxylation of phenylacrylic
acid.11,21 The crystal structures22 of the enzyme reacted with
either substrates or substrate analogues that form covalent
adducts with prFMN support the formation of several of the
intermediates shown in Figure 1. Complementary evidence
comes from high-resolution native mass spectrometry experi-
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ments that allowed the cycloadducts of prFMN with the
product, styrene, and with a mechanism-based inhibitor
mimicking the structure of the substrate, phenylacrylate, to
be identified.21,23 Computational studies that model the
energetics of forming cycloadducts between prFMN and
phenylacrylic acid further support the feasibility of the
mechanism.24
In contrast to the identity of the chemical intermediates in

the FDC mechanism, which are supported by various lines of
experiment, the kinetics of the FDC-catalyzed reaction has not
been extensively investigated. Previously, we reported pre-
steady-state kinetic analyses of FDC from S. cerevisiae reacting
with phenylacrylic acid that uncovered complex kinetic
behavior that most likely arises from negative cooperativity
between the two active sites of the enzyme dimer.23 Here, we
extend our kinetic analysis of FDC using stopped-flow UV−
visible spectroscopy to examine the reaction of the enzyme
with both styrene and phenylacrylate at concentrations ranging
from sub-stoichiometric to several-fold molar excess. Based on
our experiments, we propose a “two-stroke” mechanism for the
FDC-catalyzed reaction in which conformational changes
transmitted between the two subunits drive the release of
styrene from the active site to complete the catalytic cycle.

■ 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 S. cerevisiae holo-FDC from
Escherichia coli were performed as described previously.10

The cofactor content of the purified holo-enzyme evaluated by
UV−visible spectroscopy and LC-MS and found not to vary
significantly from batch to batch. The UV−visible and mass
spectra of a typical batch of holo-enzyme are shown in Figure
S1 of the Supporting Information.

Stopped-Flow Absorption Spectroscopy. Experiments
were performed essentially as described previously23 using a
Hi-Tech Scientific SF-61 DX2 double-mixing instrument
(TGK Scientific) controlled by Kinetic Studios software
package (TGK Scientific). Time-dependent absorption spectra
were recorded using a charged-coupled device, whereas single
wavelength measurements were recorded using a monochro-
mator coupled with a photomultiplier tube. Experiments were
performed at 4 °C, with both enzyme and substrate solutions
prepared in 50 mM potassium phosphate, 10% (v/v) glycerol,
pH 7.5. FDC was made anaerobic by introducing the solution
into a glass tonometer and between evacuation and flushing
with argon gas. Phenylacrylate solutions were transferred to
glass syringes and made anaerobic by bubbling argon gas
through for 10 min before use. Due to its volatility, styrene was
added directly to a syringe of anaerobic buffer and used
immediately to minimize the introduction of oxygen.

Data Averaging. Stopped-flow data were typically
recorded under identical experimental conditions at different
timescales to obtain data with high temporal resolution on the
millisecond to second timescale. Generally, three to five
stopped-flow shots were averaged to improve the signal-to-
noise ratio before fitting. This process was repeated for a
variety of time ranges to improve the quality of data at all times
of interest. The time dimension was binned using 100 bins for
each order of magnitude and absorbance values averaged as
described previously.23

Figure 1. Proposed 1,3-dipolar cycloaddition mechanism of FDC. The iminium species of prFMN (species A) undergoes a 1,3-dipolar
cycloaddition with phenylacrylate (intermediate B), resulting in a cycloadduct (intermediate C). Next, decarboxylation is coupled to the cleavage of
the C4a-Cβ bond, forming a single-tethered adduct (intermediate D). A proton is transferred from a conserved active site glutamic acid resulting in
the styrene cycloadduct (intermediate E). Finally, a cycloelimination releases the product, styrene, and reforms the iminium form of prFMN
(species F).
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■ RESULTS

Reaction of FDC with Styrene. In the absence of CO2,
styrene can only react to form the prFMN cycloadduct.
Therefore, we reasoned that the kinetics for this reaction
should be more straightforward to interpret than for the
enzyme reacting with phenylacrylate. The UV−visible spectral
changes associated with the reaction of 180 μM holo-FDC
with 1 mM styrene (final concentrations after mixing) are
shown in Figure 2. Most noticeably, there is an increase in
absorbance of the broad feature centered around 460 nm and a
decrease in the sharper band centered at 380 nm. Under the
conditions of the experiment, the spectral changes were
essentially complete after 5 s, and the final spectrum of the
styrene-reacted enzyme is essentially identical to that obtained
previously when the enzyme was reacted with phenylacrylic
acid.23 This observation is consistent with our previous studies
that show the prFMN−styrene cycloadduct is the species that
accumulates on the enzyme at equilibrium.23

Pre-steady-State Kinetics of Styrene Reaction. We
used UV−visible stopped-flow spectroscopy to investigate the
kinetics of styrene reacting with FDC. In particular, we aimed
to investigate whether negative cooperativity between the two
active sites of the FDC dimer (suggested by the previous
experiments23) plays a role in the reaction. Therefore, we
varied the styrene concentration from 1 mM to 60 μM while
keeping the FDC concentration fixed at 180 μM (concen-
trations after mixing, reaction at 4 °C). The highest
concentration represents a ∼5-fold molar excess of the
substrate over enzyme, whereas the lowest concentration is
sub-stoichiometric with enzyme so that on average only one
active site in the FDC dimer should have substrate bound.
Based on our previous studies,23 the kinetics of the reaction

were monitored at the following wavelengths: 380 nm, which
monitors the consumption of prFMN; 460 nm, which
monitors the formation of the styrene−prFMN cycloadduct;
and 425 nm, which also monitors the formation of a styrene−
prFMN cycloadduct but which is characterized by a spectrum
blue-shifted by ∼35 nm that has a smaller extinction
coefficient.23 As discussed later, the blue-shifted and red-
shifted cycloadducts likely represent the same chemical species,

but they experience different active site environments. (We
note that at all wavelengths, there was a very rapid initial
decrease in absorbance that was nearly complete within the
mixing time of the spectrometer. This appears to be a mixing
artifact as it was present when the enzyme was shot against
plain buffer. Therefore, the first 3 ms of each reaction were
excluded from the kinetic analysis.)
The kinetics of styrene reacting with FDC is unexpectedly

complicated. Three kinetic phases are observed at each
wavelength and at each styrene concentration (Figure 3).
The absorbance changes observed at 380 and 460 nm closely
mirror each other (Figure 3A,B), which is consistent with the
conversion of the prFMN:styrene Michaelis complex (absorb-
ance maximum 380 nm) to the prFMN−styrene cycloadduct
(absorbance maximum 460 nm). In contrast, when the
reaction was monitored at 425 nm, a somewhat different
kinetic profile was observed. At the lower styrene concen-
trations, 60 and 90 μM, the absorbance initially increases and
then declines, consistent with the formation of an intermediate.
However, at higher substrate concentrations, the absorbance
continues to increase at longer times. This increase partially
masks the decrease in absorbance seen at low concentrations,
which is still evident at this wavelength even at high styrene
concentrations. For the fastest phase, both the rate and
amplitude appear fairly independent of styrene concentration.
The next phase, however, is clearly concentration-dependent as
its amplitude continues to increase with increasing styrene
concentration, although the rate changes little. The slowest
phase appears, again, to be concentration-independent in both
rate and amplitude.
The data were globally fitted using the program GraphPad

Prism (see the Supporting Information for details). The data
could be robustly fitted by three apparent first-order rate
constants, k1sty, k2sty, and k3sty, shared across the entire data set,
with the amplitudes associated with each rate constant allowed
to vary. The values obtained for the rate constants are k1sty =
45 (44−48) s−1, k2sty = 8.2 (7.7−8.8) s−1, and k3sty = 2.7 (2.6−
2.8) s−1 (95% confidence intervals in parentheses). The
individual amplitudes associated with each rate constant varied
somewhat as a function of styrene concentration, most of
which we attribute to signal noise as the absorbance changes

Figure 2. Spectral changes accompanying the reaction of prFMN with styrene. The spectrum of unreacted FDC is shown in red; the spectrum of
the styrene adduct is shown in blue.
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are quite small. However, the sum of the amplitudes (Atot =
A1sty + A2sty + A3sty) exhibits a clear trend in which the signal
initially increases sharply as a function of styrene concentration
and then increases more gradually (Figure 3D). The inflection
point in the curve occurs at a substrate to enzyme ratio of ∼0.5
and, interestingly, even at the highest styrene concentration,
shows no evidence of saturation.
Reaction of FDC with Phenylacrylic Acid. We have

previously investigated the pre-steady-state kinetics of FDC
reacting with phenylacrylic acid;23 however, informed by the
results obtained with styrene, we extended our studies to cover
a wider range of substrate concentrations and, in particular, to
examine the reaction at sub-stoichiometric concentrations.
Accordingly, holo-FDC, 180 μM after mixing, was reacted at 4
°C with final concentrations of phenylacrylate ranging from 1
mM to 45 μM, and the reaction was monitored at 380, 425,
and 460 nm over the course of 5 s, as shown in Figure 4.
The absorbance changes observed with phenylacrylate as the

substrate (Figure 4) are similar to those seen with styrene,
reflecting the fact that similar adducts are formed with prFMN

by both molecules. However, in this case, the kinetic behavior
is more complex. The added complexity most likely arises
because the initially formed phenylacrylate−prFMN cyclo-
adduct then undergoes decarboxylation to form the styrene−
prFMN adduct, which previous studies have shown is the
species that accumulates on the enzyme. Although it is hard to
discern from the traces monitored at 380 and 460 nm, it is
clearly evident from the traces obtained at 425 nm that the
reaction exhibits four phases, the amplitudes of which are
dependent on phenylacrylate concentration. Most noticeably,
the slower two phases have amplitudes that are markedly
concentration-dependent, and at the lowest phenylacrylate
concentrations, 45 and 90 μM, they become nearly
indiscernible. At the higher phenylacrylate concentrations, it
is evident that the system does not reach a steady state even
after 5 s as the absorbance continues to change; this is most
noticeable at 1 mM phenylacrylate (Figure 4A,B). However, at
these higher concentrations and longer timescales, the
absorbance changes are associated with multiple turnovers.
As such, they reflect the approach of the system to chemical

Figure 3. Pre-steady-state kinetics of FDC reacting with styrene. FDC was reacted with increasing concentrations of styrene as indicated, and the
reaction was monitored at (A) 380 nm, (B) 460 nm, and (C) 425 nm. Note: the absorbance traces have been offset for clarity. The data were
globally fitted to a three-exponential function as described in the text. D: The total changes in absorbance (recorded after 5 s) at the different
wavelengths are plotted as a function of styrene concentration for each wavelength monitored. The dashed lines are interpolated between the data
points. The concentrations of styrene corresponding to 0.5 and 1.0 FDC active sites are marked above the plot.
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equilibrium rather than reporting on the kinetics of chemical
steps in the enzyme mechanism.
The complexity of the kinetic behavior observed with

phenylacrylate, which required four apparent first-order rate
constants to adequately model the data, meant that it was not
possible to obtain robust fits to the data. As shown in Figure 4,
all the traces could be reasonably well fitted using four-
exponential functions, with residuals of r2 > 0.995. But
attempts to fit either individual traces, or globally fit the data,
using Prism software to obtain values for the four rate
constants resulted in values with either very wide or
indeterminate confidence intervals (for details, see the
Supporting Information). Nevertheless, the approximate values
for the observed rate constants could be estimated from the
data as k1phe ∼ 150−200 s−1, k2phe ∼ 100 s−1, k3phe ∼ 8 s−1, and
k4phe ∼ 1 s−1. The values for k1phe and k2phe were subject to the
greatest variation in trials to fit the data, whereas the values
obtained for k3phe and k4phe were less dependent on the initial
parameters used in fitting.

The initial reaction of prFMN with phenylacrylate, k1phe ∼
150−200 s−1, occurs significantly faster than that of styrene,
k1sty = 42 s−1, which may reflect the higher intrinsic reactivity
of phenylacrylate toward dipolar cycloaddition. The second
phase of the reaction is also rapid, k2phe ∼ 100 s−1; we
tentatively assign this phase to the decarboxylation of the
prFMN−phenylacrylate cycloadduct to form the prFMN−
styrene cycloadduct, which previous work23 has shown is the
adduct that accumulates on the enzyme. As discussed below,
we propose that k3phe is likely associated with product release.
It is unclear what process gives rise to k4phe, but in any case,
this process is too slow for it to play a role in the catalytic
cycle.

■ DISCUSSION

The prFMN-dependent class of decarboxylases catalyzes
(de)carboxylation reactions at sp2-hybridized carbon atoms
in an increasingly diverse range of substrates.25−28 These range
from complex natural products to simple aromatic molecules.
The enzymes so far characterized catalyze reactions on

Figure 4. Pre-steady-state kinetics of FDC reacting with phenylacrylate. FDC was reacted with increasing concentrations of phenylacrylate as
indicated, and the reaction was monitored at (A) 380 nm, (B) 460 nm, and (C) 425 nm. The data are shown with traces individually fitted to a
four-exponential function; however, as discussed in the text, it was not possible to obtain robust values for individual rate constants from the fits.
Note: the absorbance traces have been offset for clarity. (D) Total changes the absorbance (recorded after 5 s) at the different wavelengths are
plotted as a function of styrene concentration for each wavelength monitored. The dashed lines are interpolated between the data points. The
concentrations of styrene corresponding to 0.5 and 1.0 FDC active sites are marked above the plot.
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aromatic rings,29,30 heterocyclic aromatic rings,25−28,31 and
conjugated double bonds. Most intriguingly, indirect evidence
suggests that prFMN-dependent enzymes may even catalyze
the carboxylation of benzene to support the growth of some
anaerobic bacteria.32,33 Although a number of enzymes have
been structurally characterized,11,22,25,28,29,34 our understand-
ing of the kinetics of prFMN-mediated catalysis remains poorly
developed. A deeper understanding of prFMN reactivity is an
important prerequisite for effectively utilizing these enzymes
for biocatalysis. Our studies have focused on defining the
kinetic profile of FDC because it remains the best-
characterized member of the prFMN-dependent decarboxylase
family and the chemical steps in the mechanism are most
clearly defined.
Here, we have investigated the pre-steady-state kinetics of

FDC reacting with phenylacrylate and styrene over concen-
trations that range from sub-stochiometric to a several-fold
molar excess with respect to enzyme active sites. The kinetics
of both reactions are surprisingly complicated, and this
complexity precludes an unambiguous interpretation of all
the kinetic features. Nevertheless, we consider that the
concentration-dependence of the reaction kinetics may
reasonably be explained by invoking negative cooperativity35
(half-of-the-sites reactivity) between the active sites of the
FDC dimer.
The reaction with styrene provides the clearest evidence for

negative cooperativity because it can only form the prFMN−
styrene cycloadduct and does not react further (proton
abstraction from the cycloadduct occurs orders of magnitude
more slowly). Here, although only single chemical reaction can
occur, three apparent first-order rate constants are needed to
adequately fit the data. The concentration-dependence of the
kinetic data clearly suggests that the two active sites have
different affinities for styrene. The fastest phase of the reaction,
characterized by k1sty = 45 s−1, dominates at low substrate
concentrations; however, once the styrene:enzyme ratio
exceeds 0.5, the slower phase of the reaction, characterized
by k2sty = 8.2 s−1, starts to increase in amplitude and becomes
prominent (Figure 3D).
A similar pattern of concentration-dependent kinetic

behavior is seen in the reaction of phenylacrylate. In this
case, the two fastest phases of the reaction, characterized by
k1phe ∼ 150−200 s−1 and k2phe ∼ 100 s−1, are prominent at low
substrate concentrations. We attribute these to the initial
formation of the phenylacrylate−prFMN cycloadduct and its
conversion to the styrene−prFMN cycloadduct at the “fast-
tight” site. Only after the phenylacrylate:enzyme ratio exceeds
0.5 does the slower phase characterized by k3phe ∼ 8 s−1 gain in
amplitude (Figure 4D). Although the assignment of the various
apparent rate constants to chemical processes remains
somewhat tentative, this type of concentration-dependent
kinetic behavior is a hallmark of half-of-the-sites reactivity.
Crystal structures are now available for a number of UbiD-

like enzymes (recently reviewed in ref 36) that show different
enzymes to adopt dimeric, tetrameric, or hexameric structures.
However, these structures do not provide any obvious
evidence for negative cooperativity, for example, by revealing
asymmetry between the protein subunits. Nevertheless, it
appears that domain movements are likely to be important for
substrate binding and catalysis such movements have been
captured in the open and closed structures of vanillic acid
decarboxylase.37 Similar domain-scale motions have not been
documented for FDC, but smaller-scale active site motions

have been observed in structures of FDC complexed with
various mechanism-based inhibitors that mimic intermediates
in the reaction.22 Although the various structures of FDC fail
to provide evidence for cooperativity, we note that the
transient and often subtle motions involved in allosteric
interactions are hard to capture by crystallography.
The question that arises is does this putative negative

cooperativity have any mechanistic significance? We argue that
it may play a role in facilitating the release of styrene from
FDC. We note that even at the lowest concentration of
phenylacrylate used in these experiments (45 μM), the enzyme
does not return to the resting state. Even after 5 s, we see no
evidence for styrene dissociating from the active site, which
would show up as an increase in absorbance at 380 nm or a
decrease at 460 nm as prFMN is regenerated. This observation
implies that styrene remains tightly bound to the enzyme as its
prFMN cycloadduct rather than undergoing cycloelimination
to complete turnover. Thus, the “fast, tight” site does not
appear to be kinetically competent to perform the complete
reaction cycle.
One explanation is that FDC is severely product-inhibited by

styrene, and because these experiments require relatively high
concentrations of the enzyme (180 μM), the accumulation of
styrene−prFMN adducts is favored, whereas lower concen-
trations would allow styrene to diffuse from the enzyme. We
consider this explanation unlikely because the KM for
phenylacrylate is 180 μM,23 implying that the enzyme would
become product-inhibited at substrate concentrations well
below KM. Also, there are no enzymes known in yeast that
further metabolize styrene to prevent its build-up in the cell
it is assumed to be removed by diffusion. Rather, we propose
that negative cooperativity plays a key role in the catalytic cycle
of FDC by providing a mechanism that ejects styrene from the
enzyme after decarboxylation.
In this mechanism, outlined in Figure 5, the substrate

initially binds and undergoes decarboxylation rapidly at the
“fast, tight” active site. Next, at higher substrate concentrations,
the substrate will bind to the “slow, loose” active site. The
effect of substrate binding at the second active site will be to
push the low-affinity site toward the high-affinity state,
resulting in a protein conformational change that flips the
“fast, tight” site to the “slow, loose” state and vice versa. This
conformational change now places styrene in the low-affinity
active site, causing it to undergo cycloelimination to complete
the first catalytic cycle. Phenylacrylate is now in the high-
affinity active site, where it undergoes cycloaddition and
decarboxylation to styrene. Thus, catalysis proceeds through
rounds of substrate binding at one site and product release at
the other that drives an alternating “two-stroke” catalytic cycle.
This cycling provides a mechanism in which the energetically
favorable cycloaddition and decarboxylation steps occurring at
one active site are coupled to the unfavorable cycloelimination
of styrene at the other active site.
In support of this mechanism, our measurements with

higher concentrations of substrate show that the low-affinity
active site reacts with phenylacrylate to form the prFMN−
phenylacrylate cycloadduct with k3phe ∼ 8 s−1, which is very
similar both to the rate at which styrene reacts at the second
site, k2sty = 8.2 s−1, and to kcat = 7 s−1 determined from steady-
state kinetic analysis. In addition, various lines of evidence
point to styrene release being rate-limiting in the reaction and
therefore the step that primarily determines kcat. These include
the observation by mass spectrometry of stable prFMN−
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styrene cycloadducts formed in the FDC reaction;23 the large,
normal 2°KIE = 1.15 ± 0.017 measured on Vmax/KM under
steady-state conditions for the decarboxylation of d7-phenyl-
acrylate;38 and the negative ρ value for the reaction determined
from Hammett analysis of the enzyme reported previously.38
We note that some aspects of the kinetics remain puzzling.

Particularly unusual is the apparent lack of concentration
dependence on the rates of reaction for the various phases. The
concentration dependence of the amplitudes associated with
k3phe and k2sty indicates that the “slow, loose” active site does
not become saturated with the substrate under the conditions
of the experiment. (The maximum concentration of styrene in
the experiment is limited by its solubility in water.) However,
such behavior would normally be accompanied by a marked
concentration dependence on the rate of reaction as well. This
suggests that a kinetic step that is independent of substrate
binding is rate-limiting for this step of the reaction. This type
of kinetic behavior might arise from a “gating” motion of the
protein, and indeed, structural studies on several UbiD
enzymes point to importance of protein motions in catalysis.
Crucially though, any such motion would have to occur

independently of substrate binding to explain the lack of
concentration-dependence on the rate of reaction.
A further unusual feature of the kinetic behavior is the

amplitudes of the absorbance changes associated with the
“fast” and “slow” active sites are quite different. A priori one
would expect that half-of-the-sites behavior would result in the
amplitudes being of similar magnitude, but it is clear from the
data in Figures 3 and 4 that the slower phases are associated
with significantly larger absorbance changes. Again, it is
currently unclear why this occurs. It is possible that the
extinction coefficients associated with the two active sites may
be different, and in this context, we note that the electronic
spectra of flavins are very sensitive to the local environment of
the protein. On the other hand, this behavior may reflect
further kinetic complexity in which the internal equilibria
coupling the various reaction species are different at each
active site so that the prFMN adducts accumulate to different
degrees.
We also note that prFMN has been observed in some FDC

crystal structures with a hydroxyl group at C-1′. This inactive
adduct is presumably in equilibrium with the active iminium
form of prFMN. LC-MS analysis of holo-FDC used in our
experiments provided no evidence for this adduct. However,
the presence of such an equilibrium may additionally
complicate kinetic analysis, especially if the equilibrium is
perturbed by substrate binding.
These unusual features of the kinetics, together with the

complexity of the kinetic traces, frustrated our attempts to fit
the data to a kinetic model of the FDC reaction. Extensive
attempts were made to evaluate various kinetic schemes, either
incorporating or omitting cooperativity, using kinetic modeling
software such as Kintek Explorer. However, simple kinetic
models failed to provide convincing fits to the stopped-flow
traces, whereas more complex models became over-para-
meterized and yielded either unrealistic and/or poorly
constrained values for elementary rate constants.

■ CONCLUSIONS

Although an increasing number of prFMN-dependent enzymes
are now known, and detailed structural information available
for several of them, the kinetics of prFMN-catalyzed
decarboxylation remains underdeveloped. Our experiments
on FDC are the first to examine the pre-steady-state kinetics of
a prFMN enzyme reacting with substrates under and single
turnover conditions. These experiments reveal complex kinetic
behavior that may be explained by negative cooperativity
between the two active sites of the dimeric enzyme that results
in a “fast, tight” site and a “slow, loose” site. We propose that
interconversion between the “fast, tight” and “slow, loose” sites
may play an important role in the mechanism by driving the
release of styrene from the enzyme, which is the rate-
determining step of the overall reaction. We note that all UbiD
enzymes so far characterized possess dimeric, tetrameric, or
hexameric quaternary structures, with the dimer forming the
basic functional unit. It is therefore possible that a similar “two-
stroke” kinetic mechanism may be a general feature of the
decarboxylation reactions catalyzed by this class of enzymes.
A necessary caveat to these conclusions is that the

complexity of the kinetics still leaves several features of the
reaction unexplained. This leaves open the possibility that
mechanisms other than negative cooperativity are responsible
for the multiphasic pre-steady-state kinetic behavior we
observe. Additional experiments will be needed to allow the

Figure 5. Proposed catalytic cycle for FDC-catalyzed decarboxylation
incorporating negative cooperativity. Top: The structure of the FDC
dimer highlighting the domain organization (PDB: 4ZA4). The
dimerization and catalytic domains are colored magenta and green,
respectively; the domain-connecting helix is shown in orange and the
C-terminal helix in black. prFMN is colored yellow. Bottom: The
proposed “two-stroke” mechanism for decarboxylation. The priming
phase involves the initial substrate-binding event that differentiates
the two active sites, color-coded red and blue, into a tight-binding
(ET) and loose-binding (EL) site. In the first cycle, the substrate reacts
with prFMN at the “red” active site; S*, I*, and P* represent covalent
adducts C, D, and E in Figure 1. Reaction of the substrate at the
“blue” active site results in interconversion of the “T” and “L” forms of
the enzyme resulting cycloelimination of P in the rate-determining
step (RDS). The second cycle proceeds analogously through reaction
at the “blue” active site.
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reaction mechanism to be fully elucidated and a robust kinetic
model developed.
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