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ABSTRACT: Ferulic acid decarboxylase (Fdcl) is able to
catalyze the decarboxylation of a,f-unsaturated acids using a
novel cofactor, prenylated flavin mononucleotide (PrFMN).
Using density functional theory calculations, we here have
investigated the Fdcl reaction mechanism with the substrate of
a-methylcinnamic acid. It is demonstrated that Fdcl employs a
1,3-dipolar cycloaddition mechanism involving four concerted
steps, where the Glu282 acts as a crucial proton donor to
protonate the a carbon (C,). The last step, the decomposition of
a pyrrolidine species, is rate-limiting with an overall barrier of
18.9 kcal mol™". Furthermore, when a-hydroxycinnamic acid is
used, the Glu282 is found to have another face to transport the
hydroxyl proton to the Cj atom to promote the tautomerization
from enol intermediate to ketone species leading to the inhibition
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of the Fdcl enzyme. The PrEMN roles are also discussed in detail.

B INTRODUCTION

Decarboxylases play important roles in the synthesis of
alcohols, carboxylic acids, terminal olefins, and other important
chemicals under very mild reaction conditions." For instance,
decarboxylases provide a sustainable and environment-friendly
approach to synthesize styrene directly from renewable
resources, such as glucose.” The styrene, acting as a monomer
building block for many useful polymers, is an important basis
material for the petrochemical industry. However, now all
commercial styrene is obtained from the dwindling petroleum
resources.

The biosynthesis of styrene is achieved from the enzymatic
decarboxylation of a,f-unsaturated acid via the coexpression of
Fdcl (ferulic acid decarboxylase) and Padl (phenylacrylic acid
decarboxylase) (Figure 1A).”"° The UbiD and UbiX
enzymes”’ were found to be the homologues of Fdcl and
Padl, respectively, and are involved in the decarboxylation of 3-
polyprenyl-4-hydroxybenzoate (Figure 1A), an intermediate in
ubiquinone (coenzyme Q) biosynthesis.” "'

It has been shown that the removal of either of the two genes
(Fdcl and Padl) drastically reduces the decarboxylase
activity.”® Recent studies revealed that Fdc1/UbiD essentially
catalyzes the decarboxylation via a previously unknown
cofactor, prenylated flavin mononucleotide (PrFMN) (Figure
1B), while Padl/UbiX is responsible for the formation of
PrEMN.">~"* Fdcl-catalyzed decarboxylation of a,f-unsatu-
rated acids was found to be reversible, makmg it possible to be

utilized in the fixation of carbon dioxide.'” Interestingly, when
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the substrate @-position was substituted by a hydroxyl, that is,
a-hydroxycinnamic acid (the enol tautomer of phenylpyruvate)
was used, the Fdcl enzyme was inhibited (Figure 2)."* With
this, the characterization of the particularly novel PrEMN
cofactor and the mechanistic investigations of the Fdcl reaction
and its inhibition are thus of great importance for the
understanding of this new piece in enzymatic decarboxylation
and may benefit styrene biosynthesis and CO, fixation.

In the present work, using the density functional theory
(DFT) with the hybrid functional B3LYP,"”~"” we have studied
the reaction and inhibition mechanisms of Fdcl with a chemical
model (Figure 1B) constructed on the basis of an X-ray crystal
structure (PDB ID: 4ZA7)."” We present the energetics and
provide the characterization of stationary points involved. The
calculations have demonstrated that Fdcl employs a 1,3-dipolar
cycloaddition mechanism (Figure 2)'*'®'” and in particular
reveal the interesting bifunctional roles of Glu282 in catalysis
and inhibition. The roles of the novel PrEMN cofactor have
also been analyzed in detailed.

B COMPUTATIONAL METHODS

All calculations were performed using the DFT with the hybrid
functional B3LYP'*~"” as implemented in the Gaussian 09 D01
program package.20 Geometry optimizations were carried out
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Figure 1. Decarboxylation reactions catalyzed by Fdcl/Padl and
UbiD/UbiX (A), and overall view of Fdcl and close-up view of its
active site (B). Coordinates from PDB entry 4ZA7 12 were used to
generate the figures.

with the 6-31G(d,p) basis set for all atoms.”"** On the basis of
the optimized geometries, more accurate energies were
obtained by performing single-point calculations with a larger
basis set 6-311+G(2d,2p) for all elements. Frequency
calculations were performed at the same theory level as the
optimizations to obtain zero-point energies and to further
confirm the nature of the stationary points. The solvation
effects of the protein environment on the calculated energies
were estimated at the same theory level as the optimizations by

performing single-point calculations on the optimized struc-
tures using a homogeneous dielectric field according to the
CPCM method.”* "% The dielectric constant (¢) was chosen to
be 4, which is a standard value used in many previous
studies.”” >’ Dispersion has been revealed to be significant in a
few cases, including dicopper complexes,’”*" cobalamin-
dependent enzymes,””*>** and isoaspartyl dipeptidase.”* In
the present work on Fdcl, an enzyme that may involve 7-
stacking interactions in its active site, dispersion corrections
were included in both geometry optimizations and energy
evaluation using the empirical formula by Grimme et al. (ie.,
DFT-D3).”7** As described below, a few atoms were frozen to
their crystal positions. An investigation with acetylene hydratase
as an example® indicates that the coordinate error of varying
constraints has a very small effect on the calculated energies
when the resolution of the starting crystal structure is better
than 2.0 A (1.10 A in this case of Fdc1)."> Another study of
phosphotriesterase™ also shows that the energy differences
between with and without atom locking do not alter any
conclusion about the mechanism. However, the fixation of a
few atoms would make the calculation of harmonic entropy
effects inaccurate. It is thus still very difficult to accurately
calculate entropy. Fortunately, in most cases the entropy effects
are not of such a magnitude that they will change conclusions
about the mechanism. In the present work, the attempts to
estimate entropy have been made by excluding the contribu-
tions of frozen atoms to vibrational frequencies. As described
later, the energetics with this kind of entropy corrected (given
in Figures S1 and S2 in the Supporting Information) are
basically consistent with the ones without entropy, especially in
the forward reaction and the comparison of competing
pathways. Therefore, the energetics without entropy correc-
tions are presented in the text. If not otherwise indicated, all

R=CHj3 a-methylcinnamic acid
R=0H a-hydroxycinnamic acid

Int2c
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(7.4)
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TS;nn L

Figure 2. Reaction mechanism of Fdcl hypothesized by Payne et al.'> and the enzyme inhibition. The pathway indicated by the red arrow is
demonstrated to be inaccessible in this work, while the purple pathway is shown to be a little unfavorable but still competing. The prenyl moiety in
the PrEMN cofactor is shown in blue. a-Hydroxycinnamic acid is the enol tautomer of phenylpyruvate. Energy barriers in the forward direction are

given in the parentheses with the unit of kcal mol™.
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Figure 3. Optimized structures of stationary points in the Fdcl-catalyzed decarboxylation of a-methylcinnamic acid. All distances are in angstroms
(A). Asterisks indicate the atoms that are fixed to their crystal positions.

energies offered in this paper have been corrected by dispersion
effects, zero-point energies, and solvation effects, but not by
entropy effects. The energetics with entropy corrected are given
in the Supporting Information (Figures S1 and S2). The
present procedure of cluster modeling has been carefully
benchmarked””>**3%*! d.”7?***% 1t has been
successfully applied to a large number of enzymes by different
research groups.””*”*>*~>° In addition, Cartesian coordinates

and well reviewe
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of optimized structures are given in the Supporting
Information.

B RESULTS AND DISCUSSION

Chemical Model. A chemical model was constructed based
on the crystal structure of Fdcl with the substrate of a-
methylcinnamic acid and the PrFMN cofactor bound (PDB ID:
47ZA7)."> With this crystal structure, we can obtain an initial
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geometry of the enzyme—substrate—cofactor complex which
truly reflects their relative positions. It has been shown that the
R173A, E277Q, and E282Q mutants of Fdcl are all inactive,'”
which indicates that these residues are critical for the
decarboxylation. GIn190 is observed to have electrostatic
interactions with a cofactor carbonyl.'” Therefore, besides the
substrate (@-methylcinnamic acid) and the PrFEMN cofactor,
the four residues (Glu282, Argl73, Glu277, and GIn190) were
included in the model (Figure 1B). To reduce the size, some
truncations were made so that only the side chains of residues
were involved in the model. To preserve the spatial
arrangement of the residues, the atoms where the truncations
were made were fixed to their crystal positions.

Using the PROPKA 3.1 program developed by Jensen et
al°"% and the crystal structure of 4ZA7,'> the pK,s of
Glu282, Glu277, and Argl73 are estimated to be 6.40, 4.05, and
19.53 respectively. Since the Fdcl reaction was carried out at
pH = 6,"* the Glu282 and Glu277 in the model are presented
in the protonation and deprotonation states, respectively. The
Argl73 residue is also protonated. In addition, the substrate
carboxylate is deprotonated. It should be mentioned that, to
reduce computational consumption and conformational un-
certainty, the Glu282 was included in the model only after the
decarboxylation step, while the CO, molecule was excluded
from the model once it has been formed.

The geometrical parameters obtained from the optimization
of this model agree well with the crystal strucutre. In particular,
in the optimized enzyme—substrate—cofactor complex (de-
noted by React, Figure 3) the substrate is orientated by the
Argl73 via hydrogen bonding, guiding its #-stacking with the
cofactor plane. As a result, the key reacting atoms proposed in
Figure 2 are located reasonably. For example, the distance
between the substrate C, and the cofactor Cy; is 3.37 A while
the C4—C,¢ distance is 3.62 A (see React in Figure 3).

Reaction Mechanism of Fdc1 with a-Methylcinnamic
Acid. The first step in the Fdcl reaction was proposed by
Payne et al.'” to be the 1,3-dipolar cycloaddition via the C,—
Cy1 and C4—C,¢ couplings to form a pyrrolidine intermediate
(Figure 2). To speculate the likely reacting sites, the
electrostatic potential (ESP) surfaces for the substrate and
cofactor were constructed (Figure 4). From Figure 4, it can be
observed that the Cy; atom in the prenyl moiety has the lowest
electron density among the unsaturated atoms in the PrEMN
cofactor, indicating its strong electrophilicity. This implies that
the C,; in the cofactor is the most likely site to react with the
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Figure 4. Electrostatic potentials mapped onto surfaces of total
electron densities for the optimized substrate (left) and cofactor
(right). The red and blue indicate the regions with higher and lower
electron densities, respectively. Atom labels have been indicated in
Figure 2.
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negatively charged substrate (especially at the a,f-unsaturated
C—C bond). From React, a transition state (TS1, Figure 3) for
the cycloaddition between substrate and cofactor and the
resultant pyrrolidine adduct (Intl, Figure 3) were optimized. In
TSI, the key C,—Cy,; and C4—C,4 distances are 2.00 and 2.83
A, respectively. The TS1 has been confirmed by frequency
analysis to be a first-order saddle point with an imaginary
frequency (379i cm™"), which is corresponding to a vibrational
mode involving a strong C,—Cy;; coupling and a relatively
weaker Cy—C,¢ coupling. The reoptimizations starting with
slightly perturbed TS1 structures always led to either React or
Int1. All attempts to locate an intermediate with only one C—C
bond formed between substrate and cofactor (C,—Cy, or Cs—
C,) failed. With the TSI structure as the starting point, the
IRC (intrinsic reaction coordinate) calculations using the
damped velocity verlet integrator (DVV, which is of high
efficiency and stability for large and complex systems)™*
confirms that it is TS1 that is the transition state to connect
the React and Intl minima (see Figure S3 in the Supporting
Information). These results indicate a 1,3-dipolar cycloaddition
via TS1 where the C,—C;; and Cy4—C, bondings are
concerted. The barrier for this step is calculated to be 14.3
kcal mol™’, and the resulting pyrrolidine intermediate (Intl)
lies 1.1 kcal mol™ lower than the reactant complex of React
(see Figure S).

In Intl, the C,—C; bond becomes saturated with a distance
of 1.56 A, 0.21 A longer than that in React (1.35 A) (Figure 3).
The next step is the decarboxylation of the Intl pyrrolidine
adduct (Figure 2). A corresponding transition state (TS2,
Figure 3) has been located and computed to have an imaginary
frequency of 233i cm™". It turns out that this is a concerted
process where the decarboxylation is initiated by the Cy—C,
bond dissociation with the C,—CO, and C4—C,s distances
being 1.94 and 2.73 A in TS2, respectively. We could not
obtain an intermediate with only one bond cleavage (C,—CO,
or C4—C,). The subsequent IRC calculations show that it is
TS2 to connect Intl and Int2 (Figure S4). This step is
calculated to have a barrier of 14.8 kcal mol™" and leads to a
styrene derivative (Int2, Figure 3) in which the C,—Cy, single
bond (1.53 A) is kept and the C,—Cy interaction (135 A) is
retransformed to an unsaturated double bond from the single
bond in Intl (1.56 A).

With the formed CO, excluded from Int2 and the Glu282
included, the complex was reoptimized (see Int2b in Figures 2
and 3). In the Int2b structure, the hydroxyl hydrogen of
Glu282 (Hy) is positioned at a distance of 2.19 A to the C,
atom. From Int2b, a transition state (TS3, Figure 3) has been
found with an imaginary frequency of 944i cm™. In TS3,
simultaneously with the C, protonation by Glu282 (the
distances of Hy to C, and the Glu282 oxygen are 1.32 and
1.33 A respectively), the C;—C, bond is formed again to
generate the second pyrrolidine adduct (see Int3 in Figures 2
and 3) where the C,—Cj bond distance is elongated to 1.56 A
from 1.35 A in Int2. The IRC calculations also verify that TS3
has a concerted character to connect Int2b and Int3 (Figure
SS). The barrier for this step is 14.3 kcal mol™" (Figure 5).

The final step is the decomposition of the second pyrrolidine
(ie., Int3) via the concerted C,—C;; and Cz—C, bond
dissociations to form the final styrene product (Figure 2). This
kind of transition state (TS4) and product (Prod) have been
optimized and given in Figure 3. TS4 has an imaginary
frequency of 427i cm™" with the C,—C,,; and C;—C,¢ distances
being 2.02 and 2.65 A respectively. Also, TS4 has been proven
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Figure S. Potential energy profile for the Fdcl-catalyzed decarboxylation of @-methylcinnamic acid.

Figure 6. Optimized structures of key stationary points in the Fdcl reaction with a-hydroxycinnamic acid. The TS;,;, and TS3c have imaginary

frequencies of 1286i and 1368i cm™, respectively.

to have the correct nature to connect Int3 and Prod by the IRC
calculations (Figure S6). This step is found to be rate-limiting
in the overall reaction with a barrier of 18.9 kcal mol™" (Figure
5), a value reasonably in line with the experimental reaction
rate (k) of 7.6 s~! for the substrate of cinnamic acid.'* The
overall reaction is calculated to be slightly exothermic by 5.3
kcal mol™!, making the reverse reaction (i.e., the CO, fixation)
feasible with a barrier of 19.9 kcal mol™' (Figure S). The
introduction of entropy to the energetics obtains the consistent
conclusion in the forward reaction. For example, the overall
energy barrier with entropy corrected in the forward direction
is 20.1 kcal mol™" also with the last step being rate-limiting (see
Figure S1), to be compared to the nonentropy value of 18.9
keal mol™" (Figure S). However, the reverse barrier with the
estimated entropy included is somewhat high by 26.0 kcal
mol™' (Figure S1). Considering the absence of the
experimental reverse reaction rate and the uncertainty of
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entropy calculations, it is difficult to assess the reasonability of
such a reverse barrier. At present, it is probably inappropriate to
use this reverse barrier to rule out the mechanism calculated
here.

In the reversible Fdcl reaction, the novel PrFMN cofactor
plays several significant roles. The prenyl moiety in the cofactor
acts as the crucial electrophile to initiate the cycloaddition with
the substrate a,f-unsaturated bond, rendering the necessity of
the prenylation of flavin mononucleotide (FMN) and the
uniqueness of PrFMN. The flavin moiety functions as an
electron reservoir to delocalize the charges developing during
the reaction, which can be reflected by the elastic change of the
C,—0,, bond distance (shown in Figure 2) that is shortened
to 1.23 A in Intl from 1.24 A in React, then elongated to 1.25
A in Int2, shortened again to 1.23 A in Int3, and finally
elongated back to 1.24 A in Prod (Figure 3). This is consistent
with the change of the O, charge (see Table Sl in the
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Supporting Information for the Mulliken charges at the O,
atom). Meanwhile, the distance of the GIn190 hydrogen to the
O,, atom makes a corresponding elastic change (1.87, 1.97,
1.83, 2.00, and 1.87 A in React, Intl, Int2, Int3, and Prod,
respectively, Figure 3), indicating that the GIn190 plays an
important role in stabilizing the developing negative charges at
the O,, atom through hydrogen bonding. Finally, the flavin
plane may assist in the substrate orientation via m-stacking
interactions.

From the styrene derivative (i.e., Int2b), we also obtained a
transition state (TS3b, given in Figure S7 in the Supporting
Information) for the Int2b decomposition, where the C,—Cy,
bond cleavage is concomitant with the C, protonation by the
Glu282, directly leading to the final styrene product (ie.,
Prod). Although this pathway (the red curve in Figure S) is
teasible in the forward direction with a barrier of 19.4 kcal
mol™" (to be compared to the barrier of 18.9 kcal mol™" in the
pathway via TS3 and TS4, ie., the blue curve in Figure S), its
reverse barrier is somewhat high (22.4 kcal mol™'). The
inclusion of entropy decreases the barrier differences between
the two pathways (see the red and blue curves in Figure S1).
Therefore, this pathway via TS3b may be a little unfavorable
but still competing.

The Inhibition of Fdc1 by a-Hydroxycinnamic Acid. It
was found that Fdcl was reversibly inhibited by a-
hydroxycinnamic acid leading to a covalent inhibitor—cofactor
adduct (see Inty,, in Figure 2), which has been characterized to
be a ketone intermediate by X-ray crystallography (PDB:
47A9)." This inhibition was speculated to be attributed to the
tautomerization from an enol intermediate (see Int2c in Figure
2, corresponding to the Int2b styrene derivative) to a ketone
(denoted by Inty,, in Figure 2). We have optimized the enol
(Int2c) and ketone (Inty,) intermediates (Figure 6) and
located a transition state connecting them (TS, Figure 6),
which has been verified by the IRC calculations (Figure S8). It
is very interesting to find that, in TS, ;, the Glu282 works as a
proton transporter to abstract the hydroxyl proton and donate
its proton to the C; atom. The ketone formation through TS,
has a low barrier of 7.4 kcal mol™" with an exothermicity of 7.9
kcal mol™" (Figure 7). This means that the tautomerization
from enol to ketone is very fast and the reverse conversion is
energetically accessible but much slower.

From the Int2c enol, we also obtained a transition state
(TS3c, Figure 6) for the formation of a pyrrolidine adduct (see
Int3 in Figure 2 and Int3c in Figure 6). In TS3c¢, the Glu282
only serves as a proton donor to protonate the C, atom
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Figure 7. Key energetics for the Fdcl reaction with a-hydroxycin-
namic acid.

(instead of Cj in TS,,;) resulting in the C;—C,¢ bonding, like
the third step of second pyrrolidine formation in the case of a-
methylcinnamic acid. By the IRC calculations (Figure S9),
TS3c has been confirmed to connect the correct minima (Int2c
and Int3c). However, the barrier for pyrrolidine formation via
TS3c (14.6 kcal mol™) is 7.2 kcal mol™ higher than the
tautomerization to ketone via TS;,, (Figure 7). This strongly
demonstrates that, when a-hydroxycinnamic acid is used, the
catalysis is energetically unfavorable and the Fdcl enzyme
should be inhibited to a stable ketone species with the
assistance of Glu282 in the proton transportation from
hydroxyl to Cg. It is worth mentioning that the inclusion of
entropy in the energetics (see Figure S2) does not alter any
conclusions about the reaction of Fdcl with a-hydroxycinnamic
acid.

B CONCLUSION

In summary, the calculations provide effective evidence for the
hypothesized 1,3-dipolar cycloaddition mechanism in the Fdc1-
catalyzed decarboxylation of a-methylcinnamic acid,'” includ-
ing the cycloaddition between the a,f-unsaturated bond and
the cofactor of prenylated flavin mononucleotide (PrFMN), the
decarboxylation of the resultant pyrrolidine adduct leading to a
styrene derivative, the formation of a second pyrrolidine species
through the C, protonation by Glu282, and the decomposition
of the second pyrrolidine to form the final styrene product
(Figure 2). The overall barrier is 18.9 kcal mol™" with the last
step being rate-limiting. Both prenyl and flavin moieties in
PrFMN play significant roles in the catalysis. Furthermore, it is
found that the neutral Glu282 residue has two faces during
catalysis or inhibition, accompanied by the C, or Cj atom as a
proton acceptor. When a-hydroxycinnamic acid is used, the
Glu282 transports the proton from the hydroxyl to C; to
promote the tautomerization from an enol intermediate to a
ketone species leading to the inhibition of the Fdcl enzyme,
rather than purely donating its proton to C, to produce styrene
(unlike the reaction of a-methylcinnamic acid). The results
here advance the understanding of the particularly novel
PrFMN cofactor and expand insights into the roles of vitamin
B2 and glutamic acid in enzymatic decarboxylation, inspiring
related enzyme engineering and organic synthesis aiming at
optimizing decarboxylation efficiency.
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