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Introduction

Mechanisms of photoisomerization of the
prenylated flavin mononucleotide cofactor:
a theoretical studyf

Pannipa Panajapo,@ Phorntep Promma and Kritsana Sagarik@*

The enzymatic decarboxylation of a,B-unsaturated acids using the ferulic acid decarboxylase (Fdcl) enzyme
and prenylated flavin mononucleotide (prFMN) cofactor is a potential, environmentally friendly reaction for
the biosynthesis of styrene and its derivatives. However, experiments showed that the enzyme activity of
Fdcl depends on the ring structure of prFMN, namely, the iminium and ketimine forms, and the loss of
enzyme activity results from prFMN™ — prFMN®t photoisomerization. To obtain insight into this
photochemical process improve the enzyme Fdc1,
photoisomerization mechanisms with different proton sources for the acid—base reaction were studied

and to efficiency of two proposed
herein using theoretical methods. The potential energy surfaces calculated using the density functional
theory method with the Becke, 3-parameter, and Lee—Yang—Parr hybrid functionals and DZP basis set
(DFT/B3LYP/DZP) and TD-DFT/B3LYP/DZP methods confirmed that the light-dependent reaction occurs
in the rate-determining proton transfer process and that the mechanism involving intermolecular proton
transfer between prFMN™ and Glu282 (external base) is energetically more favorable than that involving
intramolecular proton transfer in prFMN'™ (internal base). The thermodynamic results obtained from the
transition state theory method suggested that the exothermic relaxation energy in the photo-to-thermal
process can promote the spontaneous formation of a high-energy-barrier transition state, and an
effective enzymatic decarboxylation could be achieved by slowing down the formation of the
undesirable thermodynamically favorable product (prFMN*Y). Because the rate constant for formation of
the high-energy-barrier transition state varies exponentially over the temperature range of 273-298 K,
and experimental results have shown that incubating Fdcl on ice results in a complete loss of enzyme
activity, it is recommended to perform the decarboxylation reaction at 285 K to strike a balance between
minimizing enzyme stability loss at 273 K and mitigating the effects of UV irradiation. The computational
strategy and fundamental insights obtained in this study could serve as guidelines for future theoretical
and experimental investigations on the same and similar photochemical systems.

PrFMN cofactor. The mechanism comprising four consecutive
elementary reactions has been widely accepted and further

The enzymatic decarboxylation of a,B-unsaturated acids using
the ferulic acid decarboxylase (Fdcl) enzyme is envisioned as
a potential environmentally friendly process for synthesizing
styrene and its derivatives from natural resources.’® This
enzymatic reaction can be effectively accomplished through 1,3-
dipolar cycloaddition between substrates and enzyme cofac-
tors, among which the prenylated flavin mononucleotide
(prFMN) has been proven to be effective for the biosynthesis of
styrene."*>” Payne et al.* proposed a mechanism for the enzy-
matic decarboxylation of o,B-unsaturated acids using the
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studied using various theoretical and experimental methods.
They are 1,3-dipolar cycloaddition, Grob-type decarboxylation,
protonation, and retro 1,3-dipolarcycloaddition,* among which
the enzyme-catalyzed 1,3-dipolar cycloaddition of prFMN was
suggested by a mechanism-based inhibitor experiment to play
the most important role.”

Ferguson et al.* studied the enzyme efficiency of Fdel in
styrene production from cinnamic acid by monitoring substrate
consumption using spectroscopic and kinetic isotope effect
methods, from which the cycloelimination was suggested to
represent the rate-determining step. In ref. 1, two forms of
prFMN with different ring structures were considered, namely,
the iminium and ketimine forms, abbreviated prFMN™ and
prFMN*®", respectively. The experimental results indicated that
with prFMN™, the decarboxylation reaction proceeded via 1,3-
dipolar cycloaddition, whereas the reaction with prFMNKe
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occurred via Michael addition, and the enzyme activity was
confirmed to be higher using prFMN™,

To study the effect of the prFMN"™ and prFMN*** cofactors on
the enzyme activity, the enzymatic decarboxylation using Fdc1 to
generate styrene from cinnamic acid was further studied.” High-
resolution crystal structures and mass spectrometric and kinetic
experiments revealed that the prFMN™ — prFMN** isomeri-
zation could occur through an irreversible photochemical reac-
tion, which is independent of the Glu277-Arg173-Glu282
residue network. This photoisomerization reaction was sug-
gested to be the key factor for the loss of Fdel enzyme activity.

Two photoisomerization mechanisms with different proton
sources for the acid-base reaction are proposed in Fig. 1.° Type
(1) mechanism involves four consecutive elementary reactions
and begins with the intramolecular proton transfer in prFMN™,
whereas for Type (2) mechanism, the intermolecular proton
transfer between prFMN™ and Glu282 represents the initial
process with only three consecutive elementary reactions.
Although the elementary reactions in Type (1) and (2) mecha-
nisms were not known in detail, the light-dependent reaction
was anticipated to be in the cyclization process, in which the
exposure to UV light at 2*"* = 365 nm for 5 min led to a complete
loss of enzyme activity and change in the absorption spectrum.®
This light-dependent reaction is similar to maleimide [5 + 2]
photocycloaddition reported in ref. 6.

In our previous study,” the elementary reactions proposed in
ref. 4 were examined in low and high local dielectric environ-
ments (¢ = 1 and 78) using the density functional theory (DFT)
method with the Becke, 3-parameter, and Lee-Yang-Parr hybrid
functionals and DZP basis set (DFT/B3LYP/DZP) and the tran-
sition state theory (TST) method. The active site models
included the o-methylcinnamate (Cin) substrate, prFMN™
cofactor, and all relevant Fdc1 residues. The results confirmed
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that the Fdc1 backbone does not play an important role in the
decarboxylation reaction and that indirect cycloelimination in
a low local dielectric environment is the rate-determining step.

Literature review showed that in the past decade (2014-
2024), there were 44 published research articles reporting the
design and/or improvement of enzymatic decarboxylation in
organic syntheses, among which 30 studies focused on the
decarboxylation of a,B-unsaturated acids, and 14 studies used
the Fdcl1 enzyme in the biosynthesis of styrene and its deriva-
tives. Literature review also revealed that only 5 studies inves-
tigated the photoisomerization of the enzyme cofactors under
UV exposure, among which only one experimental study®
examined in detail the loss of the enzyme activity through the
prFMN™ — prFMN*®* photoisomerization.

Because there is no theoretical study on this photo-
isomerization reaction, to bridge the gap between the experi-
mental and theoretical knowledge, Type (1) and Type (2)
mechanisms were studied in detail using the DFT/B3LYP/DZP,
TD-DFT/B3LYP/DZP, and TST methods. To obtain insight into
the prFMN™ — prFMN*®* photoisomerization, this mecha-
nistic study focused on the molecular processes (scenarios) in
the lowest singlet excited (S;) state and on the kinetics and
thermodynamics of nonradiative reaction pathways. The theo-
retical investigation began with calculations of the equilibrium
structures and spectroscopic properties of the selected active
site models, from which the potential energy surfaces (PESs) for
prEMN™ — prFMN*®* were optimized in the S, and S, states.
The kinetic and thermodynamic properties of the PESs were
computed using the TST method. To suppress/delay the
prFMN™™ — prFMN*®* photoisomerization process, appropriate
thermodynamic conditions were suggested in order to improve
the enzymatic decarboxylation of a,B-unsaturated acids using
Fdc1.
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Fig. 1 The proposed prFMN™ — prEMNKe' photoisomerization mechanisms obtained based on high-resolution crystal structures, mass
spectrometric and kinetic experiments.® All the symbols are explained in the text. Type (1) = mechanism involving intramolecular proton transfer
in the Cf,’FMN — H—OP™N™ H_pond in prFMN'™ with four consecutive elementary reactions; Type (2) = mechanism involving intermolecular
proton transfer in the CPPMN _ 1 0CU282 H_pond between prFMNI™ and Glu282 with three consecutive elementary reactions. Int = internal

base; Ext = external base.
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Computational methods
Active site models

Because the analysis of the equilibrium structures and PESs in
our previous study’” showed that the Fdc1 backbone (Fig. 2a)
does not play an important role in the decarboxylation reaction,
the active site was modeled in this work by substituting the
carbon atoms of the Fdcl1 backbone that connect the residues
with CH, groups (Fig. 2b). For example, C3™*° is the carbon
atom of the CH; group that substitutes the carbon atom of the
Fdc1 backbone that connects the GIn190 residue. Although the

experiment suggested that prFMN™ —  prFMNE

Fdel backbone
CGlul"
R

Fdc1Pbackbone

Fig. 2
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photoisomerization is independent of the Glu277-Arg173-
Glu282 residue network,® to obtain a realistic picture, the active
site models used in this study consisted of Glu277, Arg173,
Glu282, and GIn190 and prFMN™ (Fig. 2b), regarded as the
“active site cluster.”

Equilibrium structures

The computational strategy and methods used in this study are
shown in Fig. 3. The equilibrium structures of prFMN™,
prFMN*, Glu277, Arg173, Glu282, and GIn190 (Table S11) were
optimized primarily in the S, state (step (a) in Fig. 3) using the
DFT/B3LYP/DZP method and the S, — S; energies (AE™) were

Fdcl active site

Fd¢1backbone

(a) The structures of the active site, precursor, cofactor and residues involved in the enzymatic decarboxylation of a,f3-unsaturated acid

using Fdcl enzyme and prEMN™ cofactor obtained from DFT/B3LYP/DZP geometry optimizations.” (b) An example of the model active site
cluster (St0) used in the study of the prFMN™ — prFMN¥®* photoisomerization. Dash lines show the residue network distances. Int = intra-
molecular proton transfer in the Cf,'FMN — H—>OP™N™ H_bond of prFMN™; Ext = intermolecular proton transfer in the Ci’,'FMN — H— QG282 (_
bond between prFMN'™ and Glu282; CA™9Y3, C{"190, C§Y277 and C§Y282 = carbon atoms of the CHx groups that substitute the carbon atoms of
the Fdcl backbone.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 20061-20072 | 20063
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Fig. 3 The computational strategy and methods used to study the prFMN'™ — prFMNKet photoisomerization. DFT/B3LYP/DZP = density
functional theory with the B3LYP functional and DZP basis set; TD-DFT/B3LYP/DZP = time-dependent density functional theory with the B3LYP
functionaland DZP basis set; PES = potential energy surface; TST = transition state theory; (So/S;) = intersection of the Sg and S, states; react, Int/

prod = reactant, intermediate and product, respectively.

calculated using the TD-DFT/B3LYP/DZP method. These compu-
tational methods were chosen based on our good experience and
benchmark calculations in several mechanistic studies. For
example, for the photodissociation and formation of glycine,*®
our benchmark calculations against the complete active space
multiconfigurational second-order perturbation theory (CASPT2)
method showed that the characteristic structures and energies on
the Sy and S; PESs (e.g, the transition structures and structures at
the So/S; intersection) obtained from the DFT/B3LYP and TD-DFT/
B3LYP methods were comparable with those obtained from the
CASPT2 method, and the DFT/B3LYP/DZP and DFT/B3LYP/TZP
methods yielded approximately the same equilibrium struc-
tures, relative interaction energies and energy barriers on the PESs
for bifunctional proton transfers in the hydrogen-bonds (H-
bonds) in poly(benzimidazole) (PBI) systems.*

In this work, although our model active site clusters contain
aromatic compounds, the dispersion correction was not
included in the DFT and TD-DFT calculations, because the
predominant intermolecular interactions are the H-bond and
electrostatic interactions, and there is no - interaction
directly involved on the hypothesized reaction pathways.
Because the model active site clusters used in this work are large
in view of quantum chemical methods, based on which the
energy gradients on the S, and S; PESs had to be repeatedly
calculated in the reaction pathway optimizations, to compro-
mise between the numerical accuracy and computational
resources, we decided to use the DFT/B3LYP/DZP and TD-DFT/
B3LYP/DZP methods without the dispersion correction.

20064 | RSC Adv, 2024, 14, 20061-20072

Remarks should be made on the application of the TD-DFT
method with the B3LYP hybrid functional. The TD-DFT
method has been a predominant method for excited state
calculations on large molecules. The TD-DFT method circum-
vents explicit state calculations by focusing only on excitation
energy and transition dipole moment."* However, benchmark
TD-DFT calculations revealed that pure density functionals tend
to underestimate transition energies, whereas hybrid func-
tionals such as B3LYP yield better results especially for low-lying
singlet transition states.

Practically, the presence of nearly degenerate HOMO and
LUMO energies, particularly at the intersections of the S, and S;
states, introduces spin instability, which is associated with
holes positioned below the Fermi level. The theoretical results
reported in ref. 13 demonstrated that for the photochemical
ring opening in oxirane, this problem can be avoided by
employing the Tamm-Dancoff approximation (TDA) in
conjunction with the TD-DFT method. Because the TD-DFT/
TDA method is a simplification of the full TD-DFT method, in
which the full TD-DFT equations are truncated to mitigate the
algorithmic failure due to spin instability, the computational
efficiency can be significantly increased.** Therefore, the TD-
DFT/B3LYP method with TDA was applied in the present and
all of our previous studies on large molecular systems.'>*®

Analysis of the elementary reactions in Type (1) and (2)
mechanisms® resulted in seven active site clusters. In the initial
active site cluster St0 (Fig. 1), prFMN'™ is connected to GIn190
via the N9"0_H...QP™Nm~ H.hond (Fig. 2b). The Glu277-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Arg173-Glu282 network is associated via a carboxylate—guani-
dinium-carboxylate (COO™---Gdm"---COO~) salt-bridge-type
interaction (Fig. 2b), which partly stabilizes the molecules in
the active site clusters. The equilibrium structures and AE™ of
the active site clusters were calculated using the DFT/B3LYP/
DZP and TD-DFT/B3LYP/DZP methods, respectively (Table
S27). All quantum chemical calculations were performed using
the TURBOMOLE 7.50 software package.” The absorption
spectra of the active site clusters were computed from 500
Wigner sampled structures using the NEWTON-X software
package'® interfaced with TURBOMOLE 7.50.

prFMN'™ — prFMN*** photoisomerization pathways

To simplify the discussion, the symbols shown in Fig. 1 are used
and the proposed photoisomerization pathways® are explained
in detail. Type (1) mechanism comprises four elementary reac-
tions: (1) Sto—st1™ = cP™N — H— 0PN intramolecular
proton transfer; (2) St1™ — St2™° = covalent bond dissocia-
tion; (3) St2™ — st3™* = cyclization; and (4) St3™ — St4 =
reverse protonation. For the Type (2) mechanism, only three
elementary reactions were proposed: €))]
Sto—st1™t = ¥ FMN _ H— 0282 intermolecular  proton
transfer; (2) St1¥* — St2™* = covalent bond dissociation; and
(3) st2™* — st3"™* — St4 = concerted cyclization and reverse
protonation.

To characterize the structures and energetics of the active
site clusters on the PESs, additional symbols are used; [...]™
and [...]"™" denote structures on the S, and S; PESs of the Type
(1) mechanism, respectively; [...]*%* and [...]™* denote tran-
sition structure (}) and structure at the Sy/S; intersection (§) on
the PESs of the Type (2) mechanism, respectively; AE™ = §, —

View Article Online

RSC Advances

S, energy; AE® = energy at the S,/S, intersection (§); and AE* =
energy barrier. The equilibrium structures of the active site
clusters obtained from the DFT/B3LYP/DZP geometry optimi-
zation (Table S21) were used in the elementary reaction pathway
optimization in the S; state (step (b) in Fig. 3). The elementary
reaction pathway optimization was aimed at finding the possi-
bility of the S; — S, nonradiative relaxation of the S, — S;
excited active site clusters.

Because the light-induced reaction was not clearly identified
in ref. 5, the S, — S; excited precursors for photoisomerization
were hypothesized based on the radiation wavelength used in
the experiment (A*** = 365 nm/AE™ = 3.40 eV), AE™ obtained
from TD-DFT/B3LYP/DZP calculations, and AE* for the forma-
tion of the precursors in the S, state. Herein, 7-15 structures
connecting the precursor, transition state, and intermediate/
product were optimized using a constrained optimization
algorithm™ included in TURBOMOLE 7.50. If the So/S; inter-
section was found, the pathway being optimized was refined
using the Sy/S; structure as the intermediate/product (step (c) in
Fig. 3).

Kinetics and thermodynamics of photoisomerization

Characteristic structures of the model active site clusters on the
Sy and S; PESs were used for the calculation of the rate
constants using the TST method (step (d) in Fig. 3).>**' Herein,
the quantized-vibrational rate constants (kK?"*) were computed
over the temperature range of 273-353 K using eqn (1):*

i 5
kQ»vib(T) _ kBTT gﬁPEe_A%PE/kBT 1)
ZPE

° Tot — ° (D) — 11)"s + °,(INY — (1I) + ° (1) — (V)
AG [AG ] +[AG AG ]

D" — dAD* (I1)§ — (111)

Jn=1V)' - (V)

L\(jz.m 2 %HI) .
(1"

AG’/ kJ/mol

A(J".\I)‘—-(IIW:_A(jo.(ly'-—(llrté AG 8= (1) = _AGHD« |||Iw§

\2)

AG I = (V) = AGHID = (IV)_ AGHIVI (V)

Reaction path

Fig. 4 Schematic diagram showing calculations of Gibbs free energies on the proposed “photo-to-thermal pathway” using the TST method. All
the symbol used are explained in the kinetics and thermodynamics of photoisomerization subsection. (I)* — (II)"® = relaxation of the So — S,

§

vertically excited structure ()" to structure (I)™ at the So/S; intersection; (¥ — () = (IV)¥ — (V) = relaxation of structure (1)’ at the So/S;

intersection to the equilibrium structure (V) in the Sg state.
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In eqn (1), the energy barrier (AEps) was obtained with the
zero-point vibrational energy correction. Q5pg and Q%pE are the
partition functions of the precursor and transition structures,
respectively. kg and % are the Boltzmann and Planck constants,
respectively.

The thermodynamic properties of interest were the activa-
tion free energies (AG*) and enthalpies (AH*). They were derived
from k2" (T) using eqn (2) and (3), respectively:

AGH = {m (k‘;—lT> — In fQvie( T)} RT (2)

1 A Q-vib T)=1In A =2

AS* in eqn (3) is the activation entropy and R is the gas
constant. The value of AH* is obtained from the slope of the
linear relationship between In k2*"" (T) and 1000/T. To calculate
the thermodynamic properties of the nonradiative photo-
isomerization pathway, the S, — S; excited active site clusters
were assumed to barrierlessly relax to the Sy/S; intersection and
to the structures in the S, state.

This led to the consecutive “photo-to-thermal pathway” in
Fig. 4, the (I)" — (II)" relaxation in the S; state followed by (II)®
— (1) = (IvV)* — (V) in the S, state, in which (III) = (IV)} —
(V) was assumed to be in quasi-equilibrium. Based on this
hypothesized consecutive reaction pathway, the total Gibbs free
energy (AG>™" was computed using AG* obtained from the
TST method. For (I)" — (11)", AGoW IS — _AG O DS
whereas AGOW" ™ — _(AG D" UD%8 4 oG BOR D) for ()"
— ()™ — (I). For (IN) = (IV)* — (V), AgetM=M —
AGfIr(HI)*)(IV)I _ AGriv(IV)iH(V)' Therefore, AGoTot — AGO‘(I)*H(IH)
+AG>M =M, Likewise, the Gibbs free energy for the formation
of the transition structure (IV)? in the S, state AGe™" =V — A
oM =MD 1 AGHID=MVI The same method was used to
calculate the entropy changes (AS>™) of the isomerization
reaction (system). All the kinetic and thermodynamic properties
were calculated using the DL-FIND program® included in the
ChemShell software package.*

Results and discussion

Equilibrium structures of the active site clusters

The DFT/B3LYP/DZP results show that starting from the seven
hypothesized active site clusters shown in Fig. 1, the optimized
structures are slightly changed (Table S2at), except for St2™*
and St2"*. For St2™, DFT/B3LYP/DZP geometry optimization
yielded the precursor St0 (prFMN™ in the active site cluster),
whereas starting from St2F* resulted in the product St4
(prFMN**t in the active site cluster). These results suggest that
only five active site clusters are stationary points (intermediates/
products) on the S, PESs, and St2™" and $t25** could only be the
transition structures on the reaction pathways.

Analysis of the equilibrium structures of the five active site
clusters revealed that in the S, state, the residue-to-residue (R-to-R)
distances in Fig. 2b are not significantly different, characterized by
standard deviations less than +0.15 A (Table S2bt); the average R-

20066 | RSC Adv, 2024, 14, 20061-20072
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to-R distances were calculated using the distances between the
carbon atoms of the CH; groups that substituted the carbon
atom of  the Fdc1 backbone. For example,
Regurr _cgum = 13.26 £ 0.09, Rognn_cgue = 17.11 % 0.06 A, and
Regm_camrs = 12.52 £ 0.15 A. Because our previous study’ also
revealed that the residue-to-residue distances (active site volume)
do not change significantly during the enzymatic reaction, the
lock-and-key model could explain the substrate specificity of the
Fdc1 enzyme, and the catalytic efficiency of this enzymatic decar-
boxylation reaction is partly connected to the efficiency of the
proton exchange between the substrate and Glu282, which is a part
of the conserved Glu277-Arg173-Glu282 residue network. These
results further suggested that the model active site clusters without
the Fdc1 backbone are reasonable and can be used for further
studies.

DFT/B3LYP/DZP geometry optimization further suggested
that St4 possesses the lowest total energy in the S, state, and St0
is 24 kJ mol™! less stable. The TD-DFT/B3LYP/DZP method
showed that the S, — S, energies of prFMN"™ and prFMN** are
AE®* =3.15 and 2.25 eV (A5 = 394 and 551 nm), respectively.
Comparison of AE™ in Tables S1 and S2at indicated that AE®*
of St0 is red-shifted from that of prFMN™; AE™ of St0 is 0.55 eV
(~83 nm red-shifted) lower than that of prFMN™, whereas AE™
of St4 and that of prFMN*®* are almost the same. The red-shift is
hypothesized to result from strong H-bond interaction between
erMNim and residues in the S; state; based on TD-DFT calcu-
lations on the camphorsulfonic acid doped polyaniline,* the
electronic spectral red- and blue-shifts could be induced by the
excited state H-bond dynamics, for which strong H-bond
interaction in the excited states leads to an increase in the
oscillator strength and red-shift.

Analysis of the HOMOs and LUMOs in Fig. 5a suggested that
while the electron density distributions for prFMN"** in the S,
and S, states are not substantially different, those for prFMN™
are significantly different, especially for the HOMOs, which are
characterized by a lower m-character in the phenyl ring. The H-
bond formation between the cofactor and residues results in
nearly the same electron density distributions in the S, and S;
states for St0 and St4 (Fig. 5b); in the S, state, electron density
distributions for St0 and St4 are extensive in the Glu277-
Arg173-Glu282 network, whereas in the S; state, the electron
densities at the cofactor are the highest, resulting in an increase
in the m-character at the cofactors. This could explain why AE®™
for St0 and St4 are not significantly different (Table S2at), AE®™
= 2.60 and 2.69 eV, respectively.

Remarks should be made on the HOMOs of the Glu277-
Arg173-Glu282 network in Fig. 5b. The extensive charge (elec-
tron density) distributions in the S, state within the Glu277-
Arg173-Glu282 network reflect the predominant electrostatic
interactions in the COO™---Gdm"---COO~ salt-bridge; Gdm"
stabilizes the two carboxylate anions. Because similar COO™ -+
Gdm"---COO~ salt-bridges were found in many protein struc-
tures, and theoretical studies have shown that the Gdm"---
COO™ attractive interaction affects the ligand recognition and
binding, as well as enzyme folding and activity, the COO™---
Gdm'--COO~ salt-bridge with specific electrostatic interaction
could be synthesized and applied, for example, in drug design;

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Gdm" derivatives have already been used to treat various
deceases related to muscle weakness, cancer and diabetes.?®

Potential energy surfaces for prfFMN'™ — prFMN*®

photoisomerization

The structures and energies of the active site clusters on the S,
and S; PESs obtained from the DFT/B3LYP/DZP and TD-DFT/
B3LYP/DZP reaction path optimization (Fig. S1-S6t) are
analyzed in detail. To study the possibility of St2'™ and St2®*
being the S, — S; photoexcited precursors in the [5 + 2] pho-
tocycloaddition, as proposed in ref. 6, the PESs for St0 — St1™*
— St2™fand St0 — St1™* — St2“in the S, state were primarily
calculated; the intra- and intermolecular proton transfers and
covalent bond dissociation occurring in the S, state serve as
prerequisites for the light-dependent cycloaddition in Type (1)
and Type (2) mechanisms,® respectively.

The results showed that both 5t0 — St1™" — 5t2™ and St0
— St1™* — St2™* involve extraordinarily high energy barriers
in the S, state, especially for the covalent bond dissociation, AE*
= 456.4 and 435.9 k] mol™" (Fig. S1b and S2b, respectively).
Based on these findings and the observations that St2™" and
St2™* are not stationary points with S, — S; energies signifi-
cantly different from the experimental radiation wavelength
(2% = 365 nm/AE™ = 3.40 eV),® these two active site clusters
were ruled out from further study; TD-DFT/B3LYP/DZP single
point calculations suggested that for St2™ and St2F, AEF* =
2.96 and 1.88 eV, respectively (Table S2af).

Similarly, because the intra- and intermolecular proton
transfers (St0 — St1'™ and St0 — St1™*) possess high energy
barriers in the S, state, AE* = 262.6 (Fig. Slat) and
125.7 k] mol " (Fig. S2at), respectively, it is unlikely that St1™"
and St1¥ serve as the photoexcited precursors for S, — S;. To
study the possibility of St0 being the S, — S; photoexcited
precursor, UV-visible absorption spectra were calculated at 277
and 300 K using 500 Wigner sampled initial conditions. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

results in Fig. 6 show two outstanding peaks, e.g., at 300 K, 1*>

= 384 and 474 nm. Because the structured peak at A*** =
384 nm is close to the radiation wavelength used in an experi-
ment,’ St0 was chosen as the S, — S; photoexcited precursor for
Type (1) and Type (2) mechanisms.

The PESs obtained from reaction path optimization show
that the S — S; vertically excited structure barrierlessly relaxes
to the structure at the S,/S; intersection (StO* — St0™* in
Fig. S3at). The S, PES (Fig. S41) illustrates that after the S; — S,
nonradiative relaxation, the intramolecular proton transfer
(sto® — Sto-[1]™" — St1™") in the Type (1) mechanism possesses
a rather high energy barrier, AE* = 209.5 kJ mol ', whereas
AE* = 86.9 k] mol " is for the intermolecular proton transfer
(sto® — Sto1]™* — St1™% in the Type (2) mechanism
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Fig. 6 The UV-visible spectra of the model active site cluster StO
(prFMN'™ in the residue network) obtained based on 500 Wigner
sample structures at 277 and 300 K.
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(Fig. S5at). Hence, one can conclude that the external base
pathway is energetically more favorable than the internal one,
and only the Type (2) mechanism is further discussed in detail.

To test the hypothesis that the red-shift in AE™ for St0
compared to that of prFMN™ results from strong H-bond
interaction between the prFMN™ cofactor and residues in the
S, state, the variation of the NS"M°C_H...oP™N-— 1 hond
distance in the S; state was analyzed as an example.
The results revealed that on the S; PES (Fig. S3at), while the
Ryomoo_py...oremn-  H-bond  distance decreases, the Rygcio_y
distance increases (Fig. S3bt), reflecting an increase in the
NEIN190_gy...QPMN~ H.hond strength (red-shift) in the S, state
towards the S,/S,; intersection.

Because St2™‘ had already been excluded from the photo-
isomerization pathway, an attempt was made to bypass this
active site cluster. The results showed that after the S; — S,
nonradiative relaxation at the Sy/S; intersection (Fig. S3at) and
c FMN _ H— 06282 jptermolecular proton transfer from
prFMN" to Glu282 (Fig. S5at), the S, PES shows a low energy
barrier for St1%* — St3™¢ AE* = 11.2 kJ mol* (Fig. S5b¥),
represented by concerted NE™N-CE™™ and ¥ FMN _ GprEMN
covalent bond dissociation and formation in Fig. 7a, respec-
tively. This concerted process can be collectively regarded as
“ring expansion.” To complete the formation of the St4 product
(prFMN*" in the active site cluster), the S, PES for the reverse
protonation from Glu282 to prEMN™ (5t3™" — St4) has AE* =
63.9 k] mol™" (Fig. S5ct). The potential energy profile, which
bypasses St2™, is regarded as the Type (3) mechanism shown in
Fig. 7b.

The analysis of the H-bond distances, local valence charge
densities and energetics in the high-energy barrier intermolec-
ular proton transfer process (St0-[1]™* — st0-[1]""* — St1™%)in
Fig. 7c reveals that although the C?"™" — H---0%""22 H-bond in
StOL1]™ (R . oem = 2.18 A) is longer than the
0CM282_H...oPMN H.bond in St1%¢ (Rpeues_yy... e = 1.52 A),
due to the strong electrostatic interaction between Glu282 and
prEMN™, St0-[1]™ is more stable than St1™, It also appears
that proton transfer to one of the COO™ groups in the COO™---
Gdm'---COO~ salt bridge leads to a strong decrease in the
electrostatic interaction between Glu282 and prFMN™, recog-
nized from a reduction of the local valence charge density at the
COOH group of $t1¥, and the high-energy barrier in St0-[1]™
— St0-1]"" — $t1™" could be attributed the C"™ —H
covalent bond breaking.

Because the Type (1) mechanism® has been established in this
work to be energetically not favorable, to search for an alternative
internal base pathway, the S, PES directly connecting structure
Sto® at the S,/S; intersection and St4 (St0° — St4) was optimized.
It appeared that St0° — Sto-{1]47" — sto[1]%"" — St4

mechanism and potential energy profiles involving the So — S; exci-
tation of St0 and concerted CH™N —H—NE™ intramolecular
proton transfer in prFMN'™ and ring expansion. The characteristic
structures are shown in detail in Table $2.7 (...)% = St =S5 — S, vertical
excitation energy; (...)%% and (...)} = relative and transition energies on
the PES; (...)%% = difference between the total energies in the So and
S, states at the So/S; intersection.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S6T) can occur without proton exchange between the
prFMN™ cofactor and the Glu282 residue. This internal base
pathway (Type (4) mechanism shown in Fig. 7d) involves
concerted CI;,YFMN — H—N"™N intramolecular proton transfer,
NETFMN_c, PTFMN and Cf,r FMN _ cPPMN ¢ovalent bond dissociation

and formation, respectively, with AE* = 31.7 kJ mol " (Fig. 7e).
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Thermodynamics of the elementary reactions

To study the kinetic and thermodynamic properties of the two
energetically favorable pathways, the characteristic active site
clusters in Type (3) and Type (4) mechanisms shown in Fig. 7
were used in TST calculations, and the results are summarized
in Tables S3-S5.7 The results discussed are included in Tables 1

Table 1 Thermodynamics of the elementary reactions for the external base prFMN'™ — prFMN*®t photoisomerization (Type (3) mechanism),

obtained from the DFT/B3LYP/DZP, TD-DFT/B3LYP/DZP and TST methods. AG® and AH® =

Gibbs free energy and enthalpy in kJ mol™; AS® =

entropy in kJ mol™ K™ AG® ™" = total reaction Gibbs free energy for prFMN™ — prFMN*®* and; AS®®* = reaction entropy of all the elementary

processes; T = temperature in K

Intermolecular proton transfer

Ring expansion Reverse protonation

" 3 Ivpe 3 -
a) \M_M"AvQ sto-fijn I'ype (3) b Type (3) c Type (3)
/S, d
Sto¥
hv Eatd 13Est)
s St4
St0 >
= m “r)_wxm'\’
SH0"SHO-[1]E% | St0-[1]E¥—St0-[1]Fxt! StIEN S Ext St1Est_,§3Ext SE3EM_,GE3EM SEIEI_,GegEx
i T
AG AS* AG AS AG AS’ AG AS* AG* As* AG AS° AG AS
-164.8 | -4.56x102 87.0 -2.82x102 220 | -1.28x10" 1.0 | 7.85x10% | -197.1 | 3.73x10% 226 | 131x100 | 270 | -4.19x102
298 -
298 e T | e AG =-2419 208 AG' ™= 2263
AS =-7.37x10? AG" =-55.8 AS” =-1.64x10"! AS*Rx=_7.45x102
AS"=-2.02x10"! K™= 1.87x107

Table 2 Thermodynamics of the elementary reactio

obtained from the DFT/B3LYP/DZP, TD-DFT/B3LYP/DZP and TST methods. AG® and AH® =

ns for the internal base prFMN™ — prFMN¥®t photoisomerization (Type (4) mechanism),
Gibbs free energy and enthalpy in kJ mol™%; AS® =

entropy in kd mol™ K™%, AG®T°" = total reaction Gibbs free energy for prFMN™ — prFMN¥®t and; AS®®* = reaction entropy of all the elementary

processes; T = temperature in K

2511

Intramolecular proton transfer and ring expansion

: Type (4)
St0—[ lgldirect.#

St0-{1 o N
: =:2.01x%

St0 : St4
e

St0* —St0-[1]direct St0-[1]direct St (Q-[1 ]directs St0-[1]directt— St4

T
AG* AS’ AG' AS' AG' AS'
-201.7 -6.53x102 70.1 -1.36x10"! -94.7 1.27x10!

298

AG®

-131.6

AS’

2.01x10

AG*Tot=-226.3

AS™Rx =-7.43x102
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and 2. Analysis based on the photo-to-thermal pathway in Fig. 4,
0" — ()™ Y1) — (1), revealed that for the Type (3) mecha-
nism at 7 = 298 K, although the entropy for the formation of
St0-[1]%* is negative (ASe®W* 70V = _7.4 x 1072 kJ mol %), the
high exothermic relaxation energy for St0” — St0® — Sto-[1]™
(AR~ — _178.4 k] mol ™! in Table 1a) allows the spon-
taneous formation of this high energy-barrier transition state
with AGoW* ! = _77 7 kJ mol .

Based on the same approach, the total Gibbs free energy and
reaction entropy for the prFMN™ — prFMN*®* photo-
isomerization via the Type (3) mechanism were computed to be
AGO™" = —226.3 k] mol™* and ASO®* = —7.5 x 1072 k] mol*
K™' at 298 K (Table 1c). For the Type (4) mechanism,
AW =MD — 529 1 AGO™ = —226.3 k] mol !, and ASO® =
—7.4 x 1072 k] mol™" K™, with the spontaneous formation of
sto-{1]4reett AGoW IV — _131,6 k] mol " (Table 2). There-
fore, based on the values of AG™" ™)} of the rate-determining
step, the Type (4) mechanism is thermodynamically more favor-
able than the Type (3) mechanism. Because AG>"™" and AS*™ of
Type (3) and Type (4) mechanisms are the same (Tables 1 and 2,
respectively), the hypothesized photo-to-thermal pathway in
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Fig. 8 (a) and (b) Correlations between 1,,,°V® and T, and In kP
and 1/T for the rate determining step (StO-[11%¢ — St0O-[11%* in
Fig. 7(b) in Type (3) mechanism obtained from the TST method,
compared with experiment.5 71,,'°%7 and k'°*T = half-life and first-
order rate constant for the loss of enzyme stability at 273 K;5 71,,'°"Y
and K'YV — half-life and first-order rate constant for the loss of
enzyme activity due to UV radiation at 365 nm;5 7;,,%™® and k2P =
half-life and first-order rate constant for the rate-determining inter-
molecular proton transfer (St0-[11%* — St0-[11*%) in Fig. 7(b).
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Fig. 4 is validated and the applicability of the TST method is
confirmed.

Kinetics of elementary reactions

To correlate the theoretical results with the experimental data®
and to explore the possibility of improving the enzyme effi-
ciency of Fdel, the rate constants (k2¥"°) for Type (3) and Type
(4) mechanisms (Tables S3 and S4,} respectively) were analyzed
and discussed in detail. The experimental rate constants
revealed that the enzyme activity of Fdcl purified in the dark
was slightly higher than that under visible light, £°** = 9.3 + 0.1
and 7.6 & 0.2 s, respectively, and when Fdc1 was prepared in
the dark, the enzyme activity remained constant for many
hours. However, direct exposure of the Fdc1 enzyme incubated
in the dark with UV radiation at A = 365 nm for ~5 min led to
a complete loss of enzyme activity and a change in the UV-
visible spectra.

The experimental results also showed that after purification,
Fdc1 incubated on ice resulted in a loss of enzyme stability with
a half-life 7,,,'°°*7 = 30 min. Based on the assumption that the
loss of enzyme activity at 273 K follows the first-order kinetics,
1557 = 0.693/1,,,'°%%7 = 3.85 x 10~* s, In addition, assuming
that the photochemical experiment® was conducted at room
temperature, the complete loss of enzyme activity due to UV
radiation is approximated to be 'YV = 300 s, with the rate
constant K%Y = 1/7'°%" = 3.33 x 10 ° s~ at 298 K. The
value of £V is compatible with the rate-determining step in
the Type (3) mechanism; for the C2™ — H— 06282 intermo-
lecular proton transfer from prFMN™™ to Glu282, k2""® = 3.53 x
10 % s at 298 K (Table S37).

Although the internal base pathway in Type (4) mechanism is
energetically and thermodynamically more favorable than Type
(3) mechanism, the concerted rate-determining process is too
fast compared with the experimental rate constant, k2" = 3.26
x 10° s~ compared with K%YV = 3.33 x 10% s ' at 298 K.
Therefore, Type (3) mechanism, which requires an external
base, is likely to represent the prFMN™ — prFMN*®* photo-
isomerization mechanism.

Balance between the loss of enzyme stability and the efficiency
by UV radiation

Based on the above discussion on the theoretical and experi-
mental data,® to reduce the prFMN™ — prFMN* photo-
isomerization rate without substantial loss of the Fdc1 stability,
an appropriate enzymatic decarboxylation temperature should
be chosen; an effective enzymatic decarboxylation using Fdcl
could be achieved by slowing down the photo-to-thermal
process (formation of the high-energy barrier transition state)
in Type (3) mechanism, compared with the enzymatic decar-
boxylation rate.

To recommend the appropriate temperature, at which the
styrene production is kinetically controlled in the presence of
UV radiation, the plot of the half-life for the formation of the
high-energy barrier transition state (,,%"'?) versus T and the
Arrhenius plot for this photo-to-thermal pathway were con-
structed over the studied temperature range and are shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8. Fig. 8a shows that 7,,2"" varies exponentially over the
temperature range of 273-298 K. Thus, to balance between the
loss of the enzyme stability at 273 K and that under UV irradi-
ation, the appropriate temperature should be in this tempera-
ture range, 7,/,'°*” = 1800 (T = 273 K) and 7,,'**"¥ = 208 s (T
= 298 K).

As a rule of thumb, the rate of chemical reaction doubles if
the temperature increases by 10 K. Therefore, the experimental
rate constants to produce styrene in this temperature range are
kK = 3.00 and 7.60 s, and the rate constants for the
CP™MN — H—0%28 intermolecular proton  transfer (rate
determining step for prFMN™ — prFMN*") are k2" = 1.98 x
107* s (273 K) and 3.53 x 107 % s' (298 K).

The Arrhenius plot in Fig. 8b reveals that in this temperature
range, K7 =3.85 x 10 * s (T =273 K) and K°**"Y = 3.33 x
10~% s~ (T = 298 K), and the optimal temperature should be at
T =285 K with k2"™® = 8.16 x 10~* s * for the photo-to-thermal
pathway. Therefore, the enzyme activity of Fde1 purified under
visible light at 285 K is approximated to be k** = 3.8 s™'. This
experimental rate constant is ~4600 times larger than the rate-
determining step for prFMN™ — prFMN*" at the same
temperature, and styrene production becomes Kkinetically
controlled in the presence of UV radiation at this temperature.

Conclusions

The enzymatic decarboxylation of a,B-unsaturated acids using
the Fdel enzyme and prFMN cofactor is a potential, environ-
mentally friendly reaction for the biosynthesis of styrene and its
derivatives. However, an experiment indicated that the enzyme
activity of Fdcl depends on the ring structure of prFMN,
namely, the iminium and ketimine forms, and the loss of the
enzyme activity results from the prFMN™ — prFMN*** photo-
isomerization with the light-dependent reaction suggested to
occur in the cyclization process.

Herein, to obtain insight into the prFMN'™ — prFMN**
photoisomerization process and to improve the enzyme effi-
ciency of Fdcl, two proposed photoisomerization mechanisms
with different proton sources for the acid-base reaction were
studied using theoretical methods. This mechanistic study
focused on the photoisomerization pathways in the S; and S,
states and on the kinetics and thermodynamics of the photo-to-
thermal process in the active site of Fdcl. Analysis of the
equilibrium structures of the model active site clusters revealed
that because the active site volumes (residue-to-residue
distances) obtained from the DFT/B3LYP/DZP geometry opti-
mization were not significantly different, the model active site
clusters without the Fde1l backbone were proved to be reason-
able and can be used in the study of the enzymatic decarbox-
ylation process.

The PESs calculated from the DFT/B3LYP/DZP and TD-DFT/
B3LYP/DZP methods suggested that the light-dependent reac-
tion occurs in the rate-determining proton transfer process
(acid-base reaction), and the mechanism involving intermo-
lecular proton transfer between prFMN™ and Glu282 (external
base) is energetically more favorable than that involving intra-
molecular proton transfer in prFMN'™ (internal base). The light-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dependent reaction was confirmed by the calculated UV-visible
spectra to be a high-energy-barrier proton transfer process, for
which the S, — S; photoexcited precursor is St0 (prFMN™ in
the active site cluster). The thermodynamic results obtained
from the TST method suggested that the exothermic relaxation
energy in the photo-to-thermal process in the Type (3) mecha-
nism can promote the spontaneous formation of the high-
energy-barrier transition state.

Based on the analysis of the theoretical and experimental
data, effective enzymatic decarboxylation of the a,B-unsaturated
acids using Fdel could be achieved by slowing down the
formation of the undesirable thermodynamically favorable
product (prFMN*®"). Because the kinetic results suggested that
the rate constant of formation of the high-energy-barrier tran-
sition state varies exponentially over the temperature range of
273-298 K, and because the experiment showed that incubating
Fdc1 on ice could result in complete loss of enzyme stability, it
is recommended to perform the decarboxylation reaction at 7=
285 K. This temperature allows for kinetically controlled styrene
production in the presence of UV radiation, thus addressing the
balance between enzyme stability loss at 273 K and under UV
radiation. The computational strategy and fundamental
insights obtained in this study could serve as guidelines for
future theoretical and experimental investigations on the same
and similar photochemical systems.
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