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ABSTRACT: Naturally occurring photoenzymes are rare in
nature, but among them, fatty acid photodecarboxylases derived
from Chlorella variabilis (CvFAPs) have emerged as promising
photobiocatalysts capable of performing the redox-neutral, light-
induced decarboxylation of free fatty acids (FAs) into C1-
shortened n-alka(e)nes. Using a hybrid QM/MM approach
combined with a polarizable embedding scheme, we identify the
structural changes of the active site and determine the energetic
landscape of the forward electron transfer (fET) from the FA
substrate to the excited flavin adenine dinucleotide. We obtain a
charge-transfer diradical structure where a water molecule
rearranges spontaneously to form a H-bond interaction with the
excited flavin, while the FA’s carboxylate group twists and migrates away from it. Together, these structural modifications provide the
driving force necessary for the fET to proceed in a downhill direction. Moreover, by examining the R451K mutant where the FA
substrate is farther from the flavin core, we show that the marked reduction of the electronic coupling is counterbalanced by an
increased driving force, resulting in a fET lifetime similar to the WT, thereby suggesting a resilience of the process to this mutation.
Finally, through QM/MM molecular dynamic simulations, we reveal that, following fET, the decarboxylation of the FA radical
occurs within tens of picoseconds, overcoming an energy barrier of ∼0.1 eV. Overall, by providing an atomistic characterization of
the photoactivation of CvFAP, this work can be used for future protein engineering.
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■ INTRODUCTION
The synergy between bio- and photocatalysis offers numerous
benefits and intriguing challenges,1−3 and photobiocatalysis
using enzymes has gained significant interest over the past few
decades. This interest is driven by a dual objective: to extract
new functions from known enzymes and to develop new
enzymes that facilitate essential biological reactions.4−11 Unlike
enzymes with latent photochemical activity that can be
engineered for photocatalytic reactions,12 in natural photo-
enzymes, a prosthetic cofactor within the enzyme’s active site
becomes excited upon light absorption and promotes electron
or energy transfer to convert an organic substrate into a given
product.13−15

Among the very few examples of known natural photo-
enzymes, the fatty acid photodecarboxylase (FAP; see Figure
1a),16,17 discovered in the microalgae Chlorella variabilis
(CvFAP) NC64A, stands out for its ability to perform redox-
neutral, light-induced decarboxylation of free fatty acids (FAs)
into C1-shortened n-alka(e)nes. This process, triggered by the
photoexcitation of a flavin adenine dinucleotide (FAD)
cofactor noncovalently bound to the protein, has promising
applications in the production of chemicals, pharmaceuticals,
cosmetics, and, most importantly, biofuels.18−21 Though

CvFAP shows a marked preference for mid- to long-chain
FAs (i.e., the highest activity was observed for the C16−C17
chain length), over the years, researchers have shown that wild-
type (WT) FAPs can be used to synthesize biofuels from
triglycerides,22 long-chain aliphatic amines and esters from
FAs,23 and many other hydrocarbons.24−26 Moreover,
considerable efforts have been made to expand the substrate
scope via reaction condition engineering to operate on short
and medium carboxylic acids,27 via enzyme engineering,
thereby expressing FAP mutants to improve the catalytic
activity toward medium- to long-chain FAs,28 or to produce
biogas, such as propane and butane.29 Recently, Yang and co-
workers have demonstrated that FAPs can be repurposed to
catalyze novel stereoselective radical reactions in naturally
occurring photoenzymes.30 By employing rational enzyme
engineering and directed evolution on CvFAP, they developed

Received: September 16, 2024
Revised: November 29, 2024
Accepted: December 4, 2024
Published: December 18, 2024

Articlepubs.acs.org/jacsau

© 2024 The Authors. Published by
American Chemical Society

158
https://doi.org/10.1021/jacsau.4c00853

JACS Au 2025, 5, 158−168

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Londi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Salvadori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrizia+Mazzeo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Cupellini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benedetta+Mennucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c00853&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00853?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00853?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00853?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00853?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00853?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/5/1?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/1?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/1?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/1?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


a series of stereoselective radical photocyclases, thereby
suppressing the n-alka(e)ne R−H product and leading to
radical C−C bond formation. These studies clearly indicate
that a comprehensive understanding of the mechanism of
CvFAP’s photoactivation, as well as the characterization of the
role of the environment in this process, is highly valuable for
establishing clear principles to guide the design of optimized
functionalities through mutations.
In their seminal study, Sorigue ́ et al. provided a detailed

characterization of the FAP’s catalytic cycle by combining
crystallographic and spectroscopic techniques, supported by
computational studies.17 As in Figure 1b showing the enzyme’s
active site as found in the crystal structure of the WT CvFAP,
the carboxylate group of a stearic acid in its deprotonated form
(R-COO−, where R = C17H35) is stabilized near the FAD

cofactor by H-bonding interactions with two water molecules,
Wat1 and Wat2, and the side chains of two neighboring
residues, R451 and N575. Upon blue-light irradiation, the FAD
chromophore is excited to a singlet excited-state 1FAD* that
oxidizes the carboxylate group of the FA. The resulting forward
electron transfer (fET) is very efficient with a quantum yield
(QY) > 80%, leading to the formation of the anionic
semiquinonic FAD•− and the R-COO• radical species. By
means of ultrafast transient fluorescence and absorption
spectroscopy, the authors confirmed what was previously
found by performing temporal lower-resolution measure-
ments:16 the 1FAD* is quenched in ∼300 ps, and the
formation of FAD•− is concomitant with 1FAD* decay.
Quantum-chemical calculations proposed that upon photo-
excitation Wat1 close to the flavin rearranges and forms a H-
bond with N5 of FAD, thus driving the electron transfer.
Moreover, by using time-resolved infrared spectroscopy, it was
observed that CO2 begins to develop in the active site with the
same time scale as the 1FAD* quenching, meaning that the
decarboxylation process is rate-limited by the fET. At last, the
CO2 dissociation was found to be barrierless.
Starting from these findings, in this work, we provide an

atomistic characterization of the protein-driven structural and
energetic features of the photoactivation of CvFAP. To reach
this goal, we integrate hybrid quantum mechanics/molecular
mechanics (QM/MM) strategies,31−34 within static and
dynamic descriptions of the fET process and the subsequent
decarboxylation process, as depicted in Figure 1c. From our
QM/MM simulations, we determine that the fET process
involves a charge-transfer (CT) state where Wat1 rearranges
and forms a H-bond interaction with the N5 of the excited
flavin. Such a rearrangement of Wat1 is a direct consequence
of a H-bond disruption between Wat1 and the twisted
carboxylate group of the FA substrate. Yet, the fET takes
place before Wat1 has completed its rearrangement. In the WT
CvFAP, this occurs when the electronic interaction between
the FA and excited flavin is still significant. We also find that
the rearrangement of Wat1 stabilizes the CT state energy and,
together with the FA’s structural repositioning, provides the
required driving force for the fET to occur in a downhill
fashion. To deepen the characterization of the fET process in
CvFAP, we also investigate the impact of an R451K mutation,
where the presence of a protonated lysine (instead of an
arginine) and more water molecules in the active site (with
respect to the WT) contributes to keeping the FA substrate

Figure 1. (a) Wild-type CvFAP (RSCB PDB entry: 6YRU), where the
FAD cofactor and the two stearic acids are shown, while protein loops
are represented with different colors: the N-terminal domain (light
blue) is responsible for the binding and stabilization of the FAD
cofactor; the C-terminal domain (magenta) for the substrate/product
trafficking; in yellow, the interdomain residues; (b) a zoom on the
enzyme’s active site as found in the crystal structure in the dark at 100
K; and (c) the catalytic steps studied in this work: (I) the forward
electron transfer (fET) and (II) the decarboxylation process as a
result of a C−C bond cleavage.

Figure 2. (a) The structure of the wild-type CvFAP active site optimized (a) at the ground state [FAD R-COO−] and (b) at the CT diradical state
[FAD•−R-COO•]. Black-dashed lines represent the H-bond network formed by the fatty acid’s carboxylate group and the two water molecules,
Wat1 and Wat2.
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farther from the excited flavin. We find that the reduced
electronic interaction between the two molecular partners is
counterbalanced by a much larger driving force, making the
fET possible with a lifetime comparable to the WT. Thus, the
reduced catalytic activity measured in the R451K mutant
should be sought in other steps of the cycle, as our data suggest
a resilience of the fET process to this specific mutation. Finally,
by investigating the decarboxylation in the WT CvFAP with
both static and dynamic QM/MM approaches, we show that
the process involves an energy barrier of ∼0.1 eV that is
overcome in tens of picoseconds, in agreement with a recent
computational study.35

■ RESULTS AND DISCUSSION

Structural Rearrangements upon FAD Excitation

Figure 2a displays the WT CvFAP active site in the [FAD R-
COO−] optimized structure as obtained by using a QM/MM
model based on density functional theory (DFT) (see the
Methods section for details). By choosing as the QM region
the C9−COO− fragment of the FA, the flavin isoalloxazine
core, the protonated R451 residue, Wat1 and Wat2, we found
that, with respect to the crystal structure (Figure S1), the most
substantial rearrangements involve the distances between the
two water molecules and their H-bond partners, namely the
carbonyl backbone of S573 and S574 and the side-chain amide
of Q486 (Table S1). We also note that the so-called “butterfly
bend angle” of flavin is increased by ∼6° compared to what
was found in the crystal structure (23.2° vs 17.4°), which
influences the vertical electron affinity (see the discussion in
the Supporting Information and Table S2). Additionally, the
FA’s dihedral angle O1−C1−C2−C3 planarizes reaching 8°,
thereby forming a much stronger H-bond interaction with the
side-chain amide of N575. This complex H-bond network
formed by the FA’s carboxylate group with neighboring
residues and water molecules is meant to avoid an over-
stabilization due to the presence of the protonated R451 and
an inactivating bidentate interaction. We anticipate that upon
fET the flow of the negative charge toward the flavin core
reduces the electrostatic interaction between the FA’s
carboxylate group and the protonated R451, leading to a
subsequent rearrangement of the FA’s structure.
To have a consistent description of the locally excited (LE)

state on the flavin core and the CT state, as well as their
relative energy ordering at the different optimized scenarios,
we used the Tamm−Dancoff approximation (TDA) formula-
tion of time-dependent (TD) DFT. This choice was suggested
by previous computational works on photoinduced electron
transfers in light-harvesting complexes and flavin-based
photoreceptors.36,37 TDA DFT QM/MM optimization of the
[1FAD* R-COO−] structure (see the Methods section), where
the flavin is photoexcited to a π → π* LE state, results in little
change from the ground-state [FAD R-COO−] optimized
scenario. On the other hand, major rearrangements take place
in the CT diradical system [FAD•− R-COO•] generated after
the fET from the FA to the excited flavin in its LE state. As
shown in Figure 2b (Table S1), the most striking structural
rearrangements for the optimized CT state are (i) the
formation of a H-bond between N5 of FAD and Wat1; (ii)
the twist of the FA’s dihedral angle O1−C1−C2−C3 from 6 to
62°. In particular, the hydrogen bond distance between Wat1
and N5 of FAD changes from 2.97 Å at the ground state [FAD
R-COO−] to 1.79 Å at the CT state [FAD•− R-COO•], while

that one between the Wat1 and O1 of FA changes from 1.77 to
4.18 Å. As a result of the fET and a reduced electronic density
on the carboxylate group, the electrostatic interaction between
the neutral, radical FA and the protonated R451 is mitigated.
In such a conformation, the twisted carboxylate group is also
less stabilized by H-bond interactions with waters and
neighboring residues: it keeps the H-bond interactions (though
weaker) with Wat2 and the side-chain amide of R451 and
forms a new, weak one with the side-chain thiol of C432,
thereby hinting at a possible role of the C432 residue in the
stabilization of the CT diradical system [FAD•− R-COO•].
In Figure 2b, it is interesting to observe how, by means of

our QM/MM optimization of the CT diradical state, Wat1
spontaneously rearranges at the excited state and forms a new
H-bond with N5 of FAD, in response to a H-bond disruption
between the carboxylate group and Wat1 itself. These
structural changes have profound implications for the enzyme’s
catalytic function that will be discussed in the next section. Yet,
we anticipate that the progressive spacing between the FA’s
carboxylate group and the excited flavin will have a dramatic
effect on their electronic coupling.
Forward Electron-Transfer Mechanism and Timescale
We turn our discussion to the analysis of the excited-state
potential energy surfaces (PES) of the LE and CT states. At
each of the optimized structures, we performed a polarizable
embedding QM/MM energy calculation (see the Methods
section). Additionally, by exploiting a geodesic interpolation
algorithm,38 we generated intermediate structures, thereby
building a reaction pathway connecting the three optimized
structures (see the Supporting Movie).
As can be seen in Figure 3, the lowest-lying LE state (red

solid line) is at 3.27 eV at the Franck−Condon structure of
[FAD R-COO−], while the CT state (solid blue line) is
significantly higher at 4.40 eV. We note that, between these
two states, there are two more LE states at 3.75 eV (a mixed π
→ π*/n → π* state) and at 3.81 eV (a π → π* state) in
agreement with a recent benchmark study on flavin’s low-lying
excited states.39 The electronic coupling VET (gray stars in
Figure 3) between the LE and CT states at the Franck−
Condon structure amounts to 18 meV. As the system evolves
toward the optimized LE state minimum [1FAD* R-COO−]
(the vertical dashed line in Figure 3), the energy of the LE
state decreases to 2.99 eV, and VET with the higher-lying CT
state slightly increases to 23 meV. Again, above the low-lying
LE state, two additional LE states lie at 3.68 and 3.79 eV, but
due to these higher energies, we do not expect them to
participate in the fET process. At its minimum geometry, the
CT state [FAD•− R-COO•] becomes the lowest excited state
at 2.69 eV. Here, VET has dramatically collapsed to 0.1 meV, as
the FA’s carboxylate group rolls away from the flavin core. In
Figures S2 and S4, we report the natural transition orbitals,
which clearly show the characters of the different excited states
for the three optimized scenarios.
With the data at hand (Table S3), we calculated the fET rate

for the process [1FAD* R-COO−] (2) → [FAD•− R-COO•]
(3) by using the semiclassical Marcus theory,40,41 which reads
as follows
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where ℏ is the reduced Planck’s constant, kB is the Boltzmann
constant, T is the temperature, λ is the reorganization energy
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computed as the average between the forward and backward
relaxation energies, and ΔE is the LE-CT energy difference.
Despite its approximations, the Marcus theory has been
successfully applied to describe electron-transfer processes in
numerous biological systems.37,42−44 Here, its application is
particularly well-justified, as the electronic couplings are
significantly smaller than the reorganization energies (VET ≪
λ). Moreover, it is interesting to note that, within the
framework of the Marcus theory, in our case, the ET occurs
at the crossing between the LE and CT PES, where VET is still
high (Figure 3) and the FA’s carboxylate group is close to the
flavin core at 3.5 Å. By monitoring the IP and EA evolution
along the reaction pathway (Figure S5), it can indeed be
observed that immediately after the LE-CT crossing, the IP of
the deprotonated FA becomes smaller than the IP of the flavin:
it becomes thus easier to remove an electron from the HOMO
of the deprotonated FA than that of the flavin. The parameters
feeding the Marcus theory’s equation to describe the fET were
computed at the polarizable embedding QM/MM level
obtaining λ = 1.44 eV, ΔE = −0.30 eV, and VET = 20 meV
at the LE-CT crossing. From these data, we obtained a rate of
κfET = 8.4 × 108 s−1, which translates into a timescale for the
fET of 1.2 ns, in reasonable agreement with the experimental
observation of ∼300 ps, though 4 times larger.
To investigate the origin of such an overestimation, we

checked the numerical robustness of the calculated parameters
by recalculating them with a different exchange−correlation
functional. The two DFT functionals here tested (namely
ωB97X-D and CAM-B3LYP) have been largely used to
characterize electron/charge-transfer processes involving flavin
derivatives.39,45,46 We initially examined the magnitude of the
electronic coupling VET, but we observed no significant

difference. In fact, at the LE-CT PES crossing, we calculated
VET = 18 meV compared to 20 meV (Table S3 and Figure S6),
concluding that the magnitude of VET does not depend on the
QM/MM level of theory. Even the reorganization energy λ was
found to be consistent between the two chosen functionals: λ
= 1.49 eV compared to 1.44 eV. Here, we note that our model
is expected to underestimate the λ value because the
contribution of the nuclear reorganization of the outer sphere
is missing as the environment was kept frozen during the QM/
MM optimizations. Conversely, the fast electronic response of
the environment to the LE → CT transition is correctly
captured by our polarizable embedding QM/MM calculations
(see the Methods section). Regarding the ΔE parameter, the
calculated LE-CT energy difference is now significantly larger
(ΔE = −0.57 eV compared to −0.30 eV), as a result of a
different stabilization of the CT state described by the two
functionals. Such a change in ΔE finally leads to a rate of κfET =
1.8 × 1010 s−1 and a timescale of 55 ps, which now is 5 times
faster than the experimental data. The sensitivity of the ΔE
parameter to the chosen DFT functional is clearly a critical
aspect of the simulation as the exponential dependence of the
Marcus rate to ΔE makes it highly dependent on even small
variations of ΔE. This indicates that our simulations are better
suited for estimating the timescale’s order of magnitude rather
than its precise absolute value. However, our calculations
clearly show that the experimental measured timescale is
possible only if the CT state is significantly stabilized with
respect to the LE state. This contrasts with previous
simulations,17 where the two states were found to be almost
isoenergetic.
We conclude this section by pointing out the role of Wat1 in

the fET process. Upon examination of the structure observed
at the LE-CT crossing (top round panel in Figure 3), it is
notable that, although the carboxylate group of FA has initiated
its twisting motion, with a dihedral angle of O1−C1−C2−C3
of 24°, Wat1 has not fully completed its rearrangement. This
indicates that, even though the rearrangement of Wat1 occurs
at the excited state, it does not necessarily facilitate the fET.
Truly, the rearrangement of Wat1, and consequently the
formation of a new H-bond between N5 of FAD and Wat1,
strongly stabilizes the CT state at the expense of the LE state
(Figure S7 and Table S4), but it is not intrinsically sufficient to
promote an efficient fET. In fact, our results demonstrate that
both the rearrangement of Wat1 and the associated FA’s
structural shifts (i.e., the rotation of the carboxylate group and
its overall departure from the flavin core) occur as a direct
consequence of the fET process. These protein-driven
structural changes within the enzyme’s active site provide the
necessary driving force for the fET to occur in a downhill
fashion. Moreover, the protonated R451 residue forms strong
H-bonds with the FA’s carboxylate group, stabilizing the
substrate in a configuration close to the flavin core, thus
yielding a sizable coupling (VET = 20 meV) at the LE-CT PES
crossing. This arrangement is crucial as it ensures that the fET
is fast enough to outcompete other detrimental processes such
as intersystem crossing (ISC) to 3FAD*. In contrast, the VET =
0.1 meV calculated in the CT minimum, where Wat1 is fully
rearranged and the carboxylate group is 4.5 Å from the flavin
core, would slow the fET to several hundreds of nanoseconds.
Under these conditions, ISC would prevail, leading to a decay
to the ground state [FAD R-COO−].

Figure 3. Potential energy surfaces of the ground state (in black), the
lowest-lying locally excited (LE, in red), and charge transfer (CT, in
blue) along the reaction pathway. The normalized oscillator strength
of the LE state is represented by the size of the full red circles along its
PES. The round panels show the coordinates of the QM atoms
according to different scenarios: (1) [FAD R-COO−], (2) [1FAD* R-
COO−], (3) [FAD•− R-COO•], and at the LE-CT crossing point.
Data are listed in Table S3. The LE-CT energy difference at their
minima is also reported along with the absolute value (in meV) of the
electronic couplings VET (gray stars) in the right y-axis.
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Impact of the R451K Mutation on the Electron-Transfer
Process

We further investigate the impact of the R451K mutation on
the fET in CvFAP. This mutation, where a protonated arginine
is replaced by a protonated lysine, was originally introduced to
understand the role of R451 in the catalytic cycle, ascribed to
be the final proton donor to the alkyl radical R•.17 Replacing
arginine with lysine (e.g., a stronger proton donor) resulted in a
faster fluorescence decay of 1FAD* than in the WT without
substrate (i.e., in the absence of the fET). Two main
hypotheses were made to explain this finding: (i) the fET in
the R451K mutant takes place with the same timescale
(hundreds of picoseconds) as in the WT but there is an inverse
amplitude ratio between the fast fET (∼15%) and the slower
ISC to 3FAD* (∼85%); (ii) the fET in the R451K mutant
occurs more slowly than in WT (in tens of nanoseconds) and
with a higher QY than in (i) (30−40%) but still smaller than in
the WT. It was also proposed that the marked reduction in fET
QY might be due to an increased distance between FA and
1FAD*, combined with an overstabilization of the carboxylate
group by an additional water molecule Wat3, which replaces
the amine group of the R451 originally present in the WT.
To investigate such mutant with our QM/MM model, we

chose as the QM region the FA C9−COO−, the flavin core, the
protonated K451, Wat1, Wat2, and Wat3. As a result of the
optimization of the three scenarios [FAD R-COO−], [1FAD*
R-COO−], and [FAD•− R-COO•] (Figure S9, Table S5, and
Supporting Movie), the distance between the FA’s carboxylate
group and the flavin core remains overall constant at ∼4 Å and
in any case larger than in the WT. In addition, the hydrogen
bond distance between Wat1 and N5 of FAD changes from
3.16 Å at the ground state [FAD R-COO−] to 2.05 Å at the
CT state [FAD•− R-COO•] (vs from 2.97 to 1.79 Å in the
WT), while that one between Wat1 and O1 of FA from 1.90 to
2.69 Å (vs from 1.77 to 4.18 Å in the WT), with the FA’s
dihedral angle O1−C1−C2−C3 going from 76 to 59° (vs from
6 to 62° in the WT). On the one hand, these structural
differences with respect to the WT significantly affect the
magnitude of VET, which is now approximately 4−5 times
smaller than in the WT. On the other hand, the excitation
energy of the LE state at its minimum increases of ∼0.1 eV,
while that of the CT state slightly decreases with respect to the
WT: the LE state at the optimized [1FAD* R-COO−]
structure lies at 3.12 eV, while the CT state at the optimized
[FAD•− R-COO•] structure lies at 2.65 eV (Figure 4). The LE
and CT natural transition orbitals are shown in Figures S10−
S12 for the three optimized scenarios.
Overall, with λ = 1.25 eV, VET = 4 meV at the LE-CT

crossing, and ΔE = −0.47 eV, the calculated fET rate for the
R451K mutant is κfET = 2.0 × 109 s−1, corresponding to a
timescale (∼500 ps) of the same order of magnitude as the one
calculated for the WT CvFAP. These findings clearly support
the experimental hypothesis (i), which implies an unchanged
fET rate but with an inverted amplitude ratio of the fast and
slow phases.
Finally, it is important to highlight that in the R451K

mutant, the FA’s carboxylate group is not stabilized by H-bond
interactions with K451, but with nearby water molecules. As a
result, a close and strong interaction with the flavin core
(Figure S9) is no longer possible. Yet, our calculations show
that fET can take place with a similar timescale of the WT.
This can be explained by considering that the reduced VET is

now counterbalanced by a larger ΔE (in absolute value),
suggesting an interesting interplay between the two main
parameters that govern the Marcus equation. Moreover, also in
the R451K mutant, the rearrangement of Wat1, although
contributing to the stabilization of the CT state (Figure S13
and Table S7), alone is not sufficient to ensure a rapid fET.
Once again, it is the fET that drives the structural
rearrangements within the active site’s architecture, thereby
ensuring that the fET occurs in a downhill fashion.
In summary, our data suggest that in the R451K mutant, the

fET takes place with a similar timescale of the WT, potentially
hinting at a resilience of the process to this specific mutation.
Therefore, according to our results, the observed reduced
activity of the R451K mutant must be ascribed to other steps
in the catalytic cycle. We finally note that a different mutation
of the same residue, i.e., an alanine replacing the protonated
arginine,17 makes CvFAP completely inactive, due to the
absence of a positively charged residue near the FA substrate,
which is not anymore deprotonated, and thus cannot be
photoreduced by the excited flavin. This can be explained by
the fact that a fast fET is made possible only if the CT state can
be stabilized with respect to the LE by a proper electrostatic
environment, where the role of the nearby protonated residue
is of utmost importance.
Decarboxylation Mechanism
We address now decarboxylation through the FA’s C−C bond
cleavage, for which we first calculated the energetic barrier of
the process by performing a relaxed scan along the bond length
C1−C2 of the radical C9−COO•. In this model, only the FA
radical is treated at the QM level in an unrestricted DFT
formalism, whereas the flavin is treated classically but by using

Figure 4. Potential energy surfaces of the R451K mutant ground state
(in black), lowest-lying locally excited (LE, in red), and charge
transfer (CT, in blue) along the reaction pathway. The normalized
oscillator strength of the LE state is represented by the size of the full
red circles along its PES. The round panels show the coordinates of
the QM atoms according to the scenario: (1) [FAD R-COO−], (2)
[1FAD* R-COO−], and (3) [FAD•− R-COO•], and at the LE-CT
crossing point. Data are listed in Table S6. The LE-CT energy
difference at their minima is also reported, along with the absolute
value (in meV) of the electronic couplings VET (gray stars) in the
right y-axis.
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MM atomic charges to electrostatically mimic the anionic
semiquinone FAD•− species. To validate our findings, we
compared the obtained structures with a model in which both
the FA radical and FAD•− species were included in the QM
region. To properly describe such diradical species, we
employed the ΔSCF DFT method.47,48 The two models
yielded very similar structures (Figure S14). Based on this
evidence, from now on, we shall discuss only the results
obtained with the simpler model.
The potential energy profile steeply increases by 0.20 eV

when starting from a C1−C2 equilibrium distance of 1.49 Å
for the reactant and arriving at 1.63 Å (Figure S15). Afterward,
the radical decarboxylates, and the product [C9

• + CO2] is
0.25 eV more stable than the reactant (with a C1···C2 distance
of 2.89 Å). The authors of ref 17 chose the bending angle O1−
C1−O2 as the reaction coordinate, obtaining a barrierless
process: this is confirmed by our calculations when we
repeated the relaxed scan along the same coordinate (Figure
S16). To refine our estimation of the barrier, we optimized the
transition state, thereby identifying a single normal mode with
an imaginary frequency that drives decarboxylation (Figure
S17). Considering free-energy corrections for the QM part, the
product is now more stable than the reactant by 0.38 eV and
the energy barrier for decarboxylation is 0.11 eV: this
activation energy, according to transition-state theory,
corresponds to a rate of 9.1 × 1010 s−1 and a timescale of 11

ps. Our results align with a previous study on carbonyloxy
radical compounds,35 where decarboxylation was computed to
occur in tens of picoseconds after the fET and, in any case, an
order of magnitude faster than the ET process.
In light of this evidence, we tried to obtain the same process

in real time by performing a 30 ps QM/AMOEBA molecular
dynamics (MD) simulation, where the radical C9−COO• is
treated at the unrestricted DFT level (see the Methods section
for details). We indeed observed the decarboxylation taking
place at approximately 11 ps (Figure 5), in agreement with our
estimation of the barrier height. A spin density analysis on the
radical FA performed before and after the decarboxylation is
shown in Figure S20, while structural properties as a function
of the QM/AMOEBA MD simulation time are shown in
Figures S21−S30.
Experimentally, after the decarboxylation, the FAD•− species

undergoes oxidization within ∼100 ns, resulting in a transiently
red-shifted FADRS species, while the primary alkyl radical R• is
converted into the alkane product R−H. Clearly, our QM/
AMOEBA MD simulation is too short to allow any strong
conclusion regarding this step of the catalytic cycle and cannot
describe the process as it would require the inclusion of FAD
and other nearby residues in the QM part (for instance, the
protonated R451 as the proton donor, as proposed by ref 17).
However, throughout the trajectory (see the Supporting
Movie), the flavin butterfly angle C4−N5−N10−C9 assumes

Figure 5. Fatty acid’s bond length C1−C2 (in red) and bending angle O1−C1−O2 (in blue) as a function of the QM/AMOEBA MD simulation
time, along with four snapshots extracted at different times. Figure S18 shows the steep change in the two degrees of freedom upon decarboxylation
at time t = 11.2 ps, while other snapshots at different times are reported in Figure S19.
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even larger values than those observed in the crystal structure
(∼40° vs 17.4°; Figure S21), although time-resolved serial fs
crystallography measurements suggest that the flavin core does
not undergo significant light-induced conformational
changes17 within our simulation time, we observe that the
closest hydrogen atom to R• is the one of Wat2 (around 3 Å;
Figure S24), while R451 is further (around 4 Å; Figure S25).
Additionally, N5 of FAD appears to form a stronger H-bond
with the closer Wat1 at the expense of the backbone of A171
(Figures S29 and S30).
It remains to be determined whether these structural

features are retained once back ET from FAD•− takes place
and which is the species that accepts back the electron
(presumably the alkyl radical R•, as proposed by ref 17). This
information would be important to unveil the origin and
nature of the FADRS species and to reveal whether the back ET
triggers some further structural changes within the enzyme’s
active site. Finally, we remark that, so far, two independent
studies proposed distinct termination mechanisms of the
catalytic cycle for which the R−H product is formed and the
oxidized FAD cofactor is restored: one involving a hydrogen
atom transfer from a nearby cysteine C432 residue49 and
another suggesting a proton-coupled (back) electron-transfer
mechanism with the participation of a water molecule and a
protonated arginine R451 as a proton donor.17 The latter is,
nowadays, the most credited proposed mechanism, although a
definitive explanation of the real mechanism is still missing.
Such a challenging task will be properly addressed in a follow-
up work, with the aim of exploring the enzyme’s active site
complex architecture and to finally unravel the mechanism
underlying the subsequent steps of the catalytic cycle.

■ CONCLUSIONS
By means of hybrid QM/MM approaches coupled with a
polarizable model for the protein, we explored the structural
features and energetic landscape of the photoinduced ET of
CvFAP. We obtained that the measured experimental timescale
of ∼300 ps is possible only due to a large stabilization of the
CT state thanks to the rearrangement of the enzyme’s active
site, where a water molecule (Wat1) plays a paramount role by
forming a H-bond interaction with the excited flavin. However,
for fET to occur, this rearrangement of Wat1 must be coupled
to a structural adjustment of the FA substrate, involving a
twisted carboxylate group and a shift away from the flavin core.
Together, these structural modifications within the active site
provide the driving force necessary for the fET to proceed in a
downhill direction.
To deepen this analysis, we examined the same process in

the R451K mutant, where the interaction between the
protonated lysine and the FA is absent, causing the substrate
to be positioned farther from the flavin core. Our calculations
indicate that the resulting decrease in the electronic coupling is
counterbalanced by an increased LE-CT energy gap, thus
maintaining the calculated fET lifetime comparable to that of
the WT. This suggests that the fET process exhibits resilience
to this mutation. Together, the results on the WT and R451K
mutant provide valuable insights into the protein-driven fET
mechanism, which crucially depends on structural rearrange-
ments within the active site, on the electronic interaction
between the FA and flavin core, and on the LE-CT energy
difference.
Finally, we characterized the decarboxylation process in the

WT CvFAP by finding a very small energetic barrier, which is

overcome in 11 ps. The same timescale was confirmed by
performing a polarizable QM/MM MD simulation and
observing in real time the FA’s C−C bond cleavage and the
CO2 development. All of these findings confirm that the
decarboxylation process occurs in a much shorter timescale
than the fET itself as recently found by Aleksandrov et al.35

and contrary to what was suggested in a previous study by
Zhong and co-workers on the dynamics evolution of CvFAP
with femtosecond spectroscopy.50

■ METHODS
The crystallographic structure (RSCB PDB entry: 6YRU, solved at
100 K in the dark at a 1.78 Å resolution)17 was used as the starting
point for our simulations on the wild-type (WT) CvFAP. Missing
residues at the end of the C-terminal loop were modeled using
Modeller 10.5.51 Protonation states were assigned with MCCE
(multiconformation continuum electrostatics)52,53 software at pH 8.5,
optimal for the photoenzyme’s activity in solution, and histidine
protonation states were further checked by visual inspection. As a
result, the protein is electrically neutral. The total charge of the system
is −4 due to two deprotonated FAs and the [FAD]2− cofactor. No
counterions were added to neutralize the system. Missing hydrogen
atoms were introduced with the leap tool available in Amber22.54 The
same procedure was repeated for the R451K mutant (RSCB PDB
entry: 6YS1 solved at 100 K in the dark at a 1.64 Å resolution),17 with
the only exception that, as a result of the MCCE calculation, the
protein at pH = 8.5 has charge −1 and therefore the total charge of
the system is −5.

All of the residues were described with the ff14SB force field,55

water molecules with the TIP3P model,56 and the FAs with the
general Amber force field (gaff).57 The parameters for the FAD
cofactor were obtained by taking the literature flavin mononucleotide
(FMN) parameters58 and completing them with the ones of the
adenosine diphosphate (ADP).59 Restrained electrostatic potential
(RESP) charges for the FA and the FMN cofactor were calculated at
the MP2/aug-cc-pVDZ level of theory in a water medium mimicked
by a polarizable continuum model (PCM).60 The crystal structure was
finally subjected to molecular mechanics (MM) energy minimization
(2000 conjugate gradient steps) with Amber22 to relax only the
crystallographic water molecules and all of the hydrogen atoms of the
protein, substrates, and cofactor. Heavy atoms (except water oxygens)
were restrained by applying a 100 kcal mol−1 Å−2 harmonic potential.

A density functional theory (DFT) optimization was performed on
the system by means of the ONIOM (electrostatic embedding) QM/
MM scheme,61 as implemented in the Gaussian16 suite of
programs.62 Except where otherwise stated, the QM region consists
of the isoalloxazine flavin core, a shorter FA fragment (C9−COO−),
the side chain of the protonated R451 (or K451 for the mutant), and
two water molecules Wat1 and Wat2 (or three water molecules Wat1,
Wat2, and Wat3 for the mutant), saturating open valences with link
atoms. On top of the optimized [FAD R-COO−] structure, Tamm−
Dancoff approximation-based63 DFT (TDA DFT) QM/MM
optimizations were carried out to characterize two excited-state
minima: [1FAD* R-COO−], where the flavin core is photoexcited in a
locally excited (LE) π → π* state, and [FAD•− R-COO•], where the
fET from the carboxylate group of the fatty acid to the excited flavin
has occurred, giving rise to a charge-transfer (CT) diradical state. In
performing such calculations, the QM system was described with the
ωB97X-D exchange−correlation DFT functional and the 6-31+G-
(d,p) basis set, while the MM region was kept frozen.

To account for the mutual polarization between the excited-state
QM density and the environment in a polarizable embedding fashion,
we resorted to polarizable embedding QM/MM calculations,64,65

where the atomic multipole optimized energetics for biomolecular
simulation (AMOEBA) force field was coupled to the QM methods.66

The force field parameterization of the FMN, ADP, and FA was
carried out following the protocol explained in a previous work.67 On
each optimized structure, single-point energy calculations were
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performed with the same level of theory as above by using the
corrected linear response TDA DFT QM/AMOEBA scheme and
additionally applying a state-specific polarization correction to the
excitation energies. The electronic coupling for the photoinduced ET
between the FA’s carboxylate group and the excited flavin core was
computed within the multistate fragment charge/excitation difference
framework.68−70 Besides the ωB97X-D functional, we also employed
the CAM-B3LYP functional, where explicitly stated.

A QM/AMOEBA molecular dynamics (MD) simulation was run
on the WT-optimized [FAD•− R-COO•] structure upon solvation
with water molecule added at 6 Å from the system. After
minimization, a 30 ps long simulation was propagated in the NVT
ensemble using the Bussi thermostat at room temperature,71 with a
time constant of 0.1 ps and an integration step of 0.5 fs, as previously
done in other works.48,72,73 Here, only the FA radical fragment C9−
COO• was treated at the QM ωB97X-D/6-31G(d) level of theory,
while the environment was described by the polarizable AMOEBA
force field. To run such calculations, we used the machinery
developed in our group by interfacing Tinker,74 working as an MD
engine and computing the bonded and van der Waals terms of the
energy and forces, with a locally modified version of the Gaussian
suite of programs,75 which computes the QM/AMOEBA energy,
forces, and electrostatic and polarization contributions.
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