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ABSTRACT: Fatty acid photodecarboxylase catalyzes the light-driven
decarboxylation of fatty acids into hydrocarbons via electron transfer
(ET) from the substrate to the flavin adenine dinucleotide cofactor,
proceeding through either proton-coupled ET or hydrogen-atom
transfer. Through quantum mechanics/molecular mechanics calcu-
lations, we show that only the deprotonated fatty acid supports the
charge-transfer states required to initiate catalysis. Molecular dynamics
simulations combined with graph-theory-based analysis reveal that the
crystallographic water site, Wat1, is consistently occupied by a stable,
yet dynamically exchanging, population of water molecules. We also
identify transient, solvent-accessible water channels connecting the
active site to the bulk solvent, potentially facilitating proton transfer
and water exchange. These findings support the notion that beyond preserving the structural integrity of the active site, this water
population may also enable the flexible modulation of electron and proton transfer through an adaptive hydrogen-bonding network.

Photoenzymes have recently emerged as attractive catalysts in
green chemistry due to their ability to harness light energy to
drive selective chemical transformations.1−4 To date, only
three distinct types of natural photoenzymes have been
identified. Among them, fatty acid photodecarboxylase
(FAP) stands out as the only known flavoprotein that utilizes
its photoexcited state to oxidatively generate substrate-
centered radicals.5 In its native role, FAP converts fatty acids
into hydrocarbons and CO2 with remarkable efficiency,
achieving a quantum yield exceeding 80%.6 Since its discovery
in 2017,6 FAP has become a focus of intense research aimed at
elucidating its reaction mechanism7−11 and applying this
knowledge toward the rational design of biomimetic photo-
catalysts for sustainable chemistry.12 A detailed understanding
of the reaction mechanism is crucial for the development of
next-generation FAP-inspired photocatalysts.
In the crystal structure of the enzyme−substrate complex of

Chlorella variabilis FAP (CvFAP), the fatty acid carboxylate
group is located near the isoalloxazine chromophore of the
FAD cofactor (see Figure 1).6 Upon light absorption, oxidized
FAD is excited to its first singlet state (1FAD), which decays in
around 300 ps to form the flavosemiquinone radical FAD•− via
a forward electron transfer (fET) from the substrate, as
confirmed by transient fluorescence and absorption spectros-
copy.6,8,9 The resulting carboxyl radical (RCOO•) rapidly
decarboxylates to generate alkyl radical R• and CO2. The CO2
may be directly released or converted into HCO3 before
leaving the active site.8 The catalytic cycle is then completed
either by a back-electron transfer from the FAD cofactor
coupled with a proton transfer (PCET) or via a hydrogen atom

transfer (HAT), ultimately yielding the alkane product (RH).
The reaction mechanism is summarized in Figure 1A.
It has been proposed that in the case of the PCET

mechanism, this proton may originate from a nearby water
molecule, which is subsequently reprotonated via a proton
relay involving R451 and ultimately a proton from the bulk
solvent.8 An alternative hypothesis involves a HAT mechanism
in which a hydrogen atom is directly donated by an amino acid
side chain, such as C432. In this case, C432 is then reduced by
an ET from the FAD cofactor and is later reprotonated,
possibly from the bulk solvent.7 In both scenarios, accessibility
of the active site to the solvent is essential for the regeneration
of the proton (or hydrogen) donor.
Two crystallographic water molecules (Wat1 and Wat2)

have been identified near the fatty acid substrate and the FAD
cofactor (see Figure 1B,C) and have been proposed to
participate in catalysis.8 Water may also play a role in inhibiting
deactivation processes, such as preventing back electron
transfer from FAD•− to RCOO• (through stabilization of
FAD•− via, for example, a rearrangement of Wat111) or
undesired electron transfer from FAD•− to arginine R451 (for
example, by shielding the positively charged R451 and the
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negatively charged FAD•−).13 However, these hypotheses are
based on the crystal structure, whereas the structure and
dynamics of the active site under physiological conditions may
differ significantly and remain largely unexplored to date.
Despite the significant progress in elucidating the CvFAP

mechanism, two key questions remain unresolved. First, based
on an analysis of interatomic distances in the crystal structure,
the fatty acid could adopt either a protonated or deprotonated
state, raising doubts about which form is catalytically
competent.9 Second, the mechanism by which water molecules
reach the active site and potentially enable proton transfer
from the bulk solvent remains unclear. Moreover, while
crystallographic data suggest a potential catalytic or structural
role for specific water molecules, e.g., Wat1, little is known
about their stability and dynamics under physiological
conditions.
In this work, we used quantum mechanical and molecular

mechanical (QM/MM) calculations to elucidate the reactive
protonation state of the fatty acid within the CvFAP active site.
Subsequently, we employed classical molecular dynamics
(MD) simulations to investigate the structural and dynamic
roles of water molecules in the enzyme, with a particular focus
on Wat1. Finally, a graph-theory-based approach was used to
identify potential water-accessible channels connecting the
active site to the bulk solvent.
In previous computational investigations of the CvFAP only

the deprotonated fatty acid was considered.8,10,11 In this
interpretation of the crystallographic data at 100 K, the fatty
acid is deprotonated and its carboxyl group is stabilized by
hydrogen bonds with two water molecules (i.e., Wat1 and
Wat2) and the side chains of R451 and N575.8 However,
visual inspection of the structure suggests that the fatty acid
may also adopt a protonated state (see Figure 1C and Figures
S1 and S2 in the Supporting Information), with the H of the
carboxyl group forming a hydrogen bond with Wat1, which is
stabilized by hydrogen bonds with N5 of the FAD cofactor and
the oxygen of the backbone of S574, while the other oxygen is
still stabilized by the interactions with R451 and N575.
We investigated whether both the deprotonated and

protonated forms of the C16 fatty acid (palmitic acid, PAL)
could participate in electron transfer to the FAD cofactor upon
photoexcitation of CvFAP. To this aim, we carried out two
types of calculations considering both protonation states of
PAL: (i) an electronic-structure analysis to determine the

accessibility of a charge-transfer (CT) state involving electron
transfer from the fatty acid to FAD, which triggers the fET
initiating the photoreaction cycle; and (ii) evaluation of the
pKa of the PAL substrate within the protein environment.
We first performed geometry optimizations of both forms at

the Density Functional Theory (DFT) level using the QM/
MM method (see Section 1.1 and Figure S3). A comparison
between the X-ray crystal structure and the QM/MM-
optimized structures of CvFAP containing the deprotonated
and protonated fatty acid is shown in Figure S4. Overall, the
two optimized structures are highly similar, with no significant
differences observed between the deprotonated and proto-
nated states. In both cases, however, a slight rotation of the
PAL headgroup is observed relative to the crystallographic
structure. These data suggest that the protonation state of the
fatty acid has minimal impact on the positioning of heavy
atoms within the active site of the optimized crystallographic
structure of CvFAP. We then computed the 25 lowest-energy
electronic states of the optimized geometries within the QM/
MM framework at the time-dependent density-functional
theory (TD-DFT) level14 (see Section 1.1). The energies,
oscillator strengths, nature of these excited states, and the CT
character are reported in Tables S1 and S2. The nature of the
excited states was characterized using Natural Transition
Orbitals (NTOs)15 and further confirmed by transition density
matrix analysis performed with the TheoDORE code.16,17 This
analysis revealed that, in both structures, the first excited state
is a locally excited (LE) bright state characterized by a π → π*
transition (see Figures 2A and 2B). The deprotonated
structure exhibits three pure CT states from the fatty acid to
FAD, with the lowest CT state at 4.56 eV. In contrast, the
protonated structure shows such a CT state at 6.70 eV. To
verify whether the large difference in CT energy also persists
within the conformational ensemble sampled at 300 K, we
extracted two representative structures from the MD
simulations of the system containing the deprotonated and
protonated forms of PAL (see Section 1.2 of the Supporting
Information for the technical details) and computed their
excited states. The results, reported in Table S3, confirm that
the structure derived from the deprotonated system exhibits a
low-energy CT state at 4.31 eV, whereas the protonated fatty
acid does not show any CT from PAL to FAD up to 7.13 eV.
The very high energy of the CT state in the protonated form
suggests that this species is not catalytically competent in the

Figure 1. A) Schematic representation of the proposed CvFAP photocatalytic cycle. The red rectangle highlights the first reaction step
corresponding to the photoexcitation of the FAD cofactor. B) Close-up view of the catalytic site from the crystal structure obtained at 100 K in the
dark (RCSB PDB entry: 6YRU).8 Hydrogen atoms are not shown, as they were not resolved in X-ray crystallography. C) Close-up view of the
residues surrounding Wat1, which may act as hydrogen bond donors or acceptors, stabilizing this water molecule in the active site.
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CvFAP-catalyzed reaction. Collectively, these findings indicate
that both the protonation state and the conformational
environment critically determine the accessibility of the
photoinduced electron transfer step.
To further assess the protonation state of PAL within the

active site, we performed pKa calculations using the PROPKA3
tool.18,19 The analysis was carried out on the X-ray crystal
structure, on ten representative structures extracted from the
MD simulation of the deprotonated fatty acid, and on five
structures extracted from the simulation of the protonated fatty
acid to account for the different chemical environments
surrounding the fatty acid in its deprotonated and protonated
forms. The corresponding pKa values, summarized in Table S4,
yielded an average value of 4.8 ± 0.2. Although this value
should be interpreted with caution, taken together with the
evidence provided by the excited-state calculations, it indicates
that under the experimental (and simulated) working
conditions (i.e., pH = 8.5), the substrate can be considered
largely deprotonated.
Given the above results, all subsequent MD simulations and

structural/dynamical analyses were therefore performed using

the deprotonated fatty acid (see Section 1.2). After initial tests
using the Amber ff14SB force field20 for CvFAP and the
General Amber Force Field (GAFF)21 for both the FAD
cofactor and the fatty acid, we opted to employ the
CHARMM36 force field22 for the protein, the flavin-specific
force field23 for the oxidized FAD cofactor, and CHARMM
General Force Field (CGenFF) parameters24,25 for the C16
fatty acids in all MD simulations. This choice was motivated by
the ability of the CHARMM-based force fields to more
accurately reproduce the experimentally observed butterfly
bending angle of the FAD cofactor at room temperature (13.7°
from low-dose X-ray crystallography and 14.3°/11.7° from
serial femtosecond crystallography, SFX)8 (see Figure S5, vide
inf ra). To evaluate the overall stability of the system during the
production MD simulations, we monitored the time evolution
of the root-mean-square deviation (RMSD) of (i) the protein
heavy atoms with respect to the X-ray structure and (ii) the
heavy atoms of the isoalloxazine moiety of the FAD cofactor.
The corresponding RMSD plots are reported in Figures S6 and
S7, showing that the structure of both the protein and the FAD
cofactor remains stable along the trajectories.
To assess the stability of the fatty acid within the active site,

we monitored two key parameters throughout the MD
simulations: the distance between the N5 atom of the FAD
isoalloxazine moiety and the carbon atom of the fatty acid
carboxyl group (referred to as the N5−C distance) and the
FAD butterfly bending angle defined by the C4−N5−N10−C9
dihedral. The time evolution of these parameters is shown in
Figures S8 and S9. The distribution of the N5−C distance is
shown in Figure 3A. The overall distribution displays a main
peak at 4.7 Å, indicating that the fatty acid remains in close
proximity to the FAD cofactor for most of the simulation time.
A secondary peak at 7.4 Å arises from the displacement of the
fatty acid in the 2PAL-2 and 2PAL-3 trajectories (Figure S8).
In this alternative binding pose, which accounts for
approximately 16% of all simulated configurations, the fatty
acid forms electrostatic interactions with the guanidinium
group of R451 and hydrogen bonds with Q486, Y466, and two
water molecules. The vacant space near the FAD is
subsequently occupied by additional water molecules (Figure
S10). To further characterize this alternative configuration, we
performed excited-state calculations on a representative
structure extracted from this MD basin. The results, reported
in Table S5, show that the CT state from PAL to FAD is
located at a significantly higher energy (5.93 eV) than when
PAL is positioned in proximity to FAD, indicating that electron
transfer is unlikely in this binding pose.
Next, we investigated the occurrence of bidentate inter-

actions between the fatty acid and the side chain of R451
(Figure S11). To this end, we monitored, across the
production MD simulations, the number of hydrogen bonds
formed between the carboxyl group of the fatty acid and the
guanidinium group of R451. A hydrogen bond was considered
present when the N−O distance was ≤ 3.5 Å and the N−H−O
angle ranged between 150° and 180°. According to these
criteria, bidentate interactions were observed in an average of
1.3% of the total simulation frames with a standard error of the
mean (SEM) of 1.0% (the corresponding percentages for the
single trajectories are reported in Table S6). Excited-state
calculations on a representative bidentate structure (Table S5)
revealed the CT state from PAL to FAD at 5.43 eV, again
indicating that electron transfer is unlikely in this binding pose,
as suggested in previous studies.8,11 Overall, these results

Figure 2. Natural Transition Orbitals (NTOs) of representative
excited states of the active site region (which includes the side chain
of R451, the isoalloxazine moiety of the FAD cofactor, the C2−COO−

fragment of the PAL within the active site, and the water molecules
Wat1 and Wat2) within the CvFAP enzyme with the PAL in two
different protonation states: (A) deprotonated and (B) protonated.
The excited states were computed at the QM/MM level based on the
optimized structures derived from the experimental X-ray crystal
structure. Excitation energies are indicated for each state.
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suggest that both the displaced binding pose and the structures
in which PAL forms a bidentate interaction with R451 are not
catalytically competent within the photocycle. Their occur-
rence (together accounting for approximately 17% of the
sampled configurations) may help rationalize why the quantum
yield exceeds 80% but does not reach 100%.
The distribution of the C4−N5−N10−C9 dihedral angle

across the MD simulations is reported in Figure 3B. The
distributions are broad, with peak maxima ranging from 7° to
12°. These values are in close agreement with the low-dose
crystallography experiment at room temperature, which reports
a bending angle of 13.7°,8 and SFX data for the dark-state
structure of CvFAP at room temperature, which reveal angles

of 14.3° and 11.7° for molecules A and B. These correspond to
the two copies present in the asymmetric unit of the CvFAP
microcrystals.8 However, our values are approximately 10°
smaller than those reported in the Supporting Information of
the same study, suggesting that in our simulations FAD adopts
a slightly more planar conformation compared to both the low-
temperature crystallographic structure and the MD simulations
presented in that work.
Given Wat1’s key role in the catalytic cycle, particularly in

modulating the CT state energy and potentially assisting
bicarbonate formation following the PCET step,8 we examined
the stability of water molecules occupying this site. Figure 4B
and Figure S12 show the time evolution of the distance

Figure 3. A) Distribution of the distance between the N5 atom of the FAD isoalloxazine ring and the carboxylic carbon of the fatty acid (N5−C
distance), computed across the production MD simulations. The black line represents the overall average distribution, and the shaded area
corresponds to the standard error of the mean (SEM). The main peak is located at 4.7 Å and the second one at 7.4 Å. B) Distribution of the C4−
N5−N10−C9 dihedral angle of the FAD cofactor, computed across the production MD simulations. The black line represents the overall average
distribution, and the shaded area indicates the SEM. For both analyses, the individual contributions from each simulation are also shown: 1PAL-1
(orange), 1PAL-2 (red), 1PAL-3 (magenta), 2PAL-1 (blue), 2PAL-2 (cyan), and 2PAL-3 (green). The inset shows the definition of the C4−N5−
N10−C9 dihedral angle.

Figure 4. A) Molecular scheme showing the monitored distance between the water molecule occupying the Wat1 site and the N5 atom of the FAD
cofactor. B) Time evolution of the distance between the N5 atom of FAD and the oxygen atom of the nearest water molecule in the three MD
simulations with one PAL molecule (1PAL-1, 1PAL-2, and 1PAL-3). Different colors represent distinct water molecules that occupied the Wat1
site for more than 1.5% of the simulation time; water molecules with occupancies below 1.5% are shown in gray. C) Overall residence-time
distribution (black line) averaged over all six MD simulations and the triexponential curve used to fit the data (red line). The shaded area indicates
the SEM of the simulated points. The fit yields a fast component (τ1 = 1.8 ± 0.2 ps) and two slower components (τ2 = 15 ± 4 ps and τ3 = 189 ± 49
ps). An explanation for the high error on the slowest component is reported in Section 1.3.1.
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between Wat1 candidates and the N5 atom of FAD for the
1PAL and 2PAL simulations, respectively. Across each of the
production MD trajectories, no more than twenty-two distinct
water molecules occupied the Wat1 site for a significant
duration, indicating overall high occupancy of individual
molecules. On average, a hydrogen bond between Wat1 and
the N5 atom of the FAD cofactor was observed in 7% (SEM =
2%) of all the configurations (see Table S7, which reports this
percentage for each individual MD simulation). From a
dynamic point of view, fast exchange events are observed,
revealing a high mobility of water molecules at this position
(see the following for a quantitative analysis). A similar
dynamic behavior of water molecules, yet characterized by
relatively stable occupancy, has also been observed in other
enzymatic systems.26−30 These findings indicate that even at
room temperature, the water molecule at the Wat1 site retains
a structural role in the dark state of CvFAP, while also
exhibiting dynamic exchange behavior. As observed in other
biological systems,31−33 such dynamical water molecules may
modulate the electron transfer from the fatty acid to the
cofactor. Moreover, their ability to reconfigure hydrogen-bond
networks in response to the catalytic cycle34,35 may enable
efficient proton transfer and facilitate PCET reactions.
To quantify the dynamical behavior, we next calculated the

residence time of water molecules at the Wat1 site (see Figure
4C and Figure S13), following the procedure described in
Section 1.3 of the Supporting Information. The overall
residence-time distribution obtained averaging over all
production MD simulations was fitted with a triexponential
function, as previously applied to spectroscopic data on
solvation/desolvation dynamics in a flavodoxin36 (see Table
S8 for the fitting parameters of the individual MD trajectories).
The fit yielded a fast component (τ1 = 1.8 ± 0.2 ps) and two
slower components (τ2 = 15 ± 4 ps and τ3 = 189 ± 49 ps),
which closely match the experimental time scales observed in
the flavodoxin active site. In this study, the ultrafast 1−3 ps
phase was attributed to local water-network relaxation, while
the 20−40 ps and hundreds of picosecond phases were linked
to coupled fluctuations of the local water and protein
environment.36 It should be noted that the fastest and slowest
components, τ1 and τ3, lie near the temporal resolution of our
MD trajectories (1 ps) and the length of the subtrajectories
used to evaluate residence times (250 ps), respectively. These
limitations affect the confidence in their precise quantification.
Nonetheless, the estimated order of magnitude remains
reliable.
Finally, to identify potential water channels connecting the

active site of CvFAP to the bulk solvent, we developed a
Python-based tool, which we named SProtein, that applies
graph theory to networks of water molecules sampled during
MD simulations. Details of the method are given in Supporting
Information, Section 1.4.1. The code is publicly available on
GitHub (https://github.com/NDiFonte/SProtein). While sev-
eral studies have explored the connectivity of water molecules
between protein residues,37−41 and tools such as Bridges38 and
Cgraphs39 and have been developed to characterize these
water-mediated motifs using graph-theoretical approaches,
there remains a lack of methods that systematically identify
solvent-accessible pathways connecting the protein interior to
the bulk solvent from MD-derived water networks. One such
method is WatFinder,42 which, however, is not specifically
designed to identify water pathways connecting a given point
within the protein to the bulk solvent, making it less

straightforward to use for this purpose. A brief comparison
between WatFinder and our approach is provided in the
Supporting Information, Section 1.4.2, and Figure S14.
The SProtein analysis was performed with a time resolution

of 100 ps, resulting in a total of 2501 frames for each trajectory.
For each analyzed frame of the MD trajectories, we
constructed an undirected graph in which nodes represent
oxygen atoms of water molecules. Degree centrality (see
Section 1.4.1 and Figure S15) was used to determine when a
channel reached the bulk solvent: water molecules within 10 Å
of the protein surface were considered and classified as “bulk”
if they exhibited a degree ≥ 7 when considering only
neighboring water molecules. The starting node for channel
identification was defined as follows: if the distance between
the N5 atom of the FAD cofactor and the carboxylic carbon of
the fatty acid was ≤ 6 Å, the O1 atom of the fatty acid was
selected as the starting node; otherwise, the N5 atom of the
cofactor was used to ensure that the identified paths effectively
connected to the protein’s active site. The Dijkstra’s
algorithm43 was then used to compute the shortest paths
from the starting node to water molecules defined as ”bulk”.
Once the water channels were identified, the protein residues
lining each channel were determined by calculating the
distance between each water molecule in the channel and
nearby amino acids. Residues whose centers of mass lay within
7 Å of any water molecule along the pathway were selected as
lining residues.
The most frequently sampled channel is shown in Figure 5.

On average, this channel was observed in 14% of the total MD
frames, with a SEM of 7% (the percentage for each MD
simulation is reported in Table S9). It can be noted that the
channel was observed much more frequently when the N5−C
distance between PAL and the FAD cofactor was at least 6 Å

Figure 5.Water-accessible channel most frequently sampled along the
MD trajectories as identified in our SProtein analysis. Two different
perspectives are shown. The blue surface highlights the amino acid
residues defining the channel, i.e., those contributing to its formation
in at least 5% of the frames in which the channel was observed: I155,
Y156, D461, G462, V463, S464, H572, S573, S574, and N575.
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(48%) than when PAL was close to FAD (6%). This channel is
defined by residues I155, Y156, D461, G462, V463, S464,
H572, S573, S574, and N575 (Figure 5). The frequencies of
occurrence of these residues across all MD frames in which the
channel is present in each MD trajectory and the
corresponding weighted averages are reported in Figures S16
and S17, respectively. The more buried residues located near
the active site, namely, S573, S574, G462, V463, and N575,
exhibit the highest occurrence. All other channels contributed
to less than 1% of the frames in the individual MD simulations.
An example is shown in Figure S18.
The identification of water channels in CvFAP, reported

here for the first time, is significant because they allow water
molecules to access the active site and may facilitate proton
transfer, in line with previous studies on water-mediated
proton transport and internal water dynamics in proteins.44−46

Although our current simulations capture only the dark state of
the enzyme and therefore cannot definitively predict the
behavior of the water channels throughout the entire catalytic
cycle, our results indicate that water molecules can access the
active site and occupy the Wat1 position. These indicate that
such access is achievable through the observed channels, while
we cannot exclude the possibility that water may also enter via
alternative pathways.
Using a combination of QM/MM calculations and

molecular dynamics simulations, we elucidated the structural
and dynamic factors underlying the resting state and, to a
partial extent, the initial forward electron transfer in the
photocatalytic mechanism of CvFAP. Our QM/MM results
and pKa estimates confirm that only the deprotonated form of
the fatty acid can initiate the photoreaction. We then examined
the structural and dynamical properties of water molecules
within the active site. MD simulations revealed that the Wat1
site is consistently occupied by a high yet dynamically
exchanging population of water molecules. This supports a
dual role for Wat1 in maintaining active site structural integrity
under physiological dark-state conditions while exhibiting
significant dynamical flexibility. Additionally, using a graph-
theory-based approach, we identified dynamic solvent-acces-
sible water channels connecting the active site to bulk solvent,
with one such channel consistently observed across simu-
lations. These findings suggest a mechanism by which water
molecules can access the active site, potentially facilitating
reprotonation of catalytic residues and sustaining turnover
during the photocatalytic cycle.
Finally, we estimated the residence time of water molecules

at the Wat1 site. The observed multiexponential residence-
time distribution, spanning from a few to several hundred
picoseconds, closely matches experimental time scales reported
for water dynamics in other flavoproteins.36 This agreement
not only validates the accuracy of our simulations but also
reinforces the notion that the solvation of enzyme active sites is
tightly coupled to protein dynamics.
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