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Abstract: In fatty acid photodecarboxylase (FAP), light-induced
formation of the primary radical product RCOO*® from fatty acid
RCOO~ occurs in 300 ps, upon which CO, is released quasi-
immediately. Based on the hypothesis that aliphatic RCOO*
(spectroscopically uncharacterized because unstable) absorbs in the
red similarly to aromatic carbonyloxy radicals such as
2,6-dichlorobenzoyloxy radical (DCB®), much longer-lived linear
RCOO* has been suggested recently. We performed quantum
chemical reaction pathway and spectral calculations. These
calculations are in line with the experimental DCB*® decarboxylation
dynamics and spectral properties and show that in contrast to DCB®,
aliphatic RCOO?* radicals a) decarboxylate with a very low energetic
barrier and on the timescale of a few ps and b) exhibit little red
absorption. A time-resolved infrared spectroscopy experiment
confirms very rapid, <<300 ps RCOO* decarboxylation in FAP. We
argue that this property is required for the observed high quantum
yield of hydrocarbons formation by FAP.

In photoenzymes, bound substrates are transformed to
products in reaction sequences initiated by the absorption of a
photon by the enzyme. Photoenzymes are of high fundamental
interest because they allow identification of short-lived
intermediates in real time using short light pulses, on time scales
that are not accessible in diffusion-limited catalytic reactions!'l.
Furthermore, photoenzymes are increasingly recognized as
promising catalysts in green chemistry applications!'®l. Presently,

there are only three known distinct types of natural photoenzymes.

Of these, fatty acid photodecarboxylase (FAP) is a flavoenzyme
that transforms fatty acids into hydrocarbons and CO, with high
(70 — 80%) photochemical quantum vyield (QY)®7l. Since its
discovery in 20171, FAP has become the subject of intense
research, aiming to both unravel its fundamental mechanisml® &
01 and explore its potential as a template for novel green
chemistry photocatalytic reactions!''. These research lines are
intertwined, as understanding the mechanism is essential for the
design of derived photocatalysts.

Structural characterization of the enzyme-substrate
complext® from Chlorella variabilis FAP (CvFAP) has revealed the
proximity of the fatty acid COO~ group to the isoalloxazine
chromophore of the flavin adenine dinucleotide (FAD) cofactor,
with a ring-to-oxygen distance of ~3.2 A. The electronic excited
state 'FAD*, which is populated following photon absorption,
decays in ~300 ps (11 in Scheme 1), leading to the formation of

the flavosemiquinone radical FAD*~, as inferred from transient
fluorescence and absorption spectroscopy. The required electron
is donated by the fatty acid substrate; in its absence, 'FAD*
decays by its intrinsic decay in ~5 ns, with a high yield of the triplet
state 3FAD*®. Unsurprisingly, CvFAP’s structure does not display
aromatic residues near the FAD cofactor that typically serve as
intrinsic photoprotective electron donors in non-photoactive
flavoproteins!'d. Such residues could lead to QY-reducing
reactions competing with catalysis in FAP. The oxidized substrate
radical resulting from the 300-ps electron transfer (ET) reaction is
of the form RCOO* (where R stands for the linear/aliphatic
hydrocarbon chain), presumably the direct precursor to CO,
release.

T T
'FAD* RCOO~ — FAD'~ RCOO® —>—» FAD'~ R"+ CO,

Scheme 1. First two steps of the FAP reaction cycle after population of the flavin
excited state 'FAD*.

The ensuing reaction mechanism has been investigated in
detail by a consortium employing an array of experimental and
computational techniques®. One major conclusion drawn from
this work was that CO; release from the primary product, RCOO?®,
occurs with the same 300-ps time constant as ET, implying that
this release intrinsically occurs quasi-instantaneously upon ET (12
<< 300 ps in Scheme 1). This conclusion was supported by
various approaches: a) time-resolved infrared (TR-IR)
experiments that kinetically resolved the formation of CO,, in a
background-free spectral range, with a time constant of ~300 ps,
b) time-resolved serial femtosecond crystallography (TR-SFX)
that demonstrated major loss of electronic density around the
carboxyl group of the substrate at 900 ps, consistently indicating
that CO, formation occurs in less than 1 ns, and c) quantum
chemical calculations supporting a barrierless CO, dissociation
pathway from RCOO*® Pl This assessment is also in general
agreement with the high-rate (~10'2 s™') and barrierless
decarboxylation of long-chain acyloxy radicals, as suggested by
the determination of product vyields upon thermolysis of
precursors using chemically induced dynamic nuclear polarization
spectroscopy!'l.
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The above assessment that the decarboxylated R* reaction
intermediate in FAP is formed immediately upon ET in ~300 ps
was recently challenged by Zhong and coworkers.["%. Analyzing
single wavelength transient absorption spectroscopic data in
CvFAP bound to a palmitic acid substrate in the near infrared to
ultraviolet (UV) spectral region, they extracted a small feature that
rises in 300 ps and decays in ~5 ns (incidentally also the time
constant of 'FAD* decay in substrate-devoid FAP) and that would
absorb only in the 700-900 nm range and in the UV. This feature
was assigned to RCOO* and correspondingly, T, in Scheme 1 was
proposed to be 5 ns. Spectra of RCOO* for linear hydrocarbon
chains are not available; therefore this assignment was based on
a presumed resemblance to a spectrum of a carbonyloxy radical
of an aromatic ring system from the literature, specifically the
2,6-dichlorobenzoyloxy  radical (DCB®), obtained by
photodissociation of bis-DCB peroxidel'. Due to their T—*
transitions, derivatives of aromatic compounds are generally
more prone to absorb in the Vis/NIR region than those of linear
hydrocarbon chains. Therefore, validation of the assumption that
the spectral properties are determined basically by the
carbonyloxy radical group, which critically underlies the proposed
paradigm change, would be warranted. To this end, we performed
quantum chemical calculations to assess the stability and
spectrum of linear chain RCOO® radicals, specifically
hexadecanoyloxy (HDX*®) and decanoyloxy (DX*), as well as of
the DCB* aromatic model radical (Scheme 2).
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Scheme 2. Radicals studied in this work. A) DCB*® and B) HDX* (n=16) and DX*
(n=10)."

Figure 1 presents reaction profiles in vacuum computed
using the HEBS method for HDX* and DX®*, as well as DCB?* for
comparison. With respect to our previous work on HDX*[®), for the
linear chain radicals we extended the reaction profile to shorter
C1-C2 distances and narrow O1-C1-O2 angles, resulting in a
conformation that remains stable during minimization (see Sl). To
achieve this, starting from the structures of the RCOO  ground
state, minimization of RCOO*® was initiated with a constraint on
the C1-C2 distance, ensuring it remained below 1.47 A.
Subsequently, minimization proceeded without any further
constraints. The resulting optimized geometry for the RCOO*
radical exhibited a C1-C2 distance of 1.50 A, which is shorter than
the RCOO  ground state value of 1.57 A in vacuum. Consequently,
in ® where RCOO® minimization started using the RCOO™
ground state structure with the C1-C2 distance of 1.57 A, it led
directly to the formation of CO, and alkyl radicals due to the longer
C1-C2 distance in RCOO in vacuum.

For all three systems, a sizeable barrier for CO, formation
was found (Fig. 1). The energies of reactant, product and
transition state structures are given in Table 1. Energies along the
reaction profile for the two fatty acid radicals are very similar
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demonstrating that the alkane chain length does not affect the
decarboxylation reaction. In the absence of solvent, the free
energy barrier for the decarboxylation reaction is 4.4 kcal-mol-'.
When modeled in an aqueous environment using the SMD
solvation model, this barrier is reduced to 2.6 kcal-mol, as
estimated through the implementation of the SMD model. This
free energy barrier corresponds to a reaction rate of 8-10'° s™' (1,
= 12 ps) at room temperature as estimated using the Eyring
equation. For DCB*®, much higher barriers are computed (7.1, 12.0,
and 10.2 kcal'mol" in vacuum, water and acetonitrile
respectively), and correspondingly experimentally observed for
the activation barrier (7.9 kcal-mol') and time constant (100 ns)
in acetonitrile!"l,

1 5 T T I
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Figure 1. Optimized reaction pathways for the decarboxylation reaction for the

DCB®, DX*, and HDX®* radicals in vacuum. The structures representing the
reaction pathways are shown by dots. The potential energy is given relative to
the reactant states. The refined structures for the transition states are encircled.
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Table 1. Relative energies (in kcal.mol™") of product and transition state (TS)
structures for decarboxylation of DCB*®, HDX* and DX°®. Energies are given
relative to the reactant state. Ees and G are the electronic structure energy and
the Gibbs free energy, respectively. Gwater includes solvation effects computed
with the SMD model for water; Gexp from reference 'Y was measured in
acetonitrile

Molecule State Eel G Guwater Gexp

DCB* TS 8.4 7.1 12.0 7.9
product -7.7 -10.6 -1.4

HDX*® TS 44 4.4 2.6
product -14.6 -20.3 -12.5

DX* TS 44 4.4 2.7
product -14.6 -18.9 -11.0

In CvFAP, the computed energy barrier for HDX®

decarboxylation is reduced to 2.3 (+0.1) kcal'mol”!, while the
resulting product state is 8.0 (+0.4) kcal-mol-" lower in energy than
the initial reactant state (Figure 2). To assess the impact of the
initial geometry on energies, we performed two independent
reaction path calculations, each initiated from distinct sets of
coordinates extracted from MD simulations. Remarkably, these
calculations yielded close energy profiles, with energy barriers of
2.2 and 2.4 kcal-mol, respectively. We further employed a rigid
rotor-harmonic oscillator approximation to estimate the entropy
contribution. However, these entropy contributions were
negligible as they had a minimal impact on energy values, causing



changes of less than 0.1 kcal-mol-'. Overall, the decarboxylation
reaction barrier after ET in FAP closely matches the 2.6 kcal-mol’
barrier computed in solvent. Therefore, the protein environment
does not significantly change the activation energy relative to the
solvent. The free energy of 2.3 kcal'mol” corresponds to a
reaction rate of 1.3-10"" s (1, = 8 ps) estimated using the Eyring
equation. This finding strongly suggests that the decarboxylation
reaction in FAP occurs on a much shorter timescale than the
preceding (1 = 300 ps) electron transfer reaction, thus precluding
the significant accumulation of the RCOO* radical state.
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Figure 2. Optimized reaction pathways for the decarboxylation reaction of the
HDX® radical in FAP. The dashed lines show the computed barriers for the HDX*
and DCB?* radicals within the solvent. The structures representing the reaction
pathways are indicated by dots, and the potential energy is given relative to the
reactant states. The refined structure for the transition states is encircled.
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The relatively low activation energy for the decarboxylation
reaction in FAP and solvent can be attributed to the fact that the
reactant state is structurally very close to the transition state. In
particular, the crucial bond distance between C1 and C2 in the
PCX* radical within FAP is 1.48 A in the reactant state and 1.52
A in the transition state.

Together, these reaction pathway calculations demonstrate
that decarboxylation of carbonyloxy radical compounds occurs
with much lower barriers for linear-chain than for aromatic
compounds. In particular, they predict decarboxylation on the
nanosecond timescale for DCB* in solution, as experimentally
observed, and in a few picoseconds for linear-chain HDX® in FAP.
The latter finding is incompatible with the suggestion of
nanosecond-lived HDX® in FAP in Ref. ['%. Our results are in
general agreement with previous theoretical work showing that
insertion of a CH; group between the benzene and the carboxyl
group of the benzoyloxy radical (thus ‘linearizing® its direct
environment) results in a significant reduction in the stability!'®-171.
Benzoyloxy radicals like DCB* can be stabilized by delocalization
(‘resonance’) of the unpaired electron over multiple carbon atoms
forming the tr-system and are hence quite stable towards
decarboxylation in their ground-state, quantitatively explaining
lifetimes in the ns-to-ms range at ambient temperatures!'®l,

We now turn to the spectral properties of the carbonyloxy
radical compounds. Figure 3 shows the vacuum absorption
spectra for DX*, HDX*, and DCB*. The DCB® spectrum is
dominated by a band at ~620 nm and includes one further band
in the near IR characterized by lower intensity. This finding is in
good agreement with the broad experimental absorption spectra
displaying maxima at ~700 nm in acetonitrile and ~650 nm in
tetrachloromethanel'. In the red/near-IR region DX* and HDX*
exhibit an identical absorption, centered at 670 nm, that is more
than 3-fold weaker than that of the aromatic compound DCB®. In
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addition, all three radicals also absorb in the 300-450 nm
wavelength range.
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Figure 3. Calculated absorption spectra for the DCB*, DX* and HDX?*, radicals

800

in vacuum.

Spectra of the hypothetical RCOOQO?* radical within the CvFAP
protein were generated based on the analysis of structures
extracted from 100-ns MD simulations of the CvFAP ground state.
Among the initial pool of 100 structures selected for spectral
calculations,  three  structures exhibiting  spontaneous
decarboxylation, marked by the presence of CO, and an alkyl
radical, were excluded from further analysis. Consequently, our
final spectra for the hypothetical hexadecanoyloxy radical in
CvFAP were generated by averaging data derived from 97 distinct
geometries. Fig. 4 displays the calculated absorption spectrum for
HDX* within the CvFAP protein environment, which shows a
modest blue shift of 20 nm with respect to vacuum, resulting in a
central wavelength of 645 nm, and band broadening due to the
heterogeneous environment. For comparison, Fig. 4 also displays
calculations for FAD.x absorption within the CvFAP protein
complex using the same 97 structures and Gaussian width
parameters. Overall, the absorbance of HDX* in the 600-700 nm
region is far weaker than that of FAD.y in the 400-500 nm region
(the area under the absorption bands is 22 times larger for FADy).

Intensity (a. u.)
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700

] : | .
400 500 600
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Figure 4. Calculated absorption spectra for the HDX® radical and FADox within

800

the CvFAP protein environment and that of with DCB* in a vacuum.

For the DCB® radical, the Natural Transition Orbitals
(NTOs)"® associated with the transition corresponding to the
absorption near 620 nm shown in Fig. S1, reveal that the
excitation involves mostly 1-bonding character in the hole NTO
and T-antibonding interactions between the carbon of the



benzene and the carboxyl group in the particle NTO. For the HDX*®
radical, the peak near 670 nm is remarkably similar across
saturated fatty acids of various chain lengths, as detailed in Table
S1. This finding can be attributed to the localized nature of the
electronic transition as demonstrated in Figure S1. Similar to the
transition in the DCB* radical, the transitions in the HDX*® radical
involve orbitals that have a bonding character between the carbon
C2 of the alkyl part and the C1 atom of the carboxyl group in the
hole NTO and antibonding character in the excited state.

——-10000 ps
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—O0ps
—50 ps
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1000 ps
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Figure 5. Transient spectra in the CO2 absorption region at different delay times
upon excitation of CvFAP reflecting decarboxylation of the substrate. The
spectra peak at 2337.5 cm™', which is shifted with respect to the value in
aqueous solution ['¥, 2342 cm™" due to the protein environment®l.

The above computational results strongly indicate that the
intermediate feature extracted from the data of Ref. ['% cannot be
assigned to formation and decay of a linear-chain RCOO? radical.
We note that the 5-ns decay time of this feature coincides with
that of 'TFAD* decay in the fraction (as high as 20% in Ref.['%) of
the sample that does not bind substrate, but that the subtraction
procedure to take into account this fraction is not detailed. As
outlined above, our previous TRIR experiments, supported by TR-
SFX and calculations, have shown that RCOO* decarboxylation

occurs in ~300 ps, i.e., quasi concomitant with RCOO* formation!®!.

New TRIR experiments with further improved signal-to-noise ratio
(Fig. 5) further strengthen this assessment. We also note that the
visible transient absorption remaining after the ~300 ps phase in
the 600-660 range consists of a broad featureless induced
absorption ~40 times lower than that of the bleaching of the FAD
band and that no induced absorption band around 645 nm with
an amplitude exceeding 1% of the FAD.x band bleaching can be
discerned (Fig. S8 of Ref. [¥). Together with the above calculation
of the HDX® spectrum at ~645 nm in CvFAP being ~22 times
lower than the FAD.x absorption, this assessment is fully
consistent with the lack of any RCOQO* population predicted by the
quasi-instantaneous (<<300 ps) CO, release upon RCOQO®
formation. Altogether, our computational and time-resolved
spectroscopic results clearly show that decarboxylation occurs
predominantly before 1 ns and not between 1 ns and 10 ns as
proposed by Zhong and coworkers!',
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Our simulations demonstrate that, in contrast to aromatic
benzoyloxy radicals, decarboxylation of aliphatic RCOO?* radicals
occurs with a low barrier on the timescale of a few picoseconds.
This property has important consequences for the functioning of
FAP. The [FAD*- RCOQ*]initial product state has been calculated
to lie only slightly lower than its precursor state ['FAD* RCOO]
¥l j.e. almost iso-energetic. Competing with decarboxylation of
RCOO°*, wasteful back ET to the resting ground state
[FAD RCOO] can occur either directly or via the 'FAD* excited
state. The direct [FAD*- RCOOQO*] — [FAD RCOO"] back reaction
has a very large driving force (2.65 eV) but assuming a typical
reorganization energy of the order of 0.7 to 1 eV could take
place in the Marcus inverted region'! with a large activation
barrier and therefore presumably be slow. However, back ET to
the 'FAD* excited state [FAD*~RCOO°] — ['FAD* RCOO] is
expected to occur much faster, in ~2 ns given the forward ET of
~300 ps and the calculated 1.1 kcal.mol' energy difference
between these statesl®. As the 'FAD* state has an intrinsic
lifetime of ~5 ns, decarboxylation on the timescale of a few
nanoseconds would be detrimental to quantum yield of the
photoreaction. This reasoning is illustrated in the reaction scheme
(Fig. 6), summarizing the energetics and kinetics of the initial
reaction steps of the FAP photocycle.

'FAD* RCOO™  300ps  rap— RCOO"
co,
s
FAD*- R*
2.7eV  —
h FAD RCOO-

Figure 6. Initial reaction steps and competing futile back reactions in the
photocycle of CvFAP.
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Quantum chemical decarboxylation reaction pathway and spectral calculations of aliphatic and aromatic carbonyloxy radicals
demonstrate that they have distinct electronic absorption properties and that the former are much more unstable. These findings
pertain to a controversy on the mechanism of the photoenzyme fatty acid photodecarboxylase. They support the here reinforced
experimental observation of intrinsic CO, dissociation in <<300 ps.
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