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BIOCHEMISTRY

Autocatalytic effect boosts the production of medium-
chain hydrocarbons by fatty acid photodecarboxylase

Poutoum P. Samire'?, Bo Zhuang?>?, Bertrand Légeret’, Angel Baca-Porcel®, Gilles Peltier’,
Damien Sorigué’, Alexey Aleksandrov>*, Frédéric Beisson'*, Pavel Miiller**

Ongoing climate change is driving the search for renewable and carbon-neutral alternatives to fossil fuels. Pho-
tocatalytic conversion of fatty acids to hydrocarbons by fatty acid photodecarboxylase (FAP) represents a prom-
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ising route to green fuels. However, the alleged low activity of FAP on C2 to C12 fatty acids seemed to preclude
the use for synthesis of gasoline-range hydrocarbons. Here, we reveal that Chlorella variabilis FAP (CvFAP) can
convert n-octanoic acid in vitro four times faster than n-hexadecanoic acid, its best substrate reported to date. In
vivo, this translates into a CvFAP-based production rate over 10-fold higher for n-heptane than for n-pentade-
cane. Time-resolved spectroscopy and molecular modeling demonstrate that CvFAP’s high catalytic activity on
n-octanoic acid is, in part, due to an autocatalytic effect of its n-heptane product, which fills the rest of the
binding pocket. These results represent an important step toward a bio-based and light-driven production of

gasoline-like hydrocarbons.

INTRODUCTION

Fatty acid photodecarboxylase (FAP; EC 4.1.1.106), a member of the
glucose-methanol-choline oxidoreductase family, is an algae-spe-
cific enzyme harboring a flavin adenine dinucleotide (FAD) cofac-
tor (I). FAP is one of the few known natural photoenzymes besides
photosynthetic reactions centers (which are protein complexes),
DNA-repairing enzymes photolyases (2), and light-dependent pro-
tochlorophyllide oxidoreductases (3). Despite the short time since
the discovery of FAP in the green microalga Chlorella variabilis by
Sorigué et al. (1), numerous groups have already explored the po-
tential applications of this enzyme in biocatalytic processes. C. var-
iabilis FAP (CvFAP) represents a new, attractive, light-driven, and
redox-neutral means for the production of n-alkanes and n-alkenes
as a basis for fuels, chemistry, and cosmetics (4-7). CvFAP also
appears to be a very promising tool for the photocatalytic synthesis
of specialty chemicals such as deuterated hydrocarbons (8), enan-
tiomerically pure a-amino acids, a-hydroxy acids (9), secondary
fatty alcohols (10), and aliphatic amines and esters (11).

The natural substrates for the photoproduction of hydrocarbons
in the green algae C. variabilis and Chlamydomonas reinhardtii
were previously shown to be C16 to C18 linear fatty acids (FAs)
(12). Following the discovery of FAP, an initial in vitro characteri-
zation of purified CvFAP and its Chlamydomonas homolog indicat-
ed that these enzymes exhibited higher affinity for longer (C16 to
C18) FAs compared to C12 to C14 FAs (1). It was also found that
the crystal structure of CvFAP expressed in the heterologous host
Escherichia coli, which contains C10 to C18 FAs, had two “native”
(likely unsaturated) C18 FA substrates—one at the active site and
another one stabilized at the surface of the protein close to the en-
trance to the tunnel leading to the active site (13). In addition,
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expression in E. coli of four other FAPs chosen in different algal
groups among almost 200 putative FAPs identified in algae
genomes or metagenomic data showed that they were preferentially
performing photodecarboxylation of the endogenous C16 to C18
FAs rather than C10 to C14 FAs (14). Use of E. coli cell-free extracts
expressing the enzyme confirmed the preference of CvFAP for C16
to C18 FAs over C12 to C14 FAs (4) and showed that it had low
activities on C2 to C6 FAs (15). Together, all these data lead to
the view that CvFAP was adapted to act on C16 to C18 substrates
and was not likely to be an efficient biological catalyst to produce
gasoline-range (C5 to C11) hydrocarbons.

Here, we reveal that, under the right conditions, CvFAP can be
highly active on C8 to C10 medium-chain FAs in vitro. We also
show that the high activity of CvFAP on C8 to C10 FAs can be at-
tributed in part to an unexpected autocatalytic effect, for which we
provide spectroscopic evidence and molecular modeling support.
Last, a bioconversion experiment using bacterial cultures expressing
CvFAP provides evidence that this biocatalyst can be used to
produce medium-chain hydrocarbons in a much more efficient
way than long-chain hydrocarbons.

RESULTS

Spectroscopic estimation of C7 to C18 FA decarboxylation
quantum yield and the observation of autocatalysis

To understand the previously reported preference of CvFAP for C16
to C18 FAs over shorter ones, we decided to screen the yield of the
initial photochemical steps associated with decarboxylation of sat-
urated C7 to C18 FA substrates using time-resolved fluorescence
(TRF) and transient absorption spectroscopy (TAS). As shown pre-
viously (I, 13), the photoexcited singlet FAD cofactor ('"FAD*) of
CvFAP is fluorescent, and in the absence of a substrate, its fluores-
cence decays with a time constant of ~5 ns, yielding an FAD triplet
(’FAD*), which reverts to the ground-state FAD with a time cons-
tant of ~80 us (1). However, in the presence of a deprotonated FA
substrate (R-COO7) in the active site, the 'FAD* fluorescence is
quenched by forward electron transfer (ET) from the substrate to
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the '"FAD*, yielding an FAD"™ anion radical, an alkyl radical R", and
CO, (13). This is reflected by the appearance of a fast (~300 ps)
phase in the TRF signal. The ratio of the amplitudes of the two
phases then directly reflects the ratio of the two processes, the un-
productive intersystem crossing of 'FAD* to *FAD* in ~5 and the
productive ET from the FA substrate to 'FAD* in ~300 ps, which is
followed by a quasi-instantaneous substrate decarboxylation (13).
Given that decarboxylation appears to be essentially irreversible
(13), we suggest that the share of the ~300-ps phase in the TRF
signal roughly corresponds to the photodecarboxylation
quantum yield.

The subsequent photoreaction step (back ET from FAD"™ to the
alkyl radical R* in ~100 ns) leads to the reoxidized flavin with a tran-
siently red-shifted absorption spectrum, FADgs [see figure S6C in
(1) for FADgs — FAD difference spectrum in solution or figure S12
(A and B) in (13) for cryo-trapped FADgg]. The formation (and
decay) of FADgg is best followed by monitoring transient absorp-
tion changes around 520 nm (maximum in the FADyg — FAD dif-
ference spectrum) (I, 13). At room temperature, the red shift
disappears within ~3 ms, likely upon binding of a new substrate
and/or restoration of the initial charge distribution and hydrogen
bonding network around FAD (1, 13).

To record TRF and TAS signals corresponding to the complex of
CvFAP with the given added substrate, the strongly bound native
C18 substrates (I, 13) first had to be consumed (see fig. S1, A and
B) by several strong (~10 m]J/ cm?) laser flashes at 470 nm (near the
absorption maximum of FAD in FAP). In line with the previous
studies (1, 15), the activity of CvFAP on all studied medium-chain
FA substrates (C7 to C12 FAs) as judged by the amplitude ratios in
the TRF signals (recorded at 560 nm; see Materials and Methods for
reasons why this particular wavelength was chosen) after five (or in
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some cases less; see Fig. 1 legend for details) strong laser flashes
(Fig. 1, A and B) was substantially lower than for longer substrates
such as C14, C16, or C18 FAs (Fig. 1, A and B). However, in the case
of n-octanoic acid (C8 FA) and to a lesser extent for n-heptanoic, n-
nonanoic, and n-decanoic acids (C7, C9, and C10 FAs, respective-
ly), further flashes led to a decrease in the slow fluorescence phase
(attributed to nonproductive intersystem crossing of the excited
flavin) and to an increase in the fast phase reflecting productive
forward ET from the substrate to 'FAD* leading to decarboxylation
(Fig. 2, A and B). After several further laser flashes, the C8 FA TRF
signals began to resemble those recorded before consumption of the
native (likely unsaturated) C18 FA substrate, or those recorded, e.g.,
for saturated C16 FA in one of the control experiments (see fig. S2,
A and B). This "yo-yo" effect (i.e., an initial decrease in the ampli-
tude of the fast fluorescence phase followed by its recovery upon
subsequent flashes) was also observed in the transient absorption
signals measured at 515 nm (Fig. 2C), where the initial two
flashes led to ever diminishing amounts of FADgg, but this trend
was reversed after the third flash and additional flashes led to an
ever increasing amplitude of the ~100-ns kinetic phase correspond-
ing to formation of FADgs (note that FADgg is one of the products
of a successful decarboxylation). Suspecting an autocatalytic effect
of the product (n-heptane in the case of C8 FA), we added n-
heptane (C7 alkane) to a fresh sample of CvFAP containing
native substrate(s) and C8 FA. Upon addition of C7 alkane, the
yo-yo effect observed in the previous experiments disappeared,
and immediately after the consumption of the native C18 FA sub-
strate, the signals stabilized at a similar or even slightly higher (due
to the C7 alkane excess) level as after 10 flashes in the experiment
without the added C7 alkane (Fig. 2D versus Fig. 2C), suggesting
that our assumption was correct and that the recovered yield of
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Fig. 1. Photodecarboxylation of saturated linear C7 to C18 fatty acids (FAs) by CvFAP. (A) Normalized time-resolved fluorescence (TRF) signals at 560 nm recorded
for ~30 uM CvFAP with the native substrate before its consumption, after its consumption (no substrate), and with added ~300 uM C7 to C18 FA substrates (see legend for
color code). Most of the latter signals were recorded after five strong (~10 mJ/cm?) 470-nm flashes, i.e., after almost complete consumption of the strongly bound native
substrate (see fig. S1). The signals for C8, C9, and C10 FAs are those for which the amplitude of the fast (~300 ps) phase was smallest [at the beginning of the onset of the
autocatalytic effect, i.e., before the third (*) or the fourth (**) strong flash; see Fig. 2 for C8 FA]. All traces are averages of 64 signals recorded upon excitation by weak (~20
w/cm?) flashes at 355 nm. (B) Share of the ~300-ps phase in the TRF signals with added substrates shown in (A), corresponding to the forward electron transfer from the
substrate to the photoexcited FAD followed by the quasi-instantaneous CO, cleavage (73). The relatively high minimum share of the fast phase in the C8 FA TRF signal
(recorded before the third strong flash) indicates that C8 FA itself probably also acts to some extent as a cocatalyst for the decarboxylation of another C8 FA molecule,
although not as efficiently as its C7 alkane product.

Samire et al., Sci. Adv. 9, eadg3881 (2023)
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Fig. 2. Auto-/cocatalysis of saturated linear C8 FA photodecarboxylation by its C7 n-alkane product. (A) Normalized TRF signals at 560 nm recorded for ~30 uM
CvFAP with added ~300 uM C8 FA prior to 10 strong 470-nm flashes progressively consuming the native C18 FA substrate and the added C8 FA. The first two flashes led to
the decrease of the amplitude of the 300-ps phase, but the subsequent flashes led to its gradual recovery ("yo-yo" effect). (B) Share of the ~300-ps phase in the TRF signals
with added substrates shown in (A), reflecting the quantum yield of photodecarboxylation. The initial flashes consuming most of the native substrate and also small
amounts of C8 FA result in a gradual onset of autocatalysis by the formed C7 alkane product. (C) Transient absorption changes at 515 nm on the submicrosecond time
scale recorded upon the strong 470-nm flashes. The step-like initial increase (reflecting the reduction of FAD to the FAD™™ radical in ~300 ps) is followed by further growth
with a time constant of ~100 ns, in line with the back ET and the formation of red-shifted reoxidized flavin (FADgs) (1, 13). The yo-yo effect is also clearly visible in the TAS
signals. (D) TAS signals at 515 nm recorded for a sample with the same CvFAP and C8 FA concentrations as the one used for experiments shown in (A) and (C) but in the

presence of additional ~3 mM C7 n-alkane (ALK). With C7 alkane present from the start, the yo-yo effect disappears. mOD, milli Optical Density.

C8 FA photodecarboxylation after multiple flashes (Fig. 2, A to C) is
due to the presence of C7 alkane generated by decarboxylation of C8
FA upon the preceding flashes (note that the observed quantum
yield recovery also shows that the protein was not notably
damaged in the course of the experiments).

These observations inspired us to perform another set of screen-
ing experiments, in which we added C5 to C12 n-alkanes to the
CvFAP samples containing C7 to C12 FAs. Our results summarized
in Fig. 3 (A to F) show that added n-alkanes can serve as cocatalysts
and enhance the quantum yield of medium-chain FA decarboxyla-
tion to ~70%, i.e., to levels as high as those observed for long-chain
substrates (Fig. 1).

Samire et al., Sci. Adv. 9, eadg3881 (2023) 31 March 2023

Molecular dynamics simulations

We performed molecular dynamics (MD) simulations with classical
force fields to investigate the effects of a cocatalyst in the protein
active site (Fig. 4 and figs. S3 and S4). MD simulations lasting 600
ns were performed for FAP with the following molecules in the
active site: (i) C8 FA alone, (ii) C8 FA with C10 alkane as a cocata-
lyst, and (iii) C18 FA (Fig. 4 and fig. S3). Here, the combination of
C8 FA and C10 alkane was preferentially chosen as the native sub-
strate present in the high-resolution crystal structure (13), which
contains 18 carbon atoms. To investigate the effect of a different
chain length, MD simulations lasting 400 ns were also performed
for C8 FA with C7 alkane (combination of FA and its decarboxyla-
tion product exhibiting the most pronounced autocatalytic effect in
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Fig. 3. Effect of C5 to C12 n-alkane cocatalysts on the photodecarboxylation of saturated linear C7 to C12 FAs by CvFAP. (A to F) Share of the ~300-ps phase in the
TRF signals at 560 nm recorded for ~30 uM CvFAP with added ~300 uM C7 to C12 FAs in the absence (—) and in the presence of ~3 mM C5 to C12 n-alkanes as cocatalysts
after five strong 470 nm flashes (i.e., after the consumption of the native substrate).
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Fig. 4. MD simulations. (A) Dynamics of the distances between the carboxyl O atoms of FAs and the N5 atom of the FAD isoalloxazine ring during the MD simulations of
FAP in complex with C8 FA alone (black trace), C8 FA together with C10 alkane (red trace), and C18 FA (blue trace). (B) Snapshots of the active site structure from the MD
simulation of FAP with C8 FA alone taken at selected simulation time points. The dotted lines show the evolution of the distance followed in (A). See fig. S3 for more data.

the experiment; see Fig. 3) and the corresponding C15 FA (fig. S4).
Two additional 500-ns simulations were performed for C8 FA alone
starting with different conditions for verification (fig. S3).

As shown in Fig. 4A and fig. S3C, with C10 alkane filling the rest
of the substrate-binding tunnel closer to the protein surface, C8 FA
was able to stay close to the FAD cofactor throughout the MD sim-
ulations. Its position was similar to that of C18 FA in the active site
observed in the experimental structure (fig. S3C), with an average
distance of 4.1 A between the terminal carbons of C8 FA and C10
alkane. Similar results were obtained in simulations with C8 FA and
C7 alkane (fig. S4). However, because of the longer average distance
(4.9 A) between the carbons of the C8 FA tail and the C7 alkane
head, C8 FA could transiently move away from FAD and closer to
C7 alkane, as shown in fig. S4 (A to C). The position of C7 alkane
remains unchanged (fig. S4C), thereby preventing C8 FA from
further dissociation and, as a result, C8 FA eventually returns to
its original position in the active site after ~50 ns (fig. S4, A and
C). In the absence of alkane, however, substantial structural fluctu-
ations of C8 FA were observed (Fig. 4, A and B), regardless of the
initial structures, as demonstrated by independent MD simulations
(fig. S3A); the C8 FA substrate changed conformations, occupied
new positions in the substrate tunnel, and could move as far as ~9
A away from FAD (Fig. 4, A and B, and fig. $3). During these rear-
rangements, carboxyl O atoms of the C8 FA still maintained close
interaction with N" of the arginine R451 (for most of the simulation
time; see fig. S3B), which is a crucial residue for the positioning of
the substrate (13), and the space near the FAD previously occupied
by the carboxyl group of C8 FA was gradually filled by water
molecules.

FA decarboxylation efficiency under continuous light

The selective autocatalytic effect observed for C7 to C10 FAs in the
spectroscopic experiments described above raised a question about
whether this phenomenon also leads to FAP activity enhancement
under continuous illumination. To address this question, we com-
pared the in vitro activity (chemical yield of decarboxylation) of pu-
rified CvFAP on C16 FA (one of the best FAP substrates described

Samire et al., Sci. Adv. 9, eadg3881 (2023) 31 March 2023

so far) (I, 4) and C8 FA (the substrate showing the most pro-
nounced autocatalytic effect in this study). Given that FAP is an in-
terfacial enzyme (16), the saturation of the enzymatic activity for
FAs of various chain lengths may occur at very different pH
values andsubstrate concentrations, because these parameters
strongly influence the structuring of FAs (17) and thereby the activ-
ity of the enzyme. So far, all FAP activity comparisons on different
substrates were done essentially at one pH value and with the same
substrate concentration. This approach may introduce a bias by fa-
voring the protodecarboxylation of certain substrates. To eliminate
such bias, we decided to determine the pH optimum for photocon-
version of the two compared substrates (C8 and C16 FAs). We
screened pH values from 5 to 10 (in the universal Teorell-Stenhagen
buffer) and found maximum activity at pH 6.0 for C8 and at pH 8.5
for C16 FAs; see inset of Fig. 5A. Using the optimum pH values, we
compared the activity of CvFAP at the activity saturating concentra-
tion of the individual substrates (25 mM for C8 FA and 0.5 mM for
C16 FA; see fig. S5) by quantifying the corresponding products of
decarboxylation (C7 and C15 alkanes, respectively). Our results
show that CvFAP produced almost four times more C7 alkane
from C8 FA than C15 alkane from C16 FA at their respective pH
and substrate concentration optima (Fig. 5A).

This result prompted us to evaluate hydrocarbon production in a
biotechnological context, where CvFAP would catalyze FA conver-
sion to alkanes inside living cells. E. coli bacteria genetically trans-
formed to express CvFAP were therefore grown, and C8 or C16 FAs
were added (at the same concentrations, 2 mM) to the culture
medium before illuminating the samples and quantifying the hy-
drocarbon production. To avoid technical biases related to the vol-
atility of the different n-alkane products (C7 versus C15), we used
FAs that were '*C-labeled on the carboxylic group and measured the
side product of the reaction, 13C0,. The *CO, formed by cell cul-
tures contained in sealed flasks upon 1-hour illumination was mea-
sured by static headspace [gas chromatography—mass spectrometry
(GC-MS) analysis of volatile or semivolatile components in the gas
phase above the liquid phase after equilibration in a closed vial; see
the “Analysis and quantification of 13C0O," section for more details).
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Fig. 5. In vitro and in vivo decarboxylation of saturated linear C8 and C16 FAs by CvFAP under continuous light. (A) CvFAP activity on C8 and C16 FAs in vitro
expressed in terms of concentrations of the corresponding hydrocarbon products obtained at concentrations close to their respective decarboxylation efficiency satu-
ration levels (~25 mM C8 and ~0.5 mM C16 FA; see fig. S5) and at the optimal pH (6 for C8 and 8.5 for C16 FA; see inset) under identical illumination conditions. Inset: pH
dependence of CvFAP activity on C8 FA (dark gray curve) and on C16 FA (red curve). (B) CvFAP activity on C8 and C16 FAs in vivo (in living E. coli bacteria) based on
amplitudes of the '3CO, signals obtained by gas chromatography-mass spectrometry (GC-MS) analysis and normalized to the C8 signal. Inset: Incorporation of C8 and
C16 FAs into the E. coli cells after 24 hours of dark incubation at 18°C. The error bars show the SD obtained performing the experiments with three independent samples.

The results show that CvFAP expressing cell cultures produced
almost 13 times more >CO, from C8 FA than from C16 FA
under otherwise identical experimental conditions (Fig. 5B). The
large difference in the efficiency of C8 and C16 FAs decarboxylation
is not likely to be due to a problem of penetration of C16 FA into the
cells because, before the start of illumination, there was only 10%
C16 FAs remaining in the culture medium (see inset of Fig. 5B).

DISCUSSION

Screening the quantum yield of medium-chain (C7 to C12) FAs
photodecarboxylation by CvFAP using time-resolved spectroscopy,
we observed an autocatalytic effect, whereby the initially formed n-
alkane products enhanced the decarboxylation of further FA sub-
strates by mimicking the missing part of the long chain, for
which the FA binding site of FAP is adapted. This autocatalytic
effect was observed for C7 to C10 FAs but it was most pronounced
for the C8 FA substrate. These observations inspired us to test the
effects of C5 to C12 n-alkanes added as cocatalysts to C7 to C12 FA
substrates. Our results show that n-alkanes can serve as cocatalysts
and decarboxylation quantum yields previously achievable only for
long-chain FAs can now be obtained also for medium-chain (C7 to
C12) FAs, provided that the right combination of FA and n-alkane
is chosen. The highest quantum yields (60 to 70%) were obtained
when the total number of carbon atoms of the FA substrate and
the n-alkane cocatalyst was 16 + 1, in line with the most pronounced
autocatalytic effects observed for C8 FA and with C16 FA being one
of the best reported substrates for CvFAP (1) [note that the ideal
length of ~16 total carbon atoms was also suggested by Zhang
et al. (15), who attempted to enhance CvFAP enzymatic activity
under continuous light on short (C1 to C6) substrates by adding
C7 to C17 n-alkanes to crude cell extracts from E. coli express-
ing CvFAP].
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The outcomes of our MD simulations suggest that the auto- and/
or cocatalytic effect of the n-alkanes can be attributed to a steric hin-
drance that favors the positioning of the medium-chain FAs close
enough to the FAD cofactor so that the initial forward electron
transfer from the substrate to FAD can occur upon photoexcitation
of the latter. The simulations also establish that the conformation of
C8 FA and C10 or C7 alkanes closely resembles that observed in the
MD simulations with the corresponding long-chain FAs (C18 or
C15, respectively).

Our in vitro assay demonstrates that the autocatalytic effect (ob-
served in the spectroscopic experiments and rationalized by MD
simulations) together with the optimum pH and substrate concen-
tration can considerably enhance the photoconversion of a
medium-chain FA (C8 FA) by CvFAP under continuous illumina-
tion. The chemical yield of C8 FA decarboxylation exceeding four
times that of C16 FA is the best in vitro performance of wild-type
CvFAP on a medium-chain substrate reported so far. The difference
in the optimum pH obtained for C8 and C16 FAs (6.0 and 8.5, re-
spectively) is consistent with experimental data on the pK, of C8 to
C16 saturated FA salts organized in films (18), as well as quantum
chemistry calculations, which show that the lengthening of an FA
carbon chain by one methylene group leads to an increase of 0.43
units in the surface pK, at the air-water interface (19).

Last, our in vivo assay (photodecarboxylation of 1-'>C-labeled
C8 and C16 FAs inside the living E. coli bacteria) shows that the
chemical yield of medium-chain n-alkanes by FAP under continu-
ous irradiation can greatly exceed that of long-chain ones, by a
factor of ~13 for the case of C7 and C15 n-alkanes. The autocatalytic
effect certainly contributes to the efficient decarboxylation of
medium-chain FAs, but autocatalysis alone is not sufficient to
explain the magnitude of this difference. Given that the permeabil-
ity of the cell membranes seems to be higher for long substrates
(such as C16 FA) and that the kinetics of the initial photochemical
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steps are also similar (for both C8 and C16 FAs), we suggest that the
high chemical yield of medium-chain (C8) FA decarboxylation ob-
served both in vitro and in vivo is most likely due to an acceleration
of the "dark” steps of the photocycle, namely, the exchange of the
product for a new substrate. Faster replacement of the product with
a new substrate (in the case of medium-chain FAs) may also have a
positive impact on the (photo)stability of the enzyme (20).

In conclusion, the present work unveils an autocatalytic effect of
C7 to C10 FAs decarboxylation products and documents the coca-
talytic effects of C5 to C12 n-alkanes on the decarboxylation of
medium-chain (C7 to C12) FAs by CvFAP. It further reveals an un-
expectedly high in vivo activity of CvFAP on C8 FA acid, which is
over 10-fold higher than that on C16 FA, the best FAP substrate
identified before our current study. These results should stimulate
applied research on the use of CvFAP to convert medium-chain
substrates and guide future studies aiming at improving CvFAP
for high-yield production of gasoline-like hydrocarbons.

MATERIALS AND METHODS

FAP expression

The coding sequence corresponding to C. variabilis NC64A FAP
was cloned into a pLIC07 plasmid (pLIC07 is a pET-28-based ex-
pression vector containing downstream FAP gene, a histidine-
tagged thioredoxin). The version of CvFAP used here is FAPv2,
which corresponds to the full-length protein truncated by the first
75 amino acids at the N terminus (13, 16). The plasmid pLICO7FAP
was then transformed into a BL21 E. coli expression strain harbor-
ing the pRIL plasmid that allows the synthesis of the rare transfer
RNAs that are not naturally produced in E. coli cells. For protein
production, after overnight preculture in LB media at 37°C and
180 rpm agitation, the strain was grown in terrific broth (TB)
medium supplemented with 0.5% (v/v) glycerol at 37°C, 180 rpm,
to an absorbance of 1 before induction with 500 uM isopropyl-B-p-
thiogalactopyranoside (IPTG). The temperature was then lowered
to 18°C and the cultures were incubated for 24 hours. The cells
were harvested by centrifugation at 8°C, 5000 rpm for 30 min,
and the pellets were stored in a freezer at —80°C.

FAP purification and quantification

The first purification step consisted in thawing the frozen pellets.
The cells were resuspended in a buffer containing 300 mM NaCl,
50 mM tris-HCI (pH 8.0), 10 mM imidazole, and 5% (w/v) glycerol.
To allow cell lysis, lysozyme was added at a final concentration of
0.25 mg ml~'. DNA digestion was done by adding deoxyribonu-
clease and MgSO, (final concentrations of 10 pg ml™" and 20
mM, respectively). Antiprotease tablets (Sigma-Aldrich, $8820-20
TAB) were also dissolved in the lysis buffer at the rate of one
tablet per 100 ml of buffer (as a rule of thumb, for initially 8 liters
of cultures, 500 ml of lysis buffer was used). After incubation for 1
hour at room temperature, the cells were treated by sonication to
improve bacterial lysis. Sonication parameters were as follows: 20
kHz, 4 cycles of 45 s with 15-s pause and agitation to avoid overheat-
ing. Soluble proteins were recovered after centrifugation at 11,000
for 30 min at 4°C. FAP was purified by affinity chromatography
using a nickel column [elution buffer: 5% (w/v) glycerol, 300 mM
NaCl, 50 mM tris-HCI (pH 8.0), and 250 mM imidazole]. To get rid
of the histidine tag in fusion with thioredoxin, the eluate was then
digested for at least 1 hour at room temperature using tobacco etch
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virus (TEV) protease (1 mg of TEV for 20 mg of protein to be di-
gested). The digestate was dialyzed (membrane reference: Spectra
Por/Standard RC tubing, molecular weight cut-off: 12 to 14 kDa)
overnight against 300 mM NaCl, 50 mM tris (pH 8.0), 10 mM im-
idazole, and 5% (w/v) glycerol. The FAP protein was then separated
from the previously cut histidine tag by a second affinity chroma-
tography using a nickel column. A final purification step by gel fil-
tration using Superdex 200 26/600 mm (GE HealthCare) column
was necessary to separate any aggregates from the soluble protein.
The buffer used for this step contained 150 mM NaCl, 10 mM tris
(pH 8.0), and 5% (w/v) glycerol. In general, after all the purification
steps, we obtained a protein of >95% purity. The purified protein
was quantified based on the absorbance at 280 nm (13). To deter-
mine the amount of active protein (i.e., protein containing FAD),
the FAD concentration was estimated by dividing the absorbance
at the maximum of the oxidized FAD band in the blue (467 nm)
(13), by the typical molar extinction coefficient of FAD in flavopro-
teins: 11,300 M~' cm™" (21). Typically, 70 to 85% FAP proteins con-
tained bound FAD. After purification, the protein was concentrated
using ultracentrifuge filters 50-kDa Amicon up to 20 mg ml™" flash-
frozen in liquid nitrogen and stored at —80°C.

Time-resolved fluorescence

Fluorescence kinetics were monitored on a setup described previ-
ously (1, 13), using “weak” flashes from a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser as the excitation light
source (Continuum Leopard SS-10; pulse duration of 100 ps, 355
nm, energy attenuated to ~20 pJ/cm’, and repetition rate 2 Hz).
“Strong” (~10 m]) flashes at 470 nm of ~5-ns pulse duration used
to consume the native and/or the added substrates were delivered
using a Nd:YAG—pumped optical parametric oscillator (Brillant
B/Rainbow, Quantel, France). The detection system consisted of a
Hamamatsu microchannel plate photomultiplier tube R2566U-11P
(under 3.6 kV) connected to a digital oscilloscope (Tektronix
MSO64; bandwidth limit set to 6 GHz). The samples were con-
tained in a 2-mm by 2-mm by 10-mm cell with self-masking
solid black walls and four clear windows (Starna). Excitation
pulses entered through the 2-mm by 10-mm window, and fluores-
cence was detected in front of the 2-mm by 2-mm window. An OG-
530 Schott orange glass optical filter and a 560-nm interference
filter (with a 10-nm bandwidth) were placed between the sample
and the detector. The fluorescence emission spectrum of 'FAD*
spreads between 480 and 620 nm, with maxima typically around
530 nm. The wavelength of 560 nm is still well within the 'FAD*
emission band (with ~80% of the maximum intensity) but far
enough from 532 nm, the second harmonic of the used Nd:YAG
laser, traces of which could have also been present in our 355-nm
pulses. Hence, the wavelength of 560 nm was chosen to avoid pos-
sible contaminations of the fluorescence signals by photons from
the excitation source.

Fluorescence traces are averages of 64 signals. A total of ~30 M
active (FAD-containing) CvFAP protein was used in the presence
(or absence) of ~300 uM substrates, ~3 mM n-alkane cocatalysts,
and 5% ethanol [substrates and alkanes were dissolved in ethanol
and added to the aqueous solution of CvFAP before each experi-
ment; for consistency, ethanol was added (to the final concentration
of 5%) also to the samples without added substrates and alkanes].

Normalized TRF signals were fitted using the Levenberg-Mar-
quardt least square optimization algorithm in Origin 2020 (by
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OriginLab). The signals with two pronounced phases (~300 ps and
~5 ns) could be reasonably fitted by a biexponential function y
(1) = A; x "™ + A, x e, where A; and A, are the amplitudes
of the fast and of the slow phase, respectively (their sum should be
equal to 1 because the signals are normalized), and t; and T, are
their respective time constants; ¢ stands for time (in seconds).
However, when the fast phase was small relative to the slow one,
the inherent oscillatory artifact at the beginning of our signals
[natural response of the photomultiplier to a rapid (~100 ps)
change in light intensity] made a correct fit of the fast phase impos-
sible [see figure 5A in (I) for the instrument response signal and SI
text ibid for more details]. Therefore, we fitted only the slow phase,
starting the fit at t = 1 ns, i.e., after the end of the ~300-ps process
(more than three times its time constant), using a simple (monoex-
ponential) function y (f) = A, x e A, was subsequently calcu-
lated using A; = 1 — A,. We verified on several signals with
pronounced fast phases that this method yielded the same results
for A; and A, as the biexponential fit of the complete curves
fitted from ¢ = 0 ns (with an error of max. 2%). For simplicity, the
amplitudes are recalculated to percentage in the figures
(A} + Ay =1=100%).

Transient absorption spectroscopy

Transient absorption kinetics was also recorded on a setup de-
scribed previously (1, 13). The FAD cofactor in FAP was excited
at 470 nm by laser flashes identical to the strong flashes in the
TRF experiment (i.e., ~5-ns pulse duration and energy in the
order of 10 mJ/cm” delivered using a Nd:YAG-pumped optical
parametric oscillator Brillant B/Rainbow, Quantel, France). The
monitoring light at 515 nm was provided by the DPSS laser
Cobolt Fandango (150 mW). The sample cell was identical to that
used in the TRF experiments (2 mm by 2 mm by 10 mm). The mon-
itoring light was attenuated by neutral density filters and mechan-
ically chopped to produce a rectangular pulse of ~140-us duration
and an energy in the order of 1 pJ at the entrance of the cell (2-mm
by 2-mm window), thus avoiding significant actinic effects. This
pulse was synchronized with the excitation laser flash entering the
sample through the 2-mm by 10-mm window. The signals were re-
corded using an Alphalas UPD-500-UP photodiode (rise time < 500
ps; sensitive area of 0.5 mm?®) connected via a Femto HCA electron-
ic signal amplifier (DC-325 MHz, 28 dB) to the Tektronix MSO64
digital oscilloscope with the bandwidth limit set to 200 MHz. The
samples used in TAS experiments were prepared in the same way as
those used in the TRF experiments (see above). For consistency with
the TRF experiments (to allow the substrates and cocatalysts the
same time to reorganize after the strong flashes), the excitation
flashes were separated by delays of ~2 min (about the time
needed for one fluorescence measurement).

MD simulations

The structure of CvFAP was taken from the Protein Data Bank (PDB
entry: 6ZH7; resolution: 2.0 A). In this structure, two molecules of
C18 FA (presumably unsaturated) are present; the one located at the
surface of the enzyme close to the entrance to the tunnel leading to
the binding site was removed before simulations. The system with
saturated linear C8 FA and C7 alkane was constructed by removing
the “C3-tail” and the covalent bond from C18 FA in the crystal
structure and by adding two hydrogens to complete the methyl
groups of C8 FA and C7 alkane. To construct the system with C8

Samire et al., Sci. Adv. 9, eadg3881 (2023) 31 March 2023

FA and C10 alkane, a similar approach was used, but no carbon
atoms were removed. Three simulations of CvFAP with C8 FA
alone were performed with the initial structure taken from the
equilibrated trajectory of the simulation with C8 FA and C10
alkane (with C10 alkane removed). The results of the latter were
used in discussion, as the results of all three simulations were
very similar.

The CHARMM36 force field was used for the protein residues
(22), the modified version of the TIP3P model for water molecules
(23), and a recently developed force field for flavins for the FAD
cofactor (24). The parameters for C8, C15, and C18 FAs and for
C7 and CI10 alkanes were taken from the CHARMM General
Force Field (CGenFF, version 2.2.0) (25). The protonation states
of all titratable residues were assigned based on a PROPKA 3.1 anal-
ysis (26) and verified by ideal stereochemistry, taking into account
steric effects and potential hydrogen bonding interactions.

The systems were then centered in a cubic box of aqueous solvent
with an appropriate size, at least 12 A away from each of the box
edges; thus, the final systems in addition to the CvFAP protein,
FAD, and substrates contained around 30,000 water molecules.
MD simulations were performed using the NAMD program
(version 2.13) (27). Periodic boundary conditions were assumed
with long-range electrostatic interactions computed using the par-
ticle mesh Ewald method (28), and an appropriate number of po-
tassium counterions was included to neutralize the net charge of the
systems. The integration time step was set to 2 fs. After energy min-
imization, the system was equilibrated first in a constant tempera-
ture (NVT) ensemble for 50 ps, followed by a 500-ps simulation in
the isothermal-isobaric (NPT) ensemble, at 295 K and 1.0-atm
(101.325 kPa) pressure. The Berendsen thermostat and barostat
were used, with a relaxation time of 500 fs and four time steps
between position rescalings for constant pressure simulations
(29). The production runs were then performed, and coordinates
of the systems were collected every 100 ps.

In vitro photoenzymatic production of n-alkanes

In vitro assay was performed using the purified CvFAP. Teorell-
Stenhagen buffer (33 mM citric acid monohydrate, 33 mM phos-
phoric acid and 16.7 mM boric acid) was used for the enzymatic
reaction. The buffer was mixed with pure FA solution before adjust-
ing the pH to the desired value using NaOH (10 M) or HCI (6 N)
solutions. The protein solution was then added in the dark from a
1000-fold concentrated stock to obtain 70 nM protein in 5 ml of
final reaction volume (contained in 10-ml vials, i.e., 5-ml liquid
and 5-ml gas phase). The samples were then exposed to light at
360 pumoles photons/m?*/s of blue light-emitting diode (LED) light
(450 nm; full width at half maximum: 20 nm) at 25°C for 20 min to
induce photodecarboxylation.

Analysis and quantification of C7 alkane

After C7 alkane production under light, the reaction was stopped by
enzyme denaturation at 100°C for 10 min. The samples were then
cooled at room temperature for 30 min to recondense all volatile
alkanes. Then, the samples were reheated to 40°C and kept at this
temperature for 5 min. One milliliter of gas phase was collected with
a syringe heated at 80°C and injected into a GC-MS/FID (flame ion-
ization detector) [Agilent Technologies, 5977B series mass selective
detector (MSD)] for analysis using helium as the carrier gas. The
analysis parameters were as follows: oven initial temperature,
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50°C for 1 min; ramp, 20°C/min to 260°C for 5 min (column refer-
ence: 19091P-Q04PT; PH-PLOT/Q + RT; 30 m by 0.320 mm, 20
pm). The absolute amount of C7 alkane was calculated from an ex-
ternal standard curve obtained using pure C7 alkane solutions. The
curves were processed under the same conditions as those used for
the test reactions.

Analysis and quantification of C15 alkane

After C15 alkane production under light, 100 pl of NaOH (10 M)
was added before heating at 100°C during 10 min. Four milliliters of
hexane and 10 ug of n-hexadecane (C16 alkane, internal standard
for C15 alkane quantification) were added. The samples were then
vortexed and centrifuged (3000 rpm, 5 min). The organic phase
containing the extracted C15 alkane was collected, and 1 ul was in-
jected in GC-MS/FID for analysis according to the following
program: oven initial temperature, 60°C for 1 min; ramp, 20°C/
min to 150°C; 10°C/min to 260°C for 2 min. Column reference is
as follows: OPTIMA WAXplus, 30 m by 0.25 mm, 0.25 pm. The ab-
solute amount of C15 alkane was calculated based on the internal
standard added before the sample treatment.

In vivo photoenzymatic production of n-alkanes

The production of n-alkanes was performed using the E. coli BL21
strain containing pLICO7FAPv2 plasmid. A preculture was grown
overnight in LB medium at 37°C, 180 rpm. For protein production,
the strain was cultured in TB medium supplemented with 0.5% (w/
v) glycerol at 37°C, 180 rpm, to an absorbance of 1 before induction
with 500 uM IPTG and addition of 1-'*C-labeled FA substrates at 2
mM (the concentrated stock solution of C8 and C16 FAs was pre-
viously prepared in ethanol). The temperature was then lowered to
18°C, and the cultures were incubated in the dark for 24 hours. Five
milliliters of each culture was then put in sealed 10-ml airtight vials
and illuminated at 360 pmol photons/m*/s of blue LED light (450
nm) at 25°C for 1 hour to induce photodecarboxylation.

Analysis and quantification of '>CO,

For '>CO, analysis after the illumination, the reaction was stopped
by heating the samples to 100°C for 10 min (denaturing the
enzymes and lysing the cells to release all trapped volatiles). After
cooling the samples, hydrochloric acid was added to the vials to
lower the pH to 1 and convert all dissolved bicarbonate to CO,.
Then, the samples were reheated to 40°C and kept at this tempera-
ture for 5 min. One milliliter of gas was collected and injected into a
GC-MS/FID (Agilent Technologies, 5977B series MSD) for analysis.
The analysis parameters were as follows: oven initial temperature,
50°C for 1 min; ramp: 20°C/min to 260°C for 5 min (column refer-
ence: 19091P-Q04PT, PH-PLOT/Q + RT; 30 m by 0.320 mm, 20
pm) using helium as the carrier gas.

3C-labeled substrate quantification

To quantify the amount of the remaining substrates that were not
incorporated into the cells after 24 hours of culture incubation, 1 ml
of each was centrifuged. Then, 10 pg of saturated C17 FA methyl
ester (standard) was added to 50 pl of the supernatant (note that
the cells were also washed to dissolve any remaining FAs at the
membrane surface). To perform the transmethylation of the
samples, 2 ml of sulfuric acid/methanol (5/100; v/v) were added
before heating at 85°C for 90 min. The samples were then cooled
to room temperature, and 2 ml of NaCl (0.9%) and 500 ul of
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hexane were added successively. To extract the transmethylated
FAs, the samples were shaken for 10 min and centrifuged at 3000
rpm for 5 min. One microliter of the hexane phase was injected
into the GC-MS/FID (Agilent Technologies, 5977B series MSD)
using helium as the carrier gas. The analysis parameters were as
follows: oven initial temperature, 20°C for 1 min; ramp, 20°C/min
to 300°C for 1 min using helium as the gas carrier. Column refer-
ence is as follows: 190915-433U1I, HP-5MS UI, 30 m by 0.250 mm,
0.25 um. The results shown in Fig. 5B are the averages of values ob-
tained in three independent samples normalized by the absorbance.
The absolute amount of C8 and C16 FA methyl esters was calculated
on the basis of the internal standard (i.e. C17 FA methyl ester)
added before the sample treatment.

Supplementary Materials
This PDF file includes:
Figs. S1to S5

View/request a protocol for this paper from Bio-protocol.
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