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ble feedstock. Today, however, only few FAPs are known. In the current study we report a new FAP

from the marine organism Micractinium conductrix (McFAP). In contrast to currently known FAPs
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sion and basic biochemical characterisation of this new member of the FAP family is reported.
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1. Introduction

In recent years so-called fatty acid photodecarboxylases
(FAPs) have gained considerable interest as catalysts for the
conversion of fatty acids into the corresponding C1-shortened
alkanes [1]. Especially compared to the existing chemical pen-
dants FAPs enable this transformation under much milder re-
action conditions and higher selectivity [2]. While chemical
catalysts necessitate rather high reaction temperatures to op-
erate well [3], FAPs only need activation by blue light (1 around
450 nm).

Since the description of the first FAP from Chorella variabilis
(CvFAP) by Beisson and coworkers in 2017 [4] this enzyme and
its mutants have been investigated for a range of applications
such as generation of fuels [5-16] or fine chemicals [17-19].

Today, however, FAP research has mainly focussed on
CvFAP. Other (putative) FAPs are principally known such as
FAPs from Chlamydomonas reinhardtii (CrFAP), Ectocarpus
siliculosus (EsFAP), Galdieria sulphuraria (GsFAP), Nannochlo-
ropsis gaditana (NgFAP), but have not been studied in detail for
their synthetic potential. CvFAP, for example, has a preference
for long-chain fatty acids, which to some extend can be ad-
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dressed by reaction [8] or enzyme engineering [10,15] but still
represents a major limitation in substrate scope.

Overall, there is a clear need for more FAPs for preparative
applications. We therefore mined publically available sequence
databases identifying the putative FAP from Micractinium con-
ductrix (McFAP), whose identification, expression and initial
characterisation is reported in this contribution (Scheme 1).

2. Materials and methods
2.1. Chemical reagents and materials

All chemicals were purchased from Sigma-Aldrich, TCI, Ox-
oid Ltd (UK), Sanland Chemical Co., Ltd or Aladdin in the high-
est purity available and were used without further purification.
E. coli BL21 (DE3) was used for the production of the biocata-
lyst and E. coli TOP10 was used for constructing McFAP and its
mutants. Water was purified with a Millipore (Bedford, MA)
Milli-Q water system.

2.2.  Gas chromatographic analysis of the reactions

An Agilent 7890B GC system (Agilent Technologies, Palo Al-
to, CA, USA) was used together with a KB-FFAP GC column
(Kromat Corporation, 4 Providence Court, Delran, NJ08075,
USA. 30 m length x 0.25 mm I.D. x 0.25 pm film thickness).
Method: injector temperature: 250 °C; split mode: 30:1; detec-
tor temperature: 280 °C.

GC oven temperature program: initial 110 °C, hold for 3.4
min, then from 110 to 190 °C at a ramp rate of 25 °C min-1, hold
for 2.1 min, from 190 to 230 °C at a ramp rate of 25 °C min-1,
then hold for 2 min, from 230 to 250 °C at a ramp rate of 30 °C
min-1, then hold for 12 min. Retention times are listed in Table
S1.

2.3.  Expression and purification of McFAP

Gene sequence derived from Micractinium conductrix (Gen-
bank accession number: PSC67760.1) encoding the putative
photodecarboxylase were synthesised by Sangon Biotech
(Shanghai) Co., Ltd and cloned into the expression vector
pET28a. The truncated mutant of McFAP 1-550 and McFAP
551-1146 amino acids deletion were constructed by PCR with
primers pair listed in supporting information (Table S2) and
the resulted gene sequence was cloned in the same vector using
seamless cloning method. For expressing the McFAP wild type
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Scheme 1. The photodecarboxylase from Micractinium conductrix with
a decarboxylation activity of medium and short-chain fatty acids.

and its truncated mutant, the expression vector was trans-
formed into the competent E. coli BL21 (DE3). The colony was
firstly cultured in 5 mL LB medium (50 mg L-1 Kanamycin) and
cultivated at 37 °C and 200 r min-! for 12 h. 2 mL of this solu-
tion was used to inoculate a 100 mL LB medium (50 mg L-!
Kanamycin) in shake flasks. Upon reaching ODeoo of ca. 0.8-1.1,
IPTG was added in a final concentration of 0.5 mmol L-1 for
another 21 h to induce the recombinant McFAP expression.
Finally, the cells were pelleted by centrifugation. The resus-
pended cells (in buffer at 1:10 (w/v)) were disrupted by ultra-
sound treatment, followed by centrifugation (12000 r min-1 for
25 min) and the crude enzyme supernatant was collected.

MCcFAP was purified using a GE chromatography system. At
first, the crude enzyme was load to a His Prep™FF16/10 col-
umn pre-balanced by washing buffer A (50 mM Tris-HCI buffer,
300 mmol L-1 NaCl, 10 mmol L-! imidazole, 5% (w/v) Glycerol,
pH =9.0) at a flow rate of 5 mL min-1. After re-equilibrated with
buffer A, the binding protein was eluted by elution buffer B (50
mM Tris-HCI buffer, 300 mmol L-! NaCl, 500 mmol L-! imidaz-
ole, 5% (w/v) glycerol, pH = 9.0) at a flow rate of 5 mL min-L
After elution, the target protein was desalted by loading to the
column HiPrep™ 26/10 with desalting buffer C (50 mmol L-1
Tris-HCl buffer, 150 mmol L-! NaCl, 5% (w/v) glycerol, pH =
9.0) at a flow rate of 5 mL min-1. The purified protein was
stored at 4 °C.

2.4. Homologous modeling and molecular docking

The crystal structure for McFAP-S was unavailable, thus the
homology model of McFAP-S was constructed using
MODELLER. McFAP-S exhibits 78% amino acid identity to
CvFAP (PDB ID: 6ZH7) rendering the crystal structure of CvFAP
a suitable template to build the model of McFAP-S. Molecular
operating environment (MOE) 2019.0102 was used to mini-
mize the energy of the model and the result was used for the
molecular docking study (using AutoDock).

2.5.  Expression and purification of McFAP-S mutants

MCcFAP-S mutants were designed (Fig. S12) and the target
genes were produced via PCR (primers used are shown in de-
sign is shown in Table S4). The monoclonal plasmids with cor-
rect sequencing results were extracted and transformed into
the expression host E.coli BL21 (DE3) by heat shock transfor-
mation method for expression and purification. The purified
mutant enzymes were obtained by nickel column affinity
chromatography (Fig. S13).

2.6. Photoenzymatic reactions using recombinant McFAP

A representative reaction consisted of 500 uL wet E. coli
cells containing McFAP (McFAP@E. coli) at 0.5 g mL-! supple-
mented with 200 pL buffer (50 mmol L-! Tris HC], pH 9.0) and
300 pL 170 mmol L-1! fatty acid solution (dissolved in DMSO) in
a 5 mL transparent reaction flask. This was placed in a
self-made photocatalytic reaction device and reacted under
500 r min-1, 30 °C and illuminated with blue light for 12 h. The
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homemade experimental setup is shown in Fig. S1. The blue
LEDs (10 W) were purchased from Midea Co., Ltd. (Foshan,
China). The distance between light source and reaction bottle
was 2.5 cm. Afterwards the entire reaction mixtures were ex-
tracted with ethyl acetate (containing 25 mmol L-1 of 1-octanol
as internal reference) in a 1:1 ratio (v/v). After centrifugation
(11000 r min-1! for 4 min) the organic layer was analysed by gas
chromatography.

2.7. Molecular dynamics simulations

Before the molecular dynamics simulations, the protonation
states of the charged residues in the wt-McFAP-S and
(A344-347) McFAP-S models were firstly determined by the
H++ program and careful examination of their individual local
hydrogen-bonding networks [20]. All His residues were deter-
mined as single protonated on the ¢ site. After the protonation
determination, each prepared model was then neutralized by
addition of Na* or Cl” ions at the protein surface using the Am-
berTools package and finally, solvated in a rectangular water
box with a 10 A buffer distance between the solvent box wall
and the nearest solute atoms. Meanwhile, the force field pa-
rameters of the FAD molecule was generated from the AMBER
GAFF force field [21], and their partial atomic charges were
obtained from the restrained electrostatic potential (RESP)
charge at the HF/6-31G(d) level with the Gaussian 09 package
[22]. All models were first minimized to relax the solvent and
optimize the system. After several steps of minimization, each
model was heated from 0 to 300 K gradually under the NVT
ensemble for 100 ps, followed by another 150 ps of MD simula-
tion under the NPT ensemble to relax the system density to
about 1.0 g cm-3 with a target temperature of 300 K and a tar-
get pressure of 1.0 atm. Afterwards, with a target temperature
of 300 K and a time step of 1.0 fs, 100 ns of NVT MD simulation
under periodic boundary conditions was performed for each
model to produce trajectories via the GPU accelerated pmemd
program in the Amber 14 package [23]. During the MD process,
the TIP3P model and Amber99SB force field were employed for
the water molecules and proteins, respectively [24-27]. The
SHAKE algorithm was applied to constrain all of the hydro-
gen-containing bonds with a tolerance of 10-5 [28]. The Lange-
vin dynamics method was used to control the system tempera-
ture with a collision frequency of 1.0 ps-1 (ntt = 3, gamma_In =
1.0), and a cutoff of 12 A was set for both van der Waals and
electrostatic interactions [29].

3. Results and discussion

To identify promising photodecarboxylases candidates we
used the amino acid sequence of CvFAP as template and
searched for homologues using the Blast module in NCBI. 490
gene sequences sharing amino acid identities between 35%
and 80% with that of CVFAP were found. Phylogenetic tree
analysis of those sequences were conducted using MEGAN-X
[30]. More than 50 phylogenetic trees were constructed using
5NCC-A as the root (Fig. 1). The sequence from Micractinium
conductrix (Accession number: PSC67760.1) showed highest

McFAP

ABTHB7.1Chlamydomonas reinhardtii

1261 noppm ey TN

Fig. 1. Phylogenetic tree analysis of photodecarboxylases.

homology to CvFAP (XP005842992.1) and contained the cata-
lytically relevant amino acid residues in CvFAP (Y466, N575,
H572, Q486, T484, R451, 1398, F469 and C432) [4,31]. There-
fore, it implies that sequence PSC67760.1 may exhibit photo-
decarboxylase activity as CvFAP.

Next, we functionally expressed McFAP in Escherichia coli
and tested its photodecarboxylase activity on a range of fatty
acids substrate (Fig. 2). Both, whole cells containing McFAP
(McFAP@E. coli) and cell free extracts (CFE McFAP) showed the
desired photodecarboxylase activity. Performing the experi-
ments in the dark or using E. coli cell control did not result in
detectable conversion of the starting material under otherwise
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Fig. 2. McFAP decarboxylation validation reaction. Reaction conditions:
0.25 g mL-! McFAP@E. coli, 20 mg mL-! CFE McFAP or 0.25 g mL-!
empty whole cells, 50 mmol L-! fatty acid substrate, 30% (v/v) DMSO,
pH 9 buffer (50 mmol L-! Tris-HCI) were mixed and under gentle mag-
netic stirring (500 r min-1) at 30 °C in a total volume of 1 mL under the
homemade photoenzymatic decarboxylation reaction setup (Fig. S1) for
12 h.
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identical conditions.

Quite interestingly, McFAP, in contrast to CvFAP exhibited
significant activity towards shorter chain carboxylic acids such
as octanoic and nonanoic acid. It is also interesting to note that
the catalytic performance of McFAP confined in the E. coli cells
was somewhat higher than within the cell free extracts. The
latter observation may be due to a higher stability of the en-
zyme under these conditions.

According to the gene sequence, the molecular weight of
MCcFAP was calculated as 117.8 kDa. However, SDS-PAGE elec-
trophoresis analysis of the isolated sample after affinity chro-
matography manipulation showed that two proteins band with
ca 62 and 69 kDa were found, respectively (Fig. 3). Mass spec-
troscopic analysis of the two protein bands (Fig. S2) suggested
them belonged to C-terminal fragments (amino acids about 520
to 1146) of McFAP, consistent with the molecular mass deter-
mined via SDS-PAGE. The different lengths of N-terminal de-
tachment lead to the appearance of two bands in SDS-PAGE.
Apparently, the primary gene translation product underwent
post-translational cleavage.

Sequence alignment of McFAP with CvFAP (Fig. 4) revealed
that especially the amino acids of 551-1146 in C-terminal re-
gions show 78% sequence identities with that of CVvFAP by
alignment analysis,while full length of McFAP gene and CvFAP
was only 41%. It was reported that the N-terminal region in
CvFAP does not contribute to the catalytic activity but rather
ensures its localisation on the thylakoid membrane [32], we
speculated that a similar organisation may be present in
MCcFAP, i.e. that amino acids 1-540 may be irrelevant for its
photodecarboxylase activity.

M 1 2 3 4
180 kDa
140 kDa Full length protein 5 M
oion N (o cxpreson
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Fig. 3. SDS-PAGE analysis of the purified McFAP. Lane M: Protein
Marker; Lane 1: whole cell protein; Lane 2: insoluble fraction; Lane 3:
MCcFAP crude enzyme; Lane 4: purification passing sample; Lane 5: the
protein sample eluted by buffer B.

Therefore, a truncated McFAP variant comprising amino
acids 551-1146 was constructed (denoted as McFAP-S), and
expressed in E. coli. As shown in Fig. 5, the truncated variant
expressed significantly better than the wild-type enzyme and
recombinant McFAP-S have been purified with a single band in
the SDS-Page gel after affinity chromatography step (Fig. 5 and
Table 1).

For the sake of completeness, we also constructed an
N-terminal truncated variant (consisting of the original amino
acids 1-540, denoted McFAP-N). The enzyme was heterolo-
gously expressed in E. coli and purified via Ni-affinity chroma-
tography (Fig. S3). It was found that McFAP-N exhibited no
catalytic activity towards any fatty acid substrates evaluated
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Fig. 5. SDS-PAGE analysis of McFAP-S. Lane M: protein marker; Lane 1:
protein sample of total bacteria after lysis; Lane 2: total bacteria are
broken and centrifuged to supernatant protein samples; Lane 3: total
bacteria are broken and centrifuged to precipitate protein samples;
Lane 4: McFAP-S crude enzyme protein sample; Lane 5: pass through
the liquid protein sample when purified by nickel column; Lane 6: Puri-
fied McFAP-S sample eluted by buffer B.

Table 1
Purfication of McFAP-S.

Total Total  Specific enzyme

: . Yield
Sample protein enzyme activity %)
(mg) activity (U) (Umg1)
Crude enzyme solution 31800 2639 0.083 100
Affinity chromatography 836 334 0.399 13
After buffer change 595 159 0.268 6

(Table S3). But deleting the N-terminus of McFAP had no
change the substrate specificity (Fig. 6).

We next performed a basic biochemical characterisation of
MCcFAP-S evaluating the effect of polar organic solvents (Fig.
S4(a)) and metal ions (Fig. S4(b)) on the activity of the enzyme.
Methanol or DMSO had no apparent influence on the activity of

50

MCcFAP-S@E.coli
McFAP-S@E.coli
40

30

20

Concentration of alkanes (mmol L™)

0 T T T T T T T T

6 Y w0 90 Y e e
Fig. 6. Comparison of efficiency of McFAP@E. coli and McFAP-S@E. coli
catalyzing decarboxylation of different chain length fatty acids. Reaction
conditions: 0.25 g mL-1 McFAP-S@E.coli or McFAP@E.coli, 50 mmol L-1
fatty acid substrate, 30% (v/v) DMSO, pH = 9 buffer (50 mmol L
Tris-HCl) were mixed and under gentle magnetic stirring (500 r min-1)
at 30 °C in a total volume of 1 mL under the homemade photoenzymatic
decarboxylation reaction setup (Fig. S1) for 1 h.

MCcFAP-S when incubated in the concentration of 30% (v/v),
while ethanol or acetonitrile significantly decreased the cata-
lytic activity of McFAP-S at the same concentration.

The influence of the reaction temperature on the activity
and stability of McFAP-S is shown in Figs. 7(a), (b). McFAP-S
showed highest product formation rates at 40 °C. Likewise,
preincubating the enzyme (in the dark) at temperatures below
40 °C for 6 h did not result in a significant decrease of the en-
zyme activity. The half life time of McFAP-S at 50 °C was about
2 h. When stored at 4 °C in the dark, the enzyme can maintain
more than 70% of its initial activity after 10 d (Fig. S5).

MCcFAP-S exhibited its maximal catalytic activity in slightly
alkaline media between pH 8 and 9 (Figs. 7 (c), (d)). McFAP-S
was stable in buffer with various pH value with residual activity
higher than 50% after 5 h incubation (Fig. 7(d)).

Previous studies have shown that the photodecarboxylase
CVFAP is prone to photocatalytic inactivation [7,13]. To inves-
tigate whether McFAP suffers from similar limitations, the ef-
fect of external illumination on the stability of McFAP-S was
measured (Fig. 8(a)). Very similar to CvFAP, also McFAP was
readily inactivated by blue light whereas wavelengths not
overlapping with the flavin absorption spectrum (such as red
light) hardly influenced the stability of the enzyme. The pho-
toinactivation reaction could somewhat be alleviated in the
presence of n-octanoic acid.

We therefore assume that the hypothesis of ‘keeping the
FAP busy’ also applies to McFAP [7]. In other words, in the ab-
sence of a convertible fatty acid starting material photoexcited
flavin within the enzyme active site undergoes photobleaching
and/or oxidises catalytically relevant amino acids within the
active site. Therefore, ensuing a maximal saturation of the en-
zyme active site with fatty acids alleviates photoinactivation.

Next to octanoic acid also lauric acid and hexanoic acid exhib-
ited a protective effect (Fig. 8(b)).

Next, we investigated the influence of catalyst- and starting
material concentration on the rate of the photoenzymatic de-
carboxylation reaction (Fig. 9). Increasing the enzyme concen-
tration up to 25 pmol L-! resulted in a linear increase of the
product formation rate. The average turnover frequency of the
enzyme was 10 min-! corresponding to a specific activity (Aspec)
of 0.16 U mg-1, comparable to the specific activity of CvFAP
under similar conditions. The catalytic activity was not influ-
enced by varying the substrate concentration between 10 and
50 mmol L-! indicating that the Km value for n-octanoic acid is
significantly below 5 mmol L-1, though further studies will be
needed to determine this value precisely. Similar observations
were made using palmitic acid as starting material (Fig. S6 and
Fig. S7).

An exemplary time course of the McFAP-catalysed decar-
boxylation of oxtanoic acid is shown in Fig. 9(b). Using, 60 umol
L-t of the enzyme, 20 mmol L-! of octanoic acid were fully con-
verted (> 95% conversion) within 30 min.

Overall, McFAP-S exhibited similar biochemical properties
as CvFAP with the notable exception of carboxylic acids chain
length preference. To obtain further insights into the molecular
origins of this difference in substrate spectrum we compared
the three-dimensional structures of both enzymes (using the
published crystal structure for CvFAP and a homology model of
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zyme activity detection system: 20 pmol L-1 McFAP-S, 20 mmol L-! n-octanoic acid, 15% (v/v) DMSO, 50 mmol L Tris-HCI pH = 9 of 1 mL total sys-
tem in a glass vials, 30 min, 500 r min-?, under the homemade photoenzymatic decarboxylation reaction setup (Fig. S1). (b) Enzyme activity detection
system: 20 umol L-1 McFAP-S, 20 mmol L-! n-octanoic acid, 15% (v/v) DMSO, 50 mmol L-! Tris-HCI pH = 9 of 1mL total system in a glass vials, 500 r
min-1, under the homemade photoenzymatic decarboxylation reaction setup (Fig. S1). (c) For determination of pH optimum, the McFAP activity was
measured at 30 °C using the following buffers: citrate-phosphate pH = 5 and 6, phosphate pH = 7, pyrophosphate pH = 8, Tris-HCl pH = 9 and 10 each
at 50 mmol L-! concentration. Enzyme activity detection system: 20 umol L-* McFAP-S, 20 mmol L-! n-octanoic acid, 15% (v/v) DMSO, 50 mmol L-!
Tris-HCl pH = 9.0 of 1 mL total system in a glass vials, 30 min, 30 °C, 500 r min-%, under the homemade photoenzymatic decarboxylation reaction
setup (Fig. S1). (d) McFAP-S pure enzyme solution and gradient pH buffer (pH = 6, 7, 8,9, 10) were taken respectively and incubated for a certain time
(0,0.04,0.13,0.25,0.5, 1, 2, 3, 4 and 5 d) under the condition of avoiding light at 4 °C. Enzyme activity detection system: 20 pmol L-! McFAP-S, 20 m
mol L1 n-octanoic acid, 15% (v/v) DMSO, 50 mmol L-! Tris-HCI pH 9 of 1mL total system in a glass vials, 30 °C, 500 r min-!, under the homemade
photoenzymatic decarboxylation reaction setup (Fig. S1).
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reaction conditions: 24 pmol L-1 McFAP-S, 20 mmol L-! n-octanoic acid, 15% (v/v) DMSO, 50 mmol L-! Tris-HCl pH 9 of 1 mL total system in a glass
vials, 30 min, 30 °C, 500 r min-!, under the homemade photoenzymatic decarboxylation reaction setup (Fig. S1). (b) Pre-illumination conditions:
pre-illumination 2 h, 25 °C, under sun light (380-780 nm). Reaction conditions: 20 pmol L-! McFAP-S, 20 mmol L-! n-octanoic acid, 15% (v/v) DMSO,

50 mmol L-! Tris-HCl pH 9 of 1 mL total system in a glass vials, 30 min, 30 °C, 500 r min-?, under the homemade photoenzymatic decarboxylation
reaction setup (Fig. S1).

MCcFAP-S, respectively (Fig. 10(a), Figs. S8 and S9). tween McFAP-S and CvFAP. Docking some carboxylic acids into

Next to some differences in the substrate access channel, the active sites of both enzymes also confirmed the observed
amino acids S288, L339 and T340 as well as the region around difference in substrate chain length (Figs. 10(b), (c) and Fig.
amino acids 344-347 were identified as major differences be- $10).
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glass vials, 30 °C, 500 r min-, under the homemade photoenzymatic decarboxylation reaction setup (Fig. S1).

Fig. 10. Structural comparison of McFAP-S (cyan) and CvFAP (rose red) (a) and molecular docking of some carboxylic acids into the active sites of
CVFAP (b) and McFAP-S (c). CvFAP: C10:0 (pink, 8.8 A), C12:0 (rose red, 8.4 &), C14:0 (blue, 7.5 A), C16:0 (green, 4.8 A); McFAP-S: C10:0 (pink, 2.6 A),
€12:0 (rose red, 6.3 A), C14:0 (blue, 3.7A), C16:0 (green, 5.4 A).

We therefore, generated some McFAP-S mutants to explore ences in their substrate acceptance profile, especially the triple
the influence of the amino acid positions 288, 339, 340 and mutant S338A/L3391/T340S exhibited a significantly de-
344-347 on the carboxylic acid preference of McFAP-S (Figs. creased preference for shorter chain carboxylic acids (Fig.
S$14-S17). While the single mutations exhibited some differ- 11(a)).
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Fig. 11. Comparison of the catalytic performance of wt-McFAP-S and its triple mutant (S338A/L3391/T340S)-McFAP-S (a) and comparison of the
catalytic performance of wt-McFAP-S and (A344-347)McFAP-S (b). Reaction conditions: (a) 40 pmol wt-McFAP-S or triple mutant
(S338A/L3391/T340S)-McFAP-S, 50 mmol L-! fatty acid substrate, 15% (v/v) DMSO, pH 9 buffer (50 mmol L-! Tris-HCI) were mixed and under gentle
magnetic stirring (500 rpm) at 30 °C in a total volume of 1 mL under the homemade photoenzymatic decarboxylation reaction setup (Fig. S1) for 1 h;
(b) 40 umol L1 wt-McFAP-S or (A344-347)McFAP-S, 50 mmol L-! fatty acid substrate, 15% (v/v) DMSO, pH = 9 buffer (50 mmol L-! Tris-HCI) were
mixed and under gentle magnetic stirring (500 r min-1) at 30 °C in a total volume of 1 mL under the homemade photoenzymatic decarboxylation
reaction setup (Fig. S1) for 1 h.
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Interestingly the deletion mutant A344-347 had almost no
activity on longer chain carboxylic acids but still exhibited
some activity towards hexanoic- and heptanoic acid (Fig.
11(b)).

Homology modelling of A344-347 indicated that the origi-
nal architecture comprising two helices and one loop was
transformed into a single helical region with increased rigidity
(Fig. 12). This reduced flexibility may impede longer chain
starting materials from entering the enzyme active site.

As shown in Fig. 12(a), in wild type model, region 339-361
formed a confirmation where two helixes were connected by a
long loop. After cutting off the part close to substrate tunnel
(334-337, the image of the region see Fig. 12(a)), the homolo-
gous modeling shows that the model with minimised energy is

a large helix (blue part in Fig. 12(b)), which may influence the
geometry of the substrate binding path. The truncated mutant
loses most of the enzyme activity and retains only hexanoic
acid and heptanic acid has low catalytic activity (Fig. 11).

Structural analysis showed that the FFA substrate tunnel of
wt-McFAP-S can be divided into two parts, substrate entry and
substrate binding pocket (Fig. 12(c), the constituent residues
are shown in cyan and blue stick respectively; the specific res-
idues of its substrate entry see Fig. 12(d)).

The 200ns MD simulation results show that the RMSD of the
main chain of wt-McFAP-S and (A344-347) McFAP-S model
(including FAD) is consistent (Fig. 12(e)), which indicates that
mutation has little effect on the overall structure of
wt-McFAP-S. However, the RMSF of the regions G336-S364 and
D396-S416 of (A344-347) McFAP-S were more flexible com-
pared to the corresponding positions of wt-McFAP-S (Fig. 12(f),
the two regions were marked with green and cyan boxes, re-
spectively). MD trajectory analysis found that Y344 and G348
formed a stable hydrogen bond with F408 and S413, respec-
tively, in wt-McFAP-S (Fig. 12(g)), while in the corresponding
position of (A344-347) McFAP-S, there was only a weak and
unstable interaction between R347 and Q408 (Fig. 12(h)). This
may be the reason why the conformational instability increases
after the truncation of the surficial loop of wt-McFAP-S. Further
analysis of the geometry of the substrate entry found that after
the truncation of region 344-347, the rearrangement of the
side chain conformation of residues in this region also led to
the reduction of the size of wt-McFAP-S substrate entry (Figs.
12(g) and (h), the diameter at the narrowest part was reduced
from ~7 to ~5 A). The reduced stability and size of the sub-
strate entry conformation reduced the catalytic activity of
(A344-347) McFAP-S and made it difficult to bind bulky
long-chain FFA.

In conclusion, the biochemical characterisation of McFAP
provide some preliminary insights into the molecular origin of
substrate selectivity of FAPs. The size of the substrate channel
inlet and the catalytic cavity space behind the inlet are im-
portant factors affecting the substrate selectivity. These two
aspects have important influence on the binding force of the
channel opening to the far end of the carboxyl group of the
substrate. When the binding force is low (for example McFAP),
the substrate can enter the active site through the pocket en-
trance smoothly, which shows that the carboxyl group of the
substrate is close to FAD. When this force is relatively strong,
the far end of the carboxyl group of the substrate is bound to
the entrance, and the substrate cannot enter the active center,
which is manifested as the carboxyl group of the substrate is far
from FAD. Compared to CvFAP, McFAP-S has a wider channel
inlet and the cavity space behind the inlet is narrower, which
reduces the channel’s affinity to the alkyl chains of the sub-
strate acids and facilitates interaction with the catalytic flavin
moiety.

4. Conclusions

In conclusion, we report a new member of the FAP family.
MCcFAP show a unique chain carboxylic acids substrate selectiv-
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McFAP-SX 55K Ay 61 8 I AN L R 107 R 220 A IR ok, O e R B M 07 T2, B0 JER A M 1E S R (C8:0) (B 1 3>99%). AH [F]
AT, McFAPA 21 f AL IR IR (C16:0) B2 % 4k 6 72 CVF APCKIE T Chlorella variabilis) ) 1.715.

20 (I McF AP-SHEAK IE 3 2 Jit F2 1) 53 s I3 FE 40 °C, W% 75 6 hJm iR AR B 71870.2%; FodEpHE ~8.0, I E S dib
BRAEG 1M65.4%; Xt FHEE, DMSOZAHLIAF AN, Ca™ 254 J8 I T B RAIF T 524 4 °CRE1F T 1710 k4
3% J1°076.7%. 5% 1 AN KX McF AP-SEEE 71 (R RE A, 25 B3R B, 2L 6IEI 3 h/5 McFAP-SER AR IS 11°M97.2%; 1
Al WO R 5 T McFAP-S 5 IF ¥ FR AL 5 3 hJm 7% AT 71> 99%. McFAP-STE30 °C, pH 9.0, & 460 umol L'f{4&1F T
AL IE SE B AR, SN 30 minjs 351635 N95.3%.
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K T McFAP-S =445 B Tl ik 5 CyF AP 1) = 4k 45 My Xt LE 43 AT, FE DU JE 03d3 11 K /N McFAP-SIR i #5145 5
B, R ZE AR R KR A S A E R X, B T AR 1R S338V, S338L, S338A, L339L, T340A, T340S,
MCcFAP-S338A/L3391/T340S St A344-347. 45K W], S338LA L BA M A4 R R It 32 0 77 (=2 B A= L 13.7%); L339L% IE FR g
(C7:0) B FR¥E JIAH I T 17 A2 B PEAIG 17 15%, St H AEFR(C12:0) B IR G S48 0 1 28%; T340S5 IE CLFR (C6:0) Bt F2 i 1 B#AK T
67%; S338A/L3391/T340SX} IE LR it ¥R 3 1A T 78%. LA B, S338, L339, T340 1 i /& 5 15 14 M K4 ik B P 1 4% 11
KA R

25 B ATR, AR CARIE Y CvF APREAL Rt McF AP A i i 7 B A 7 18 R0t 58 0k 1 B v S A 3%, 38 v e I AR g i Ak b
BTG 07 IR MR A2 L CS—C 12t SR IR B4 2R, [RIIN) A BT T 4120 1) B T McF AP JER A BN, T D9 00 B 52 1 (1) i i S S FH 472
B S, e B G R Bl I S5 4 D e o8 R TSR it — g i A,

KIE: CMRES; McFAP; SIHKIE; FRIITR; J&IREMkkl

W s B 1 2022-07-15. #:4 B #: 2022-08-31. & & & 8]: 2022-12-10.
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