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a b s t r a c t

Fatty acid photodecarboxylase of Chlorella variabilis NC64A (CvFAP) is a novel photoenzyme with great

potential in the treatment of waste lipids and production of sustainable aviation fuel. However, the frag-

ile nature of CvFAP to blue light is an urgent challenge. Herein, we demonstrated anaerobic environment

could significantly improve the photostability of CvFAP for the first time. The decarboxylation of palmitic

acid by CvFAP for 3h under anaerobic environment increased pentadecane yield by 44.7% as compared

to that under aerobic environment. The residual activity of CvFAP after blue-light preillumination in the

absence of palmitic acid for 0.5 h under anaerobic environment was 80.4%, which was 258.7 times higher

than that under aerobic environment. Remarkable accumulation of superoxide radical and singlet oxy-

gen in CvFAP under aerobic environment led to the poor photostability of CvFAP. Anaerobic environment

helped to mitigate the production of superoxide radical and singlet oxygen in CvFAP, improving the pho-

tostability of CvFAP.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The International Air Transport Association targeted to achieve

net-zero carbon emission for the global air transport industry by

2050, implying 21.2 gigatonnes of carbon emission to be abated

from 2021 to 2050 [1]. However, the aviation sector, particularly

for long-haul flights, will not be electrification but will be highly

dependent on liquid fuel for the foreseeable future [2]. It is neces-

sary to incentivize the production of sustainable aviation fuel (SAF)

from biomass waste such as waste cooking oil and lignocellulosic

residues as alternative aviation fuel since the carbon reduction of

SAF production is up to 90% compared to petroleum aviation fuel

[2–7]. Unfortunately, harsh reaction conditions and low selection

limit SAF production to less than 0.1% of the current global avia-

tion fuel consumption [8,9].

Fatty acid photodecarboxylase of Chlorella variabilis NC64A

(CvFAP), a novel photoenzyme, has great potential in the decar-

boxylation of long-chain fatty acids (LCFAs) from waste cooking

oil for SAF production since it is blue light-driven, irreversible,

and cofactor-independent reaction (Fig. 1a) [10–12]. Furthermore,

CvFAP, as a fascinating enzyme, has shown a promising application

∗ Corresponding author at: Institute of Engineering Thermophysics, College of En-

ergy and Power Engineering, Chongqing University, Chongqing 400044, China.

E-mail address: aoxia@cqu.edu.cn (A. Xia).

in energy chemistry, food chemistry, and organic synthesis [13–17].

However, the fragile nature that CvFAP is readily inactivated un-

der blue-light illumination, especially in the absence of substrate,

remains an urgent challenge [18–21]. Only two approaches were

currently proposed to promote the stability of CvFAP, namely using

crude enzyme containing CvFAP in place of the purified enzyme

[18] and adding caprylic acid in the photoenzymatic decarboxy-

lation [22]. However, CvFAP in the crude enzyme will also suffer

from photoinhibition by high-intensity blue light, and the addition

of caprylic acid will introduce impurity and compete for the active

site of CvFAP with the target substrate.

The mechanism that blue light inhibits CvFAP, particularly in

the absence of substrate, remains opaque [23]. It was reported that

the singlet excited state of flavin adenine dinucleotide (1FAD∗) de-

cayed to the FAD ground state directly with fluorescence emission

or to the metastable triplet state 3FAD∗ in the absence of sub-

strate [10]; no inhibition of CvFAP was, however, reported under

the blue-light illumination. A radical presumably derived from FAD

semiquinone and protein-based organic radicals under blue-light

illumination was previously reported to induce a modification of

protein structure in or near the enzyme active site, thereby sup-

pressing the activity of CvFAP after blue-light preillumination for

30min [19]. Photoexcited flavin was suggested to oxidize active-
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Fig. 1. Influence of oxygen on photoenzymatic decarboxylation. (a) Schematic di-

agram of CvFAP catalysis. (b) Inhibition of oxygen to CvFAP. (c) EPR spectra of

DMPO/O2
•− . (d) EPR spectra of TEMP/1O2.

site borne amino acid residues such as Cys432 or Arg451, thereby

leading to an inactivation of CvFAP [22]. However, no specific radi-

cal accounting for the inhibition was detected in these works, and

the inhibition mechanism of blue light to CvFAP remains to be ex-

plored.

Flavin readily undergoes photosensitization under blue-light il-

lumination along with the generation of free radicals and radi-

cal ions via electron transfer and proton transfer, respectively, and

the formation of singlet oxygen (1O2) via energy transfer [24–26].

Meanwhile, the generated free radicals can damage an amino acid

residue of a flavoenzyme [24,27,28]. Inspired by that oxygen in-

duces the generation of reactive oxygen species (ROS) in the pho-

tosensitization of flavoenzyme, we reasoned that oxygen played a

vital role in the inhibition of flavoenzyme CvFAP under blue-light

illumination. Thus, anaerobic environment to mitigate the produc-

tion of ROS was hypothesized to facilitate a high photostability

of CvFAP. Herein, the influence of oxygen on the photostability of

CvFAP was investigated, and the inhibitory mechanism of CvFAP

under blue-light illumination was explored.

To investigate the influence of oxygen on photoenzymatic

decarboxylation, a two-stage decarboxylation of palmitic acid

(54mmol/L) was conducted, where the decarboxylation under aer-

obic environment (namely aerobic decarboxylation) for various

times (i.e., 0, 0.5, 1, and 3h) was first performed, which was sub-

sequently transferred to anaerobic environment for another 3h

(namely anaerobic decarboxylation). For the sake of description,

the anaerobic decarboxylation for 3h without pre-aerobic decar-

boxylation was denoted as ANDE. As depicted in Fig. 1b, the

yield of pentadecane in the aerobic decarboxylation for 3h was

36.0mmol/L. Interestingly, 52.1mmol/L of pentadecane was ob-

tained with the conversion of palmitic acid at 96.5% in the ANDE.

Therefore, ANDE significantly improved the pentadecane yield by

44.7% compared to aerobic decarboxylation. In contrast, no differ-

ence in the pentadecane yield by CvFAP between aerobic environ-

ment and anaerobic environment (Ar, N2, or H2) was reported [18],

which was due to that a pentadecane yield at 100% was obtained

at a low substrate concentration (13mmol/L) in 3h and the dif-

ference was missed. Additionally, the conversion of palmitic acid

increased from 47.5% to 66.7% after prolonging the aerobic decar-

boxylation time from 0.5h to 3h. The final conversion of palmitic

acid after the two-stage decarboxylation decreased from 86.2% to

77.8% when increasing the aerobic decarboxylation time from 0.5h

Fig. 2. Influence of blue-light preillumination on decarboxylation reaction for 3h.

(a) Preillumination under aerobic environment. (b) Preillumination under anaerobic

environment. (c) EPR spectra of DMPO/O2
•− in preillumination. (d) EPR spectra of

TEMP/1O2 in preillumination.

to 3h (Fig. 1b). The identical yield of pentadecane in aerobic decar-

boxylation for 1 and 3h suggests that CvFAP was almost inactive

in the aerobic decarboxylation for 1h. However, pentadecane was

once again produced after the assays were transferred to anaero-

bic environment, suggesting that oxygen induced a reversible in-

hibition to CvFAP but deactivated CvFAP after a long period of

blue-light illumination. Analogously, ribulose 1,5-bisphosphate car-

boxylase/oxygenase (Rubisco) can be reversibly inhibited by oxygen

[29].

The typical ROS such as superoxide radical (O2
•−) and 1O2 at

the initial 4 and 8min of the photoenzymatic decarboxylation un-

der aerobic or anaerobic environment were detected with elec-

tron paramagnetic resonance (EPR) to further explore the inhibi-

tion of oxygen to photoenzymatic decarboxylation [26,30]. A spe-

cific TEMP/1O2 spin adduct giving rise to three resolved peaks and

DMPO/O2
•− spin adduct generating four resolved peaks were de-

tected in aerobic decarboxylation (Figs. 1c and d). Intensities of

both signals at 8min were stronger than those at 4min, suggesting

increases of O2
•− and 1O2 production in response to the reaction

time from 4min to 8min. However, the weak signals of O2
•− and

1O2 were detected in anaerobic decarboxylation, presumably due

to little oxygen present after the degassing process (i.e., 75ppm

of O2 in the anaerobic chamber). O2
•− and 1O2 generated from

the photosensitization of riboflavin have been reported to dam-

age amino acid residues in an intact flavoprotein, such as tyrosine,

histidine, tryptophan, cysteine, and methionine [24,27]. Therefore,

the accumulation of O2
•− and 1O2 in aerobic decarboxylation ac-

counted for damage of ROS to amino acid residues in the active site

of CvFAP, causing a decrease in the yield of pentadecane. Anaerobic

environment could efficiently eliminate the accumulation of O2
•−

and 1O2 [31], thereby being beneficial to the CvFAP photostability.

Blue-light preilluminating CvFAP in the absence of substrate can

severely inhibit the activity of CvFAP [18,19,22]. Herein, CvFAP BCs

were firstly preilluminated under aerobic or anaerobic environ-

ment and then were supplemented with palmitic acid to assess

the residual activity of CvFAP with anaerobic decarboxylation for

3h. Preillumination under aerobic environment for 0.5 h caused a

very low pentadecane yield (0.2mmol/L) after the decarboxylation

(Fig. 2a). Prolonging the aerobic preillumination time to 1 or 3h,

no pentadecane was produced after the decarboxylation, indicating

an entire inactivation of CvFAP in the preillumination phase. Inter-

estingly, after preilluminating CvFAP BCs under anaerobic environ-
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ment for 0.5 h, 40.5mmol/L of pentadecane was produced in the

decarboxylation; the residual activity of CvFAP was 80.4%, which is

258.7 times higher than that of aerobic preillumination (Fig. 2b).

When increasing the anaerobic preillumination time from 0.5h to

3h, the conversion of palmitic acid after the decarboxylation de-

creased from 74.9% to 47.4%. Consequently, an anaerobic environ-

ment significantly improved the CvFAP photostability in the preil-

lumination with absent palmitic acid compared to aerobic environ-

ment.

Remarkable specific signals of TEMP/1O2 spin adduct and

DMPO/O2
•− spin adduct were detected at the initial 4 and 8min

of the aerobic preillumination (Figs. 2c and d). Increases in O2
•−

and 1O2 production in response to the reaction time from 4min to

8min were also observed. The significant accumulation of O2
•− and

1O2 in blue-light preillumination under an aerobic environment

caused rapid inactivation of CvFAP in 30min, thereby leading to al-

most no pentadecane produced after the decarboxylation (Fig. 2a).

Weak signals of O2
•− and 1O2 in anaerobic preillumination were

also observed, which were derived from residual oxygen in the

degassing process. Increasing the anaerobic preillumination time

decreased the conversion of palmitic acid from 74.9% to 47.4% in

the decarboxylation due to the suppression of CvFAP by little O2
•−

and 1O2 present in the preillumination (Fig. 2b). Moreover, the

FAD semiquinone (FADH•) could play a vital role in the inhibition

of CvFAP under anaerobic environment, as it was previously re-

ported to be oxidative under an anaerobic environment [25,32,33].

Taken together, an anaerobic environment significantly improved

the photostability of CvFAP under blue-light preillumination com-

pared to that of aerobic preillumination. Various flavoproteins such

as thioredoxin reductase and cryptochrome in E. coli were previ-

ously reported to be restrained by excessive blue-light exposure

in the same pattern resemble to CvFAP, due to damages of O2
•−

and 1O2 to amino acid residues in a flavoprotein [27,34–36]. Iden-

tically, inhibition of blue light to CvFAP was ascribed to the damage

of O2
•− and 1O2 generated in the photosensitization of FAD under

aerobic environment to amino acid residues in or near the active

site of CvFAP such as tyrosine and tryptophan [24]. Herein, signifi-

cant signals of TEMP/1O2 spin adduct and DMPO/O2
•− spin adduct

were detected in the aerobic decarboxylation and anaerobic preil-

lumination assay with E. coli broken cells containing an empty vec-

tor in place of the CvFAP BCs (Fig. S1 in Supporting information).

Little ROS was detected in the anaerobic decarboxylation and aer-

obic preillumination assay with E. coli broken cells containing an

empty vector (Fig. S1). Therefore, the source of O2
•− and 1O2 could

be derived from the photosensitization of other flavoproteins in ad-

dition to CvFAP in this study.

Given that CvFAP is a typical flavoprotein, the generation path-

way of O2
•− and 1O2 in photosensitization of CvFAP under aerobic

environment can be proposed referring to that of riboflavin as de-

picted in Fig. 3 [31]. The FAD in CvFAP BCs is first excited by blue-

light illumination to form a singlet excited state (1FAD∗) (Step 1),

which then undergoes rapid intersystem crossing to generate the

triplet state 3FAD∗ (Step 2). Additionally, partial 1FAD∗ also enters

the FAP photocycle for photoenzymatic decarboxylation. In terms

of 3FAD∗, one part can return to the ground state (Step 3), another

part undergoes the Type-I process (Step 4), and the third part en-

ters the Type-II process (Step 5). In the Type-I process, O2
•− and

FADH• are produced along with an electron transfer from 3FAD∗ to

O2 and a proton transfer to 3FAD∗, respectively [33]. In the Type-

II process, 1O2 is produced after transferring the excitation en-

ergy of 3FAD∗ to O2 [37]. Consequently, the generated radicals such

as O2
•− and 1O2 under an aerobic environment and FADH• under

anaerobic environment can damage amino acids in or near the ac-

tive site of CvFAP, thereby causing a low photostability of CvFAP.

Herein, l-cysteine was also used as a 3FAD∗ quencher in photoen-

zymatic decarboxylation, since l-cysteine was previously reported

Fig. 3. Schematic diagram of ROS inhibition of FAP.

to efficiently quench the triplet excited state of riboflavin [38]. Ad-

dition of l-cysteine significantly improved the pentadecane yield

in aerobic or anaerobic decarboxylation compared to the control

(i.e., aerobic decarboxylation without l-cysteine addition). Pentade-

cane yield of anaerobic decarboxylation with l-cysteine addition

increased by 34.6% compared to the control (Fig. S2 in Support-

ing information), indicating quenching 3FAD∗ beneficial to the high

activity of CvFAP.

It was previously documented that CvFAP purified under am-

bient light conditions was readily inactive, but that purified un-

der dim red light retained a high activity [19]. This is ascribed to

that blue light in ambient light can induce the formation of O2
•−

and 1O2 in the photosensitization of FAD, but red light as well as

a dark environment, cannot trigger the photosensitization. It was

also previously demonstrated crude enzymes containing CvFAP en-

abled a higher yield of pentadecane even after a blue-light preillu-

mination for 3h than that of pure CvFAP [18]. Moreover, crude en-

zymes containing CvFAP exhibited a longer half-life time (ca. 19h)

than pure CvFAP (ca. 1h) [22]. However, the crude enzymes will

also be inhibited by the high intensity of blue light. The addition

of caprylic acid impressively demonstrated an enhancement to the

photostability of CvFAP, with the yield of pentadecane at 81% af-

ter preillumination for 24h [22]. Caprylic acid helped to "keep the

enzyme busy", thereby improving the photostability of CvFAP. It is

noteworthy that this enhancement will fade away when caprylic

acid is entirely consumed, and a high concentration of caprylic acid

will compete for the active site of CvFAP with the target substrate

[22]. In the present work, the photostability of CvFAP BCs resemble

to the aforementioned crude enzyme was further improved under

anaerobic environment. This is the third approach to improve the

photostability of CvFAP to date.

In summary, anaerobic photodecarboxylation increased the con-

version of palmitic acid by 44.7% compared to aerobic photodecar-

boxylation for 3h. The residual activity of CvFAP was retained by

80.4% after anaerobic preillumination in the absence of palmitic

acid for 0.5 h, which was 258.7 times higher than aerobic preil-

lumination. Aerobic environment led to an accumulation of O2
•−

and 1O2 in the photosensitization of CvFAP, thereby suppressing

the activity of CvFAP. Anaerobic environment eliminated the pro-

duction of O2
•− and 1O2, and efficiently improved the photosta-

bility of CvFAP. This study will facilitate the application of CvFAP

in the utilization of waste lipids and the production of sustainable

aviation fuel.
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