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The discovery of reduced flavin mononucleotide and fatty
aldehydes as essential factors of light emission facilitated study
of bacterial luminescence. Although the molecular mechanisms
underlying bacterial luminescence have been studied for more
than 60 years, the structure of the bacterial fatty acid reductase
complex remains unclear. Here, we report the cryo-EM struc-
ture of the Photobacterium phosphoreum fatty acid reductase
complex LuxC–LuxE to a resolution of 2.79 Å. We show that
the active site Lys238/Arg355 pair of LuxE is >30 Å from the
active site Cys296 of LuxC, implying that catalysis relies on a
large conformational change. Furthermore, mutagenesis and
biochemical experiments support that the L-shaped cleft inside
LuxC plays an important role in substrate binding and reaction.
We obtained a series of mutants with significantly improved
activity as measured by in vitro bioluminescence assays and
demonstrated that the double mutant W111A/F483K displayed
the highest activity (370% of the WT). Our results indicated
that the activity of LuxC significantly affects the bacterial
bioluminescence reaction. Finally, we expressed this mutated
lux operon in Escherichia coli but observed that the in vivo
concentrations of ATP and NADPH limited the enzyme ac-
tivity; thus, we conclude that the luminous intensity mainly
depends on the level of metabolic energy.

Bioluminescence is a natural phenomenon in which lucif-
erase catalyzes the oxidation of luciferin, the corresponding
substrate, to produce photons and emit visible light (1). Lu-
minous organisms are widely distributed in bacteria, mush-
rooms, dinoflagellates, and various animals. There are more
than 30 independent evolutionary bioluminescence systems in
nature (2). Presently, 10 different luciferins have been isolated
and their structures determined (2, 3), including bacterial
luciferin, a reduced type of FMN (FMNH2), which is abundant
in all cells (4). The other luciferins are produced by organisms
expressing corresponding luciferases, and the biosynthetic
pathway of fungal luciferin 3-OH-hispidin was clarified (5).
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Luminous bacteria are the most abundant and widely
distributed light-emitting organisms that mediate biolumi-
nescence through lux gene clusters (6). Although the lux
operon organization exhibits a broader diversity, the canonical
lux operons adopt the CDAB(F)E(G) gene order, and luxA, B,
C, D, E, and G are considered the core genes (Fig. 1) (4, 6).
Luciferases, LuxA and LuxB, belong to class C flavin mono-
oxygenases and form heterodimers (7). The LuxAB complex
(Protein Data Bank [PDB] code: 3FGC) catalyzes the mono-
oxygenation reaction of long-chain fatty aldehydes (myristic
aldehyde is proposed to be the natural substrate) with FMNH2

and O2 to produce the corresponding fatty acids, FMN, and
H2O and emit λ = 490 nm visible blue-green light (8, 9).
FMNH2 and fatty aldehyde must be continuously regenerated
to continue the bioluminescence reaction. LuxG is an NAD(P)
H-dependent flavin reductase, which is highly homologous to
Escherichia coli Fre (PDB code: 1QFJ) and exhibits a similar
function (10–12). Some lux gene clusters lacked luxG, indi-
cating that other genes may perform corresponding functions.

LuxD is a thioesterase responsible for the cleavage of the
myristoyl chain from the acyl carrier protein of the fatty acid
synthase complex (PDB code: 1THT) (13–15). LuxE is an acyl-
protein synthetase, which has <18% sequence identity with
acyl-CoA synthetase but lacks the C-terminal subdomain. The
substituent is a short C-terminal motif (approximately 20
amino acids) containing a conserved cysteine (Fig. S1).
Although LuxE shares similar reaction mechanisms with acyl-
CoA synthetase, coenzyme A is not involved in the reaction.
After myristic acid reacts with ATP to form an acyl-AMP
intermediate, the acyl chain is transferred to the sulfhydryl of
cysteine to obtain acyl-LuxE (16, 17). LuxC is an acyl-CoA
reductase, about 55 kDa, which has <18% sequence identity
with the aldehyde dehydrogenase (ALDH) superfamily and
catalyzes the opposite reaction. LuxC also has a conserved
cysteine (Fig. S2), which is the covalent binding site of the
substrate (18). Acyl-LuxE or acyl-CoA can be used as acyl
donors to transfer acyl groups to cysteine to obtain acyl-LuxC.
Subsequently, acyl-LuxC uses NADPH as a cosubstrate to
catalyze the thioester bond broken via hydrogenation reduc-
tion to form the corresponding fatty aldehyde (4, 19).
Biochemical studies have shown that LuxE is a monomer in
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Figure 1. Molecular mechanism of bacterial bioluminescence. The heterodimeric luciferase LuxAB (shown in light blue/wheat, PDB code: 3FGC) performs
the oxidation of myristic aldehyde to the myristic acid accompanied by light emission. The required FMNH2 is provided by a NAD(P)H-dependent FMN
reductase LuxG (structure of the closely related enzyme Fre is shown in yellow, PDB code: 1QFJ). The myristic aldehyde is synthesized through the fatty acid
reductase LuxCE (structure of LuxE is predicted by the alpha-fold server and shown in red; structure of LuxC is resolved in this study and shown in cyan). The
myristic acid is hydrolyzed from the fatty acid synthase by thioesterase LuxD (shown in marine, PDB code: 1THT). The photograph of luminous Vibrio harveyi
and the lux gene order is shown at the bottom. PDB, Protein Data Bank.

Cryo-EM structure of the fatty acid reductase LuxC–LuxE
solution rather than a dimer like acyl-CoA synthase. Although
LuxC and LuxD have no direct interaction, they directly
interact with LuxE, suggesting that they may form a LuxDEC
fatty acid reductase complex (20).

Bioluminescent genes are important molecular tools
because they are easily detected. For example, luciferases of
fireflies and jellyfish are widely used in biological research as
reporter genes (21). Furthermore, the luciferase in fireflies or
jellyfish is expressed by one gene, but the substrate should be
made available to the cell by adding it to the medium. How-
ever, as reporter genes, the bacterial lux gene cluster must
simultaneously express five genes (luxCDABE), which is rela-
tively difficult for genetic manipulation (22–25). However, its
significant advantage is that it can emit light sustainably
without adding a substrate, which is convenient for continuous
detection. While bioluminescent bacteria are often used as
biosensors in ecotoxicological studies, the lux operon has been
used to produce autoluminescent organisms such as human
cell lines and tobacco plants (23, 26, 27). Compared with
fluorescence, bioluminescence imaging provides additional
benefits. There is no background because of the lack of
autofluorescence, no excitation light source and filters are
required, and no phototoxicity or bleaching occurs (28).
However, its main limitation is its poor brightness. This study
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aimed to elucidate the molecular mechanism of fatty acid
reductase complex by determining the cryo-EM structure of
Photobacterium phosphoreum LuxC–LuxE and guide muta-
genesis to enhance its activity.
Results

Reconstruction of the bacterial bioluminescence system
in vitro

We cloned the luxCDABEG DNA segment from Vibrio
harveyi, constructed two expression vectors, pACYCDuet1-
LuxCDA and pRSFDuet1-LuxBEG, and cotransferred them
into E. coli BL21(DE3) to obtain a luminous strain (Fig. 2A).
The growth and luminous intensity curves were continuously
detected at 30 �C (Fig. 2B). Furthermore, pET24a-VhLuxC and
pET22b-VhLuxE-His with a C-terminal hexahistidine tag were
constructed and cotransferred to BL21(DE3) to express
V. harveyi LuxC–LuxE complex (termed VhLuxCE). However,
we found that the VhLuxCE was easy to precipitate. Therefore,
we tried homologous genes from other species and obtained
the P. phosphoreum luxC and luxE genes through chemical
synthesis. After similar construction and expression, the sol-
uble PpLuxCE was obtained by nickel-nitrilotriacetic acid (Ni-
NTA) affinity column chromatography and size-exclusion



Figure 2. In vitro reconstruction of the bacterial bioluminescence. A, the photograph of luminous E. coli BL21(DE3) via recombinant expression of the
V. harveyi luxCDABEG. The photograph of in vitro bioluminescence reaction is shown in the inset. B, the growth curve and bioluminescence intensity curve of
luminous E. coli cultured at 30 �C. C, SDS-PAGE analysis of the purified recombinant proteins VhLuxAB, EcFre, and PpLuxCE. D–F, gel-filtration profiles of the
recombinant PpLuxCE, VhLuxAB, and EcFre. G–I, the intensity curves of the in vitro bioluminescence reaction under different concentrations of NADPH, ATP,
and LuxCE. Default concentrations: 1 mM NADPH, 1 mM ATP, 100 μM LuxCE.

Cryo-EM structure of the fatty acid reductase LuxC–LuxE
column chromatography. SDS-PAGE showed that the ratio of
LuxC to LuxE was about 1:1 (Fig. 2, C and D). The VhLuxAB
complex and EcFre were expressed and purified to verify the
activity of LuxCE in vitro (Fig. 2, C, E and F). When the
components were mixed with myristic acid and FMN, a
bioluminescence reaction occurred after adding ATP and
NADPH (Fig. 2A insert). The reaction curves for different
NADPH, ATP, and LuxCE concentrations were determined.
J. Biol. Chem. (2022) 298(6) 102006 3



Cryo-EM structure of the fatty acid reductase LuxC–LuxE
The luminous intensity was positively correlated with the
concentrations of NADPH, ATP, or LuxCE (Fig. 2,G, H and I).
The results indicated that the purified PpLuxCE complex
exhibited good activity in vitro, and its relative enzyme activity
could be detected by an in vitro bioluminescence system.

The overall structure of P. phosphoreum LuxC–LuxE complex

PpLuxCE samples purified in different conditions were
screened by negative-staining EM. Protein purification in
optimized conditions yielded homogenous particles that were
suitable for analysis by cryo-EM. Representative 2D class
average indicated an assembly of D2 symmetry, consistent with
the previously proposed tetrameric organization of LuxC
(4, 20). Furthermore, 229,033 selected particles yielded a 3D
reconstruction with an overall resolution of 2.79 Å for the LuxC
tetramer complex with a portion of LuxE (Table 1, Figs. 3A and
S3–S5). In each LuxC protomer, 477 residues (12–488) could
be resolved and were constructed from 18 α helices (α1–α18)
and 14 β strands (βa–βn) (Fig. 3C). LuxC adopted the canonical
aldehyde dehydrogenase fold (29), including an N-terminal
cofactor-binding domain (residues 12–133 and 152–263), a
catalytic domain (residues 264–453), and an oligomerization
domain (residues 134–151 and 454–488) (Fig. 3B). The
cofactor-binding domain consists of alternating α/β secondary
structural elements that give rise to a five-stranded parallel β
sheet flanked by a two-stranded antiparallel β sheet and 11 α
helices. The catalytic domain consists of alternating α/β sec-
ondary structural elements that give rise to a five-stranded
Table 1
Summary of cryo-EM data collection, processing, and structure
refinement

LuxC–LuxE (EMDB-33113, PDB 7XC6)

Data collection and processing
Magnification 29,000×
Voltage (kV) 300
Electron exposure (e−/Å2) 50
Defocus range (μm) 0.5–2.3
Pixel size (Å) 0.833
Symmetry imposed C1
Initial particle images (no.) 1,012,247
Final particle images (no.) 229,033
Map resolution (Å) 2.79
FSC threshold 0.143

Map resolution range (Å) 2.7–6.0
Refinement
Initial model used (PDB code) No
Model resolution (Å) 2.79
FSC threshold 0.143

Map sharpening B factor (Å2) −76.4
Model composition
Nonhydrogen atoms 16,176
Protein residues 2026
Ligands 0

B factors (mean, Å2) 46.72
RMSD
Bond lengths (Å) 0.008
Bond angles (�) 0.781

Validation
MolProbity score 2.06
Clash score 7.82
Poor rotamers (%) 1.55

Ramachandran plot
Favored (%) 92.99
Allowed (%) 7.01
Disallowed (%) 0.00

Abbreviations: FSC, Fourier shell correlation.
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mixed parallel/antiparallel β sheet flanked by five α helices.
The oligomerization domain consists of the remaining two α
helices and a two-stranded antiparallel β sheet.

However, the density of LuxE was weak, implying that LuxE
is dynamic. Therefore, only 118 of the 373 residues of LuxE
(residues 33–91, 290–338, and 348–357) could be resolved. To
form the interface between LuxC and LuxE, 927 Å2 of the
surface area was buried (Fig. 4A). Nonpolar residues comprise
�60% of the interface and are accompanied by six hydrogen
bonds and one salt bridge (LuxC-D335 and LuxE-R354)
(Fig. 4B). We predicted the complete structure of LuxE using
an alpha-fold server and superimposed it on our cryo-EM
structure (RMSD is 1.2 Å on 118 α carbons) (Fig. 4C). Thus,
we simulated the model of the LuxC4–LuxE4 complex, which
is in line with the 1:1 heterodimer determined by biochemical
experiments (Fig. 4D) (20).

The catalytic domain of LuxC contained the key cysteine
(Cys296), located at the entry of a deep cleft formed between
the cofactor-binding domain and the catalytic domain
(Fig. 3B). According to the NAD-binding funnel of ALDHs
(discussed later), the broad groove outside the cleft is specu-
lated to play an important role in cosubstrate binding (Fig. 3F).
Autodock 4.2 software (https://autodock.scripps.edu/) was
used to simulate the binding of NADPH (30). Among the
molecular docking results, an ideal model showed that an
NADPH binds in the NADPH-binding groove formed by the
cofactor-binding domain, especially the C4 of nicotinamide
moiety that was located 3.6 Å away from the sulfhydryl of
Cys296 (Fig. 3, D and E). Although the predicted result is a
reasonable model for reaction, the actual binding site can be
clarified by resolving the structure of LuxC complex with
NADPH. A distinctive structural feature of LuxC is the pres-
ence of a novel structural element (P460–P488), represented
by the oligomerization domain. This short segment from a
neighboring subunit extends over the cleft to form a long L-
shaped hydrophobic cleft (Fig. 5A).
The active site of LuxE and the fatty acyl transferring

LuxE is evolutionarily related to the adenylate-forming
enzyme family, which includes enzymes involved in the
metabolism of fatty acids and aromatic compounds. The
adenylate-forming enzyme family adopts a general architec-
ture of two α/β domains with the active site at the interface of
the N-terminal domain and the C-terminal subdomain, and
catalysis relies on a large conformational change of the sub-
domain. Intriguingly, LuxE lacks this subdomain. We tried to
solve its active site by comparing it to the structure of a well-
studied phenylacetic-CoA ligase PaaK1 (PDB code: 2Y27)
(16). The PaaK1/ATP costructure exhibits the preadenylation
state, in which the catalytically essential Lys422/Arg326 pair
orients the phosphate for nucleophilic attack. Superimposi-
tion of the predicted structure of LuxE implies a similar
function for the Lys238/Arg355 pair in LuxE (Fig. 6). While
Lys422 of PaaK1 is located at the subdomain, the conserved
residue Lys238 of LuxE is located at a loop (234GGG
WKTKQKQALN246) longer than the corresponding loop of
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PaaK1. In addition, the proposed active site Arg355 is stabi-
lized by the salt bridge formed between LuxE-R354 and
LuxC-D335. The reaction activities of mutants K238A,
R354A, and R355A were measured using the aforementioned
in vitro bioluminescence system, and their relative activities
were characterized by the maximum luminous intensity.
While K238A was completely inactivated, the reaction ac-
tivity of R354A (34%) and R355A (10%) decreased signifi-
cantly. These results support the theory that the Lys238/
Arg355 pair of LuxE plays a critical role in the adenylation
(myristic acid + ATP → myristoyl adenylate + pyrophos-
phate) and thioesterification (myristoyl adenylate + Cys364→
myristoyl-Cys364 + AMP) reactions.
However, the side chain of Arg355 of LuxE placed >30 Å
away from the Cys296 of LuxC, indicating that the fatty acyl
chain transferring between these two active sites relies on a
conformational change of the C-terminal of LuxE (Fig. 4E).
Although the conserved C-terminal motif
(358TRxxKGCxLS367) containing Cys364 is not resolved in our
structure, the structural prediction shows it as a flexible loop,
which is consistent with the proposed functional role for the
conformational change. Thus, we simulated two functional
conformations and displayed them in Figure 4, E and F: (I)
thioesterificaion state, LuxE-C364 engage into the active stie
(Lys238/Arg355) of LuxE; (II) acyl-transferring state, the C-
terminal of LuxE moves to the LuxE-binding groove formed by
J. Biol. Chem. (2022) 298(6) 102006 5
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the catalytic domain of LuxC, and the LuxE-C364 engage into
the active site (Cys296) of LuxC.
L-shaped cleft inside LuxC

The L-shaped cleft was formed by three domains, and the
length of the cleft was more than 40 Å (Fig. 5A). It is long
enough to accommodate a substrate myristoyl covalently
connected to Cys296 and a product myristic aldehyde
(Fig. 5B). The cleft was mainly composed of hydrophobic
residues that match the structures of the substrate and the
product. Most of these residues are highly conserved. Thus, we
hypothesized that in the initial of the reaction, the acyl group
of acyl-LuxE (or acyl-CoA) enters the cleft from the entry and
6 J. Biol. Chem. (2022) 298(6) 102006
transfers to the Cys296 of LuxC. When NADPH is combined
in the NADPH-binding groove, its nicotinamide moiety is
close to acyl-Cys to cleave the thioester bond and generate
fatty aldehydes. We hypothesized that the product would move
to the bottom along the cleft and release from the exit.
Changing the shape or polarity of the cleft via mutagenesis
may affect the reaction process, thus affecting enzyme activity.
Further study is needed to clarify this hypothesis, especially
regarding the structures of the LuxC complex with substrate
and/or product.

We selected some conserved residues constituting the cleft
and constructed a series of mutants to test the hypothesis
(Figs. 5C and S2). The reaction activities of different mutants
were measured at the same protein concentration using the
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phenylacetic-CoA ligase PaaK1 (PDB code: 2Y27). LuxE (red) is predicted
by alpha-fold server. N-terminal domain and C-terminal subdomain of
PaaK1 are colored in wheat and light blue, respectively. The magnified re-
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(yellow) are shown as ball and stick. PDB, Protein Data Bank.
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aforementioned in vitro bioluminescence system, and their
relative activities were characterized by the maximum lumi-
nous intensity (Fig. 7A). We found that the enzyme activity of
10 mutants was almost stopped (<10%). C296A prevents the
substrate from covalently binding to LuxC. S166F, F297A,
Q402E, Q402L, F436E, H442R, and D443A were located near
the cleft entry site. S166F and H442R increased the side-chain
volume, potentially hindering substrate binding. The remain-
ing mutants did not increase the volume of their side chains;
however, they showed significantly reduced activities. In
addition, L478W and F483W were located near the exit of the
cleft, implying that they may block the exit and hinder product
release.

In contrast, the activity of the 11 mutants was significantly
higher (>120%) than that of the WT: L107F, L107W, W111A,
W111Q, M114W, S118F, A121Q, T169F, Y291F, I472Y, and
F483K. The residues Leu107, Trp111, Met114, Ile472, and
Phe483 were far from the cleft entry and closer to the exit.
Changes in the side chains may promote the release of the
product and accelerate the turnover of the enzyme. We
selected W111A (220%), I472Y (240%), and F483K (250%)
single mutations with the highest activity to form three double
mutants (Fig. 8). W111A/F483K exhibited the highest activity,
reaching 370% of the WT. Although a systematic kinetic
analysis was not performed in this study, the results demon-
strate that the activity of LuxC affected the bioluminescence
system significantly, indicating that the activity of WT LuxC
has great potential for enhancement.

We constructed identical mutants of VhLuxC based on
pACYCDuet1-LuxCDA to improve the luminous intensity
in vivo and cotransferred them with pRSFDuet1-LuxBEG into
E. coli BL21(DE3). The strains were cultured and induced
under the same conditions. The luminous intensity of each
mutant relative to the WT was characterized by its maximum
value (Fig. 7B). The luminous intensity of all mutants did not
exceed the WT, and the data deviation between multiple
repetitions was large. Moreover, the growth rate of bacteria
and the time of maximum luminous intensity fluctuated
significantly. Although bioluminescence requires continuous
consumption of ATP and NADPH as energy sources, the
excessive synthesis of fatty aldehydes may cause cell damage
and inhibit cell growth. However, the cell density and meta-
bolic energy limit the luminous intensity and complex effects
disturb measurement accuracy. After repeated measurements,
the enzyme activity of W111Q, S118F, S166F, C296A, Q402A,
Q402L, H442R, T465F, L478W, and F483K was abolished.
Comparisons with the inactivated mutants of PpLuxC, S166F,
C296A, Q402L, H442R, and L478W, were consistent. How-
ever, the activities of the other PpLuxC mutants were signifi-
cantly higher than that of the WT, while the corresponding
VhLuxC mutants were completely inactivated. Thus, although
the sequence identity between the two LuxC is up to 60%, the
structural details of the same mutation may produce very
different results.

Structural comparison between LuxC and ALDHs

The sequence identity of LuxC to ALDHs is rather low
(<18%), and they catalyze the opposite reactions. LuxC is
J. Biol. Chem. (2022) 298(6) 102006 7



Figure 7. Activity assay of LuxC. A, the activities of WT and mutants PpLuxC are assayed in vitro. The red line indicates the maximum luminous intensity of
in vitro bioluminescence reaction involving the WT PpLuxC, specified as 100%. B, the activities of WT and mutants VhLuxC are assayed in vivo (E. coli
BL21(DE3)). The maximum luminous intensity of the strain containing WT VhLuxC is specified as 100%.

Figure 8. Activity assay of double mutation of PpLuxC. The activities of
WT and mutants PpLuxC are assayed in vitro. The maximum luminous in-
tensity of in vitro bioluminescence reaction involving the WT PpLuxC is
specified as 100%.

Cryo-EM structure of the fatty acid reductase LuxC–LuxE
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structurally similar to the human cytosolic ALDH1A1 (PDB
code: 4WB9) and the human membrane-associated long-chain
fatty aldehyde dehydrogenase (FALDH) (PDB code: 4QGK)
(29, 31). Superimposition showed that their cofactor-binding
and catalytic domains share a similar architecture but their
oligomerization domains differed (Fig. 9A). Comparisons of
their internal clefts and active centers showed that their cat-
alytic cysteines were in almost the same position (Fig. 7B). In
ALDHs, cysteine divides the cleft into NAD-binding funnel
and substrate-binding funnel (Fig. 9, C and D). NAD-binding
sites are highly conserved in the superfamily of ALDHs (29),
but the corresponding residues of LuxC are different, which is
consistent with the LuxC usage of NADPH but not NAD as a
cosubstrate. The reaction mechanism for ALDHs is based on
the nucleophilic attack of the aldehyde substrate by cysteine.
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Cryo-EM structure of the fatty acid reductase LuxC–LuxE
First, cysteine is deprotonated and initiates a nucleophilic
attack on the carbonyl carbon of the aldehyde and forms a
thioester. Subsequently, a water molecule is deprotonated and
triggers a nucleophilic attack of the hydroxide anion on the
thioester to release the carboxylic acid product. Three
conserved residues around cysteine (two glutamic acids and
one asparagine) were involved in the catalytic process (29).
While these key residues are lacking in LuxC, there are four
polar residues (Ser166, Asn402, His442, and Asp443) around
Cys296 (Fig. 9B). Mutagenesis analysis showed that the S166A,
Q402A, and H442A mutants of PpLuxC and the S166A,
H442A, and D443A mutants of VhLuxC exhibited normal
activity. Therefore, the four polar side chains were not
necessary for the reaction. These results revealed the main
differences between the active centers of LuxC and ALDHs.
They explained why acyl-LuxC does not catalyze the hydrolysis
of thioester and generates fatty acid. Furthermore, the L-sha-
ped cleft may promote the product aldehyde to leave the active
center and prevent the reverse reaction.
Discussion

Although several studies have confirmed the interaction
between LuxC and LuxE, the mechanism for the fatty acyl
transferring between two critical cysteines remains a major
challenge for mechanistic and structural biochemists since
high-resolution data on LuxCE complex remain lacking. We
determined the cryo-EM structure of the fatty acid reductase
LuxCE from luminous bacteria for the first time. Even though
the structure of LuxE is fragmentary, we clearly observed the
interface with LuxC and determined the coordinates of the
proposed active site Arg355. As a flexible loop predicted by
alpha-fold, the conserved C-terminal motif of LuxE may un-
dergo a large conformational change to transport the cova-
lently connected substrate. We verified that the L-shaped cleft
inside LuxC is an important structural basis for substrate
binding and reaction by combining mutagenesis and activity
assays. The fatty acyl chain accesses the active site from the L-
shaped cleft entry and transfers to the Cys296 of LuxC. The
cosubstrate NADPH plays a direct role in the thioester bond
cleavage and the production of fatty aldehyde. However, all
polar residues around the Cys296 of LuxC are not directly
involved in catalysis. Therefore, the mechanistic details for acyl
transfer and the reduction reaction remain unclear.

Bacterial bioluminescence consumes a large amount of en-
ergy. LuxE and LuxC consume ATP and NADPH to convert
fatty acids into fatty aldehydes, a rare biochemical reaction.
ALDHs transfer the hydride from free aldehydes to NAD to
produce NADH and transfer hydroxyl from a water molecule
to thiohemiacetal to release the corresponding carboxylic
acids. However, the bacterial luciferase catalyzes the oxidation
of free aldehydes to fatty acids via the FMN-4a-OOH flavo-
protein mechanism, which is different from ALDHs (32). In
the process, FMNH2 is converted into an electronically excited
J. Biol. Chem. (2022) 298(6) 102006 9
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FMN state, emitting a photon on return to the ground state,
with visible light emitted. Most luminous organisms separate
the synthesis of luciferin from the bioluminescence reaction,
avoiding excessive energy consumption and improving
brightness (2). Fatty acid reductase and flavin reductase must
work with luciferase at the same time because fatty aldehyde
and FMNH2 cannot accumulate in the bacterial biolumines-
cence system. We suggest that luminous intensity depends on
metabolic energy rather than enzyme activity in vivo. The re-
action directly consumes ATP and NADPH, direct energy
sources used in almost all anabolisms. Thus, the lux system
can be used as a general reporting system to characterize the
level of metabolic energy in synthetic biology, such as
screening high-performance chassis cells, exploring new gene
expression regulatory elements, and optimizing cell culture
schemes. In addition, enhanced LuxC via structure-guided
mutagenesis exhibits a significant impact on the bacterial
bioluminescence in vitro, which expands the application for
future studies.

Experimental procedures

Cloning and site-directed mutagenesis

The gene encoding LuxC (GenBank accession number:
BAF40855.1) from the P. phosphoreum strain was chemically
synthesized and inserted into the pET24a vector using the
restriction enzymes NdeI and XhoI to obtain pET24a-LuxC.
The gene encoding LuxE from the P. phosphoreum strain
was chemically synthesized and inserted into the pET22b
vector using the restriction enzymes NdeI and XhoI to obtain
pET22b-LuxE-His. The vector allowed the expression of LuxE
in E. coli to fuse with a C-terminal hexahistidine tag. DNA,
including luxCDABEG, was obtained from V. harveyi by PCR.
Fragments of luxCDA and luxBEG were cloned into
pACYCDuet1 and pRSFDuet1 vectors to obtain pACYC-
Duet1-LuxCDA and pRSFDuet1-LuxBEG, respectively. In
addition, the luxAB fragment was subcloned into the pET28a
vector with EcoRI/XhoI to obtain pET28a-LuxAB-His. The
vector allowed the expression of LuxB to fuse with a C-ter-
minal hexahistidine tag. The fre gene was cloned from E. coli
K12 by PCR and inserted into pET28a with EcoRI/XhoI to
obtain pET28a-Fre-His.

Site-directed mutagenesis of LuxC in the pET24a-LuxC and
pACYCDuet1-LuxCDA vectors was performed using appro-
priate primers. Mutants L107F, L107Q, L107W, W111A,
W111Q, M114F, M114W, S116A, S118F, A121F, A121Q,
N162A, N162L, S166F, T169F, P264S, Y291F, C296A, F297A,
Q402A, F436A, F436E, H442A, H442R, D443A, T465F,
V468Y, I472Y, L478W, D481R, F483K, and F483W were
generated by site-directed mutagenesis. The correct integra-
tion of all constructions was verified using sequence analysis.

Protein expression and purification

First, pET24a-LuxC (WT or mutant) and pET22b-LuxE-His
plasmids were cotransformed into E. coli BL21(DE3) cells.
Next, cultures were inoculated in 10 ml of LB medium con-
taining 50 μg/ml ampicillin and 50 μg/ml kanamycin
10 J. Biol. Chem. (2022) 298(6) 102006
containing the transformed BL21(DE3) cells incubated at
37 �C overnight. The next day, the cultured cells were trans-
ferred to 750 ml of LB medium. Cells were grown at 37 �C
until the A600 nm reached 0.6 to 0.8. Protein expression was
induced with 1 mM IPTG. The induced cells were grown at
16 �C for 16 to 18 h. Cells were harvested by centrifugation at
3500 rpm at 4 �C for 10 min and subsequently lysed in buffer
A (20 mM imidazole, 300 mM NaCl, 50 mM Tris–HCl, pH
8.0). The lysed cells were sonicated with 4s/4s pulses on an
ultrasonic processor and centrifuged at 10,000 rpm at 4 �C for
40 min. The clarified supernatant containing LuxC and LuxE-
His was loaded onto a Ni-NTA affinity column pre-
equilibrated with buffer A. The His-tag protein was eluted
by increasing the imidazole concentration in buffer A from 20
to 300 mM. The protein LuxCE complex was concentrated
using an ultrafiltration centrifuge tube (30 kDa, Millipore).
The sample was subjected to gel filtration using a Superdex
200 increase column (GE Healthcare) with 20 mM Hepes, pH
7.5, 150 mM NaCl, and 5% glycerol as a buffer. Fractions
containing the LuxCE complex were concentrated again in
ultrafiltration centrifuge tubes (30 kDa, Millipore), flash-frozen
in liquid nitrogen, and subsequently stored at −80 �C at a
concentration of 45 mg/ml. The pET28a-LuxAB-His and
pET24a-Fre-His were transformed into E. coli BL21(DE3) cells.
LuxAB and Fre were purified as described for LuxCE. LuxAB
was concentrated to 40 mg/ml, and Fre was concentrated to
30 mg/ml. After the protein purity was tested by SDS-PAGE, it
was frozen in liquid nitrogen and stored at −80 �C.

VhLuxC activity assay in vivo

pACYCDuet1-LuxCDA (WT or mutant) and pRSFDuet1-
LuxBEG plasmids were cotransformed into BL21(DE3) to
obtain luminescent E. coli. The transformants were cultured
overnight in 5 ml of LB medium containing 50 μg/ml chlor-
amphenicol and 50 μg/ml kanamycin. The sample was inoc-
ulated into 50 ml LB medium and cultured to logarithm at 30
�C, and IPTG (0.5 mM) was added to continue the culture.
Luminescence was detected using a FlexStation 3 microplate
reader (Molecular Devices) at a detection wavelength of
490 nm. The samples were continuously sampled and detected
several times to determine the maximum luminescence in-
tensity of E. coli. Each group of experiments was repeated
three times, and GraphPad Prism 8 (GraphPad) was used for
statistical analysis.

PpLuxC activity assay in vitro

PpLuxC (WT or mutant) activity was determined by
monitoring the luminescence at 490 nm. A typical experi-
mental sample contained reaction mixtures A and B. Reaction
mixture A was prepared as follows: 20 mM Hepes (pH 7.5),
150 mM NaCl, 5% glycerol, 1 mM MgCl2, 2 mM DTT, 20 μM
myristic acid, 20 μM FMN, 1 mM ATP, 10 μM LuxAB, and
2 μM Fre to facilitate the measurement. In each experiment,
the reaction was initiated by adding reaction mixture B: 4 mM
NADPH and 20 μM LuxCE (WT or mutant) to the reaction
mixture A. FlexStation 3 microplate reader (Molecular
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Devices) was used for all measurements in a 100 μl reaction
system in a 96-well microplate. The microplate reader was
used as the continuous detection mode for 30 min. Each group
of experiments was repeated three times, and GraphPad Prism
8 was used for statistical analysis.

EM sample preparation and data collection

For negative-staining sample preparation, holey grids coated
with continuous carbon film were glow discharged. After that,
4 μl of the protein sample was loaded. The grids were first
blotted using filter paper and sequentially washed with water
and 2% uranyl formate. The samples were observed using a
120 kV Tecnai Spirit (FEI) equipped with a Gatan Ultrascan
4000 camera at a magnification of ×62,000, corresponding to
pixel size of 1.35 Å on the images. Defocus ranging from −1.0
to −2.5 μm and a total dose of�50 electrons per square Å were
used. For cryo-EM sample preparation, Quantifoil holey car-
bon grid (R1.2/1.3, 300 mesh) were glow discharged with air
for 40 s. Next, 4 μl of purified PpLuxCE was applied to glow-
discharged grids. After 60 s, the grid was blotted with filter
paper for 4.0 s (under 100% humidity and 4 �C) and plunged
into liquid ethane cooled with liquid nitrogen using Vitrobot
IV (FEI). A total of 8119 micrograph stacks were automatically
collected with UCSFImage4 (https://cryoem.ucsf.edu/
software/) on Titan Krios microscope (FEI) at 300 kV equip-
ped with a Gatan K3 Summit direct electron detector, at a
nominal magnification of ×29,000 with defocus values range
from 1.5 μm to 2.0 μm. Data were collected at 0.833 Å per
pixel with a dose rate of 8.2 counts per physical pixel per
second. Images were recorded for 0.25 s exposure time in 32
subframes with a total dose of 50 electrons per square Å.

Cryo-EM data processing, model building, and refinement

Beam-induced drift was corrected using the MOTION-
COR2 program (https://msg.ucsf.edu/software) (33). The
contrast transfer function parameters of micrographs were
estimated using the CTFFIND4 program (34). All particles
were autopicked using the Relion3.0 program (https://hpc.
nih.gov/apps/relion/index.html) and total of 1,012,247 parti-
cles were picked and extracted (pixel size: 0.833 Å, Box size:
256 pixels, mask size: 160 Å). Following 2D classification,
778,247 particles were used for 3D classification in Relion3.0
(35), and the particles were then classified into five classes.
Apart from the junk class, the dominant class (40.0% parti-
cles) was re-extracted with a larger box size (pixel size:
0.833 Å, box size: 340 pixels, mask size: 220 Å). The re-
extracted particles were further submitted to three rounds
of 3D classification, and the main classes were further
autorefined, yielding the best density map with a resolution of
2.79 Å based on gold-standard Fourier shell correlation =
0.143 cutoff criteria. Local resolution analysis was performed
using the ResMap program. The atomic models were built in
COOT (36). Briefly, the initial atomic model was obtained
through the automated protein structure homology-modeling
server SWISS-MODEL (https://swissmodel.expasy.org/). The
predicted model was docked into the density map as a rigid
body in Chimera and then manually adjusted using COOT
according to the density. The final model was refined using
real-space refinement implemented in PHENIX (http://www.
phenix-online.org/) (37). All images used for the model were
created using PyMOL (www.pymol.org/) and Chimera (38).
Data availability

The 3D cryo-EM density maps have been deposited into the
Electron Microscopy Data Bank under accession numbers
EMD-33113. The coordinates have been deposited into the
Protein Data Bank (PDB) with accession numbers 7XC6.
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