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ABSTRACT

Choline dehydrogenase (CHDH) is a membrane-bound enzyme belonging to the glucose-methanol-choline (GMC) oxidoreductase superfamily, which is characterized
by a crucial FAD-binding domain essential for catalytic function. CHDH catalyzes the oxidation of choline to betaine aldehyde, which is further oxidized to betaine, a
vital osmoprotectant and methyl donor for cellular physiology and metabolism. However, the detailed catalytic mechanism of CHDH still remains poorly understood.
In our investigation, we gained purity E. coli CHDH samples in DDM (n-dodecyl-p-D-maltoside) and SMA (styrene maleic acid) copolymer respectively and examined
their structural composition and catalytic activity separately. Our findings demonstrated the effectiveness of SMA, commonly employed for extracting trans-
membrane proteins and can preserve the natural bio-membrane environment surrounding the enzyme, in extracting peripheral membrane proteins like CHDH here,
which lacks transmembrane helices. CHDH exhibited a trimeric conformation in SMA, whereas it existed as monomers in DDM, as determined by our negative
staining analysis. Our experiments also revealed that highly pure E. coli CHDH could only oxidize choline to betaine aldehyde but failed to further oxidize betaine
aldehyde to betaine as determined by the biochemical and enzymatic reaction kinetic assays. In addition, the enzyme in SMA displayed greater catalytic activity
compared to that in DDM. Furthermore, we confirmed the crucial role of His473, which is hypothesized to be a critical site for substrate binding from our structural
comparative analysis between CHDH and its highly homologous choline oxidase, in the catalytic activity of the enzyme through gene mutation. Our work also sheds
light on CHDH’s contribution to cellular osmotic tolerance through gene knockout. This research enhances our better understanding of CHDH within cellular
biochemistry and metabolic pathways.

1. Introduction [2-4]. As previously reported, CHDH catalyzes the oxidation of choline

to betaine, one of the limited osmoprotectants utilized by cells to

Choline dehydrogenase (CHDH), initially characterized by Mann and compensate for the impacts of high osmotic stress, such as high salt,

Quastel in 1937 [1], is primarily located in the cell membrane of pro- freezing temperatures, and extreme heat. An intermediate product in the
karyotes and the inner mitochondrial membrane of eukaryotes, playing overall choline oxidation process is betaine aldehyde [2,5,6].

a crucial role in electron transfer processes within the respiratory chain
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For microorganisms, the accumulation of betaine in the cytoplasm is
crucial for controlling intracellular water content by regulating the
levels of intracellular solutes [7]. In a high-saline environment, the
failure to do so can lead to consequences like dehydration, osmotic
shock, and plasmolysis. Several human pathogens, including Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa, Enterococcus faeca-
lis, Klebsiella pneumoniae, and Vibrio parahaemolyticus, rely on the accu-
mulation of betaine to adapt to the high osmotic conditions encountered
at sites of human infection [8].

In humans, CHDH is associated with various pathologies, including
male infertility, homocystinuria, metabolic syndrome, high risk of car-
diovascular diseases, and breast cancer. Its crucial role in metabolism
and oxidative stress is highlighted, and the need for comprehensive
research into its molecular mechanisms is of massive importance.
Moreover, betaine, the final oxidation product of choline, serves as an
important osmoprotectant in the kidney and also acts as a methyl donor
in the biosynthesis of methionine. These functions underscore the sig-
nificance of betaine biosynthesis as a noteworthy target for metabolic
engineering [9,10].

As established by previous research, CHDH belongs to the glucose-
methanol-choline (GMC) enzyme oxidoreductase superfamily based on
its structural arrangement [9,11,12]. This superfamily comprises a
group of oxidoreductases that share a common structural fold, with FAD
serving as a coenzyme that primarily catalyzes the oxidation of alcohol
groups into their corresponding aldehydes [13]. Enzymes within this
family feature a 30-amino acid region near the amino terminus, corre-
sponding to the ADP-binding domain of FAD, and a steroid-binding
domain in the C-terminal region [14-16]. Despite the substantial in-
terest in CHDH, its biochemical characterization has lagged behind its
medical and biotechnological applications due to the enzyme’s high
instability when removed from the membrane and the challenges asso-
ciated with obtaining high yields and purity of the enzyme sample in
eukaryotic cells. The highly purified preparation is required to obtain
stable CHDH—a goal that poses a big challenge, all the characteristics of
CHDH reported so far were obtained using relatively crude preparations,
and highly purified preparations are imperative in the field [17]. This
challenge has led to limited or potentially misleading structure-function
studies, leaving much unknown about the biochemical features of
CHDH.

A previous study has reported that E. coli CHDH can oxidize choline
to produce betaine aldehyde and then oxidize betaine aldehyde to pro-
duce betaine at a similar rate [4]. Alternatively, some other studies have
suggested a two-step process, with the initial step involving the oxida-
tion of choline to betaine aldehyde by CHDH encoded by the betA gene,
and the subsequent step involving further oxidation of betaine aldehyde
to betaine, carried out by the betaine aldehyde dehydrogenase encoded
by the betB gene in Staphylococcus aureus [18]. However, these previous
studies both had faced challenges related to sample purification, which
contained impurities that could introduce interference in the experi-
mental results to some extent.

DDM was considered the most traditional and classic detergent,
making it the top choice for extracting membrane proteins [19]. The
method effectively isolated membrane proteins by creating
lipid-detergent mixed micelles that replaced the native membranes
around them. For some membrane proteins in DDM, their stabilities are
relatively low as the micelles cannot preserve the native conformation of
the protein [20,21]. This limitation hinders both structural and func-
tional investigations of membrane proteins, as well as their subsequent
applications. In contrast, SMA offers a significant advantage over
traditional detergents by enabling the extraction of the target protein
along with the natural lipid bilayer and associated proteins through the
spontaneous formation of SMA lipid particles (SMALPs) [22]. In addi-
tion, SMALPs exhibit remarkable stability during the purification pro-
cess [23].

Here, we purified E. coli CHDH using SMA3000 and DDM respec-
tively to obtain high-purity enzyme, facilitating a comprehensive
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evaluation of its structural, biochemical, and characteristics. The results
of this research will deepen our understanding of the basic biological
mechanisms underlying E. coli CHDH catalysis and provide a valuable
model for studying similar enzymes in eukaryotes.

2. Results
2.1. The purification and composite analysis of CHDH

To provide insight into the enzymatic activity of CHDH, we
employed both the SMA3000 copolymer to extract small lipid bilayer
discs encapsulated within the polymer, referred to as SMALPs (SMA lipid
particles) and the commonly used detergent DDM to isolate the
membrane-bound enzyme for sample purification. The size of the
enzyme in SMA3000 was bigger than that by DDM from FPLC SEC
chromatogram curves (Fig. 1A). The purified samples were identified by
SDS-PAGE (Fig. 1B), and it was clear that the purity of the samples was
very high in our research. To deeper into their structural composite,
these samples were examined using negative staining electron micro-
scopy (EM). It revealed significant size discrepancies between the
enzyme particles in SMA3000 and DDM, characterizing trimer in
SMA3000 and monomer in DDM, which was consistent with the FPLC
SEC chromatogram results (Fig. 1C and D).

Subsequently, a set of negative staining EM data was collected for
E. coli CHDH in SMA3000 for further investigation. The original raw
micrographs were used for particle picking and selection. The 2D clas-
sification images confirmed the assembly of the sample purified by
SMA3000 as a clover-shaped trimer. A 3D map was constructed using
CryoSPARC v3.2 (Fig. 1E). Then we used the Alphafold2 model for
trimeric CHDH (Fig. 1F) to fit in the map, and most regions of the map
were well fitted (Fig. 1E), which indicated that the predicted trimeric
model for CHDH was plausible.

Additionally, we conducted cryo-EM structural research using the
purified sample of CHDH in SMA3000. We observed that the trimeric
configuration tended to dissociate into monomers after cryogenic pro-
cessing, and the particles showed inhomogeneity from our electron
microscopy images. Due to the small size of the CHDH monomer parti-
cles and the challenges posed by their orientation advantages, our at-
tempts to obtain a cryo-EM 3D map of the monomer were unsuccessful.

2.2. The catalytic process of E. coli CHDH

As shown in Fig. 2A, the standard sample of betaine aldehyde was
baseline resolved by HPLC, with a peak at 5 min retention time. Owing
to the impurities contained in the commercial betaine aldehyde, an
interfering peak emerged at 1.7 min, but the main and interference
peaks were completely separated. When using PMS or decylubiquinone
(DQ) as electron acceptors, E. coli CHDH effectively oxidized choline and
yielded products with a matching 5 min peak of standard betaine
aldehyde (Fig. 2B and C). In contrast, there was no such peak in the
blank group when using ddH20 as an electron acceptor (Fig. 2D).
Therefore, E. coli CHDH can oxidize choline to betaine aldehyde.

To determine whether the enzyme has the function to further oxidize
betaine aldehyde to betaine, the standard sample of betaine was baseline
resolved with peaks at 5.1 min, 6.3 min, 7.1 min, and 8.3 min as shown
in Fig. 2E. In the reaction groups using betaine aldehyde as substrate,
and PMS and DQ as electron acceptors, only a single peak at 8.3 min was
observed (Fig. 2 F, G, and H). There was the same 8.3 min peak that
appeared in the blank group when using ddH5O as an electron acceptor
(Fig. 2H). Then mass spectrometry analysis confirmed that the peak at
8.3 min corresponded to betaine aldehyde and the peak at 6.3 min
corresponded to betaine, indicating that E. coli CHDH lacks the catalytic
function to further oxidize betaine aldehyde to betaine.
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Fig. 1. The purification and model of E. coli CHDH. (A) FPLC SEC chromatograms of CHDH in SMA and DDM copolymers on a Superose 12 10/300 GL column.
The FPLC SEC chromatogram of CHDH in the SMA3000 copolymer displayed a sharp peak at 13.5 mL, about 180 kDa (Egsgc;), while the chromatogram of CHDH in
the DDM copolymer displayed a sharp peak at 15 mL, about 60 kDa (Egrc2), with the curves colored in blue and orange, respectively. Vo, the void volume of the
column. (B) Coomassie blue stained SDS-PAGE gel showed one band between 50 kDa and 70 kDa for CHDH samples in DDM and SMA3000, respectively. The
negative staining particles of CHDH in SMA3000 (C) and DDM (D) were obtained by Talos™ L120C TEM. Both magnifications are 57,000. (E) The negative staining
3D construction map for CHDH in SMA3000 copolymer fitted with the top Alphafold2 Multimer output model (high confidence score reaches to 98). The middle
junctional region, possibly the membrane-bound region, was outlined by magenta dashed ellipse. (F) The output model of Alphafold2 Multimer on COSMIC? of the
trimeric CHDH. The middle junctional region was outlined as shown in E. (G) One monomer of the trimeric CHDH. The residue of His473 was highlighted in the stick
in red. The possible regions of membrane-bound and nucleotide binding were colored in magenta and cyan, respectively. (H) Representative cryo-EM micrograph of
E. coli CHDH. The scale bar is 50 nm. (I) Class averages after the final round of two-dimensional classification, were sorted in descending order by the number of
particles in each class. (J) Gold standard FSC curve from cryoSPARC and orientation plot of particles included in the final 3D reconstruction for CHDH monomer.
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Fig. 2. HPLC chromatogram of standard samples and the products of CHDH-catalyzed reactions. (A) The HPLC chromatogram of standard betaine aldehyde.
HPLC chromatograms of products of CHDH-catalyzed reactions using choline as substrate, and PMS (B), DQ (C), and ddH-O (D) as electron acceptors, respectively.
(E) The HPLC chromatogram of standard betaine. HPLC chromatograms of products of CHDH-catalyzed reactions using betaine aldehyde as substrate, and PMS (F),

DQ (G), and ddH,O (H) as electron acceptors, respectively.

2.3. The comparison of E. coli CHDH and choline oxidase and the
significance of His473 in E. coli CHDH

Aligning the amino acid sequences of E. coli CHDH and choline ox-
idase (Fig. 3A), and comparing the predicted model of E. coli CHDH with
the crystal monomer structure of choline oxidase (Fig. 3D), they
revealed high similarities between the two enzymes, particularly in the
FAD and substrate binding domains (Fig. 3E). Upon examining the
crystal structure of choline oxidase complexed with betaine (PDB
4MJW) [18], we confirmed that the carboxylate of betaine closely in-
teracts with the flavin (Fig. 3B and C), and additional interactions
involve the carboxylate group with the protein through the side chains
of H466 and N510 (Fig. 3E), which locate at the same positions of H473
and N515 in CHDH. Additionally, the region 250-255 in choline oxidase
presents a flexible loop (depicted in red cartoon in Fig. 3B and C), which
plays a crucial role in the enzyme’s catalytic process. In contrast, this
region in CHDH is a helix, supposed to constitute a membrane contact
surface based on our negative staining map (Figs. 1E, 1G and 3D). This
may lead to differences in assembly modes between the two enzymes,
with choline oxidase forming a dimer and CHDH forming a trimer.
Despite their similar monomeric structures, their catalytic mechanisms
differ.

H473 in CHDH is positioned similarly to H466 in choline oxidase,
where H466 interacts with the substrate and plays an important role in
the catalytic process of choline oxidase. Therefore, we hypothesized that
H473 may perform a similar role in CHDH. To validate this hypothesis, a
mutant CHDH with H473 replaced by alanine was investigated. It can be
seen from the FPLC SE chromatographic curve of the CHDHpy473a
(Fig. 3F) was similar to that of wild-type CHDH (Fig. 1A), representing
that the CHDHp473, is correctly folded. Notably, the CHDHy4734 variant
exhibited no detectable oxidation activity towards choline in vitro
(compared to Fig. 3 G and H), providing strong evidence for the critical
catalytic role of H473 in the catalytic activity of CHDH.

2.4. Comparison of the catalytic activity of E. coli CHDH in DDM and
SMA3000

The CHDH samples purified by SMA3000 and DDM, respectively,
were employed for the detection of enzyme activity. When using PMS as
the electron acceptor, the Ky, values for CHDH purified by SMA3000 and
DDM were 9.00 mM and 9.86 mM. The k., values were 50.90 s~ and
9.70 57! (Fig. 4 A and B and Table 1). It revealed that the K, values for
CHDH purified by SMA3000 and DDM were similar, but the k¢ and
keat/Km values for the enzyme in SMA3000 were approximately five
times higher than that in DDM. This suggested that CHDH purified by
SMA3000 displayed enhanced catalytic efficiency compared with DDM.

As the result shown in Fig. 4 A and C, the enzymatic activities of

CHDH purified by SMA3000 were detected using PMS or DQ as electron
acceptors. When using PMS and DQ as electron acceptors, the Ky, values
were 9.00 mM and 2.30 mM, the Vj,,x values were 34.62 pM/s and 8.60
pM/s, and the kc, values were 50.90 s~! and 12.60 s’l, respectively
(Table 1). This suggested that the enzyme of CHDH has a stronger af-
finity for DQ than for PMS.

2.5. Osmotic stress tolerance mediated by CHDH through the choline-
betaine pathway

To assess the contribution of CHDH’s oxidative function on osmotic
stress tolerance, we conducted a comparative analysis of the growth of
wild-type (WT) E. coli C43 cell and C43AbetA cell in hypersaline con-
ditions and the presence or absence of choline or betaine. As shown in
Fig. 5, growth curves of WT E. coli C43 cells were consistent in the
conditions of the presence of either choline or betaine and higher than
those in the presence of high salt alone. The result indicated that choline
and betaine could enhance osmotic stress tolerance in E. coli, which
encoded the betA gene and can generate the enzyme CHDH. Conversely,
the growth of C43AbetA cells had reduced when grown in hypersaline
media alone or with the addition of choline but displayed substantial
growth improvement when grown in the presence of betaine. We found
that choline alone was unable to enhance osmotic stress tolerance
without the oxidative function of CHDH in E. coli. In contrast, the
presence of betaine significantly recovered the growth of C43AbetA
cells, highlighting the vital role of betaine played in E. coli’s resistance to
osmotic stress. Thus, our observations suggested that CHDH played a
critical role in E. coli in response to osmotic stress by mediating the
choline-betaine pathway.

3. Discussion

CHDH plays a crucial role in the metabolism and oxidative stress of
pathogenic microorganisms and humans. However, the incapability of
obtaining high-purity and active samples in previous studies [17], the
catalytic characteristics of this enzyme were still not fully understood.
Here it is particularly important to conduct fundamental research on the
CHDH from E. coli, which can be overexpressed in large quantities. This
study successfully purified high-purity CHDH using SMA3000 and DDM,
marking a significant milestone in the foundational research of CHDH.

At present, the structural information of CHDH is little known in the
field, which is of great significance for the understanding of its catalytic
mechanism. This research investigates the composition of E. coli CHDH
and its potential structural model through structural biology methods,
confirming for the first time that E. coli CHDH exists as a trimer in a
natural membrane environment [24]. Based on this important finding, a
trimer structural model is constructed for E. coli CHDH by combining the
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Fig. 3. The substrate binding site for CHDH, based on the structure of choline oxidase in complex with betaine. (A) The amino acid sequence alignment of
choline oxidase and CHDH. (B) The crystallographic homodimeric structure of choline oxidase in complex with the reaction product betaine (PDB entry 4MJW) [18].
Symmetrical active sites were depicted in sticks. (C) The magnification of one of the substrate binding sites from A. FAD and betaine were shown in cyan and orange
sticks, respectively, and the interaction residues in green sticks. The flexible loop 250-255 was shown in the red cartoon, and the F253 residue in this loop was shown
in the magenta stick. (D) The alignment of the monomer structure of choline oxidase in complex with betaine and the monomer predicted structure of CHDH. The
potential membrane-bound region was colored in magenta. The amino acids in CHDH were shown in pink sticks and labeled in pink, meanwhile, the amino acids in
choline oxidase were shown in green sticks and labeled in gray. FAD and betaine in choline oxidase were shown in cyan and orange sticks, respectively, along with
gray labels. (E) The magnification of interaction residues in the active site form C. FAD, betaine, and active residues in choline oxidase and the predicted CHDH were
shown in the same colors as in C. (F) The FPLC SEC chromatograms of CHDHy4734 in SMA copolymers on a Superose 12 10/300 GL column. The FPLC SEC
chromatogram of CHDHp4734 in the SMA3000 copolymer displayed a sharp peak at 13.5 mL, about 180 kDa (Eggc3). Vo, the void volume of the column. The HPLC
Ehromatograms of products from the catalyzed reactions of CHDH (G) and CHDHp4734 (H), both utilized choline as the substrate and PMS as the electron acceptor.

Fig. 4. Steady-state kinetics of CHDH. In all reactions, the substrate employed was choline. All kinetic parameters data were obtained from at least three repeated
experiments and are expressed as the Mean + SEM (standard error of the mean). (A) The enzymatic reactions of CHDH, when purified by SMA3000 and using PMS as
the electron acceptor, were depicted. (B) The enzymatic reaction of CHDH when purified by DDM and using PMS as the electron acceptor. (C) The enzymatic re-
actions of CHDH, when purified by SMA3000 and using DQ as the electron acceptor, were depicted.

Table 1
Kinetic parameters of CHDHs in SMA and DDM, respectively.

Enzyme Electron acceptor

PMS DQ

Km Vinax” kea" keat/Km" K Vinax keat keat/Km
CHDH(SMA) 9.00 + 0.49 34.62 +£1.14 50.90 + 1.67 5.66 + 0.13 2.30 £ 0.13 8.60 + 0.21 12.60 + 0.31 5.48 + 0.22
CHDH(DDM) 9.86 + 0.55 11.44 £ 0.66 9.70 + 0.56 0.98 + 0.03 - - - -
? p <0.05.

3D map, generated from the negative staining EM analysis in our work,
and the result of Alphafold2 multimeric prediction. Although AlphaFold
can predict structures, especially for single-subunit structures, with very
high scores, there is still a long way to go in the assembly modes of
multimer structures, especially under the condition of without the
knowledge of the composite of the enzyme. The high resolution of the
structure of CHDH is still necessary for fully understanding the catalytic
mechanism of CHDH. We strongly suspect that the junctional region of
the trimeric complex is a bio-membrane binding area, and it may be
easily destroyed to some extent during the conventional detergent pu-
rification process, like DDM, which forms artificial micelles and replaces

the native membrane surrounding the enzyme, and thus reducing the
enzyme activity as confirmed by our comparative activity studies of
E. coli CHDH in SMA and DDM.

Despite gaining preliminary insights into the composition of E. coli
CHDH, the mechanisms by which substrates access the active site and its
catalytic mechanisms remain unclear. Notably, choline oxidase, another
enzyme involved in the biosynthesis of betaine from choline, has been
extensively characterized regarding its mechanistic and structural
properties [25-29]. Through comparative analysis, we observed a high
degree of sequence and functional similarity between choline oxidase
and CHDH enzymes. We proposed the positively charged imidazolium of
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Fig. 5. Effects of deletion of CHDH gene on osmotic stress tolerance of
E. coli C43 cell. The comparison of growth curves of E. coli C43 and C43AbetA
strains. Growth curves of E. coli C43 strains as optical density (OD600) plots,
grown in the medias containing 600 mM NacCl, 600 mM NacCl in the presence of
either choline or betaine, respectively.

His473 stabilizing the alkoxide reaction intermediate-validated by
mutagenesis of H473 to alanine resulting in loss of oxidation activity
towards choline in vitro [29]. Choline oxidase differs from CHDH only in
a loop at the dimer interface (250-255) [29]. This loop’s distinct con-
formations are assumed to regulate substrate access to the active site, by
defining varying accessibilities of the proposed entrance. Intriguingly, in
CHDH, the corresponding loop region is occupied by an alpha helix as a
membrane touch surface. (shown in the magenta cartoon in Figs. 1G and
3D). This alpha helix partially covered the substrate-binding site of
CHDH. This structural disparity stands as a key difference between the
two enzymes. It is noteworthy to consider that CHDH lacks the capa-
bility to further oxidize betaine aldehyde to betaine, the presence of this
alpha helix is at least one of the factors, which is also a possible
membrane-binding region for its role as a membrane-bound enzyme.
E. coli CHDH is capable of oxidizing choline to betaine aldehyde but
cannot further oxidize betaine aldehyde to betaine in our research,
which is consistent with the activity of human CHDH, converted choline
to betaine aldehyde as reported in previous research [9,30]. However, it
contradicts earlier findings that E. coli CHDH can oxidize choline to
betaine aldehyde and then oxidize betaine aldehyde to betaine at the
same rate [4], and here we suspect that the purity of the sample may be
the cause of this contradiction. In addition, the enzyme exhibited
enhanced efficiency when using PMS as an electron acceptor, but dis-
played slightly higher affinity when using DQ, a synthetic analogue of
coenzyme Q (CoQ, ubiquinone), which is reported as an in vivo main
electron acceptor for rat liver CHDH in previous research [29,30].
Previous studies have reported that betaine has adaptive effects
under high salt osmotic stress, however, there have been no reports on
whether it serves a similar function in pathogenic microorganisms like
E. coli, nor on the potential role of CHDH in this process. In our work, the
C43AbetA strain, which cannot synthesize CHDH, showed a deficiency
in choline dehydrogenase activity. It failed to utilize choline but
continued to use betaine as an osmoprotectant to support growth.
Choline and betaine aldehyde served as precursors in osmotically
stressed cells. Elevated external osmotic pressure prompted the activa-
tion of transport systems, facilitating the influx of choline in WT E. coli
[31]. This influx, in turn, stimulated the initiation of the choline-betaine
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pathway, with CHDH playing a crucial role in the initial oxidation step.
It shed light on the intricate interplay between CHDH, choline, betaine
aldehyde, and betaine, and unraveled the adaptive mechanisms that
E. coli employs in response to osmotic stress.

In summary, our work provides new insights into the structure of
E. coli CHDH and its catalytic role in the choline metabolic pathway, as
well as its role in cellular osmotic stress, and may offer implications for
the functional mechanisms of eukaryotic CHDH.

4. Materials and methods
4.1. Purification of E. coli CHDH

The construct containing the CHDH gene was generated by PCR from
the E. coli BL21 (DE3) genome, and a 6 x His tag was added at the C-
terminus of betA. The resulting full-length PCR-amplified DNA was
restricted with Ncol/HindIll, then ligated into a similarly restricted
pET28a plasmid to yield pET28a-CHDH. The plasmid encoding CHDH
was transformed into BL21 (DE3) cells and grown in Luria-Bertani me-
dium containing 50 mg/ml kanamycin sulfate at 37 °C until OD600 of
0.6-0.8. The recombinant CHDH protein was expressed in the E. coli
BL21 (DE3) strain grown at 22 °C after induction with 0.5 mM IPTG.
Bacteria were collected after growing overnight (16 h) and resuspended
in 50 mM KH3PO4 (pH 8.0), 1 mM EDTA, and 1 % complete protease
inhibitor (Sigma). The suspension was passed five times through a
microfluidizer (Hangzhou David Science and Education Instrument
Corp.) at a pressure of 15,000 psi to disrupt the cells. The disrupted cells
were centrifuged at 20,000xg for 20 min to remove cell debris. Mem-
branes were obtained after centrifugation at 180,000xg for 4 h and
stored at —80 °C. On the day of purification, the membrane pellet was
resuspended in 50 mM KH,PO4 buffer (pH 8.0), 1 mM EDTA, and sol-
ubilized using the SMA copolymer SMA3000HNA (styrene maleic acid
copolymer ca. 3:1 M ratio of styrene: maleic acid). The SMA solution was
added dropwise to a final concentration of 1.0 % (wt/vol) with gentle
stirring. After incubation for 2 h on ice, the solution was centrifuged at
180,000xg for 20 min to remove insoluble material. The solubilized
fraction was loaded onto a Ni-nitriloacetic acid (NTA) (Qiagen) column
pre-equilibrated with 50 mM KH3PO4 (PH 8.0), 1 mM EDTA. Proteins
were eluted with 250 mM imidazole in the same buffer. The peak frac-
tions from the Ni-NTA column were pooled, concentrated, and loaded
onto an ENrichTM SEC 650 10 x 300 Column (Bio-Rad) equilibrated
with gel filtration buffer containing 20 mM Tris-HCl (pH 7.5), 50 mM
NaCl. The purest and most concentrated fractions were further
concentrated using a Millipore 100 kDa cut-off concentrator and then
immediately used for functional experiments and cryo-EM grid prepa-
ration. Purification using n-Dodecyl-p-p-Maltopyranoside (DDM) was
performed in the same method as described above, with the exception of
replacing the 1.0 % (wt/vol) SMA copolymer with 1.0 % (wt/vol) DDM
to solubilize the membrane pellet and adding 0.3 % (wt/vol) DDM
during all subsequent purification processes.

4.2. SDS-PAGE gel electrophoresis

Prepared a 12 % separating gel and a 5 % concentrated gel according
to the instructions of the SDS-PAGE gel rapid preparation kit (Beyotime
Biotechnology). The sample was diluted to the appropriate concentra-
tion to ensure that the amount of loaded protein was 20-30 pg with 20
pL of 2 x SDS loading buffer. The supernatants were then loaded and
separated on a 12 % SDS-PAGE gel. The SDS-PAGE transient blue
staining solution was used for staining.

4.3. His473 of CHDH mutated into Ala473
Employing appropriately designed oligonucleotide primers in over-

lap extension PCR, the His473 codon within pET28a-CHDH was mutated
to Ala473. Subsequently, the full coding region was restricted with
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Ncol/HindIll. After that, it was linked to the pET28a vector, resulting in
pET28a-CHDH-H473A.

4.4. Enzymatic oxidation of choline and its derivatives

To evaluate the products generated by the reaction catalyzed by
E. coli CHDH, the experiments were categorized into two main types: the
derivatization of betaine aldehyde and the derivatization of betaine. For
the betaine aldehyde derivatization, three groups were established: the
standard group (betaine aldehyde), the reaction group, and a blank
control group (lacking an electron acceptor). In the case of betaine
derivatization, there were two primary groups: the standard group
(betaine) and the reaction group, which included two distinct substrates
(choline chloride and betaine aldehyde for comparison) along with their
respective blank control group (also without an electron acceptor).

Derivatization reaction of betaine aldehyde [31]: In the standard
group, the betaine aldehyde derivatization solution comprised 20 pL
phenylhydrazine, 40 pL acetonitrile, and 100 pL deionized water. Then,
the total volume of the mixture was 100 pL, which contained 2 pL. 50 mM
commercial betaine aldehyde standard, 10 pL betaine aldehyde deriv-
atization solution, and 88 pL ddH20. The mixture was incubated at 37 °C
for 30 min and then centrifuged at 13000 x g for 5 min. The supernatant
was directly injected into the HPLC.

In the reaction group using choline as the substrate, the total volume
of the mixture was 100 pL, which contained 10 mM choline chloride, 1
mM PMS or DQ, 5 pM E .coli CHDH sample, and 50 mM Tris-HCI (pH
7.5). The reaction was incubated at 37 °C for 30 min, and terminated by
adding 100 pL acetonitrile and 5 pL HClL. Taking 10 pL of the above
mixture was added to 90 pL of the betaine aldehyde derivatization so-
lution. After centrifugation at 13000xg for 5 min, the supernatant was
directly injected into the HPLC. A blank control group without an
electron acceptor was also established.

Derivatization reaction of betaine [32]: In the standard group, to
prepare the betaine derivation solution, weighed 6.60 mg of 18-crown-6
and 124.50 mg of a-Bromo-2-acetonaphthone, and dissolved them in
100 mL of acetonitrile. Next, the total volume of the mixture was 1000
pL, which contained 50 pL of 100 mM betaine standard, 50 pL of 100
mM KHPO4, and 900 pL of the betaine derivatized solution. The mixture
was incubated at 80 °C for 60 min and then centrifuged at 13,000 xg for
5 min. The supernatant was directly injected into the HPLC.

In the reaction group used choline as the substrate, the total volume
of the mixture was 100 pL, which contained 10 mM choline chloride, 1
mM PMS or DQ, 5 pM E. coli CHDH protein sample, and 50 mM Tris-HCl
(pH 7.5). The mixture was incubated at 80 °C for 60 min and the reaction
was quenched with 100 pL acetonitrile and 5 pL HCL. Take 10 pL of the
above mixture was added to 90 pL of the betaine derivatization solution.
The sample was then centrifuged at 13000xg for 5 min, and the su-
pernatant was directly injected into the HPLC. A reaction control group
was established, using choline chloride as the substrate as well but
without an electron receptor.

The comparison group used betaine aldehyde as the substrate, the
total volume of the mixture was 100 pL, which contained 5 mM betaine
aldehyde, 1 mM PMS or DQ, 5 pM E. coli CHDH protein sample, and 50
mM Tris-HCI (pH 7.5). The mixture was incubated at 37 °C for 30 min,
and the reaction was stopped by adding 100 pL acetonitrile and 5 pL
HCI. Take 10 pL of the above mixture was added to 90 pL of the betaine
derivatization solution. Then, the sample was centrifuged at 13000xg
for 5 min, and the supernatant was directly injected into the HPLC. The
comparison control group was set up, using betaine aldehyde as the
substrate and without an electron acceptor.

All derivatization reaction results were analyzed using an HPLC
system, comprising a Model 501 pump coupled to a Wisp Model 712
autosampler, a 490 Programmable Multiwavelength Detector connected
to a dual channel monitor (Waters Associates), and a Shimadzu inte-
grator CR3A. The HPLC column used was a SupelcosilTM LC-SCX, 5 pm,
25 cm*4.6 cm (Supelco Inc.). Each isocratic elution was carried out over
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20 min using a mobile phase containing methanol and water. The mobile
phase was degassed for 30 min in an ultrasonic bath before use. The
detector reading was recorded, and all chromatography procedures
were performed at room temperature.

4.5. Enzyme kinetics of CHDH

Betaine aldehyde standard curve: A standard curve for betaine
aldehyde was established using a betaine aldehyde derivatization sys-
tem. This system consisted of 50 mM betaine aldehyde standard or
sample (2 pL), 10 pL of betaine aldehyde derivatization solution (20 pL
phenylhydrazine, 40 pL acetonitrile, and 100 pL deionized water), and
88 uL deionized water. The mixture was incubated at 37 °C for 30 min
and then centrifuged at 13000xg for 5 min. The supernatant was
directly injected into the HPLC. The injection volumes were set at 0.25
pL, 0.5 pL, 1 pL, 2 pL, 5 pL, 10 pL and 15 pL for HPLC analysis. The peak
areas corresponding to each injection volume were recorded. Subse-
quently, the peak areas were taken as the ordinate (Y), and the corre-
sponding sample quantities were taken as the abscissa (X) to draw the
standard curve for betaine aldehyde.

Enzyme kinetics in SMA3000 nanodisc: An enzyme reaction sys-
tem was set up with a fixed concentration of enzyme and a concentration
gradient of choline chloride, ensuring that the substrate concentration
greatly exceeded the enzyme concentration (at least 100 x ). Different
reaction groups included choline chloride concentrations of 0.1 mM,
0.25 mM, 0.5 mM, 1 mM, 2 mM, 5 mM, 10 mM, and 20 mM, using either
1 mM PMS or DQ as the electron acceptor. Each reaction contained 50
mM Tris-HCI (pH 7.5), 0.68 pM CHDH enzyme purified by SMA3000.
The enzyme was added last and incubated for 3-5 min at 37 °C. To stop
the reaction, 100 pL acetonitrile and 5 pL. HCL were added. Each reac-
tion was set up in five parallel experiments. Then HPLC analysis was
carried out and the absorption peak areas were recorded. The total
amount of betaine aldehyde production was calculated by the betaine
aldehyde standard curve. The initial rate is expressed by the amount of
product betaine aldehyde generated in unit time. Divide the total
amount of betaine aldehyde by the reaction time of 3 min or 5 min to
obtain a total of 40 initial reaction rates in 8 groups. The resulting initial
rates and substrate concentration were fitted to the Michaelis equation
to obtain Ky, and Vjax-

Enzyme kinetics in DDM nanodisc: The experimental groups,
concentrations of each reaction component, and the overall process
were the same as the above, with the exception of the enzyme sample. In
this experiment, 1.17 pM CHDH enzyme was purified using DDM
detergent, as described in the section of purification of E. coli CHDH
above.

4.6. Electron microscopy (EM)

Negative staining EM grids preparation and data collection,
processing, and model prediction [33]: Purified protein from gel
filtration was diluted to approximately 0.008 mg/ml, and 3 pL of the
sample was applied to a glow-discharged carbon-coated copper grid for
1 min. Then the grid was gently blotted with filter paper. The grid was
stained with 3 % (w/v) uranyl acetate for 1 min, gently blotted again,
and air-dried. Approximately 100 micrographs were collected using a
Talos L120C TEM (Thermo Fisher Scientific).

Raw micrographs were processed using RELION v3.0 [34]. Structure
prediction was performed by AlphaFold2 [34]. The visualization of the
model was done by UCSF Chimera v 1.13.1 [35].

Cryo-EM grids preparation and data collection and processing:
3 pL of concentrated CHDH in SMA nanodisc (5 mg/ml) was added to a
glow-discharged holey copper grid (Quantifoil® 300 mesh R2/3 holey
carbon grid; Quantifoil Micro Tools GmbH, Germany). The grids were
blotted for 2.5-4 s using a blotting force of —4 at 8 °C and 100 % hu-
midity in a FEI Vitrobot Mark IV (ThermoFisher Scientific; Waltham,
MA, USA). Grids were flash-frozen in liquid ethane and stored in liquid
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nitrogen until data collection. Automatic data collection was performed
on a Titan Krios microscope (Thermo Fisher), equipped with a K3 direct-
electron detector (Gatan) operating at 0.832 A per pixel in counting
mode, using the SerialEM [36] software package.

Beam-induced movement of each micrograph was corrected using
MotionCor2 [37] and contrast transfer function (CTF) estimation was
calculated using Getf [38]. Initial particles were picked from 1000 mi-
crographs using autopicking and generated initial 2D class averages by
RELION as the templates for automatic particle picking of the entire
dataset by Gautomatch (https://www.mrc-lmb.cam.ac.uk/kzhang/).

Subsequent data processing was carried out in cryoSPARC [39]
including particle extraction, 2D classification, ab-initio reconstruction,
heterogeneous refinement, local refinement, and per-particle CTF
refinement.

Model building: The AlphaFold predicted model of each subunit
was fitted into the corresponding map as a rigid body using UCSF
Chimera [35]. Figures were generated using Pymol (The PyMOL Mo-
lecular Graphics System, Schrodinger, LLC).

4.7. Osmotic stress tolerance assay

The construction of betA gene deletion mutant of E. coli C43
(C43AbetA) strain was performed by the gene replacement method as
previously described [40], using the pKD46 plasmid. Both E. coli C43
wildtype cells and C43AbetA cells were grown at 37 °C in basic minimal
M63 medium (100 mM KH5PO4, 75 mM KOH, 15 mM (NH4)5SO4, 1 mM
MgSO4, 3.9 pM FeSO4, and 22 mM D-Glucose) with no added salt until
the OD600 reached 0.8 or the cells were grown to a plateau [8] and then
diluted to an OD600 of 0.05 with fresh M63 medium added 600 mM
NaCl. Cell growth was regularly monitored at 2-h intervals, both in the
absence or presence of 1 mM choline or 1 mM betaine. After 24 h of
incubation at 37 °C, the growth curves for E. coli C43 wildtype cells were
calculated and compared to those of C43AbetA cells. Independent ex-
periments were performed in triplicates.

4.8. Statistical analysis

All kinetic parameters data were obtained from at least three
repeated experiments and are expressed as the Mean + SEM (standard
error of the mean). Two-group comparisons were made by the unpaired
Student’s t-test, and multiple comparisons were analyzed by one-way
analysis of variance (ANOVA) [41]. Differences were considered sig-
nificant when p < 0.05. In vitro data in panels represented means + SD
from three independent experiments. Quantitative analyses were carried
out with GraphPad Prism 7.0 (San Diego, CA, USA).
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