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ABSTRACT The strict anaerobe Clostridium ljungdahlii can ferment CO or H,/CO, via
the Wood-Ljungdahl pathway to acetate, ethanol, and 2,3-butanediol. This ability has
attracted considerable interest, since it can be used for syngas fermentation to produce
biofuels and biochemicals. However, the key enzyme methylenetetrahydrofolate reduc-
tase (MTHFR) in the Wood-Ljungdahl pathway of the strain has not been characterized,
and its physiological electron donor is unclear. In this study, we purified the enzyme 46-
fold with a benzyl viologen reduction activity of 41.2 U/mg from C ljungdahlii cells
grown on CO. It is composed of two subunits, MetF (31.5 kDa) and MetV (23.5 kDa), and
has an apparent molecular mass of 62.2 kDa. The brownish yellow protein contains 0.73
flavin mononucleotide (FMN) and 7.4 Fe, in agreement with the prediction that MetF
binds one flavin and MetV binds two [4Fe4S] clusters. It cannot use NAD(P)H as its elec-
tron donor or catalyze an electron-bifurcating reaction in combination with ferredoxin as
an electron acceptor. The reduced recombinant ferredoxin, flavodoxin, and thioredoxin
of C. ljungdabhlii can serve as electron donors with specific activities of 91.2, 22.1, and 7.4
U/mg, respectively. The apparent K, values for reduced ferredoxin and flavodoxin were
around 1.46 uM and 0.73 uM, respectively. Subunit composition and phylogenetic anal-
ysis showed that the enzyme from C. ljungdahlii belongs to MetFV-type MTHFR, which is
a heterodimer, and uses reduced ferredoxin as its electron donor. Based on these results,
we discuss the energy metabolism of C. ljungdahlii when it grows on CO or H, plus CO..

IMPORTANCE Syngas, a mixture of CO, CO,, and H,, is the main component of steel mill
waste gas and also can be generated by the gasification of biomass and urban domes-
tic waste. Its fermentation to biofuels and biocommodities has attracted attention due
to the economic and environmental benefits of this process. Clostridium ljungdahlii is
one of the superior acetogens used in the technology. However, the biochemical mech-
anism of its gas fermentation via the Wood-Ljungdahl pathway is not completely clear.
In this study, the key enzyme, methylenetetrahydrofolate reductase (MTHFR), was char-
acterized and found to be a non-electron-bifurcating heterodimer with reduced ferre-
doxin as its electron donor, representing another example of MetFV-type MTHFR.
The findings will form the basis for a deeper understanding of the energy metabo-
lism of syngas fermentation by C. ljungdahlii, which is valuable for developing
metabolic engineering strains and efficient syngas fermentation technologies.

KEYWORDS methylenetetrahydrofolate reductase, ferredoxin, Wood-Ljungdahl
pathway, energy metabolism, Clostridium ljungdahlii

cetogenic bacteria are strict anaerobes which can fix CO, through the Wood-
Ljungdahl pathway (WLP) (1, 2). They can grow autotrophically using syngas, a
mixture of CO, CO,, and H,, as their source of carbon and energy and produce biofuels
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and chemicals such as acetate, ethanol, butanol, and 2,3-butanediol (3). This process
can not only capture CO, to reduce its emission but also make wastes recyclable
through directly fermenting the waste gases from steel factories or those from waste
gasification. The use of acetogens in the process has attracted considerable attention
as the basis for a new and valuable biomanufacturing platform (4).

The WLP is thought to be the most energetically efficient pathway by converting
two molecules of CO, to one molecule of acetate (5, 6). It consists of two separate
branches. In the methyl branch, a molecule of CO, is first reduced to formate, which
then combines with one-carbon-carrier tetrahydrofolate (THF) to produce formyl-THF
at the cost of a molecule of ATP. Subsequently, formyl-THF is cyclodehydrated to gen-
erate methenyl-THF, which is then reduced to methylene-THF and methyl-THF. Finally,
methyl-THF is condensed with CO formed by the reduction of the second CO, mole-
cule via the carbonyl branch to produce acetyl-CoA, releasing THF. Acetyl coenzyme A
(acetyl-CoA) is further transformed into acetate by the catalysis of phosphotransacety-
lase (Pta) and acetate kinase (Ack), in which a molecule of ATP is yielded by substrate-
level phosphorylation. Thus, the net ATP gain is zero in the process of fixing CO, to
generate acetate (7, 8).

Considerable research has been carried out into the coupling of WLP to ATP syn-
thesis. The main theory to date has been that in the WLP, ferredoxin (Fd) is reduced
by CO or H, and the reduced Fd (Fd,.4?7) is further used to reduce NAD* by mem-
brane-associated ferredoxin:NAD* oxidoreductase (Rnf) or H* by the energy-con-
verting hydrogenase (Ech) (9, 10). This reaction is accompanied by “pumping” of the
protons or sodium ions out of the membrane, forming a transmembrane ion gradi-
ent, which is coupled with the F,F,ATPase-catalyzed reaction on the membrane to
promote the synthesis of ATP. Furthermore, an energy-coupling mechanism called
flavin-based electron bifurcation plays a key role in the energy conservation. In this
mechanism, an endergonic reaction is coupled to an exergonic reaction catalyzed
by a group of flavin-containing oxidoreductases and Fd is required as one of sub-
strates (11-13).

C. ljungdahlii is one of the most promising strains for fermenting syngas to produce
biofuels and biocommodities (14). Methylenetetrahydrofolate reductase (MTHFR), a
key enzyme in the WLP, has attracted considerable attention (15-17), because in the
WLP, the methylene-THF/methyl-THF couple has the highest redox potential (E,’ =
—200 mV) and is considered to be an important energy-conserving site (18, 19). In
some acetogens, the MTHFRs have been characterized. In Blautia producta, MTHFR has
only one subunit MetF, as does the enzyme from aerobes such as Escherichia coli (20,
21). The MTHFR from Acetobacterium woodii was found to be a trimer composed of
MetF, MetV, and RnfC2 subunits (22), while in Moorella thermoacetica it is a hexamer
containing additional HdrABC and MvhD subunits other than MetFV (23). All these
MTHFRs have been reported to use NADH as their physiological electron donors,
although the MTHFR from M. thermoacetica is suggested to also be an electron-bifur-
cating enzyme. Differently, Clostridium formicoaceticum MTHFR consists of only MetFV
and can use Fd 42>~ or FADH, as its electron donor (24). Similarly, MTHFR enriched
from Clostridium aceticum was found to catalyze the methylene-THF-dependent oxida-
tion of methyl viologen (MV) with an activity of around 400 U/mg (25). In a recent
study, MTHFR from Eubacterium callanderi KIST612 was shown to be composed of
MetFV, and both methylene-THF-dependent oxidation of MV activity (644 U/mg) and
Fd-dependent methylene-THF reduction activity (1.5 U/mg) were measured (26).
Genomic analysis of MTHFR in C. ljungdabhlii/Clostridium autoethanogenum showed
that it also contains only the MetFV genes but not those for RnfC2 or HdrABCMvhD.
The characterization of this enzyme is urgently needed, since it is fundamental to elu-
cidate the energy metabolism in this acetogen.

In recent years, two hypotheses about the MTHFR from C. ljungdahlii/C. autoethano-
genum have been proposed. One is that it is an NADH- and Fd-dependent electron-
bifurcating enzyme, and the other is that it is NADH-dependent but non-electron-
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TABLE 1 Purification of the MTHFR from C. ljungdahlii cells grown on CO

Protein MTHFR activity Yield Purification
Purification step (mg) (U/mg)? (%) (fold)
Cell extracts 673.1 0.9 100.0 1.0
Ammonium sulfate precipitation 201.9 24 80.0 2.7
Phenyl-Sepharose 17.2 18.3 51.9 203
Q-Sepharose 5.0 38.3 31.6 42.6
DEAE-Sepharose 4.5 41.2 30.6 45.8

9The MTHFR activity was determined by monitoring methyl-THF-dependent reduction of BV at 555 nm.

bifurcating (16, 17, 19, 27). However, the binding site of NAD(P)H was not detected on
MetFV in all the multimeric MTHFRs from acetogens, while it was found on the RnfC
subunit of the enzyme from A. woodii and the HdrA subunit of M. thermoacetica (22,
23). Therefore, if C. [jungdahlii MTHFR uses NAD(P)H as its electron donor, it might con-
tain another subunit for binding NAD(P)H, which may bind tightly to MetFV or just
interact with it during the reaction. In the genome of C. ljungdahlii, there is an IpdA
gene annotated as encoding dihydrolipoamide dehydrogenase (DLDH) and occurring
adjacent to the metFV genes in the WLP gene cluster. The predicted DLDH has a bind-
ing site for NADH, and its reaction product, dihydrolipoamide, is used as an electron
donor for some reductases, such as pyruvate dehydrogenase multienzyme complexes
and glycine dehydrogenase (28, 29). We therefore hypothesized that there may be a
coupling reaction between MTHFR and DLDH in C. ljungdahlii. In addition, redox pro-
teins such as Fd, flavodoxin (Fld), and thioredoxin (Trx) are often used as electron
donors for reductases in anaerobes (30), and they all have a low redox potential suffi-
cient to reduce methylene-THF, suggesting that they may function as the electron do-
nor for MTHFR.

In this work, we purified the MTHFR from C. ljungdahlii and characterized its enzy-
matic properties. The possible electron donors, such as NAD(P)H, DLDH, Fd, Fld, and
Trx, and the electron-bifurcating reaction were tested, and the electron transfer pro-
teins used are all from C. ljungdabhlii. The results indicate that C. ljungdahlii MTHFR uses
Fd,.s2~ as its electron donor, and electron bifurcation is not involved in the reaction.
Based on these findings, we discuss the energy metabolism of C. ljungdahlii growing
on CO or H, plus CO,. By coincidence, MTHFR from C. ljungdahlii was also reported by
Volker Miiller's group in a very recent study (31) when the manuscript was submitted.
Although most results presented here are in agreement with them, we reported a
higher enzyme activity determined using a different detection method, tested the ac-
tivity with various intrinsic electron donors in C. l[jungdahlii, advanced the classification
and distribution of MTHFR, and discussed the energy metabolism of C. ljungdahlii from
different views.

RESULTS

Purification of MTHFR from C. ljungdahlii cells grown on CO. The enzyme was
purified from C. ljungdahlii cells under strict anoxic conditions by following the benzyl
viologen (BV) reduction activity with methyl-THF. The activity in the cell extracts was
measured to be around 0.9 U/mg. Using a four-step purification procedure (Table 1),
the enzyme, which has a brownish yellow color, was successfully purified 46-fold, and
the specific activity of BV reduction was 41.2 U/mg. The enzyme lost its activity quickly
when exposed to O,.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis
showed two visible protein bands (Fig. 1A), which were consistent with the masses
deduced from the protein sequences of MetF (31.5 kDa) and MetV (23.5 kDa).
Densitometry of the SDS-PAGE gel showed a stoichiometry of around 1:1. Peptide
mass fingerprinting analysis further confirmed that the enzyme is composed of two
subunits (Fig. S1): MetF (locus tag in GenBank: CLJU_RS18520) and MetV (locus tag
in GenBank: CLJU_RS18525). Gel filtration showed two close peaks (Fig. S2A and B):
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FIG 1 SDS-PAGE analysis (A) and UV-visible absorption spectrum (B) of the purified MTHFR from C.
ljungdahlii. (A) M, protein marker; lane 1, cell extracts; lane 2, pooled fractions from ammonium
sulfate precipitation; lane 3, pooled fractions from phenyl-Sepharose; lane 4, pooled fractions from Q-
Sepharose; lane 5, pooled fractions from DEAE-Sepharose. The impurities in lanes 4 and 5 were
determined by peptide mass fingerprinting analysis to be dihydrolipoamide dehydrogenase (DLDH,
around 50 kDa) and predicted aminotransferase (around 40 kDa). (B) The spectrum of the enzyme
was recorded in 50 mM Tris-HCl (pH 7.4) containing 2 mM DTT.

the small one corresponds to an apparent molecular mass of 132.3 kDa, and the big
one corresponds to an apparent molecular mass of 62.2 kDa, suggesting that the
enzyme has both heterodimeric and tetrameric forms and is mainly in a dimeric
form. Native PAGE and activity staining (Fig. S2C) showed that the enzyme appeared
as a single band with the same mobility during the purification and indicated that
the enzyme complex was active and did not disassociate in the process of the
purification.

In the purification step of ion-exchange chromatography by the Q-Sepharose col-
umn, a yellow protein was eluted at 0.1 M NaCl, just before MTHFR came out (eluted at
0.18 M NaCl). SDS-PAGE analysis showed that it was a single band with an apparent
molecular mass around 50 kDa (Fig. S2D). Peptide mass fingerprinting analysis indi-
cated that it was DLDH (encoded by IpdA). The enzyme presented a specific activity of
9.2 U/mg for NADH-dependent reduction of lipoamide.

Cofactor content of the MTHFR of C. ljungdabhlii. The UV-visible absorption spec-
trum showed that the purified MTHFR of C. ljungdahlii had the characteristic peak of
flavin (380 nm and 450 nm) (Fig. 1B), and high-performance liquid chromatography
(HPLC) analysis further confirmed that the MTHFR contains flavin mononucleotide
(FMN) as the cofactor. The purified protein was determined to contain 0.73 FMN and
7.4 Fe, which is in agreement with the prediction from its protein sequence that it
binds one flavin on MetF and two [4Fe4S] clusters on MetV. In bacteria, except for a
few MTHFRs without a flavin (32), most MTHFRs composed of only MetF subunits bind
a flavin adenine dinucleotide (FAD) rather than FMN (20, 21, 33-35). In contrast, the
MTHFRs of A. woodii (trimeric complex) (22) and M. thermoacetica (hexameric complex)
(23) bind an FMN rather than FAD on their MetF subunit, similar to the MTHFR from C.
ljungdahli. The MTHFR from C. formicoaceticum is exceptional and binds an FAD instead
of FMN (24). The MetV of C. ljungdahlii, like A. woodii, contains two [4Fe4S] clusters,
while the MetV subunit of C. formicoaceticum and M. thermoacetica contains one
[4Fe4S] cluster.

Heterologous expression and purification of the recombinant MetFV and DLDH
of C. ljungdahlii. MetFV and DLDH were expressed in E. coli C41 and purified through
a Ni-Sepharose column. The recombinant MetFV had a yield of 30 mg protein per liter
culture and presented two bands with apparent molecular masses of 33 kDa and
24 kDa, as revealed by SDS-PAGE analysis (Fig. S3A). The purified protein was brownish
and showed the characteristic peaks (380 nm and 450 nm) for flavins in its UV-visible
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FIG 2 SDS-PAGE analyses and UV-visible absorption spectra of the purified recombinant redox proteins of C. ljungdahlii. (A) DLDH,
the spectrum shows the characteristic peaks of flavin (380 and 450 nm). (B) Fd, the His tag is on the C terminus. The spectrum of Fd
shows the characteristic peak of iron-sulfur cluster (390 nm). After the Fd was reduced with sodium dithionite, the absorption peak
for iron-sulfur cluster disappeared. (C) FId, the spectrum shows the characteristic peaks of flavin (380 and 450 nm). After reducing
with sodium dithionite, the absorption peak for flavin disappeared. (D) TrxR and Trx, the spectrum of TrxR shows the characteristic

peaks of flavin (380 and 450 nm).

absorption spectrum (Fig. S3B). These features are identical to those of the wild-type
MetFV purified from C. ljungdabhlii cells. However, the recombinant MTHFR had a low
activity for BV reduction (1.8 U/mg), indicating that it was not well expressed, as
revealed by the low iron content (4.5 mol Fe per mol protein). We also tried to make
constructs for encoding a His tag at different termini of the enzyme complex or with-
out any tag, express it in other hosts such as E. coli BL21(DE3)-groELS, add riboflavin
and ZnCl, to the medium, induce it under anaerobic conditions, and reconstitute FeS
clusters in vitro (36). However, the enzyme activity was not improved (data not shown).
The results might be caused by incorrect folding and iron-sulfur cluster assembly dur-
ing the heterologous expression.

The purified recombinant DLDH had a yellow color and produced a single band
with an apparent molecular mass of 51 kDa in SDS-PAGE analysis (Fig. 2A). The UV-visi-
ble absorption spectrum showed the characteristic peaks (380 nm and 450 nm) of the
flavin. It can catalyze the reduction of lipoamide with NADH with a specific activity of
3.2 U/mg, and neither NADPH nor Fd,.4>~ could serve as the electron donor. The prep-
aration was used in subsequent experiments for determining the activity of MTHFR
from C. ljungdahlii.

Heterologous expression and purification of the recombinant Fd, Fid, Trx, and
TrxR of C. ljungdahlii. The red-brown preparations of recombinant Fd (locus tag in
GenBank: CLJU_RS00885) were obtained after purification with a yield of 20 mg per Ii-
ter culture. SDS-PAGE analysis revealed one band with some dispersion, which indi-
cated a molecular mass of more than 10 kDa, larger than the predicted size of 7 kDa
for Fd (Fig. 2B). This might be caused by the properties of the iron-sulfur clusters in the
protein, which can bind to the SDS particles in the gel to disperse the protein (37). The
UV-visible absorption spectrum showed a characteristic peak of iron-sulfur clusters at
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390 nm, which disappeared after reduction with dithionite. An Asgpnm/Asgonm Of 0.67 was
measured, indicating that the iron-sulfur clusters in most molecules were well synthesized.
These properties are similar to the 2[4Fe4S]-type Fd from Clostridium pasteurianum (38).

The recombinant Fld (locus tag in GenBank: CLJU_RS06875) was purified, yielding
12 mg per liter culture. The purified protein was purple in color, because the buffer
used for the purification contained 2 mM dithiothreitol (DTT), and Fld was reduced to a
semiquinone state under these conditions (39). SDS-PAGE analysis revealed only one
band, with a molecular mass of 20 kDa (Fig. 2C), larger than the predicted size of
16 kDa, because it contained a His tag at both the N and C termini of the protein. The
UV-visible absorption spectrum showed the characteristic peaks of flavin (380 nm and
450 nm) (Fig. 2C). By HPLC analysis, it was found to contain an FMN, similar to the Flds
from other bacteria (39, 40).

The recombinant Trx and TrxR (locus tags in GenBank: CLJU_RS19940-5) were puri-
fied, yielding 14 mg and 20 mg protein per liter culture, respectively. TrxR appeared
bright yellow, while Trx protein appeared colorless. SDS-PAGE revealed a single band
for the TrxR preparation, with an apparent molecular mass of 31 kDa, and one band for
the Trx preparation, with an apparent molecular mass of 11 kDa (Fig. 2D). The UV light-
visible absorption spectrum of TrxR showed the characteristic peaks of flavins (380 nm
and 450 nm) (Fig. 2D). The enzyme activity of the recombinant thioredoxin reduction
system was determined, and only NADPH could serve as the electron donor to reduce
Trx, with a specific activity of 0.9 U/mg, similar to that of the enzyme from Clostridium
litorale, Clostridium sporogenes, and Clostridium cyclindrosporum (41). This reduction
system was used in the subsequent experiments.

NAD(P)H and DLDH could not supply electrons for MTHFR of C. l[jungdahlii. The
common electron donors NADH and NADPH were used to test the enzyme activity of the
purified wild-type MTHFR. The possible electron bifurcation reactions for the reduction of
methylene-THF were also determined by supplementing recombinant Fd as the second
electron acceptor. However, no activity was detected for any of the tests (Table S1).

The possible coupling reaction between DLDH and MTHFR was also investigated
(Table S2). Both wild-type and recombinant DLDHs were tested in the experiments.
The reactions are based on the assumption that the electrons are first transferred from
NADH to lipoamide and then to methylene-THF or that DLDH functions similarly to
RnfC2 and HdrA in MTHFR complexes from A. woodii and M. thermoacetica, which
serves as the NADH-oxidizing electron transfer subunit in the complex. However, the
results showed that these assumptions are not true. We also measured the possible
electron bifurcation reaction using NADH, Fd, lipoamide, and methylene-THF, and no
activity was detected. These results indicate that DLDH is not involved in the reduction
of methylene-THF.

The glycine cleavage system is considered to be a loose complex composed of four
proteins, which can catalyze the deamination, decarboxylation, and dehydrogenation
of glycine to produce NH;, CO,, and NADH, while the methylene group combines with
the one-carbon carrier THF to generate methylene-THF. Since DLDH is part of the gly-
cine cleavage system as the L-protein (GsvL) (28), and C. ljungdahlii contains a sole
DLDH coding gene (IpdA) in its genome, we predict that DLDH takes part in the reac-
tion of the glycine cleavage system, which is also associated with the metabolism of
methylene-THF. The MTHFR of A. woodii is not related to DLDH, although the genes
which encode it are adjacent to an IpdA gene in the genome, as in C. ljungdahlii. A
gene downstream of [pdA encodes an H-protein (GsvH), which also belongs to the gly-
cine cleavage system, in both C. ljungdahlii (the IpdA and gsvH genes were separated
by acs/codh) and A. woodii. The gene arrangement of IpdA and metFV may have
evolved because MTHFR and the glycine cleavage system have a common substrate,
methylene-THF, rather than because they catalyze a coupling reaction to reduce meth-
ylene-THF.

Reduced Fd, Fld, and Trx could serve as electron donors for the reduction of
methylene-THF in C. ljungdahlii. The reduced Fd, Fld, and Trx (Fd,.s?>~, Fld,.4?~, and
Trx,.q2~) from C. ljungdahlii were tested as electron donors, to measure the activity of
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FIG 3 Kinetic properties of the purified MTHFR from C. ljungdahlii. The reaction mixture contained
50 mM Tris-HCI with 2 mM DTT and 5 uM FMN (pH 7.4), 0.5 mM methylene-THF, 10 g Cpl, and
50 uM Fd if not specified. The reaction was started by adding 0.62 nwg MTHFR. The specific activity
was calculated by monitoring the formation of methyl-THF using HPLC. (A) The kinetic curve of the
methyl-THF formation with Fd.,>  as electron donor by MTHFR of C. ljungdahlii. (B) Effects of
different pH on the reduction of methylene-THF with Fd,.2~ by MTHFR. (C) Dependence of the
reduction of methylene-THF with Fd,.,>~ on the Fd concentration. (D) Dependence of the reduction
of methylene-THF with reduced Fld on the Fld concentration.

the purified wild-type MTHFR. In the assays, the recombinant Fd and Fld were reduced
by hydrogenase from C. pasteurianum (Cpl) in a 100% H, atmosphere, and the Trx was
reduced with NADPH by TrxR. The reactions were monitored by regular sampling and
detection of the formation of the product methyl-THF using HPLC, with which the sub-
strate, methylene-THF, and the product, methyl-THF, could be determined (Fig. S4). It
was found that Fd, 427, Fld..q>~, and Trx,.42~ could reduce methylene-THF catalyzed by
MTHEFR from C. ljungdabhlii. Of these, MTHFR had the highest enzyme activity (91.2 U/
mg) using Fd,.42~ as an electron donor (Fig. 3A), much higher than that using Fld, .42~
(22.1 U/mg) or Trx,.4>~ (7.4 U/mg). However, methyl-THF could not be detected when
Cpl or Fd was omitted. The optimal pH for the wild-type MTHFR activity with Fd,.4>~
was determined to be around 7.0, and the activity decreased to 30% at pH 6.0 or 8.5
(Fig. 3B). The measured K, values for Fd and Fld were very low (around 1.46 and
0.73 uM, respectively) (Fig. 3C and D). Compared with recent report on the Fd, 4> -de-
pendent activity (34.7 U/mg) and apparent K, value for Fd (9 wM) of the enzyme from
Volker Miiller's group (31), the study presented a higher specific activity and the lower
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apparent K, value. This may be due to the use of Fd from C. ljungdahlii and Fd, 4>~ regen-
eration system in this study, which may be superior to the measurement of oxidation of
Na,S,0,-reduced Fd used in the publication. These data indicate that Fd,.,>~ was the
optimal electron donor for the MTHFR of C. ljungdabhlii. FId s>~ and Trx,.4>~ may also be
used as electron donors under certain physiological conditions, such as iron-deficient
environments.

DISCUSSION

Reduced Fd is probably the physiological electron donor for MTHFR in C.
ljungdahlii. MTHFR and the reactions it catalyzes in C. ljungdahlii have been poorly
understood but are vital for understanding the maintenance of the redox balance and
the energy metabolism of the WLP. The enzyme has been suggested to be an NADH-de-
pendent or electron-bifurcating NADH- and Fd-dependent multimeric complex (16, 17,
19, 27, 42). However, the MTHFR purified from C. ljungdahlii was found in this study to be
composed of only MetFV and could not catalyze the proposed reactions. This interpreta-
tion is supported by the fact that there is no gene in the genome of C. ljungdahlii that
encodes an RnfC2- or HdrA-like subunit to form a complex with MetFV, as is the case in
the NADH-dependent MTHFR complex from A. woodii and M. thermoacetica. We tested
the ability of the NADH-dependent DLDH to act as an electron transport subunit and
found the result to be negative, although its encoding gene IpdA is adjacent to metFV in
the WLP gene cluster. This is in agreement with the fact that DLDH was separated
through Q-Sepharose during the purification of MTHFR (Fig. 1A and Fig. S2D). We suggest
that the DLDH functions as the L-protein of the glycine cleavage system, which is also
associated with the metabolism of methylene-THF. It has also been proposed that EtfAB
might couple with MTHFR to mediate an electron-bifurcating reaction (14, 16), a hypothe-
sis which is based on the observation that EtfAB can form complexes with some dehydro-
genases and reductases and catalyze electron-bifurcating reactions (43-46). However,
although the genome of C. ljungdahlii carries five sets of etfAB genes, each set has its own
neighboring dehydrogenase gene: one for butyryl-CoA dehydrogenase, one for the
FixABCX complex, and others for lactate dehydrogenases. This organization suggests that
there is small possibility of interaction of MetFV with a free EtfAB in C. ljungdabhlii.

It has also been proposed that the physiological electron donor of MTHFR from C.
ljungdabhlii is a reducing equivalent equal to NADH, such as Fld or Trx (15). To investi-
gate this hypothesis, we heterologously expressed the Fld and Trx reduction system of
C. ljungdabhlii and examined its activity. MTHFR could catalyze the reduction of methyl-
ene-THF with Fld, .42~ with a specific activity of only a quarter of that of Fd,.4?~. FId has
been considered to be a substitute for Fd under certain extreme growth conditions,
such as iron deficiency (40, 47). Although Fld has a higher redox potential (E," of —430,
—60 mV) than Fd, the direct reduction of Fld by NAD(P)H has not been reported, sug-
gesting that using Fld,.4>~ (reduced by H, with a hydrogenase) as the electron donor
of MTHFR cannot conserve extra energy compared with using Fd,.4>~. Trx,.q>~ could
also serve as an electron donor for the reduction of methylene-THF, but its specific ac-
tivity was much lower than that with Fd,.4?>~. Considering that the transcription level of
Fd gene is much higher than that of Fid and Trx in C. ljungdahlii (27, 48), Fd can be
reduced in various reactions catalyzed by the enzymes such as CO dehydrogenase
(grown on CO), HytA-E (grown on H,), and pyruvate:Fd oxidoreductases (grown on
fructose), and the enzyme presented a high specific activity with Fd 42~ as electron do-
nor and low apparent K, value for Fd, we therefore suggest that Fd,.;>~ might be the
physiological electron donor for MTHFR in C. ljungdahlii, and Fld,.42~ may be used as
the electron donor under the iron-deficient conditions.

Although the redox potential for the Fd from C. ljungdahlii has not been deter-
mined, the redox potential of the clostridial type Fd is usually close to —400 mV under
standard conditions and can probably reach —500 mV under physiological conditions
(19). These levels are much lower than that of NADH (E," = —320 mV). Therefore, com-
pared with NADH, the reduction of methylene-THF (E,’ = —200 mV) with Fd,.,?>~ as an
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FIG 4 Schematic diagrams of typical subunit composition (A) and gene arrangement (B) of MTHFRs from different bacteria. (A) Based on the subunit
composition, MTHFRs can be divided into four types: an E. coli type from aerobes and many anaerobic acetogens and three found only in strict anaerobes.
(B) Typical gene arrangement of MTHFR in the WLP gene cluster of different acetogens. Red arrows, encoding genes of MTHFR from different acetogens;
green arrows, WLP-related encoding genes; gray arrows, genes of WLP-unrelated or unknown function. C. autoethanogenum, C. formicoaceticum, C.
carboxidivorans, and C. difficile have the same gene arrangement as C. ljungdahlii. IpdA, dihydrolipoamide dehydrogenase (DLDH); gsvH, glycine cleavage
system H-protein; fchA, formyltetrahydrofolate cyclohydrolase; folD, methylenetetrahydrofolate dehydrogenase; fhs, formate-THF ligase; sbcC, DNA repair

exonuclease ATPase C subunit; cooT, cooS, cooC, acsD, and acsE, part of the CODH/ACS complex.

electron donor causes severe energy dissipation, which brings new challenges to the
interpretation of the energy metabolism of C. ljungdahlii.

MTHFRs are divided into five groups in bacteria. According to previous research
(22, 31), we analyzed and compared the protein sequences and gene arrangements of
the MTHFRs from different bacteria. Based on the subunit composition, MTHFRs can be
classified into five groups (Fig. 4A). The simplest MTHFR, composed of only a single
subunit of MetF, is widely present in aerobes. The structures of the type of MTHFR
from E. coli and Thermus thermophilus have been resolved (35, 49). The type of MTHFR
contains a binding site for FAD and catalyzes the reduction of methylene-THF with
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NADH through the ping-pong reaction mechanism (50). A flavin-lacking MTHFR was
recently found in Mycobacterium smegmatis (32). Many anaerobic acetogens, including
B. producta, Clostridium luticellarii, and Ruminococcus gauvreauii, also have E. coli-type
MTHFRs. Of these, B. producta MTHFR has been shown to be O, insensitive and has
properties similar to those of E. coli MTHFR (20).

In anaerobic acetogens, the composition of most MTHFRs differs from that of the E.
coli type. As well as MetF, they contain another electron transfer module, MetV, which
is annotated as an iron-sulfur-zinc-containing protein. The MetFV-type MTHFRs can be
divided into three subtypes: 2S (two subunits) type, 3S (three subunits) type, and 6S
(six subunits) type. The MTHFR of C. ljungdabhlii is a typical 2S type that is Fd,42"-de-
pendent heterodimeric and binds an FMN to the MetF subunit. Another 2S type exam-
ple is the C. formicoaceticum MTHFR, which has high protein sequence identities (74%
for MetF and 68% for MetV) to the enzyme of C. ljungdahlii. However, it is a heterooc-
tamer, binding an FAD to the MetF subunit (24). Recently, MetFV from C. aceticum and
E. callanderi KIST612 has also been studied and has properties similar to those of
MTHER from C. ljungdabhlii. Some acetogens, such as Clostridium drakei, Clostridium car-
boxidivorans, and C. aceticum, which have the same arrangements of the genes of the
WLP as C. ljungdabhlii (Fig. 4B), contain both E. coli-type and 2S5-type MTHFR.

The representative 3S-type MTHFR is the enzyme from A. woodii, which contains an
RnfC2 subunit as well as MetFV. The A. woodii MTHFR is NADH dependent, and its puta-
tive binding site for NADH is on the RnfC2 subunit (22). The RnfC2 subunit is composed
of N-terminal MetV and C-terminal RnfC domains, which have 41% identity to the
MetV subunit and the RnfC subunit, suggesting that A. woodii MTHFR might interact
with the membrane-bound Rnf complex. A. woodii MTHFR showed a very low Fd, 42" -
dependent methylene-THF reduction activity. Its MetFV subunits show high sequence
identities of 50% (MetF) and 37% (MetV) to the corresponding subunits from C
ljungdabhlii.

The MTHFR from M. thermoacetica forms a complex of MetFV and heterodisulfide
reductase modules of HArABC-MvhD. This 6S-type MTHFR is an NADH-dependent het-
erohexamer, and its binding site for NADH is on HdrA (23). It has been proposed that
the NADH-dependent methylene-THF reduction reaction is involved in flavin-based
electron bifurcation, and the second electron acceptor is predicted to be different from
Fd, which is functional for other electron-bifurcating enzymes (36, 43, 45, 51, 52).
MetFV from M. thermoacetica also has high sequence identities (around 41% for both
subunits) to those of C. ljungdabhlii.

It is worth mentioning that we found another gene arrangement of MTHFR in
Dethiosulfatarculus sandiegensis. The upstream of metFV contains the encoding genes
of NuoEFG homolog, which is a common electron transfer module similar to HdrABC
and EtfAB. This type of MTHFR exists widely in Desulfobacterales and Chloroflexi.
Although it has not been studied, we speculate that it may be a new type of MTHFR (X
type) with electron bifurcation function based on the knowledge of NuoEFG homolog
as a module of the electron-bifurcating hydrogenase Hyt (51).

Genome analyses showed that MetFV-type MTHFR exists mainly in anaerobic bacte-
ria. The metF and metV genes are conserved in MetFV-type homologs, and metV is
located upstream of metF (Fig. 4B). In some species, like M. thermoacetica, the two
genes overlap, suggesting that the two subunits may have coevolved. In acetogens,
most of the adjacent genes of MTHFR are for the key enzymes in the WLP. Protein
sequence alignment results show that the MetF subunit of C. ljungdahlii contains a
conserved flavin binding site (Fig. S5A). The MetV subunit contains a conserved charac-
teristic sequence, NGPCGG, called the MTHFR-C-terminal domain, and two [4Fe4S]-
cluster binding sites (Fig. S5B). These features of MetFV are also conserved in other ace-
togenic bacteria. The conserved gene arrangement and high protein sequence identity
suggest that MetFV-type MTHFRs are closely related evolutionarily. A phylogenetic
analysis of MetFV-type MTHFRs from different bacteria was performed, with MetFV
subunits as the targets. The result showed that MetFV-type MTHFRs were divided into
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four branches (Fig. S6), named groups |, II, Il and IV. The MTHFRs in group |, repre-
sented by C. ljungdahlii, are all 2S type, those in group Il, represented by A. woodii, are
all 3S-type, those in group lll, represented by D. sandiegensis, are all X type, and those
in group 1V, represented by M. thermoacetica, are all composed of 6S-type MTHFRs.
This further supports the classification of MTHFRs by subunit composition. From this
point of view, the MTHFRs from C. ljungdahlii belong to 2S-type MTHFRs.

The various MetFV-type MTHFRs with different subunit compositions might have
evolved in response to differences in energy metabolism of these anaerobic bacteria,
especially in the three model acetogens M. thermoacetica, A. woodii, and C. ljungdahlii.
Acetogens have been thought to be important players in the origin of life on Earth
(53). They grow autotrophically on H,, CO,, or CO gas and conserve energy via an an-
cient mechanism of Fd-dependent electron bifurcation and anaerobic respiration with
protons (Ech) or NAD* (Rnf) as the electron acceptors at the thermodynamic limit of
life (15, 19, 54). However, only the reaction catalyzed by 2S-type MTHFR represented
by C. ljungdahlii, which reduces methylene-THF with Fd,.,2>~ as the electron donor but
not NADH like 3S- and 6S-type MTHFRs, is not economic in energy conservation, as
mentioned above.

Energy metabolism when C. ljungdahlii grows on CO or H, plus CO,. Previous
discussions about the energy metabolism of C. ljungdahlii in publications have been
based on the assumption that MTHFR is an NADH- and Fd-dependent electron-bifur-
cating enzyme or an NADH-dependent non-electron-bifurcating enzyme (16, 17, 19). In
this work, we update this view, according to our new findings. The electron donors
and acceptors of the key oxidoreductases of the WLP in C. ljungdahlii are predicted
based on measurements in cell extracts of C. autoethanogenum (16, 51). The known
mechanism for ATP synthesis in C. ljungdahlii depends mainly upon the membrane-
associated Rnf-F,F,ATPase system. Since the C ring of Clostridium paradoxum was
determined to contain 11 subunits (55, 56), a stoichiometry of 3.66 protons per ATP is
generally used to calculate the yield of ATP in C. ljungdahlii (16, 27). The exact stoichi-
ometry for ATP gain in C. ljungdahlii may be different, but it should not have a signifi-
cant impact on the analysis of energy metabolism. In addition, the aldehyde:ferredoxin
oxidoreductase (AOR) pathway is considered to be the main pathway for ethanol pro-
duction (16, 17, 57), and the results of gene knockout experiments have also supported
this interpretation (58). The following discussion focuses only on the AOR pathway.

C. ljungdahlii ferments CO mainly to produce acetate, ethanol, and 2,3-butanediol.
When only one product is assumed to be formed, the ATP yield per mol of product is
0.41, 0.95, or —0.9 mol for acetate, ethanol, or 2,3-butanediol, respectively (Fig. 5). The
most abundant product in the fed-batch fermentation of CO is ethanol, followed by ac-
etate and 2,3-butanediol, as demonstrated in a recent study (59). A high enough CO
supply causes the cells to produce sufficient Fd,.42>~, which is helpful for the reduction
of acetate by AOR and for the reduction of NAD* by Rnf. These reactions can promote
the AOR pathway and increase the generation of ethanol. Why does C. ljungdahlii form
2,3-butanediol with a negative ATP gain? The production of 2,3-butanediol occurs
mainly in the stationary phase of cell growth, when the demand for ATP in cells
decreases, and the release of excess reducing power in cells is more effective through
the production of 2,3-butanediol.

When C. ljungdabhlii grows on H, plus CO,, the most abundantly produced metabo-
lite is acetate, followed by ethanol (27, 58-60). When only ethanol is assumed to be
formed, it yields 0.14 mol ATP per mol of ethanol produced (Fig. S7). However, when
only acetate is assumed to be produced, 0.14 mol ATP is consumed per mol acetate
formation. The establishment of this scheme is based on the following assumption: the
Rnf-F,F,ATPase system can drive the reduction of Fd with NADH by hydrolyzing ATP
(61), a reaction which has been confirmed in A. woodii (62). Since MTHFR uses Fd, 4>~
as the electron donor, it wastes more energy than previously hypothesized (15-17),
leading to a negative ATP gain when C. ljungdabhlii ferments H, and CO, to acetic acid.
This finding is inconsistent with the fact that C. ljungdahlii grows well on H, plus CO..
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FIG 5 Schemes of the energy metabolism of C. ljungdahlii grown on CO, assuming that only acetate (A), ethanol
(B), or 2,3-butanediol (C) is formed and that ethanol is produced via the reduction of acetic acid to acetaldehyde.
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Oppinger et al. (31) put forward a hypothesis in a recent study to explain this confu-
sion; that is, the Fd, .42 -dependent methylene-THF reduction reaction may be coupled
to other reactions, such as the one catalyzed by Rnf complex. This means that Fd, 42~
acts as a driving force for proton pumping out of the membrane by the Rnf complex
when reducing methylene-THF and further generates ATP through ATPase to conserve
energy. Therefore, there could be a positive ATP gain when C. ljungdahlii grows on H,
and CO,. The hypothesis also applies to acetogenesis of other forms, such as the me-
tabolism of Thermoanaerobacter kivui containing Ech and methanol metabolism of
Eubacterium callanderi (31). However, this requires further research.

In addition, Song et al. (63) reported that the WLP can functionally cooperate with
the glycine synthase-reductase pathway (GSRP) in CO, fixation in a recent finding. This
can happen in C ljungdabhlii, since it has complete GSRP-encoding genes. Using this
mechanism, only one NADH and one NADPH are consumed from methylene-THF to
acetyl phosphate through GSRP, while two Fd,.?~ are required for the formation of
acetyl phosphate from methylene-THF through WLP. Thus, more energy can be con-
served through GSRP. However, since some acetogens, such as C. autoethanogenum,
do not have GSRP-encoding genes, it is also possible that the 2S-type-MTHFR-contain-
ing acetogens represented by C. ljungdahlii have additional, currently unknown energy
conservation mechanisms. Although it is not excluded that MTHFR from C. ljungdahlii
has an unknown physiological electron donor, based on the high specific activity and
low apparent K,, value measured in vitro with Fd,42~ as an electron donor, we are
more inclined to the idea that the Fd,.4?> -dependent reaction couples to other mecha-
nisms such as Rnf-F,F,ATPase system to conserve energy. Therefore, further investiga-
tion is needed to establish the details of the mechanism of energy metabolism in this
type of acetogen.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and biochemicals. C. /jungdahlii DSM 13528 and C. pasteuria-
num DSM 525 were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany. E. coli C41(DE3) harboring the plasmids pCodonPlus and pRKISC was
used for enhancing the expression of proteins, taking into account their codon usage and iron-sulfur
cluster assembly (64).

C. ljungdahlii was cultivated anaerobically at 37°C with 2-liter glass bottles containing 1 liter of modi-
fied DSM medium 897 with a gas mixture (CO:CO,, 80:20) as the gas phase at 0.1 MPa. Fed-batch fer-
mentation with pH control was carried out in a 5-liter bioreactor containing 2.5 liters of modified DSM
medium 897. The supplied gas pressure with a headspace of a gas mixture (CO:CO,, 80:20) as the carbon
source was controlled at 0.1 MPa, and the gas flow rate was 30 ml/min during the whole fermentation
process (27, 59). The pH value was controlled at 6 automatically by adding 4 M KOH. C. pasteurianum
was grown anaerobically at 37°C in a glucose-ammonium medium (38). The cells were harvested in the
late-exponential phase. The culture was centrifuged at 6,000 x g for 10 min at 4°C. The pelleted cells
were resuspended and washed in 30 ml of 50 mM Tris-HCl (pH 7.4) containing 2 mM dithiothreitol (DTT)
and 10% glycerin (buffer A) and stored at —80°C under an atmosphere of 95% N,-5% H,.

NAD(P)*, NAD(P)H, FAD, FMN, methyl-THF, lysozyme, and BV were from Sigma-Aldrich (Shanghai,
China). Methylene-THF was from Schircks Laboratories (Jona, Switzerland) or chemically produced from
THF and formaldehyde.

Ferredoxin-dependent monomeric [FeFe]-hydrogenase from C. pasteurianum (Cpl) was prepared as
described previously (43, 65).

Purification of MTHFR from C. ljungdabhlii. All steps were performed under strictly anoxic condi-
tions at room temperature in an anaerobic chamber (Coy Laboratory, USA), which was filled with 95%
N,-5% H, and contained a palladium catalyst for O, reduction with H,. About 6 g of frozen cells of C.
ljungdahlii were suspended in 30 ml of buffer A containing 30 mg lysozyme and incubated at 37°C for
30 min. Then, the cell suspension was diluted to 50 ml and disrupted ultrasonically for 40 min in an ice-
water bath. The ultrasonic breaker (Xinzhi, Ningbo, China) was set to work for 5 s and rest for 6 s for
each cycle, and the power was set to 40%. Unbroken cells and cell debris were removed by centrifuga-
tion at 35,328 x g at 4°C for 40 min. The supernatant was used for enzyme purification. The activity of
the reduction of BV with methyl-THF was measured.

FIG 5 Legend (Continued)

The stoichiometry of 3.66 protons per mole ATP was used to calculate the yield of ATP, the value determined in C.
paradoxum. The exact stoichiometry in C. ljungdahlii, which can be as low as 2.666 (mitochondria) and as high as 5
(cyanobacteria) based on the subunit number in C ring of FF,ATPase, is not known, and independent of the exact
stoichiometry, negative ATP gains are always obtained if not assuming ATP synthesis coupled to acetate reduction.
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TABLE 2 Primers used in this study

Primer Primer sequence (5'—3')?

metFV-F CTAGCTAGCATGATTATTTCAGAAAAAAAATCT (Nhel)
metFV-R CCGCTCGAGTAATCCTGCTTCATCCAAT (Xhol)

fd-F CATGCCATGG CATATAAAATTACAGAGGAT (Ncol)

fd-R CCGCTCGAGGCTTTCTTCAACTGGTGCT (Xhol)

trx-F CATGCCATGGTAGAGGAAATAAAAGATCAAG (Ncol)
trx-R CCGCTCGAGTATATGTTTTTTCAAAGCATCTTTT (Xhol)
trxr-F CATGCCATGGACACTAGATATGATATTGCTATA (Ncol)
trxr-R CCGCTCGAGATTTTTATCAATGTAAAAGACAGCA (Xhol)
dldh-F CTAGCTAGCATGAAATTAGTTGTAATTGGTGG (Nhel)
dldh-R CCGCTCGAGTTAATCAACAGAATGAACACATT (Xhol)
fld-F CTAGCTAGCATGAAAAAAATATCAATTATTTATTGGAGTGGT (Nhel)
fld-R CCGCTCGAG TTTTTCTGCTAATGCCTCGC (Xhol)

aThe recognition site is underlined.

The supernatant was first fractionated with gradient ammonium sulfate precipitation (25, 40, and 55% am-
monium sulfate saturation). The MTHFR activity was found at the highest level in the supernatant with 55% satu-
ration. After the removal of undissolved proteins by filtration, the fraction was loaded onto a high-performance
(HP) phenyl-Sepharose column (2.6 by 10 cm) equilibrated with buffer A, containing 20 M ammonium sulfate.
The protein was eluted in a gradient by gradually reducing the concentration of ammonium sulfate (2, 1.8, 1.6,
1.3, 1,06, 03, and 0 M; each gradient elution was about 60 ml) with a flow rate of 3 ml/min. The MTHFR was
eluted at a concentration of 1.3 M ammonium sulfate. The pooled fractions were concentrated and desalted
using a 30 kDa-cutoff centrifugal filter. The concentrated sample was diluted about 30 times with buffer A and
then applied to a Q-Sepharose column (HP, 1.6 by 2.5 cm, equilibrated with buffer A). The protein was eluted by
gradually increasing the concentration of NaCl using buffer A containing 1 M NacCl (0, 0.1, 0.18, 0.25, 0.35, 0.50,
0.70, 0.85, and 1 M) at a flow rate of 1.5 ml/min. The MTHFR was eluted at a 0.18 M NaCl gradient. After being
concentrated and desalted using a 30 kDa-cutoff centrifugal filter, the fraction was further loaded onto a DEAE-
Sepharose column (Fast Flow, 1.6 by 2.5 cm). The elution method was similar to that of Q-Sepharose column
with a gradient of NaCl concentration (0, 0.08, 0.16, 0.24, 0.35, 0.70, and 1 M), where the elution buffer was
adjusted to pH 8. The MTHFR was recovered in a peak eluted around 0.16 M NaCl. The fraction was concentrated
and desalted with a centrifugal filter and then stored at —20°C in buffer A under an atmosphere of 95% N,-5%
H, until used.

Heterologous expression and purification of MetFV, DLDH, Fd, Fid, Trx, and TrxR. The genes
were amplified using PCR, with the genomic DNA of C. ljungdahlii as a template. The primers used are
listed in Table 2. The His tags were added to both N and C termini of MetFV and Fld and the N terminus
of DLDH, Fd, Trx, and TrxR. All genes were cloned into pET-28b plasmids at the restriction sites shown in
the primers listed in Table 2, and the recombinant constructs were transformed into E. coli C41 (DE3),
except pET-28b-fld, which was transformed into E. coli BL21(DE3)-groELS. This host can overexpress the
molecular chaperone GroELS to promote protein folding. Before inoculation, the medium was supplemented
with kanamycin (25 mg liter"), chloramphenicol (12.5 mg liter "), and tetracycline (5 mg liter™") for E. coli C41
(DE3) and only kanamycin (50 mg liter") for E. coli BL21(DE3)-groELS, to maintain the plasmids. Fe and S sour-
ces (0.12 g cysteine, 0.1 g FeSO,, and 0.2 g ferric ammonium citrate per liter culture) were added to enhance
iron-sulfur cluster synthesis for MetFV and Fd expression. The recombinant cells were grown aerobically in 1 li-
ter of Terrific broth at 37°C. When an optical density at 600 nm (ODy,,) of 0.8 was reached, 0.5 mM isopropyl-
B-d-thiogalactoside was added to the culture, and the cells were grown at 25°C for 14 h. The cells were har-
vested by centrifugation at 6,000 x g at 4°C and washed with 50 mM sodium phosphate (pH 7.0).

The cell extracts were prepared using the same method as that used for C. ljungdahlii. The superna-
tant was loaded onto a 5 ml HisTrap column (GE Healthcare, Buckinghamshire, UK) that had previously
been equilibrated with binding buffer (20 mM sodium phosphate containing 0.5 M NaCl and 2 mM DTT
[pH 7.4], 5 «M FMN was added for MetFV and 5 uM FAD was added for DLDH). The target proteins were
eluted at different concentrations of imidazole (100 to 200 mM for MTHFR and TrxR, 75 mM for Fd and
FId, and 200 mM for Trx) using a stepwise elution gradient. The proteins were washed with 50 mM Tris-
HCI (pH 7.4) using centrifugal filters and were stored at —20°C until used.

Enzyme assays. Enzyme activities were measured at 37°C in 1.5 ml anoxic cuvettes closed with a
rubber stopper under an H, or N, atmosphere, as indicated. The buffer containing 50 mM Tris-HCl (pH
7.4), 2 mM DTT, and 10 uM FMN was used as the basic assay mixture. The addition of FMN in the assay
is to supplement the FMN that may fall off during the purification process. The reactions were monitored
spectrophotometrically or by determining product formation using HPLC. When detected photometri-
cally, BV reduction was monitored at 555 nm (& = 12.1 mM~" cm™"), the reduction of NAD(P)" or the ox-
idation of NAD(P)H was monitored at 340 nm (¢ = 6.2 mM~" cm™"), and Fd reduction was monitored at
430 NM (A& gy req = 13.1 MM~ cm™") (23, 36). When Fd,.4*~, FId,.4*~, or Trx,.4>~ was used to reduce
methylene-THF, the reactions were monitored by determining the formation of methyl-THF using HPLC.
One unit (U) equals the formation of 1 umol of product or the consumption of 1 wmol of substrate per
min. During the measurements, the cuvettes, vials, and rubber stoppers for BV-related assays were not
used for other assays, to avoid interference caused by trace amounts of BV absorbed on these items.

When the oxidation of methyl-THF with BV was monitored, the basic assay mixture was supplemented
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with 20 mM BV and 1T mM methyl-THF under a N, atmosphere. In the initial purification step, the determina-
tion of BV reduction is affected by hydrogenase activity in the samples, so it was necessary to start the reac-
tion with methyl-THF.

When the reduction of methylene-THF with NAD(P)H was followed, the basic assay mixture was
supplemented with 0.5 mM methylene-THF, 0.1 mM NADH or NADPH, T mM NAD* or NADP™, or 50 uM Fd.
The gas phase was 100% N,. When the coupling reaction of MTHFR and DLDH was measured, T mM lipoamide
was added, and the reaction was monitored using HPLC to measure the formation of methyl-THF.

When the reduction of methylene-THF with Fd >~ and Fld..,>~ was measured, the basic assay mixture
was supplemented with 0.5 mM methylene-THF and 50 uM Fd or Fld, and then 3 U of Cpl hydrogenase from
C. pasteurianum was added to reduce Fd and Fld, under a 100% H, atmosphere. When Trx,.,>~ was used as
the electron donor, 1 mM NADPH, 100 uM Trx, and 50 ug TrxR were added under a 100% N, atmosphere.
These reaction conditions were equivalent to regenerating systems of redox proteins. After incubation at 37°C
for 5 min, an aliquot was taken using a gas-tight syringe as a control. For the assays, MTHFR was added to start
the reaction, and aliquots were sampled at specified intervals. A double volume of water free ethanol was
added immediately to the sample to inactivate the enzyme and stop the reaction. Then, the samples were cen-
trifuged at 15,000 x g and 4°C for 10 min. The sample was then diluted 20 times and filtered for HPLC analysis.
For the determination of the optimum pH, buffers with different pHs were used: 50 mM potassium phosphate
for pH 6.0 to 8.0 and 50 mM Tris-HCl for pH 8.5.

Analytical methods. Protein concentration was determined using Bradford analysis with bovine serum
albumin as a standard (66). The protein densitometry analysis was performed using ExPASy-Compute pl/M,,
tool (https://web.expasy.org/compute_pi/). The proteins were separated by SDS-PAGE using 12.5% PAGE gel
fast preparation kits (EpiZyme, Shanghai, China) and stained with Coomassie brilliant blue G250. Native PAGE
and activity staining were performed in the anaerobic chamber mentioned above, which was filled with 95%
N,-5% H,. In the gel preparation, sample treatment, and electrophoresis, SDS and the reducing agents were
omitted. The activity staining solution contained 50 mM potassium phosphate buffer (pH 7.3), 10 mM BV, and
0.5 mM methyl-THF. The molecular mass of the MTHFR was determined by gel filtration on a GE Superdex
G200 column (10 by 300 mm), calibrated with protein standards (Fig. S2D). The buffer was 50 mM Tris-HCI (pH
7.4) containing 150 mM NaCl and 2 mM DTT, and the flow rate was set at 0.5 ml min~". The proteins were
identified by peptide mass fingerprinting analysis (BGI, Beijing, China). The proteins were first reduced and alky-
lated by DTT and iodoacetamide and then were digested by trypsin. The peptides were analyzed using HPLC
prominence nano 2D (Shimazhu, Japan) and C,; (5 um, 150A, Eprogen) coupled to an electrospray ionization-
quadrupole time of flight mass spectrometer MicrOTOF QII (Bruker Daltonics). Acquisition of mass spectra and
fragmentation were based on the intensity and charge state of the precursor ions, and the mass lists were
matched to a custom proteome database using the Mascot search engine (version 2.3.01; Matrix Sciences).

The reaction substrates and products were quantified using a Shimadzu HPLC system (67), which was
equipped with a CBM system controller, SIL autosampler, LC-20AT pump, CTO column oven, and RF fluores-
cence detector. The reactants were separated with a ChromCore 120 C,; column (250 by 4.6 mm). The column
temperature was maintained at 30°C. The excitation and emission wavelengths for the fluorescence detection
were set at 290 and 356 nm, respectively. A mixture of 33 mM potassium phosphate buffer (pH 3.0) containing
7.0% acetonitrile was used as the mobile phase to separate the reactants, and the flow rate was set at 0.5 ml/
min. A standard curve of methyl-THF and methylene-THF was prepared for quantification.

The flavin content of the enzymes was measured using HPLC, as described previously (68). The iron
content was determined colorimetrically with ferene (69).
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