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tetrahydrofolate (methylene-H4F) reductase (Mfr) use a ternary complex mech-

respective methylene group, whereas FAD-dependent methylene-H,F reduc-
tase (MTHFR) uses FAD as prosthetic group and a ping-pong mechanism to
catalyze the reduction of methylene-H,F. A ternary complex structure and a
thereof derived catalytic mechanism of MTHFR is available, while no ternary
complex structures of Mfr or Mer are reported. Here, Mer from Methanocaldo-
coccus jannaschii (jMer) was heterologously produced and the crystal struc-
tures of the enzyme with and without F,,, were determined. A ternary
complex of jMer was modeled on the basis of the jMer-F,;o structure and the
ternary complex structure of MTHFR by superimposing the polypeptide after
fixing hydride-transferring atoms of the flavins on each other, and by the sub-
sequent transfer of the methyl-tetrahydropterin from MTHFR to jMer. Muta-
tional analysis of four functional amino acids, which are similarly positioned
in the three reductase structures, indicated despite the insignificant sequence
identity, a common catalytic mechanism with a 5-iminium cation of
methylene-tetrahydropterin as intermediate protonated by a shared glutamate.
According to structural, mutational and phylogenetic analysis, the evolution of
the three reductases most likely proceeds via a convergent development
although a divergent scenario requiring drastic structural changes of the com-
mon ancestor cannot be completely ruled out.
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1 | INTRODUCTION

Redox reactions of C; units bound to C; carriers are wide-
spread in the three domains of life. The most common C;
carriers are tetrahydrofolate (H4F) and tetrahydrometha-
nopterin (H;MPT), which consist of a reduced pterin (tet-
rahydropterin) bound to a para-aminobenzoate (PABA)
group or its para-aniline derivative, respectively, and a
variable tail region (Maden, 2000). H4F and H,MPT sig-
nificantly differ (Figure S1), as HYMPT has a methylene
group and H,F has a carbonyl group both conjugated to
N10 via an aromatic ring. The structural differences are
reflected in different pK, values for N10 and in substan-
tially different redox properties of the C; unit attached
(Thauer et al., 1996). The bound C; unit is transformed
between oxidation states of formic acid (+11, formyl and
methenyl group), formaldehyde (0, methylene group)
and methanol (—II, methyl group) in the C; metabolisms.
H,F is employed in the methyl-branch of the Wood-
Ljungdahl pathway, and the folate cycle of most organ-
isms, while HyMPT is utilized in the catabolic pathways
of methanogenic and sulfate-reducing archaea, as well as
methylotrophic and methanotrophic bacteria (Borrel
et al., 2016; Zheng & Cantley, 2019).

The reduction of methylene-H4F to methyl-H,F is cat-
alyzed by methylene-H,F reductases (Sah et al., 2020;
Sheppard et al., 1999; Zheng & Cantley, 2019), which are
classified into a flavin-dependent enzyme (MTHFR) and
a flavin-independent one (Mfr) (Sah et al., 2020; Yu
et al., 2022). MTHFR is further classified into subclasses
depending on either FAD or FMN as a prosthetic group
(Bertsch et al., 2015; Clark & Ljungdahl, 1984; Mock
et al., 2014; Oppinger et al., 2022; Sheppard et al., 1999).
The FAD-dependent MTHFR uses a ping-pong reaction
mechanism (Figure 1a), in which the tightly bound FAD
is first reduced by NAD(P)H and then FADH, reduces
methylene-H,F (Trimmer et al.,, 2001). The structural
characterization of the inactive MTHFR_Glu28Gln vari-
ant from E. coli (eMTHFR) with FAD and with either
NADH or methyl-HyF (Pejchal et al., 2005) revealed both
substrates in the same position, explaining the structural
basis for the ping-pong mechanism. Since the imidazoli-
dine ring in methylene-H4F is a poor acceptor for the
negatively charged hydride, the substrate is activated to a
5-iminium cation (Sumner & Matthews, 1992). A
5-iminium cation intermediate was also proposed in the
non-enzymatic condensation of formaldehyde and H,F to
form methylene-H4F (Kallen & Jencks, 1966).

Additionally, in the crystal structure of thymidylate
synthase, a 5-hydroxymethylene-H,F was found, which
supports the presence of the 5-iminium cation as an
intermediate in this enzyme reaction (Perry et al., 1993).
Based on the drastic effect of the Glu28GIn mutation of
eMTHFR on the activity, Glu28 was proposed to be the
catalytic acid for protonating the substrate for the forma-
tion of the 5-iminium cation.

Recently, the enzymes encoded by MSMEG_6596 and
MSMEG_6649 in Mycobacterium smegmatis were bio-
chemically characterized and MTHFR activity demon-
strated (Sah et al., 2020). Both enzymes do not contain
flavin and catalyze a direct hydride transfer from NADH
to methylene-H,F by a ternary complex mechanism
(Figure 1b). The flavin-independent enzymes, named Mfr
(Gehl et al., 2023), was currently identified only in myco-
bacteria as a monomeric enzyme. A knockout strain of
M. smegmatis showed impaired growth in the absence of
methionine, suggesting that Mfr is involved in the methi-
onine cycle in mycobacteria (Sah et al., 2020). Likewise,
an Mfr homolog encoded by Rv2172c in M. tuberculosis is
essential for the growth of this organism (Yu et al., 2022).
Recently, we reported the crystal structure of Mfr from
Mycolicibacterium hassiacum (hMfr) and provided evi-
dence that Glu9 in the active site is the key catalytic resi-
due for 5-iminium cation formation. Thus, the
mechanism of eMTHFR and hMfr is basically identical.

Most methanogenesis pathways involve the
methylene-H,MPT reductase (Mer), which catalyzes the
reversible reduction of methylene-H,;MPT with F4,0H, as
reductant using a ternary complex mechanism (Kurth
et al., 2020; Ma & Thauer, 1990a) (Figure 1c). The prod-
uct methyl-H,MPT is an intermediate of the energy
metabolism and the methyl donor of acetyl-coenzyme A
biosynthesis. Crystal structures are available for
substrate-free Mer from Methanopyrus kandleri and
Methanothermobacter marburgensis (Shima et al., 2000)
and the Methanosarcina barkeri Mer-F4,, binary complex
(Aufthammer et al., 2005). Mer belongs to the bacterial
luciferase family, which consists of FMN- and F4y-
dependent oxidoreductases (Authammer et al., 2005).

In this report, the hydride-transfer mechanism of
three functionally related methylene-tetrahydropterin
reductases was comparatively scrutinized with the aim to
better understand their phylogenetic relationship in
terms of divergent and convergent evolution. In the
divergent scenario, the three hydride-transferring
enzymes would originate from a common ancestor, while
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FIGURE 1 Reactions catalyzed by methylene-tetrahydropterin reductases. (a) FAD-dependent methylene-H,F reductases (MTHFR)
catalyzes the reduction of methylene-H,F by NAD(P)H using a ping-pong mechanism with FAD, bound to the enzyme as a prosthetic
group, as intermediate redox center. (b) Flavin-independent methylene-H4F reductase (Mfr) catalyzes the reduction of methylene-H,F by
using NADH as reducing agent. In contrast to MTHFR, Mfr has no prosthetic group and uses a ternary complex reaction mechanism.

(c) Fypo-dependent methylene-H,MPT reductase (Mer) catalyzes the reduction of methylene-H,;MPT with reduced F,,q (F420H,) as reducing
agent via a ternary complex mechanism.
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in a convergent scenario, they start from a different ori-
gin and develop under evolutionary pressure to shared
active site features. For the analysis, Mer from Methano-
caldococcus jannaschii was chosen as only the enzyme
from this organism can be heterologously and function-
ally produced thus allowing mutational analyses. For
structural comparison with eMTHFR and hMfr, the crys-
tal structures of Mer from M. jannaschii (jMer) with and
without F,,, were solved. We identified similar amino
acid residues at equivalent positions in the active sites of
eMTHFR, hMfr, and jMer, which are potentially involved
in the binding and activation of the C; carriers. Based on
mutational and kinetic analysis, evidence has been
provided that all three methylene-tetrahydropterin reduc-
tases have the same fold, similar methylene-
tetrahydropterin binding positions, and the same basic
catalytic mechanism; however, the binding modes of the
C, carriers and reductants significantly deviate. In addi-
tion, we obtained the crystal structures of the inactive
variants jMer_E6Q, and hMfr E9Q to exclude perturba-
tions of the active sites.

2 | RESULTS AND DISCUSSION

2.1 | Characterization of the
heterologously produced jMer

Attempts to produce Mer from different organisms in
E. coli have failed in the past because Mer formed inclu-
sion bodies (Vaupel & Thauer, 1995). However, recently,
the first successful heterologous expression of Mer from
Methanocaldococcus jannaschii (jMer) was reported, in
which the heterologously produced jMer catalyzed the
formation of lactaldehyde by reduction of methylglyoxal
with NADPH (Miller et al., 2017). We obtained the pub-
lished expression system from the authors and character-
ized the purified enzyme. The apparent K, and k.
values of jMer are in the range of those of the respective
enzymes from methanogenic archaea (M. barkeri,
M. marburgensis, and M. kandleri) and sulfate-reducing
archaea (Archaeoglobus fulgidus) (Table 1) (Ma
et al., 1991; Ma & Thauer, 1990a; Ma & Thauer, 1990b;
Schmitz et al., 1991; te Brommelstroet et al., 1990). Size-
exclusion chromatography showed that jMer in solution
is a homodimer (~80kDa) (Figures S2 and S3) as
reported in the literature (Miller et al., 2017).

2.2 | Determination of the crystal
structure of jMer

Crystal structures for the apoenzyme of jMer and the
binary jMer-F4y complex were determined at a

resolution of 1.8 and 1.9 A, respectively (Table 2). The
overall structure of jMer is almost identical to those of
previously established methanogenic enzymes character-
ized by a (Pa)s- or TIM-barrel fold (Figure 2). The same
fold was also found in the structures of MTHFR and Mfr
(Gehl et al., 2023; Guenther et al., 1999).

A few strand-to-helix loops crucially forms the active
site architecture of TIM barrel enzymes (Farber &
Petsko, 1990; Wierenga, 2001). The active site of jMer is
located in a cleft between the o/p-barrel domain and a
helix-bundle subdomain composed of five helices. In the
experimentally determined jMer-F,, structure, F,,, is
associated with the o/p-barrel domain with the isoalloxa-
zine ring positioned at the bottom of the cleft in contact
with the C-terminal loops of most strands of the (af)s
barrel (Figure 2a). The residual part of F4,, pointing to
the entrance of the cleft is sandwiched between the loops
after p4 and B5 and reached the N-terminal ends of the
following helices (Figure 2b).

The cleft is sufficiently large to also accommodate
methylene-H,;MPT with the pterin head adjacent to the
isoalloxazine ring of F459. To study the hydride transfer of
Mer, we tried to co-crystallize jMer with F45/F450H, and
methylene-/methyl-H,MPT. However, the C; carrier
could not be found in the resulting electron density.
Therefore, we built a model of the ternary complex of
jMer for studying the catalytic mechanism.

2.3 | Ternary complex model building

To compare the active site structure of eMTHFR, hMfr
and jMer, the monomeric protein structures were super-
posed using a three-dimensional alignment (Figure 3).
A simple three-dimensional alignment was not suffi-
ciently accurate because of the large differences between
the tertiary structures of jMer and the other two reduc-
tases (Figure S4). For that reason, the known highly
related hydride transfer geometry between FADH, and
methylene-H,4F in eMTHFR, and F4,0H, and methylene-
H,MPT in jMer was applied as additional information
for alignment. Accordingly, the hydride-bearing atoms
of FAD (N5) in the eMTHFR structure and of Fu,
(C5) in the jMer structure were, at first, superposed
(Figure 3, step 1) and then the rest of the proteins was
aligned without moving the hydride-transferring atoms
(Figure 3, step 2). The hMfr and eMTHFR structures
could be superimposed by the normal overall procedure
due to their higher structural similarities (Gehl
et al., 2023) (Figure 3, step 3). The root mean square
deviation (RMSD) values were 4.7 A between eMTHFR
and hMfr (over 240 amino acids), 4.6 A between hMfr
and jMer (over 232 amino acids), and 5.3 A between
jMer and eMTHFR (over 200 amino acids). After
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TABLE 1
kandleri, Archaeoglobus fulgidus, Methanocaldococcus jannaschii.

PROTEIN 50f18
@ SOCIETY_WI LEY

Comparison of the kinetic constants of Mer from Methanosarcina barkeri, Methanothermobacter marburgensis, Methanopyrus

Mer from Temperature® Apparent K,,, Apparent k., Source

M. barkeri 37°C (55°C) Methylene-H,MPT 15 uM 76,000 min ! (1300 s 1) (Ma & Thauer, 1990b)
FazoH, 12 uM

M. marburgensis 65°C (55°C) Methylene-H,MPT 300 uM 220,000 min ' (3600 s™!)  (Ma & Thauer, 1990a)
FizoH, 3 M

M. kandleri 98°C (65°C) Methylene-H,MPT 7 M 16,000 min ' (270 s 1) (Ma et al., 1991)
FazoH, 4 uM

A. fulgidus 83°C (65°C) Methylene-H,MPT 16 pM 17,000 min ' (280 s %) (Schmitz et al., 1991)
FizoH, 4 uM

M. jannaschii 85°C (55°C) Methylene-H,MPT 58 uM 18,000 min ! (300 s~ %) This work
FazoH, 5uM

Note: Mer from M. jannaschii was the only tested enzyme heterologously produced in Escherichia coli.
“The temperatures indicate the growth optimum temperature. The enzyme assay temperature was given in parenthesis.

superposition, identical or similar amino acids at the
same position in space were identified and the methyl-
H,F of eMTHFR was transferred to hMfr and jMer
(Figure 3, step 4). In jMer, the distance between C11 of
the modeled methyl-H4,F and C5 of F is 3.3 A
(Figure 4). In the modeled jMer-F,,y-methyl-H,F com-
plex, methyl-H4;F do not substantially interfere with
amino acid residues and its tail has no contact with the
protein. In the ternary complex model of jMer shown in
this work, methyl-H,F was present as substrate rather
than methyl-H;MPT based on the alignment strategy.
hMfr and eMTHFR were superimposed and methyl-H,F
and FAD was modeled to hMfr.

Despite the structural difference between H,F and
H,MPT in the model of jMer, we discuss the possible
interactions of the protein and methyl-H,;MPT from the
pterin head group to the phenyl ring moiety, which is
structurally similar in H4F and H4MPT. A hydrophobic
pocket consisting of the conserved residues Phe233, Val8
and Val230 might be responsible for binding of the phe-
nyl ring of H4MPT in jMer. Phe233 is rather distant from
the phenyl ring of the tail of H{MPT (Figure S5). How-
ever, a conformational change induced by binding of
methylene-H4MPT may be possible. GIn178 is located
close to the bottom of the cleft at the C-terminal end of
6, which is presumably hydrogen-bonded with the F
isoalloxazine and the pterin ring. Asp96 protruding from
the C-terminal end of p4 is also in contact with the
pyrimidine ring of the C; carrier. Glu6 at the C-terminal
end of Pf1 points towards the deaza-isoalloxazine and
pterin rings. The mentioned amino acids involved in
binding of the pterin part of the C; carrier have spatial
counterparts in MTHFR and hMfr. The four sites for
Glu6, Phe233, GInl78 and Asp96 are referred to as

positions A-D (in Figure 5). Positions A and D are occu-
pied by acidic residues, position C by amino acids with
carboxamide groups, and position B by large hydrophobic
residues.

2.4 | Mutational analysis of the C,
carrier binding site

Similar amino acid residues at the position A to D of the
three methylene-tetrahydropterin reductases indicate
common active site characteristics, despite their insignifi-
cant amino acid sequence identity. Structure-
independent sequence comparison indicated that jMer
shares 16% and 12% sequence identity with eMTHFR and
Mfr, respectively, and the identity between hMfr
and eMTHFR is 17%. A structure-based alignment was
also performed and presented in Figure S6. To explore
whether the amino-acid residues at position A, B, C and
D are involved in binding of the C; carrier and in cataly-
sis, systematic mutational analyses were performed and
the kinetic data were compared with those for the
eMTHFR variants reported in the literature (Tables 3 and
4). The common reaction between MTHFR and the other
two reductases (Mer and Mfr) is the oxidative half reac-
tion of MTHFR, which does not involve the primary
hydride carrier NADH. Therefore, we do not discuss the
effect of the mutations of eMTHFR on the reactivity with
NADH despite their influence on k., and K, of NADH
(see Tables 3 and 4 and Figure S7).

Position A contains a glutamate residue in all three
reductases. For eMTHFR, the k., value of the Glu28GIn
variant is reduced from 132 to 0.012 min ' (0.01% resid-
ual activity). It has been proposed that Glu28 is the key
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TABLE 2
apoenzyme and the binary complex of jMer and F 5.

Structure determination statistics for the jMer

jMer jMer + Fy5
Resolution range (A) 46.25-1.8 31.39-1.902 (1.97-
(1.86-1.8) 1.902)
Space group P2,2,2 P4,2,2
Unit cell dimensions
a, b, c(A) 96.66, 96.28, 95.91, 95.91,
166.78 166.02
a, B,y () 90, 90, 90 90, 90, 90
Unique reflections® 144,123 60,825 (5895)
(14203)
Completeness (%)* 99.84 (99.54) 98.83 (97.16)
Wilson B-factor 33.65 47.64
Reflections used in 144,109 60,822 (5895)
refinement (14202)
Reflections used for 2002 (200) 1998 (194)
Rfree
Ryork (%)° 17.86 (27.11) 21.95 (32.62)
Rpvee (%)° 19.64 (29.09) 25.25 (33.64)
Protein residues 1324 657
RMSD bond lengths 0.008 0.014
Ay
RMSD bond angles (°)°  1.07 1.36
Ramachandran 97.02 96.01
favored (%)
Ramachandran 2.45 3.84
allowed (%)
Ramachandran 0.54 0.15
outliers (%)
Rotamer outliers (%) 0.19 1.16
Clash score 4.11 6.58
Average B-factor 53.52 60.38
PDB code 8QPM 8QPL

*Values relative to the highest resolution shell are written in parentheses.
®Revee Was calculated for 5% of the reflections that were not included in the
refinement.

“Root mean square deviation.

catalytic residue for protonation of methylene-HF to
activate the C,; unit for the reaction (Trimmer
et al., 2001). In hMfr and jMer, apparent k., of the equiv-
alent Glu9GIn and Glu6GIln variants decreased from
594 to 1.3 min ' (0.2%) (Gehl et al, 2023), and
from 18,200 to 71 min ™' (0.4%), respectively. Neither var-
iant showed a significant increase in the apparent K, for
their respective C; carrier, suggesting that glutamate and
glutamine bind in a related manner. X-ray structure anal-
ysis of the jMer_E6Q and hMfr_ E9Q variants (Table S1)
were performed and the structures were compared with

the wild-type enzyme (Figure S8), which confirmed
unchanged active site architectures compared with the
wild-type enzymes.

Position B in eMTHFR is occupied by Phe223 whose
side chain forms n-r interactions with the phenyl ring of
methyl-H,F. Mutation of Phe223 to alanine or leucine in
eMTHEFR is associated with a dramatic increase in the
K, values for methylene-H,F and NADH without sub-
stantially changing the k., values (Lee et al., 2009). jMer
carries a conserved Phe233 at position B but the exchange
to alanine or leucine changed the apparent K, values
only slightly. The small increase of the apparent K,
values in the Phe233 variants in jMer indicate its partici-
pation in binding of the C; carrier. However, the forma-
tion of strong n-x interactions as described for eMTHFR
are unlikely for jMer due to the large distance between
the phenyl ring moieties (see Figure 5). In hMfr, position
B is occupied by the strictly conserved Leu221. Exchange
of Leu221 to phenylalanine or alanine increased the K,
values of methylene-H,F 2-4-fold, which is again small
compared with those of the eMTHFR variants. This result
supports the hypothesis that Leu221 is involved in the
binding of methylene-H,F but with a different strength
compared with that of eMTHFR.

Position C in the ternary complex structure of
eMTHFR is occupied by Gln183, whose side chain car-
boxamide forms a bidentate hydrogen bond with NH8
and N1 (Pejchal et al., 2005). eMTHFR_GIn183Glu and
GIn183Ala mutations are associated with a large increase
in K, values for methylene-H4F (>250 fold). In contrast,
the GIn183Glu mutation caused no change of the k¢,
value (Zuo et al., 2018). The exchange of GIn177 in hMfr
to glutamate or alanine moderately increased the appar-
ent K, values for methylene-H,F (2-3-fold) compared
with that of eMTHFR. Notably, the apparent K,, value
for NADH increased in hMfr_GIn177Glu (8-fold), sug-
gesting that the acidic side chain also influences the bind-
ing of NADH. In contrast, the replacement of GIn178 to
glutamate and alanine in jMer slightly decreases the
apparent K, values for methylene-H;MPT (30%-40%).
Although H,F and H4MPT share NH8 and N1 of the
pterin ring the interactions between the residue in posi-
tion C and the pterin ring significantly differ between the
three enzymes. In the jMer_GIn178 variants, the appar-
ent K, values for F,,, substantially increased (6-13 fold).
Since the backbone of GIn178 is part of the F4,q binding
site in jMer, the Gln178 variation may primarily affect
the binding of F4,, and not the binding of methylene-
HMPT.

At position D, the carboxy group of Asp120 forms a
bidentate hydrogen bond to N3 and the exo-NH2 group
of methyl-H,F in the ternary complex of eMTHFR
(Pejchal et al., 2005). The mutation of Aspl20 to
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FIGURE 2

code is the same as in panel A.

FIGURE 3 Alignment of three (a)
methylene-tetrahydropterin reductases.

(a) Methods of superposition. To align

jMer on eMTHFR the hydride-bearing

atoms N5 of FAD and C5 of Fuy,

highlighted in red, were laid on top of

each other (step 1). Then, jMer was

rotated on eMTHFR by fixing two
hydride-bearing atoms (step 2). hMfr &
was coordinate-based aligned on

eMTHEFR in the normal manner (step 3).

jMer

(b)

B
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eMTHFR

hMfr

®

Methyl-H,F

Finally, methyl-H,F from eMTHFR was Fazo R
transferred into the superimposed jMer o N

and hMfr. Identical amino-acid residues ~ | NH
were determined based on the

FAD

performed structural alignment (step 4).

The result of the alignment of jMer l
(green) onto eMTHEFR (orange) (b), and
Mfr (blue) onto eMTHFR (orange) (c).
Methyl-H,F and FAD of eMTHEFR are
shown by a stick model with carbon in
orange. F; of jMer is shown by a stick
model with carbon in green.

Step 2

OO

©

Methyl-H,F

Q

Structure of jMer in complex with Fy,. (a) Cartoon model. The p-strands of the (Ba)s core unit are labeled and colored
purple, while the a-helices of the core unit are colored light blue and the loops are colored salmon. The inserted segments, which form a
helical subdomain, are colored in orange. F,,, is shown with the carbon in green. (b) Surface model with the stick model of F,,o. The color

Step 4
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o4
Methyl-H,F Glu28

Modeled
methyl-H,F

FIGURE 5

Modeled B
FAD
A Phe233
Glu9

FIGURE 4 Ternary complex model
of jMer based on the described
alignment procedure. The polypeptide is
drawn in a green surface representation,
F.z0 (carbon in green) and methyl-H,F
(carbon in orange) as sticks (see

Figure 3). The N5-methyl group of
methyl-H,F is shown in red. The active-
site structure is shown from different
angles (a and b). Although Mer uses
methylene-/methyl-H,MPT as the native
cofactors, methyl-H4F was modeled
based on the alignment strategy.

jMer

Modeled Glué
methyl-H,F

Comparison of the tetrahydropterin binding sites of the crystal structure of the ternary eMTHFR complex and the ternary

complex models of hMfr and jMer. Carbons of residues of eMTHFR, hMfr, jMer are colored in orange, blue and green. Equivalent positions
are indicated by letters. Non-native coenzymes were modeled in the structure of hMfr and jMer based on the alignment strategy. This is the
case for hMfr (using NADH, here modeled with FAD) and jMer (producing methyl-H,MPT as a natural product, here modeled with

methyl-H,F).

asparagine resulted in a large increase (>40 fold) of the
K values for the C; carrier in eMTHFR and a large
decrease to 0.3% of the k., value (Trimmer et al., 2005).
In the structure of hMfr, a glutamate rather than aspar-
tate residue is located at the equivalent position. The
hMfr_Glu55Gln variant did not show a significant
increase in the apparent K;,, value for methylene-H,F but
a decrease in the apparent k., value. In the case of
jMer_Asp96Asn, the apparent K,, value was increased
2.5-fold. These results suggest that the function of aspar-
tate at position D in binding of the C; carrier deviates in
eMTHFR compared with the other two reductases. For
hMfr, Glu55 is not strictly conserved and alanine and
valine are found at this position in addition to glutamate
and aspartate, which also supports this conclusion.
Trimmer et al. proposed that methylene-H,F is acti-
vated by protonation of N10 to form an N5 minimum

cation (Trimmer et al., 2001). Based on the mutational
analysis at position A, it was possible to extend the pro-
posed model of the catalytic mechanism of MTHFR
(Trimmer et al., 2001) not only to Mfr (Gehl et al., 2023)
but also to Mer. The mechanism is initiated by the pro-
tonation of the C; carrier to activate this molecule, fol-
lowed by a hydride transfer from the hydride donor to
the activated C, unit (Figure 6). As the methylene group
in methylene-H,F and methylene-H,;MPT is chemically a
rather unreactive aminal, it is unlikely that a hydride can
be directly transferred. Therefore, the formation of a posi-
tively charged 5-iminium cation is crucial for catalysis.
The positive charge can be delocalized via the pterin ring
system, which stabilizes this intermediate state. In con-
trast to the uncharged methylene group, the positively
charged 5-iminium cation is a good hydride acceptor for
a hydride of either FADH, in MTHFR, F,,,H, in Mer or
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TABLE 3 Kinetic constants of eMTHFR, hMfr and jMer.
Enzyme Substrate App. K, [pM] App. keoe [min~] Keat/ Koy [min™ pM ] Reference
eMTHFR Methylene-H,F 04 +0.1 130 + 12 330 (Trimmer et al., 2005)
NADH 3.5+ 0.6 37
Methylene-H,F 0.5+0.1 620 + 60® 1200 (Lee et al., 2009)
NADH 20+ 4 30
hMfr Methylene-H,F 160 + 62 600 + 68 39+0.8 (Gehl et al., 2023)
NADH 16.0 + 3.1 550 + 19 35+ 44
jMer Methylene-H;MPT 58 + 29.7 18,000 + 4000 350 + 90 This work
Fazo 4.6 +0.1 7000 + 30 1500 + 20

Note: The values for eMTHFR were obtained from the literature.
Abbreviation: nd, not determined.

NADH in Mfr. On the other hand, even though some
identical or similar residues were observed in the three
methylene-tetrahydropterin reductases at the predicted
binding site of the C; carriers at positions B-D, the
kinetic effects of mutations argue against common fea-
tures for the binding of the C; carriers. An inaccurate
modeling of methylene-tetrahydropterin due to
substrate-induced conformational changes of contacting
polypeptide segments and a consecutive bias in the
interpretation of different kinetic behaviors cannot be
fully excluded. On the other hand, the substantial
changes of the kinetic values argue for a participation of
the four residues, in particular, of the glutamate of
position A.

2.5 | Mutational analysis of the non-
prolyl cis-peptide bond

Non-prolyl cis-peptide (NPCP) bonds are rare in proteins,
but they play an important role when they do occur (Jabs
et al., 1999; Pal & Chakrabarti, 1999). The NPCP bond in
jMer is located in the loop after 3, below the central pyr-
idine ring of F40, between Gly61 and Val62 (Figure 7).
This NPCP bond is conserved at the equivalent position
in all known Mer structures and even in other, for exam-
ple, in the F4yo-dependent glucose-6-phosphate dehydro-
genase (Bashiri et al., 2008) and the F4y-dependent
alcohol dehydrogenase (Aufhammer et al., 2004), but not
in all enzymes of the bacterial luciferase superfamily. It
has been proposed that the NPCP bond acts as a backstop
for the placement of F4, in the active site (Authammer
et al., 2005). In the present study, the role of this NPCP
bond was tested by exchanging Val62 to Pro62, presum-
ably resulting in conversion from the NPCP bond to a
prolyl-cis peptide (PCP) bond. The turnover number of
the purified jMer_Val62Pro variant enzyme was

32min"! that is much lower than wild-type jMer
(5700 min ') under standard assay conditions.

The AlphaFold model of jMer_Val62Pro supported
the predicted PCP bond by a very high pLDDT of over
98 in the region (P60-T63) (Figure 7). Alignment of the
jMer wild type binary complex structure and the jMer_-
Val62Pro model showed that the backbone of the corre-
sponding loop and the Cg atoms of Val62 and Pro62
remain in the same position after mutation (Figure 7).
However, C, and C; of Pro62 occupy the space of F45 in
the conformation of the wild type enzyme. Although the
backstop function of the cis-peptide conformation is
maintained, the ability to bind F,,, is thereby substan-
tially reduced. Spatial consideration indicated that hydro-
phobic residues of moderate size can replace Val62.
Indeed, valine is not strictly conserved at this position
and isoleucine is found in other Mer enzymes, e.g. in Mer
of M. kandleri (Figure 7) (Shima et al., 2000). Larger side
chains cannot be placed at this position because they
would interfere with the loop after a4, which is involved
in the binding of the first two hydroxy groups of the F,,
tail region. Small side chains, such as in alanine, do not
reach F4y0 and cannot exert pressure to adjust the confor-
mation of F4y. This analysis comprehensibly demon-
strates that proteins can realize an essential biological
function by introducing an energetically unfavorable
NPCP bond, which cannot be achieved by a PCP bond.

2.6 | Phylogenetic analyses of
methylene-tetrahydropterin reductases

To obtain further insights into the phylogenetic relation-
ship of the three methylene-tetrahydropterin reductases,
a phylogenetic tree was constructed (Figure 8) using
sequences from the bacterial luciferase family including
Mer (Mer superfamily; Table S2), the FAD-dependent
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(Continued)

TABLE 4

keat/Km [min™' pM ]

App. Ky, [pM] App. keae [min "]
0.026 (0.01%)

Substrate

Mutation [reference]

Enzyme

eMTHFR

Position

0.44 + 0.04 (0.3%)*

17 + 3 (4250%)
<3.5 (<100%)*

180 + 60 (108%)
5.6 + 1.1 (35%)

140 + 30 (246%)
1.6 + 2.8 (35%)

Methylene-H,F
NADH

Asp120Asn (Trimmer et al., 2005)

1.1 + 0.2 (28%)

25 + 4 (71%)
49 + 0.4 (1%)

180 + 20 (30%)
134 + 2 (25%)
700 + 50 (4%)
85 + 9 (1%)

Methylene-H,F
NADH

Glu55GIn

hMfr

Methylene-H,MPT

Asp96Asn

jMer

5 + 48 (0.3%)

Fa20

Note: References for the eMTHFR variants and the published hMfr variants are listed below the variant name in parenthesis. The ratio of the Ky, kcar, and k,/Ky, values of the variant compared to wild type is written

below the absolute values in parenthesis.

Abbreviation: nd, not determined.

*The kinetic parameters were compared with those of the wild-type described in the references specified in the row of this table.
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methylene-H,F reductase superfamily (MTHFR super-
family; Table S3), and Mfr for BLAST searches.

The Mer cluster, placed next to bacterial luciferases
and F40-dependent dehydrogenases (Mascotti
et al., 2021), the MTHFR cluster, consisting of prokary-
otic and eukaryotic FAD-dependent representatives, and
the mycobacterial Mfr cluster are isolated in the tree with
no reliable connection between each other and to any
other clusters. Moreover, the bottom of the bacterial
luciferase family in the phylogenetic tree is not occupied
with a Mer-like methylene-H,;MPT reductase indicating
that the ancestor of Mer does not reduce methylene-
H,MPT. A different function is also plausible for the last
universal MTHFR ancestor, as on one hand its hypotheti-
cal flavin dependency was developed at the branch bot-
tom suggested by the close clustering of MTHFRs
widespread in all domains of life, and on the other by the
parallel worthlessness of the prosthetic group for MTHFR
for catalysis, because simpler Mfr without flavin can exe-
cute the same reaction. Therefore, FAD in MTHFR may
only serve as an evolutionary relict. Obscured by the lack
of sequence and biochemical data, the same might be
true for Mfr. In addition, a global phylogenetic analysis
of the whole metabolism of C;-unit reduction results in
an unrelated biosynthesis of HyMPT and H,F (de Crecy-
Lagard et al., 2012; Maden, 2000; Sousa & Martin, 2014)
and in non-homologous enzymes catalyzing the reduc-
tion series for C; units bound to H,F and H,MPT
(Martin & Russell, 2007; Sousa & Martin, 2014). These
factors would altogether support an independent devel-
opment of the three enzymes, at least, of Mer with
respect to the others. It has to be kept in mind that the
separation of the MTHFR and Mfr clusters in the tree
may result from missing links due to the absence of data
towards the bacterial luciferase superfamily, as the
sequences of Mfr are very limited and no Mfr candidates
have been investigated outside the order Mycobacteriales.

2.7 | Divergent versus convergent
evolution

The presented results indicated common and distinct fea-
tures in the three methylene-tetrahydropterin reductases
for catalyzing the related hydride transfer reactions. This
finding raises the question whether these three
methylene-tetrahydropterin reductases evolved from one
common ancestor or converge from a different origin.
From the mechanistic point of view both Mer and Mfr
have in common a one-step hydride transfer process sug-
gesting a closer phylogenetic relationship. On the other
hand, structural alignment clearly showed a stronger
connection between MTHFR and Mfr.
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FIGURE 6
three methylene-tetrahydropterin reductases. In the first step, N10
of the pterin part of the C; carrier is protonated leading to the
formation of an minimum cation. The positive charge of the

Postulated common catalytic mechanism for the

minimum cation is delocalized over the pterin ring system,
presumably stabilizing the intermediate state. The positively
charged minimum cation is an excellent hydride acceptor. After
hydride transfer, the reaction product is obtained. R1 is a hydrogen
or a methyl group in H,F and H4MPT, respectively.

In the literature, a divergent development of TIM bar-
rels is tendentially favored as remote sequence relation-
ships are detectable among most distinct superfamilies
(Nagano et al., 2002). For the TIM barrel proteins Mer,

Mfr and MTHFR the related bulky substrates arranged to
each other in an analogous manner and the shared
hydride transfer reaction also point in this direction. Fur-
thermore, incomplete sequence data, similar kinetic
effects of equivalent mutations in hMfr and eMTHFR
rather than in jMer and hMfr or in jMer and
eMTHFR and several structural features support the pos-
sibility that, at least, Mfr was developed from MTHFR by
drastic divergence as found in the evolution of (Pot)s-
barrels (Gerlt & Babbitt, 1998; Romero-Romero
et al., 2021; Sterner & Hocker, 2005). In this case, the fla-
vin of MTHFR would be replaced by NADH in Mfr of
mycobacteria later on.

On the other hand, various phylogenetic, mutational/
kinetic and structural data rather argue for an indepen-
dent origin due to the unrelated sequences and the
largely different structures of segments directly involved
in forming the substrate binding and active sites. This
finding is striking, as the similar substrates and the
equivalent chemical reactions with the same rate-limiting
transition state should not require such drastic structural
changes between the three reductases. An independent
origin is also taken into accounts, because TIM barrel
folds are presumably manifold formed during evolution
from smaller (ap),, and (ap), building blocks by gene
duplication and domain fusion (Lang et al., 2000). The
correlating and non-correlated kinetic data of the site-
specific variants of the shared glutamate as a key catalytic
residue at position A and of the residues at positions B-D,
respectively, are compatible with a convergent and diver-
gent evolution. Future biochemical characterizations of
ancestral flavin-dependent MTHFR, acetogenic FMN-
dependent MTHFRs and, in particular, of ancestral Mfr
functional homologs may clarify the evolutionary rela-
tionship between Mer, Mfr, and MTHFR.

3 | MATERIALS AND METHODS

3.1 | Purification of H{MMPT and F,,,

Approximately 130 g of M. marburgensis cells cultured
under the standard nickel-sufficient conditions were used
to purify H,MPT as previously described (Shima
et al., 2011). For the purification of Fy,,, three cell pellets
resulting from the H;MPT purification were combined
and diluted 1:4 in anaerobic water. The suspension was
sonicated using a SONOPLUS GM200 (Bandelin) with a
VS-70-T tip attached at 80% power of 100 W for the whole
period of 15 min. The suspension was mixed 1:1 with
100% acetone (—20°C) and stirred in an ice bath for
30 min. The mixture was centrifuged on at 13000 x g and
4°C for 20 min. The supernatant was collected and the
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jMer jMer_Val62Pro kMer

FIGURE 7 The jMer-F,,, complex, the AlphaFold model of jMer_Val62Pro, which contains prolyl cis-peptide (PCP) and modeled F,5,
and the crystal structure of Mer from M. kandleri (kMer). F4,o and the amino acids are shown as stick models with green carbons. F,,, was
also presented by drawing the corresponding atoms as transparent spheres with van der Waals radii and the cis-peptide bond regions as
black dotted spheres. F,,0 in kMer was modeled by alignment of the whole protein with the jMer structure in complex with F4,. The non-
prolyl cis-peptide bond of kMer is placed between Gly64 and Ile65. The side chain of the isoleucine in kMer does not overlap with modeled
F.420, whereas the side chain of proline in jMer_Val62Pro collides with F,.

Bootstrap
M 3
54.25
[] 695 Dibenzothiophene-sulfone
113;75 Mycobacterial Mfr monooxyenase Nitrilotriacetate monooxygenase/
\ N-acetyl-S-(2-succino)cysteine monooxygenase/
Eukaryotic / Pristinamycin IIA synthase
Hydroxyproline Proline dehydrogenase
dehydrogenase ‘§\\\\
420-dependent glucose-6-phosphate dehydrogenase W///// ’ &

-dependent alcohol dehydrogenase //

// ’/' ‘ | \ Pyrimidine monooxygenase RutA

FMN-dependent dimethylsulfone monooxygenase

420
F,,-dependent hydroxymycolic acid dehydrogenase

Mer  //

i
ff )
Alkanesulfonate monooxygenase
Alkanal monooxygenase
(Bacterial luciferase)

f

/
!

Procaryotic
Proline dehydrogenase

FIGURE 8 Unrooted phylogenetic tree of bacterial luciferase superfamily members, flavin-linked oxidoreductase superfamily members
and Mfr members. The bootstrap values are indicated by a color scheme. The central part of the tree does not allow final conclusions about
the basal relationship between the tree superfamilies.
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extraction was repeated twice by adding 50% (v/v) aque-
ous acetone cooled to —20°C in a 1:1 ratio regarding the
weight of cell debris. The combined supernatants were
evaporated at 4°C until the volume has decreased by at
least half. The evaporated solution was centrifuged as
described above and applied to a QAE Sephadex A25 col-
umn (GE Healthcare) equilibrated with 500 mL of
50 mM Tris/HCI] pH 7.5. The column was washed with
500 mL 50 mM Tris/HCl pH 7.5 and then with 500 mL
300 mM formic acid in water. Elution was performed
with a single step gradient of 500 mL 50 mM HCI in
water. The F4,q containing fractions were combined and
concentrated by evaporation. The concentrate was
desalted using a Sephadex G-10 column (Cytiva Life Sci-
ences) equilibrated with water. The F,,, solution was
stored in aliquots at —20°C.

3.2 | Mutagenesis and heterologous
overproduction of jMer

The vector pT7-7_jMer containing the jMer encoding
gene MJ1534 was used for targeted mutagenesis. The
degenerated primers for mutagenesis were designed
using NEBaseChanger. A PCR was performed using
10 ng pT7-7_jMer as template, 0.5 pM degenerate primers
(Table S4), 1 x Q5 reaction buffer (New England Biolabs),
200 pM dNTPs (Thermo Fisher Scientific) and 0.02 U/pL
Q5 High-Fidelity DNA Polymerase (New England Bio-
labs) in a 50 pL reaction volume. Thermocycling condi-
tions were selected according to the manufacturer's
recommendations and the annealing temperature was
used as recommended by the NEBaseChanger (Table S4).
After PCR, the template DNA was digested with DPNI at
37°C for 1h. The preparation was purified using the
NucleoSpin  Gel  and PCR  Clean-up  Kit
(Macherey-Nagel). The DNA preparation was used for
transformation into chemically competent E. coli Top10
cells and the cell suspension was plated on agar plates
containing 100 pg/mL carbenicillin. After colony forma-
tion, 5 mL of LB medium supplemented with 100 pg/mL
carbenicillin was inoculated with one colony and grown
overnight at 37°C. The plasmids were isolated using the
NucleoSpin  Plasmid Kit (Macherey-Nagel) and
sequenced by Eurofins using pT7-7_Seq_F
and pT7-7_Seq_R as sequencing primers (Table S4). The
correct plasmids were transformed into ArcticExpress
(DE3) cells and plated on agar plates containing 100 pg/
mL carbenicillin and 20 pg/mL gentamicin. One colony
was inoculated into 5 mL of LB medium and incubated
overnight at 37°C. A cryo-culture was prepared by mixing
1 mL of 50% glycerol with 1 mL of the overnight culture
and flash frozen. Cryo-cultures were stored at —75°C.

A cryo-culture of E. coli ArcticExpress(DE3) contain-
ing the desired jMer variant was used to inoculate
100 mL of LB medium supplemented with 100 pg/mL
carbenicillin and 20 pg/mL gentamicin. The pre-culture
was incubated overnight at 37°C with shaking at
120 rpm. The main culture contained 2 liters of pre-
warmed TB medium supplemented with 100 pg/mL car-
benicillin and 20 pg/mL gentamicin and was inoculated
with 100 mL of the pre-culture. The main culture was
incubated at 37°C with stirring at 600 rpm until an opti-
cal density of 0.6-0.8 was reached. The mer gene expres-
sion was induced with 1 mM IPTG and the culture was
transferred to 21°C. After 21 h of expression, the culture
was harvested by centrifugation at 13,000 x g for 5 min
at 4°C. Cells were snap frozen and stored at —20°C.

3.3 | Purification of jMer

For crystallization, approximately 40 g of the E. coli cells
were suspended in 160 mL of 50 mM Tris/HCI pH 7.5
with 2 mM DTT. The cell suspension was sonicated using
a SONOPULS GM200 (Bandelin) with a 50% cycle and
160 W for 5 min per cycle and 5 min pause using a TZ76
tip. A total of 2 cycles were performed. The disrupted
cells were fractionated by centrifugation at 30,000 x g for
30 min at 4°C. The supernatant was heated at 80°C
for 20 min and precipitated proteins were separated by
centrifugation at 13,000 x g for 20 min at 4°C. Ammo-
nium sulfate was added to the supernatant to 60% satura-
tion and the solution was stirred at 4°C for 20 min.
Precipitated proteins were removed by centrifugation at
13,000 x g for 20 min at 4°C. The supernatant was
applied to a Phenyl-Sepharose HP column (15 mL col-
umn volume) equilibrated with 50 mM Tris/HCI pH 7.5
containing 2mM DTT and 2M ammonium sulfate
(buffer A). Buffer B contained 50 mM Tris/HCl pH 7.5
with 2 mM DTT and 10% (v/v) glycerol. The column was
washed with 20% buffer B. Elution was performed with a
linear gradient from 20% to 100% buffer B in eight col-
umn volumes. jMer was eluted from 137 to 5 mS/cm con-
ductivity. The corresponding fractions were collected and
desalted on a HiPrep G-25 column equilibrated with
50 mM Tris/HCl pH 7.5 containing 2 mM DTT. The
desalted solution was applied to a Resource Q column
(6 mL column volume) equilibrated with 50 mM Tris/
HCI pH 7.5 with 2 mM DTT. jMer was eluted by a linear
gradient of 0-250 mM NaCl over 15 column volumes.
The jMer-containing fractions were collected and applied
to a HiPrep Sephacryl S-200 HR equilibrated with 50 mM
Tris/HCl pH 7.5 containing 150 mM NaCl and 2 mM
DTT. The jMer-containing fractions were either used
directly for crystallization or, after the addition of 5%
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(v/v) glycerol, were snap frozen in liquid nitrogen and
stored at —75°C.

A shorter protocol was developed for the characteriza-
tion of jMer variants. Approximately 10 g of cells were
suspended in 40 mL of 50 mM Tris/HCI pH 7.5 contain-
ing 2 mM DTT. The cell suspension was sonicated with a
TZ73 tip attached to a SONOPULS GM200 (Bandelin)
with a 50% cycle and 160 W for 5 min per cycle and
5 min pause. A total of 2 cycles were performed. The dis-
rupted cells were fractionated by centrifugation at
30,000 x g for 30 min at 4°C. The supernatant was
heated at 80°C for 20 min and precipitated proteins were
separated by centrifugation at 13,000 x g for 20 min at
4°C. The supernatant was diluted 1:1 in 50 mM Tris/HCI
pH 7.5 with 2 mM DTT and applied directly to a Resour-
ceQ column (6 mL column volume) equilibrated with
50 mM Tris/HCl pH 7.5 with 2mM DTT. jMer was
eluted by a linear gradient of 0-250 mM NaCl over 15 col-
umn volumes. The jMer-containing fractions were col-
lected and used for the kinetic characterization.

3.4 | Activity assay of jMer

Master mixes for the activity assays were prepared in an
anaerobic chamber. Brown serum bottles were filled with
100 mM Tris/HCl pH 8.0 supplemented with 10 uM
2-mercaptoethanol, the desired amount of purified F,,
and H,MPT, and 3 mM sodium dithionite. The master
mixes were incubated for 15 min at 55°C in a water bath,
in which F,,, was reduced to F40H,. The enzyme assay
was performed in an anaerobic quartz cuvette (1 cm light
path) with a final volume of 200 pL. After preheating at
55°C for 5 min, 15 mM formaldehyde (final concentra-
tion) was added, by which methylene-H,MPT was gener-
ated from H,;MPT and residual dithionite was quenched.
Under the standard assay condition, the reaction mixture
contained 20 pM methylene-H4MPT and 20 pM F4,0H,; at
55°C. In the case of Michaelis—-Menten kinetic analysis,
one of the substrate concentration was fixed as the stan-
dard condition. The enzyme reaction was started by the
addition of 10 pL of enzyme solution. The reaction was
monitored by measuring the increase in absorbance at
401 nm. The catalytic activity was calculated from the
extinction coefficient of Fy,0 (€401 = 25.9 mM ™~ cm ™).

3.5 | Crystallization and structure
determination of jMer

All crystallization experiments were carried out in an
anaerobic chamber with a 95%/5% (N,/H,) atmosphere
using the sitting drop vapor diffusion method and 96-well

two-drop MRC crystallization plates (Molecular Dimen-
sions). The plates were incubated for 1 week in the cham-
ber before use. The final protein concentration in each
drop was 20 mg/mL. For the drops containing Fi,, a
final F4;0 concentration of 2 mM was used. The crystal of
the apoenzyme grew in a drop consisting of 35% (v/v)
2-methyl-2,4-pentanediol and 100 mM sodium acetate
pH 4.5 and could be frozen directly in liquid nitrogen.
The best crystal of the binary complex grew in a drop
consisting of 25% (v/v) polyethylene glycol monomethyl
ether 550, 100 mM MES pH 6.5 and 10 mM zinc sulfate.
Prior to freezing, the crystal was treated with a cryopro-
tectant solution consisting of the reservoir solution mixed
with 20% polyethylene glycol monomethyl ether 550 and
F450 to a final concentration of 2 mM. A large number of
experiments were also carried out using F,4,0 in combina-
tion with either methylene-H,MPT or methyl-H,;MPT at
concentrations ranging from 2 to 10 mM substrate con-
centration in the droplets.

The diffraction experiments were performed at 100 K
on the SLS beamline X10SA (Villigen, Switzerland)
equipped with a Dectris Eiger2 16M detector. The data
set was processed with XDS and scaled with XSCALE
(Kabsch, 2010). The phase problem was solved by the
molecular replacement method using PHASER (McCoy
et al., 2007) with the structure of Mer from Methanopyrus
kandleri as a search model (Shima et al., 2000). The
model was built and improved in COOT (Emsley
et al., 2010) and refined using Phenix.refine (Liebschner
et al., 2019) and Refmac (Murshudov et al., 2011). The
final model was validated using the MolProbity (Williams
et al., 2018) implementation of Phenix (Liebschner
et al.,, 2019). Data collection, refinement statistics and
PDB code for the deposited structure are listed in Tables 2
and S1.

3.6 | Mutagenesis, expression,
purification and activity assay of hMfr

hMfr variants were generated by GenScript. The expres-
sion, purification and activity assay procedure was per-
formed as previously described (Gehl et al., 2023).

3.7 | Kinetic data processing and figure
generation

The graphs and analyses of the kinetic constants were
carried out using Python 3.7 with Jupyter Notebook (ver-
sion 6.1.4) (Kluyver et al., 2016) as the development envi-
ronment and the following packages: os, pandas
(McKinney & Data structures for statistical computing in
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python, 2010), seaborn (Waskom, 2021), matplotlib
(Hunter, 2007), NumPy (Harris et al., 2020), SciPy
(Virtanen et al., 2020). The code can be found at GitHub
(https://github.com/ManuelGehl/Enzyme-kinetic-
fitting). The chemical structures were created using
ChemSketch and edited using Adobe Illustrator.

3.8 | Phylogenetic tree construction and
structure alignment

Seed sequences from the bacterial luciferase family
(Table S2) and the FAD-linked reductase superfamily
(Table S3) together with the amino acid sequence of hMfr
were used for separate BLAST searches against the clus-
tered non-redundant protein sequence database. The
results were filtered to exclude any cluster with more
than 90% sequence identity, and all clusters containing at
least three members were selected. The query sequences
were reinserted into the dataset and sequences marked as
partial were removed, resulting in 500 sequences. A mul-
tiple sequence alignment was performed using MUSCLE
(Edgar, 2004) and a maximum likelihood tree was con-
structed using IQTree (Minh et al., 2020). The best fitting
evolutionary model was found to be WAG+F + 1 + G4
and the ultra-fast bootstrap method (Hoang et al., 2018)
was used to incorporate bootstrap values. The tree was
visualized using iTOL (Letunic & Bork, 2021). Isolated
branches were manually removed, resulting in
483 sequences in the tree. In addition, structure align-
ment was performed using PROMALS3D (Pei
et al., 2008) as a tool and the crystal structures of hMfr,
jMer and eMTHEFR.
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