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ABSTRACT: A single enzyme, 4-(hydroxymethyl)-2-furan-
carboxaldehyde-phosphate synthase (MfnB), from the metha-
nogen Methanocaldococcus jannaschii catalyzed at least 10
separate chemical reactions in converting two molecules of
glyceraldehyde-3-P (GA-3-P) to 4-(hydroxymethyl)-2-furan-
carboxaldehyde-P (4-HFC-P), the first discrete intermediate in
the biosynthetic pathway to the furan moiety of the coenzyme
methanofuran. Here we describe the biochemical character-
ization of the recombinantly expressed MfnB to understand its
catalytic mechanism. Site-directed mutagenesis showed that
the strictly conserved residues (Asp25, Lys27, Lys85, and
Asp151) around the active site are all essential for enzyme
catalysis. Matrix-assisted laser desorption/ionization analysis of peptide fragments of MfnB incubated with GA-3-P followed by
NaBH4 reduction and trypsin digestion identified a peptide with a mass/charge ratio of 1668.8 m/z present only in the D25N,
D151N, and K155R mutants, which is consistent with Lys27 having increased by a mass of 58 m/z, indicating that Lys27 forms a
Schiff base with a methylglyoxal-like intermediate. In addition, incubation of MfnB with GA-3-P in the presence of deuterated
water or incubation of MfnB with C-2 deuterated GA-3-P showed essentially no deuterium incorporated into the 4-HFC-P.
Combined with structural analysis and molecular docking, we predict the potential binding sites for two GA-3P molecules in the
active site. On the basis of our observations, a possible catalytic mechanism of MfnB is proposed in this study. A phosphate
elimination reaction and a triose phosphate isomerase-like reaction occur at the GA-3-P binding site I and II, respectively, prior
to the aldol condensation between the enzyme-bound enol form of methylglyoxal and dihydroxyacetone phosphate (DHAP),
after which the catalytic cycle is completed by a cyclization and two dehydration reactions assisted by several general acids/bases
at the same active site.

Methanofuran is the first in a series of coenzymes involved
in the biochemical reduction of carbon dioxide to

methane.1−3 This process, known as methanogenesis, is carried
out only by the methanogenic archaea that produce more than
400 million tons of methane each year as an essential part of
the global carbon cycle.4 The chemical structure of
methanofuran varies among different methanogens;5 each
currently known methanofuran molecule contains the basic
core structure of 4-[N-(γ-L-glutamyl-γ-L-glutamyl)-p-(β-
aminoethyl)phenoxymethyl]-2-(aminomethyl)furan (APMF-
(Glu)2), but different analogues have different attached side
chains. Recently, our laboratory identified new methanofuran
structures in Methanocaldococcus jannaschii, which contains a
long γ-glutamyl tail with 7−12 γ-linked glutamates6 (Figure 1).
Although the function of methanofuran has been known for
many years, its biosynthetic pathway has not been fully
elucidated.
Recently, using a combination of comparative genomics

analyses and an in vitro assay,7 we identified 4-(hydroxymeth-
yl)-2-furancarboxaldehyde-phosphate synthase (MfnB) as the
enzyme catalyzing the formation of 4-(hydroxymethyl)-2-

furancarboxaldehyde-P (4-HFC-P) from glyceraldehyde-3-P
(GA-3-P). 4-HFC-P is then transaminated by 4-HFC-P:alanine
aminotransferase (MfnC) to produce 5-(aminomethyl)-3-
furanmethanol phosphate (F1-P), the precursor for the furan
moiety in methanofuran (Figure 1).7 We previously demon-
strated that the MJ0050 gene encodes a tyrosine decarboxylase
that produces tyramine from tyrosine.8 A tyramine-glutamate
ligase (the gene product of MJ0815) catalyzes the ATP-
dependent addition of one glutamate to tyramine via a γ-linked
amide bond9 (Figure 1). These results led us to propose the
remaining steps of methanofuran biosynthesis to be as shown in
Figure 1.
MJ1099 was originally annotated in the database as a

hypothetical enzyme containing the DUF556 domain. Its
homologues are distributed in all methanogens and some
methylotrophic bacteria, all of which require methanofuran and
methanopterin as coenzymes.10,11 PSI-blast analysis indicated
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that the MJ1099 gene product contained a class I aldolase
domain (from residues 10 to 106). The recently solved crystal
structure of MfnB from M. jannaschii12 exhibits a typical α/β
TIM barrel fold,13−18 which is commonly seen within the class I
aldolase enzymes. Multiple lysine and aspartic acid residues
commonly occur in the active site of class I aldolase enzymes,
where the formation of a Schiff base with the substrate is
required for catalysis.19 Sequence alignment of MfnB
homologues as well as MfnB’s crystal structure reveal three
lysine residues and two aspartic acid residues that are strictly
conserved in the putative active site, indicating that MfnB may
follow the class I aldolase mechanism. However, on the basis of
the structures of the substrate and product of the reaction, it is
clear that additional reactions including a phosphate elimi-
nation reaction, isomerization, aldol condensation, cyclization,
and dehydration would be required to operate in a single active
site.7

To understand the mechanism of MfnB, we have biochemi-
cally interrogated the reaction catalyzed by the recombinantly
expressed M. jannaschii MfnB. We describe a kinetic study and
a site-directed mutagenesis study of five conserved amino acid
residues to determine their functional roles in the mechanism
of this enzyme. In addition, we used chemical trapping
combined with matrix-assisted laser desorption/ionization
(MALDI) analysis to identify the enzyme-bound intermediates,
which provides an important perspective for a possible catalytic
mechanism. By molecular docking two GA-3-P molecules to
the MfnB active site, we predicted two possible binding
pockets. Combined with the comparison of the structures of
other class I aldolases, triose phosphate isomerase (TIM), and
methylglyoxal synthase (MGS) with MfnB, a catalytic
mechanism for MfnB is proposed in this study.

■ MATERIALS AND METHODS

Chemicals. All reagents were purchased from Sigma-Aldrich
unless otherwise specified.

Synthesis of 4-HFC and 4-HFC-P. 4-(Hydroxymethyl)-2-
furancarboxaldehyde (4-HFC) was prepared by treatment of
dihydroxyacetone with a series of ion exchange resins as
described in example 3 from United States Patent 8455668 B2.
Thin layer chromatography (TLC) analysis of the product
using methyl acetate as the solvent showed that the resulting 4-
HFC had an Rf of 0.49 and contained less than 5% of the 5-
isomer, 5-(hydroxymethyl)-2-furancarboxaldehyde (5-HFC),
which had an Rf of 0.56 in this solvent. 1H NMR (400 Mz,
D2O) δ 9.297 (1H, d, JCHO→H‑5 = 0.8 Hz, CHO), 7.713 (1H,
pentet, JH‑5→CHO = 0.8 Hz, JH‑5→CH2

= 0.8 Hz, JH‑5→H‑3 = 0.8 Hz,
H-5) 4.4025 (2H, m, CH2). Assignments were confirmed with
COSY and HSQC.
To synthesize 4-HFC-P, 4-HFC (43 mg, 0.34 mmol) was

dissolved in 1 mL of acetonitrile to which 60 μL of
trichloroacetonitrile (60 μL, 0.6 mmol) and tetrabutylammo-
nium phosphate (150 mg, 0.44 mmol) was dissolved. This
procedure was patterned after a previously described method.20

After 4 h (at room temperature), solvent was evaporated with a
stream of nitrogen gas, and the sample was mixed with 1 mL of
water and cooled overnight at 3 °C. The resulting
trichloroacetoamide crystals were separated by filtration, and
the resulting solution was passed through a Dowex 50 NH4

+

column (0.5 × 2 cm) to remove the tetrabutylammonium
cation. Portions of the resulting solution were purified by
preparative thin layer chromatography (TLC) using the
acetonitrile−water−formic acid (88%) solvent system, (19:2:1
vol/vol/vol). The desired product had an Rf of 0.58, and the
position of the compound was identified by its 280 nm UV
absorbance. The band having the 280 nm UV absorbance was
removed from the TLC plate, and 4-HFC-P was eluted with the

Figure 1. Proposed biosynthetic pathway of methanofuran in M. jannaschii.
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TLC solvent. The solvent was evaporated, and the sample was
dissolved in water. Analysis of the sample by HPLC7 showed
that it was chromatographically pure and eluted as a single peak
with an absorbance maximum at 280 nm. Treatment of the
sample with phosphatase generated 4-HFC that eluted with a
longer retention position but having the same absorbance
spectrum.7

Cloning and Expression of the M. jannaschii MJ1099
and Generation of M. jannaschii MJ1099 Mutants. The
M. jannaschii gene at locus MJ1099 (UniProt Q58499) was
recombinantly produced and expressed as previously de-
scribed.7 The Quick-Change TM site-directed mutagenesis kit
(Stratagene) was used to construct MJ1099 mutants according
to the manufacturer’s instructions using template pMJ1099.
Primers used for the mutants are listed in Table S1, Supporting
Information. The sequences of plasmids carrying the MJ1099
gene and its mutations were confirmed by sequencing the
inserted gene (DNA Facility of Iowa University).
Purification and Identification of Recombinant M.

jannaschii MfnB. The gene products of MJ1099 and its
variants were purified as previously described.7 Protein
concentration was determined by Bradford analysis.21 The
identity of the purified enzyme was verified by MALDI mass
spectral analysis of the excised protein band from the
polyacrylamide gel, following in-gel trypsin digestion, using a
4800 MALDI TOF/TOF mass spectrometer (Applied
Biosystems) as previously described.22

Standard Assays of MfnB. In a 100 μL reaction volume, 5
μg of enzyme (MfnB) was incubated with 1 mM GA-3-P in 50
mM HEPES/K+ buffer at pH 7.0 at 70 °C for 20 min. Product
formation was analyzed by HPLC as previously described.7 The
initial rate of 4-HFC-P formation was measured at 280 nm
using a Shimadzu UV-1601 spectrophotometer equipped with a
cell temperature controller. The molar absorptivity of 4-HFC-P
(ε280 = 15 900 M−1 cm−1) was obtained by the following
procedure. The 1H NMR spectrum of a pure sample 4-HFC in
deuterated chloroform (CDCl3) containing a known amount of
tetramethylsilane (TMS) was recorded and from the ratios of
the proton intensities of the 4-HFC to the TMS intensities the
concentration in the 4-HFC was calculated. The sample was
then evaporated and placed in the same volume of methanol. A
portion of this solution was diluted into water, and the
absorbance spectrum was recorded and the molar absorptivity
was calculated. Hydrolysis of the phosphate in a 4-HFC-P
sample did not alter the absorbance spectra, indicating that 4-
HFC had the same molar absorptivity as 4-HFC-P.
To test the ability of MfnB to catalyze the reverse reaction,

the production of GA-3-P from 4-HFC-P, a 100 μL reaction
volume containing 300 μg of enzyme (MfnB) was incubated
with 250 μM synthetic 4-HFC-P in 50 mM HEPES/K+ buffer
at pH 7.0 at 70 °C for 60 min. The resulting mixture was then
assayed for the production of GA-3-P and DHAP. To detect
the generation of GA-3-P, the entire assay mixture (100 μL)
was transferred to a 1000 μL assay system containing 1 mM
NAD+ and 0.02 mg/mL D-glyceraldehyde-3-phosphate dehy-
drogenase in 15 mM sodium pyrophosphate/30 mM sodium
arsenate, pH 8.5, at room temperature. NADH formation was
followed at 340 nm to monitor the formation of GA-3-P. To
detect the formation of DHAP, another assay mixture (100 μL)
was transferred to a 1000 μL assay system including 1 unit/mL
glycerol-3-phosphate dehydrogenase in 0.1 M triethanolamine
buffer, pH 7.9, in the presence of 0.54 mM NADH. The change
at 340 nm was used to monitor the formation of DHAP.

Substrate Specificity. Under the standard enzymatic assay
conditions, specific activities were measured using 1 mM of the
following possible substrates: pyruvate, methylglyoxal (MG),
phosphoenolpyruvate (PEP), oxaloacetic acid (OAA), dihy-
droxyacetone (DHA), and dihydroxyacetone-phosphate
(DHAP) separately and in different combinations in place of
GA-3-P. To test if MfnB uses the D-isomer of GA-3-P as the
substrate, MfnB was incubated with the D-GA-3-P produced
from D-fructose-1,6-diphosphate by D-fructose-1,6-diphosphate
aldolase (FBP aldolase). In a 100 μL reaction volume, 5 mM D-
fructose-1,6-diphosphate was incubated with 0.8 U aldolase
from rabbit muscle (4 U/mL) in 50 mM HEPES buffer, pH 7.0,
at room temperature for 20 min. Then, a 50 μL reaction
mixture was transferred and incubated with 60 μg of MfnB in
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer, pH 7.0, at 70 °C for 20 min. Then the
samples were analyzed by HPLC as previously described.7

pH and Metal-Dependence of MfnB. To investigate the
influence of pH on catalytic ability, the specific activity at
varying pHs was measured. The standard enzymatic assay was
conducted in 25 mM citrate (pH 4.0−6.0), 25 mM 4-
morpholineethanesulfonic acid (MES) (pH 6.0−7.0), and 25
mM tricine/3-(cyclohexylamino)1-propanesulfonic acid
(CAPS)/N-[tris(hydroxymethyl)methyl]2-amionoethanesul-
fonic acid (TES) buffer from pH 6.7 to 11.5 for 20 min at 70
°C. To test the influence of metal ions on MfnB activity, the
standard enzymatic assay was carried out and included 1 mM of
one of the following cations: Mg2+, Mn2+, Ni2+, Co2+, Cu2+,
Zn2+, K+, or 10 mM EDTA.

Steady-State Kinetic Study. The apparent kinetic
parameters were determined at 70 °C by measuring 4-HFC-P
formation catalyzed by MfnB in a 100 μL reaction volume
including 4 μg of wild-type MfnB or its variants in 50 mM
HEPES/K+ buffer, pH 7.0, with various concentrations of GA-
3-P ranging from 0.01 to 1 mM. The initial rate of formation of
4-HFC-P was measured at 280 nm using a Shimadzu UV-1601
spectrophotometer equipped with a cell temperature controller.
The apparent kinetic constants were calculated by fitting the
data to the Michaelis equation using Prism 5.0c.

Incubation of MfnB with GA-3-P in the Presence of
Deuterated Water. A 1000 μL portion of 50 mM MES buffer
pH 7.0 was evaporated to dryness under N2, and the water was
replaced with 1000 μL of deuterated water (99.8% 2H). Using
this buffer, the standard assay was performed at 70 °C for 30
min, and then the reaction mixture was treated with 1 μL
phosphatase (0.2 U/L) to generate 4-HFC from the 4-HFC-P.
The resulting 4-HFC was assayed by LC-ESI-MS for the
presence of deuterium using the (M + H)+ = 127 m/z ion to
measure the deuterium incorporation.

Incubation of MfnB with a Deuterated GA-3-P. A
mixture of deuterated GA-3-P/DHAP was prepared by
exchange labeling of DHAP with triose phosphate isomerase
(TIM) (Sigma-Aldrich T6258) in D2O. Thus, a 110 μL
reaction volume containing 10 mM DHAP in 50 mM MES
buffer in D2O was incubated with 0.3 U of TIM at 25 °C for 20
min. To 20 μL of this incubation mixture was dissolved ∼0.1
mg of NaBH4. After 20 min at 25 °C, 1 μL of acetic acid was
added leading to the generation of hydrogen gas. The resulting
sample contained α-glycerol-phosphate that was produced from
the reduction of both [1(R)-2H]-DHAP and [2(R)-2H]-GA-3-P
that were present in the incubation mixture. After evaporation
of the water with a stream of nitrogen gas, the sample was
repeatedly dissolved in 200 μL of methanol and evaporated to
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remove the borate as the trimethyl ester. The final solid was
dissolved in 200 μL of water and passed thought a Dowex-50
H+ column. The recovered sample was evaporated to dryness
and dissolved in 60 μL of water for ESI-mass spectral analysis of
the content of deuterium α-glycerol-phosphate ((M − H)− =
172 m/z).
To another 50 μL TIM-catalyzed reaction mixture from

above was added 28 μg of MfnB and incubated at 70 °C for 10
min, and then the reaction mixture was treated by phosphatase
to generate 4-HFC from the 4-HFC-P. The resulting 4-HFC
was assayed by LC-ESI-MS for the presence of deuterium using
the (M + H)+ = 127 m/z ion to measure the deuterium
incorporation.
Chemical Trapping and Identification of the Schiff

Base Intermediate. Purified wild-type MfnB and five variants
(400−600 μg/mL) were incubated with 3.3 mM GA-3-P (in a
40 μL reaction volume) at 70 °C for 20 min in 25 mM MES
buffer, pH 7.0. The resulting samples were then treated with
∼14 mM sodium borohydride (NaBH4) at room temperature
for 30 min. The salts were removed by dialysis against 25 mM
ammonium acetate, pH 7.1, for 1.5 h. Protein samples were
then acidified by bringing the final trifluoroacetic acid (TFA)
concentration to 0.1% (v/v) using a 5% (v/v) stock, and the
pH was further adjusted to below 3 using 98% (v/v) formic
acid. The samples were then desalted utilizing 100 μL of OMIX
C4 solid-phase extraction pipet tips (Varian) following the
manufacturer’s instructions. The desalted protein solutions
were dried using a centrifugal vacuum concentrator and
resolubilized in 200 μL freshly prepared 100 mM ammonium
bicarbonate. Four micrograms of sequencing-grade trypsin

(Sigma) were added to each sample, and the digestions were
incubated overnight at 37 °C. The following day, 1.5 μL of each
digestion was spotted onto a stainless steel MALDI target plate
(AB Sciex) and allowed to air-dry. The MALDI plate spots
were then overlaid with 1 μL of α-cyano-4-hydroxycinnamic
acid matrix solution (4 mg/mL in 50:50 LC-MS grade water:
LC-MS grade acetonitrile containing 0.1% TFA and 10 mM
ammonium chloride). Mass spectra were obtained using a 4800
MALDI Tof/Tof (AB Sciex) after calibration of the instrument
utilizing a six peptide mixture, summing the results from 1000
laser shots covering the m/z range of 800−4000. Selected
peptides were fragmented by collision-induced dissociation
(CID) to confirm their sequences.

Molecular Docking of GA-3-P into the Active Site. The
GA-3-P structure was obtained from the RCSB Protein Data
Bank (PDB: 1UOD). The X-ray crystal structure of MfnB from
M. jannaschii was deposited in the PDB database as PDB
4U9P.12 The protein and substrate files for molecular docking
were prepared using AutoDock Tools 1.5.6.23 AutoDock Vina24

built in Chimera25 was used to perform the molecular docking
of GA-3-P into MfnB. The parameters of molecular docking for
one molecule of GA-3-P were a box size of 20 Å × 25 Å × 30 Å
that was centered within the coordinates of (−25, 20, −20).
The parameters of molecular docking for the second molecule
of GA-3-P were a box size of 15 Å × 15 Å × 8 Å that was
centered within the coordinates of (13, 17, 6). The models we
chose considered both energy and reasonable orientation and
conformation.

Figure 2. Multiple sequence alignment of MfnB homologues. The accession numbers of each sequence are as follows: M. jannaschii, Q58499;
Methanocaldococcus sp., A0A076LJA6; Methanococcus maripaludis, A6VK15; Methanobrevibacter smithii, R7PQR7; Methanobacterium formicicum,
A0A090JX40; Methanothermobacter thermautotrophicus, T2GHG3; Methanothermus fervidus, E3GXG6; Methanosphaera stadtmanae, Q2NH72;
Methanopyrus kandleri, Q8TUZ9; Methanosarcina mazei, M1Q8N3; Archaeoglobus fulgidus, A0A075WIX5; Methylophaga aminisulf idivorans, F5SZ22;
Methylobacterium extorquens, A9W3T7.
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■ RESULTS

Recombinant Expression, Purification, and Analysis of
the Gene Products of MJ1099 and Its Variants. The gene
MJ1099 was cloned, and the gene product was overexpressed in
E. coli as previously described.7 Wild-type MfnB and its five
variants were all found to possess high thermal stability
following heating at 80 °C for 10 min and thus were purified by
heating the E. coli cell extracts to 80 °C followed by purification
of the MfnB by anion exchange chromatography.7 The wild-
type enzyme, as well as each of five variants, eluted as a single
peak centered at 0.40 M NaCl. Each purified protein migrated
as a single band with an apparent molecular mass of 25 kDa and
was greater than 95% pure as evaluated by SDS-PAGE. The
identity of the purified protein, as well as the presence of the
expected mutation, was confirmed by MALDI-MS/MS analysis
of the tryptic-digested protein bands from the SDS gel as
previously described.22

MfnB Catalyzed Reactions. The gene product of MJ1099
(MfnB) has been shown to catalyze the formation of 4-HFC-P
from GA-3-P.7 MfnB incubated with pyruvate, MG, PEP, OAA,
DHA, and DHAP, separately and in combination, showed no
expected products, indicating that GA-3-P is the sole substrate
for MfnB. In addition, MfnB could use the D-isomer of GA-3-P
as the substrate, which was generated from D-fructose-1,6-
diphosphate by FBP aldolase. A possible mechanism is
proposed that one molecule of D-GA-3-P is likely converted
to enzyme-bound MG or enol form of MG as a part of Schiff
base that then undergoes an aldol condensation with DHAP
formed from the second molecule of D-GA-3-P. The
condensation product then undergoes several additional steps
to form the final product 4-HFC-P. In addition, incubation of
the enzyme with various concentrations of DHAP along with
GA-3-P had no influence on the formation of 4-HFC-P. The
formation of 4-HFC-P from two molecules of GA-3-P must
proceed through an isomerization reaction where one molecule
of GA-3-P is converted into DHAP in the active site to
condense with the enzyme-bound MG or the enol form of MG
as a part of Schiff base generated from the other molecule of
GA-3-P. This isomerization reaction must occur in the active
site without release of DHAP since no DHAP was detected in
the reaction mixture during catalysis. In addition, no GA-3-P or
DHAP was detected when MfnB was incubated with 4-HFC-P,
indicating that the MfnB catalyzed reaction is irreversible.
One of the Steps in the MfnB Catalyzed Reaction Is

Analogous to that in Class I Aldolases. Aldolases are
generally divided into two classes based on their mechanism.26

Class I enzymes utilize the formation of a Schiff base between
the carbonyl-group of the substrate and the amino group of a
conserved lysine residue in the active site to generate an
iminium intermediate.19 In contrast, the mechanism of the class
II enzymes utilizes Zn(II) as a Lewis acid and an active site base
for proton abstraction and formation of the enol intermedi-
ate.27 A PSI-BLAST analysis28 indicated that MfnB belongs to
the COG1891 superfamily that contains a class I aldolase
domain (from residues 10−106) and had nonspecific hits to the
protein family COG0274, which encodes deoxyribose-phos-
phate aldolase (a class I aldolase). Indeed, sequence alignment
of MfnB and its homologues showed that three lysine residues
(Lys27, Lys85, and Lys155 in M. jannaschii MfnB) are strictly
conserved (Figure 2), with one possibly being involved in the
formation of the Schiff base during catalysis. Indeed, the
addition of a whole series of likely metal ions or EDTA had no

influence on MfnB activity, further indicating that MfnB likely
employs a class I aldolase mechanism for the aldol
condensation step. In addition, class I aldolases catalyzing the
cleavage/condensation of a carbon−carbon bond usually follow
a general acid/base mechanism. Therefore, we evaluated the
influence of pH on MfnB activity. The pH profile exhibited a
bell-shaped dependence on pH with the optimum around pH
7.0 (Figure 3). Notably, although one of steps in MfnB requires

a Schiff base, the scenario of the aldol condensation is
distinctive since the Schiff base is likely formed at C-1 of GA-3-
P, but C-3 undergoes the aldol condensation reaction, unlike
other class I aldolases.

Incubation of MfnB with GA-3-P in the Presence of
Deuterated Water. When the enzyme was incubated with
GA-3-P in the presence of 99% D2O, no deuterium was
incorporated into the 4-HFC, as measured by LC-ESI-MS.
Analysis of an unlabeled synthetic 4-HFC mass spectrum
showed the measured intensities ratio of (M + 1 + H)+/(M +
H)+ to be 0.14, whereas the sample produced by the enzyme in
the presence of 99% D2O showed this ratio as 0.16. This result
showed that <2% of product 4-HFC had incorporated
deuterium, indicating that either no reaction intermediate had
undergone a C−H exchange with the D2O, or that the solvent-
derived deuterium was lost in a subsequent step.

Incubation of MfnB with Deuterated GA-3-P. It is well-
known that TIM readily exchanges the C-1 pro-R hydrogen in
DHAP and the C-2 hydrogen in GA-3-P with solvent during its
isomerization reaction.29 The C-2 deuterated GA-3-P was
prepared by exchange labeling of DHAP with triose phosphate
isomerase (TIM). After reduction of GA-3-P/DHAP to α-
glycerol-phosphate, it was established that the α-glycerol-
phosphate was labeled to an extent of 96% with one deuterium,
indicating that the deuterated GA-3-P/DHAP mixture was
prepared successfully. LC-MS analysis of 4-HFC generated
from the deuterated GA-3-P incubated with MfnB followed by
phosphatase treatment showed the measured intensities ratio of
(M + 1 + H)+/(M + H)+ to be 0.13, compared to the
intensities ratio (0.14) from an unlabeled synthetic 4-HFC,
clearly showing no incorporation of deuterium in 4-HFC from
deuterated GA-3-P.

Steady-State Kinetic Study of MfnB. Steady-state kinetic
parameters were determined by monitoring the absorbance
change at 280 nm for 4-HFC-P formation. A turnover number
of kcat = 0.026 ± 0.002 s−1 and a KM = 35 ± 10 μM were
obtained by fitting the Michaelis equation. The low turnover

Figure 3. pH profile of MfnB.
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number for MfnB possibly reflected the rate-limiting step as
occurring at other steps instead of the aldol condensation step.
Effect of Substituting the Conserved Residues on

MfnB Enzymatic Activity. Sequence alignment of MfnB and
its homologues (COG1891 family members) showed that three
lysine residues (Lys27, Lys85, and Lys155) are strictly
conserved (Figure 2); at least one of them should be involved
in the formation of the Schiff base during catalysis. In addition,
two aspartic acid residues (Asp25 and Asp151) are also strictly
conserved in the COG1891 family. To evaluate the function of
these conserved residues, we selectively generated five variants
(K27R, K85R, K155R, D25N, D151N) by site-directed
mutagenesis. Single substitutions of Asp25, Lys27, Lys85, or
Asp151 caused the complete inactivation of MfnB (Table 1).
Since all variants possess high thermal stability following
heating at 80 °C for 10 min and the catalytic intermediate could
be trapped and detected (see below) as well, we assume that
the loss of activities for those variants (K27R, K85R, D25N,
D151N) is not due to misfolding, suggesting that their roles in
catalysis are essential. In contrast, replacing the strictly
conserved Lys155 by arginine caused subtle changes in the
kinetic parameters; its kcat/KM was comparable to the wild-type,
indicating that either Lys155 plays only a minor role in catalysis
and substrate binding or the conservation of positive charge
was all that was required for an amino acid at this position in
the sequence.

Identifying the Schiff Base-Forming Lysine and the
Chemical Nature of the Involved Substrate. To identify
the catalytically essential Schiff base in MfnB, NaBH4 was used
to reduce a mixture of MfnB (either wild type or one of the five
variants) and GA-3-P. The resulting proteins were then
digested by trypsin. MALDI analysis of the resulting peptides
identified a peptide with a mass charge ratio of 1668.8 m/z that
was present only in the D25N, D151N, and K155R samples.
The absence of this modified peptide in K27R, K85R can be
explained by their inabilities to produce the Schiff base and the
absence of this modification in the wild type is possibly due to a
rapid turnover of this intermediate to product. This peptide is
consistent with the peptide residues 15−30 (EAIAGGADII-
DVK*NPK) where the starred lysine 27 was observed with an
increased mass of 58 m/z, that could be either a 1-amino-2-
propanol or a 2-amino-1-propanol derivative. The mass spectral
data do not distinguish between these structures. However,
considering that the produced 4-HFC had no incorporated
deuterium from the labeling experiments, it most likely that a 1-
amino-2-propanol derivative is attached to Lys27 (Figure 4A).
We proposed that GA-3-P is converted directly to an enol form
of MG without being protonated to generate a methyl group;

thus no exchange of the carbon bound hydrogen was observed.
The position of modification in the sequence was also
confirmed by MS/MS data (Figure 4B), indicating that Lys27
was the Schiff base-forming residue during catalysis. Screening
of all the other peptide fragments failed to identify any other
possible modifications on Lys27 or any modifications on other
lysines.

■ DISCUSSION
Structural Comparison of MfnB with other Class I

aldolases. Class I enzymes utilize the formation of a Schiff
base between the carbonyl group of the substrate and a
conserved lysine residue in the active site to generate an
iminium intermediate.19 Our results clearly showed that the
aldol condensation step catalyzed by MfnB likely follows the
Class I aldolase mechanism, based on the observation that
MfnB activity is metal-independent and utilizes Lys27 to form a
Schiff base. Although MfnB shares low similarity in sequence
with other Class I aldolases (15% sequence identity with 2-
deoxyribose-5-phosphate aldolase from Rhizobium meliloti), its
crystal structure exhibits a typical α/β TIM barrel fold, which is
commonly seen within Class I aldolases12−18,30 (Figure 5). In
addition, the PSI-BLAST search of MfnB showed a non-specific
hit to 2-deoxyribose-5-phosphate aldolase (DERA). At the
active site level, two lysines and two aspartic acids are strictly
conserved in both the MfnB and DERA active site, which are
essential for catalysis in both MfnB (this study) and DERA.31

Although the folding of MfnB shares similar features with
DERA in that each subunit comprises eight/nine major α-
helices and eight parallel β-strands, the orientation of the active
site residues are quite different (Figure 5). In DERA, Lys167,
which was proposed to be the Schiff base-forming lysine,31−33 is
located at the sixth strand (β6) of the TIM barrel. It has been
reported that in almost all class I aldolases, the Schiff base-
forming lysine residue is always located on the β6 strand,31,34

Table 1. Steady-State Kinetic Parameters of M. jannaschii
MfnB and Its Variants

kinetic parameters at 70 °C

kcat (s
−1) KM (μM) kcat/KM (M−1 s−1)

wild-type 0.026 ± 0.002 35 ± 10 7.4 × 102

D25N NDa ND ND
K27R ND ND ND
K85R ND ND ND
D151N ND ND ND
K155R 0.022 ± 0.002 48 ± 10 4.6 × 102

aNot detected.

Figure 4. The Schiff base containing peptide and its CID MS. (A) The
structure of the observed peptide EAIAGGADIIDVK27NPK with a
mass increase of 58 m/z. The expected fragments are numbered from
b1 to b15 and from y15 to y1. The numbers reflect the observed
fragments. (B) The CID MS of the 1668.8 m/z peptide present in the
D25N, D151N, and K155R samples.
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with the exception of transaldolase B.13 In contrast, Lys27,
which is shown to be the Schiff base-forming residue in MfnB,
is located on the β1 strand. Notably, in both cases, the Schiff
base-forming lysine residue is solvent-accessible,34 whereas the
other essential lysine residue (Lys85 in MfnB) is buried deep
within the active site (Figure 5).
The second lysine residue (Lys85) in MfnB is located 6.4 Å

away from Lys27. The site-directed mutagenesis study showed
that Lys85 was essential for catalysis; substitution of Lys85
resulted in failure to form the Schiff base enol of methylglyoxal
on Lys27, indicating its role in abstracting the C-2 proton from
the Schiff base form of GA-3-P (step 3, Figure 6). In contrast,
the equivalent lysine residue, Lys201 in DERA, which is in close
vicinity (3.4 Å) of the Schiff base-forming lysine (Lys167), is
believed to lower the pKa of Lys167 and raise its
nucleophilicity.19,20 In the 2-dehydro-3-deoxy-phosphogluco-
nate (KDPG) aldolase, this second positively charged residue is
replaced by arginine.35 In rabbit aldolase A, the equivalent
Lys146 has been shown to be involved in the cleavage and
condensation of the C3−C4 bond of the fructose 1,6-
bisphosphate.36 In porphobilinogen synthase (PBGS), both
lysine residues are involved in the formation of the Schiff base
with two substrates.37−42

The existence of acidic residues is another feature of the class
I aldolase active site. In FBP aldolase, the role of these residues
has been described extensively.16,43−45 Asp33 in FBP aldolase
has been shown to serve as the general base leading to C−C
bond cleavage, and Glu187 acts as a general acid to protonate
the leaving hydroxyl group of the carbinolamine to assist Schiff
base formation.46 Therefore, Asp25 and Asp151 may possibly
play similar roles as the general acid/base during catalysis. It
should be noted here that D25N and D151N allow Schiff base
formation but not 4-HFC-P formation.
Comparison of MfnB with Porphobilinogen Synthase

(PBGS). PBGS catalyzes the first reaction in the biosynthesis of

tetrapyrroles, where two molecules of δ-aminolevulinic acid
asymmetrically condense to form the monopyrrole porphobili-
nogen. PBGS is a “hybrid” aldolase; its mechanism not only
requires Schiff base formation, but also at least half of all known
PBGSs contain the catalytically essential active site zinc.47 In
the course of the PBGS catalyzed reaction, at least eight bonds
are made or broken in the steps of condensation, cyclization,
and dehydration.47 In terms of the mechanism, MfnB appears
to share a similar chemistry with PBGS, including an
asymmetric condensation of two molecules of substrate,
cyclization, and dehydration to form a heterocyclic product.
In contrast to PBGS, in MfnB, both substrates are converted to
enzyme-bound intermediates prior to the aldol condensation
steps.

Comparison of MfnB with Triose Phosphate Isomer-
ase (TIM) and Methylglyoxal Synthase (MGS). Formation
of 4-HFC-P requires that one of the steps in the mechanism of
MfnB be the conversion of one molecule of GA-3-P to a Schiff
base enol form of MG (step 3, Figure 6). Considering that 4-
HFC-P incorporated no deuterium, it is more likely that GA-3-
P was converted directly to an enol form of MG as Schiff base
without being protonated since no exchange of the carbon
bound hydrogen was observed (Figure 6).
Two well-studied enzymes are known to produce MG: triose

phosphate isomerase (TIM)48,49 and methylglyoxal synthase
(MGS).50 TIM catalyzes the interconversion of GA-3-P into
DHAP with an undesired side reaction to produce MG,51 and
MGS converts DHAP into MG.51 In both the TIM and MGS
mechanisms, the first step for DHAP is the loss of a proton at
the C3 position to form the enediolate. For the TIM-catalyzed
reaction, this enediolate is then reprotonated at either the C3 or
C2 position, whereas in MGS this enediolate is further
collapsed to form the enol of MG and inorganic phosphate.
These enzymes have different protein folds, but each has the
same catalytically important conserved Glu/Asp and His

Figure 5. Comparison of the monomer structure of MfnB (PDB 4U9P) (A) and DERA (PDB 1P1X) (B); comparison of the molecule surface of
MfnB with GA-3-P molecules (PDB: 1UOD) docked to the putative active site (C) and DERA with aligned 1-hydroxy-pentane-3, 4-diol-5-
phosphate (PDB 1JCJ) in the active site (D).
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residues that are located in the active sites that are
enantiomorphic to each other.50

In addition, MGS is highly specific for using DHAP as a
substrate and is not able to use either D- or L-GA-3-P as a
substrate.50 In contrast, MfnB cannot use DHAP as a substrate;
instead, D-GA-3-P was shown to be the substrate. In the active
site of MGS, Asp71 is the catalytic base that abstracts the
proton from the C3 position of DHAP.50 In addition, a strictly
conserved histidine residue is close to the substrate.50 However,
in the active site of MfnB, there is no such histidine residue
close to the putative active site. Molecular docking results
(Figure 7) showed that one of the GA-3-Ps might possibly bind
to a cavity composed of Ser6, Asp151, Lys155, Ala186, Gly187,
Gly206, and Arg208. The aldehyde group of GA-3-P is
orientated in the correct position to form a Schiff base with
Lys27. At first glance, Asp151 might be acting in a similar role
as Asp71 in MGS to abstract a proton from the C2 position of
GA-3-P in GA-3-P binding site I. However, substitution of
Asp151 to Asn had no influence on Schiff base formation.
Instead, substitution of Lys85 resulted in the failure of
formation of Schiff base on Lys27. This observation suggests
that Lys85 is the catalytic base used to abstract the proton from
the C-2 position of GA-3-P (step 3, Figure 6), which is also
consistent with our observation that this hydrogen was lost
during catalysis.

In the molecular docking model of MfnB, the phosphoryl-
binding site is full of charged and uncharged potential hydrogen
bond donors and acceptors surrounding the phosphoryl
oxygens at the first GA-3-P binding site (Figure 7A), similar
to the phosphoryl-binding site of MGS. A similar phosphoryl-
binding site has been proposed to make the phosphoryl-moiety
a better leaving group in order to facilitate phosphate
elimination.50,52,53 Furthermore, molecular docking results
indicated that the positive charge on Lys155 is possibly
important in stabilizing the phosphoryl-moiety of GA-3-P as a
leaving group, which is also consistent with our observation that
K155R retained almost full catalytic ability. This docking result
was also consistent with the observation from the crystal
structure of MfnB that an inorganic phosphate was observed to
be bound in an almost identical location and was stabilized by
the residues Lys155, Ser188, Arg208, and Arg217.12

In the second binding site, GA-3-P is to be converted to
DHAP for a further aldol condensation reaction with the enol
form of MG attached to the Lys27 Schiff base. The most widely
studied enzyme converting GA-3-P to DHAP is TIM.51 In the
active site of TIM, Glu167 acts as a catalytic base to abstract a
proton from the C3 of DHAP or the C2 of GA-3-P to form the
enediolate intermediate;54 Lys13 and His95 as well as Asn11
are important for electrostatic stabilization during catalysis,55−57

and His95 is also involved in proton transfer during
catalysis.58,59 However, none of these residues appear at the

Figure 6. Scheme for the conversion of GA-3-P to 4-HFC-P catalyzed by MfnB.
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putative active site of MfnB. We propose that a TIM-like
reaction occurs in this binding site II of MfnB; instead of a
glutamate residue, Asp25 in MfnB appears to play a similar role
as Glu167 in TIM, and Lys85 is possibly further used to
stabilize the negatively charged intermediate. Moreover,
another functionality of TIM is concerned with preventing
the undesirable phosphate elimination.60 In contrast to MGS,
the hydrogen-binding network for phosphoryl oxygen in TIM is
very sparse.29,31 A mobile loop excludes bulk solvent and, thus,
prevents undesirable phosphate elimination.61 A similar loop
carrying the hydrophobic residues Tyr83, Ile116, and Val 118
excludes bulk solvent to prevent phosphate elimination in
MfnB, which makes the second GA-3-P site less favorable for
undergoing the phosphate elimination reaction. Tyr83 is highly
conserved across MfnB homologues, except in some species
where it is replaced by phenylalanine (Figure 7B).
Proposed Mechanism of MfnB. On the basis of our

current data, a possible catalytic mechanism of MfnB is
proposed in Figure 6. In this mechanism, the enzyme active site
contains two binding sites, one for each of the GA-3-Ps used in
the formation of the 4-HFC-P. These will be referred to here as
binding sites I and II.
In binding site I, the phosphate group is removed by an

elimination reaction of the Schiff base adduct of GA-3-P. We
propose that the reaction in step 1 proceeds by a Schiff base
formation between the aldehyde group of GA-3-P and Lys27 to
form the carbinolamine followed by the loss of water (step 2).

Since no incorporation of deuterium was observed in 4-HFC
when we incubated MfnB with C-2 deuterated GA-3-P, we
propose that Lys85 serves as the general base to remove the C-
2 proton/deuterium from the iminium form of the Schiff base,
producing the enol form MG bound as the Schiff base (step 3)
that then undergoes an aldol condensation (step 4) with the
keto group of the DHAP (step 8) formed in binding site II. In
such a mechanism, GA-3-P would be converted directly to an
enol form of MG as a Schiff base without being protonated to
generate a methyl group; thus no exchange of the carbon
bound hydrogen was observed, consistent with our observation.
The formation of DHAP may proceed by a mechanism

analogous to TIM at GA-3-P binding site II, with a general base
to abstract the C2 hydrogen (step 5). Since no deuterium is
incorporated into 4-HFC, then either the C-2 hydrogen is
moved to C-1 with no exchange, and this hydrogen is then
removed in a subsequent step or the C-2 hydrogen is
completely exchanged in step 5. However, we cannot
distinguish between these two options from our present data.
If our mechanism for the formation of DHAP is the same or
similar to TIM, then the C-1 pro-R hydrogen of the DHAP
intermediate should be deuterated.29 If this hydrogen is the one
removed in step 12, then no deuterium would be incorporated
at C-5, as is observed here. Since we do not presently know the
sterochemical course of this reaction, we cannot determine
which hydrogen is removed in the last hydrogen removal step.
What is clear is that this would have to be the hydrogen derived
from the deuterated water.
After condensation (step 8), water is eliminated (step 9), and

the resulting compound is cyclized to form a 3,4-dihydrofuran
by addition of the C-5 alcohol to the C-2 carbon on the Lys27
Schiff base. During steps 10−12, several general bases/acids are
required to eliminate the water molecules. It is likely that
Asp25, Asp151, Lys85, Ser6, and Ser56 are involved in these
steps; however, we were unable to assign their function based
on our current data.
The mechanism that is proposed in Figure 6 is one of the

possible mechanisms that are consistent with our current data.
However, in addition to the DHAP-like mechanism occurring
in binding site II, another possibility that could account for lack
of solvent isotope incorporation is that the enol intermediate
formed in step 5 does a Michael addition reaction to the
product of step 3 generated in binding site I (Supplementary
Figure 1, Supporting Information). Such a mechanism would
not require DHAP as an intermediate. Subsequent steps shown
in Supplementary Figure 1 would then be required to generate
4-HFC-P. However, we cannot distinguish between these two
options from our present data.

The Significance of MfnB as a Bioengineering
Biocatalyst. Aldolases catalyzing asymmetric C−C bond
formation constitute an important group of enzymes in the
production of biologically important compounds. As such,
aldolases have drawn much attention as sources for engineering
new biocatalysts using an aldolase mechanism.62,63 Many
examples of the successful application of aldolases in chemo-
enzymatic synthesis have been reported, including the several
sugars and their analogues;64 new antibiotics, antimetastatic,
antihyperglycemic, or immunostimulating agents;65,66 and
medicines.67 Therefore, understanding the catalytic mechanism
and structure−function relationship of MfnB might pave a way
for its potential application in chemoenzymatic synthesis by
engineering its substrate specificities and stereospecificity.
Moreover, the MfnB-catalyzed reaction might also have

Figure 7. Molecular docking of two molecules of GA-3-P (A and B)
into the active site of MfnB. In panel A, one molecule of GA-3-P
(highlighted in yellow) was docked to MfnB active site, referred as
GA-3-P binding site I. In panel B, the second molecule of GA-3-P
(highlighted in green) was docked to MfnB active site, referred to as
GA-3-P binding site II. Numbering is reflecting the M. jannaschiiMfnB
(PDB 4U9P). Red spheres represent water molecules. Dotted lines
indicate inferred polar contacts. Figure was generated and presented
using MacPyMOL 1.3.69
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potential application for the synthesis of naturally occurring/
complex compounds using 4-HFC-P as a precursor.68 In
addition, MfnB from M. jannaschii showed a high thermal
stability up to 100 °C, which provides a potential application
for the synthetic biology industry.
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