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The gene encoding 7,8-dihydroneopterin aldolase (DHNA) was recently identified in archaea through comparative genomics as
being involved in methanopterin biosynthesis (V. Crécy-Lagard, G. Phillips, L. L. Grochowski, B. El Yacoubi, F. Jenney, M. W.
Adams, A. G. Murzin, and R. H. White, ACS Chem. Biol. 7:1807–1816, 2012, doi:10.1021/cb300342u). Archaeal DHNA shows a
unique secondary and quaternary structure compared with bacterial and plant DHNAs. Here, we report a detailed biochemical
examination of DHNA from the methanogen Methanocaldococcus jannaschii. Kinetic studies show that M. jannaschii DHNA
possesses a catalytic capability with a kcat/Km above 105 M�1 s�1 at 70°C, and at room temperature it exhibits a turnover number
(0.07 s�1) comparable to bacterial DHNAs. We also found that this enzyme follows an acid-base catalytic mechanism similar to
the bacterial DHNAs, except when using alternative catalytic residues. We propose that in the absence of lysine, which is consid-
ered to be the general base in bacterial DHNAs, an invariant water molecule likely functions as the catalytic base, and the strictly
conserved His35 and Gln61 residues serve as the hydrogen bond partners to adjust the basicity of the water molecule. Indeed,
substitution of either His35 or Gln61 causes a 20-fold decrease in kcat. An invariant Tyr78 is also shown to be important for catal-
ysis, likely functioning as a general acid. Glu25 plays an important role in substrate binding, since replacing Glu25 by Gln caused
a >25-fold increase in Km. These results provide important insights into the catalytic mechanism of archaeal DHNAs.

Methanogenic archaea produce more than 350 million tons of
methane each year, which is a substantial portion of the

global carbon cycle (1). Tetrahydromethanopterin (H4MPT; Fig.
1A) is the primary C1 carrier coenzyme in the methanogenic path-
way. Most methanogens do not have folate, the canonical C1 car-
rier coenzyme, and instead use H4MPT and its derivatives (2–4)
for C1 metabolism (5–7). Biosynthetic studies have revealed that
methanopterin is distinct from folate on the basis of their different
biosynthetic enzymes (8).

The biosynthetic pathway of methanopterin has been estab-
lished, and many of the enzymes required for the biosynthesis of
methanopterin in Methanocaldococcus jannaschii have been char-
acterized (Fig. 1B) (9–13). Recently, a novel 7,8-dihydroneopterin
aldolase (DHNA) belonging to the archaeal protein family
COG2098 has been identified using a combination of comparative
genomics analyses, heterologous complementation tests, and in
vitro assays (14). The gene product of MJ0408, which is a member
of the COG2098 protein family in M. jannaschii, has been cloned,
heterologously expressed, and confirmed to be a DHNA (14). This
enzyme is named MptD to indicate that it catalyzes the fourth step
in methanopterin biosynthesis (Fig. 1B). The crystal structure of
the MJ0408 gene product (Protein Data Bank [PDB] accession no.
2OGF), which was solved by Ramagopal et al. at the New York
SGX Research Center for Structural Genomics, exhibits a distinc-
tive secondary and quaternary structure compared to DHNAs
from bacteria (15–17) and plants (18), indicating that it is appar-
ently evolutionarily unrelated to other known aldolases.

Aldolases are generally divided into two classes based on their
mechanism (19). Class I enzymes utilize the formation of a Schiff
base between the ketogroup of the substrate and a conserved lysine
residue in the active site to generate an iminium intermediate
(20). The mechanism of class II enzymes utilizes Zn(II) as a Lewis
acid and an active-site base for proton abstraction and formation
of the enol intermediate (21) (Fig. 2). Bacterial DHNA is a unique
class III aldolase since neither a Schiff base between the substrate

and enzyme nor a metal ion is required for catalysis (22). Its pro-
posed mechanism is similar to that seen in the class I enzymes, but
the Schiff base is embedded in the substrate. The mechanism of
bacterial DHNA has been studied (23, 24) and is expected to in-
volve the formation of the enamine intermediate from the imine
in the D-7,8-dihydroneopterin (DHNP) substrate. Mutagenesis
studies with enzymes from Escherichia coli and Staphylococcus au-
reus implicated a conserved lysine and glutamate residue as being
involved in the catalytic mechanism, with the lysine acting as the
catalytic base, which is required to deprotonate the 2=-hydroxyl of
DHNP (15, 23, 24).

It has been proposed that archaeal DHNA may have a similar
enzymatic mechanism (14). However, the available crystal struc-
tures of the COG2098 protein family (PDB accession no. 2IEC,
2I52, and 2OGF) show no conserved lysine residue in the active
site to serve as a catalytic base. Instead, two tyrosines, one glu-
tamine, and one histidine at the active-site pocket are possibly
involved in catalysis. In addition, an invariant glutamic acid may
serve as an anchor for the bound substrate as revealed by the
crystal structure (PDB accession no. 2OGF). In this report, we
characterize DHNA from M. jannaschii by steady-state and pH-
dependent kinetic studies. Then, we describe a site-directed mu-
tagenesis study of five conserved amino acid residues to determine
their functional roles. These results provide important insight into
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FIG 1 (A) The structure of tetrahydromethanopterin (H4MPT); (B) biosynthesis of the pterin portion of methanopterin. DHNP, 7,8-dihydroneopterin;
H2HMP, 7,8-dihydro-6-hydroxymethylpterin; H2HMP-PP, 7,8-dihydro-6-hydroxymethylpterin pyrophosphate.

FIG 2 Reaction mechanisms for class I, II, and III aldolases.
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the catalytic mechanism of the archaeal DHNA and also offer an
excellent example of enzyme convergent/parallel evolution.

MATERIALS AND METHODS
Chemicals. 7,8-Dihydro-6-hydroxymethylpterin, 6-hydroxymethylp-
terin, D-neopterin, and L-monapterin were purchased from Schircks Lab-
oratories (Jona, Switzerland). D-7,8-Dihydroneopterin and other chemi-
cals were obtained from Sigma-Aldrich.

Preparation of M. jannaschii cell extracts. Cell extracts of M. jann-
aschii were prepared by sonication under argon and stored as previously
described under anaerobic conditions at �20°C (25). The buffer used in
the extraction was 50 mM N-tris(hydroxymethyl)methyl-2-aminoeth-
anesulfonic acid (TES)-K� (pH 7.5), 10 mM MgCl2, and 20 mM dithio-
threitol (DTT), kept under argon.

Partial purification of DHNA activity from M. jannaschii. Partial
purification of the DHNA activity from M. jannaschii was performed by
sequential anion exchange and size exclusion chromatography using the
assay described below. The soluble fraction of M. jannaschii cell extract
was applied to a MonoQ anion exchange column (1 by 8 cm) equilibrated
with 25 mM Tris-HCl (pH 7.5) and eluted with a linear gradient from 0 to
1 M NaCl in 25 mM Tris-HCl (pH 7.5) over 55 ml at 1 ml/min.

Cloning and expression of M. jannaschii MJ0408 and generation of
M. jannaschii MJ0408 mutants. The M. jannaschii gene at locus MJ0408
(Swiss-Prot accession no. Q57851) was recombinantly produced and ex-
pressed as previously described (14). The Quick-Change TM site-directed
mutagenesis kit (Stratagene) was used to construct MJ0408 mutants accord-
ing to the manufacturer’s instructions using template pMJ0408. Primers used
for the mutants are listed in Table S1 in the supplemental material. The se-
quences of plasmids carrying the MJ0408 gene and its mutations were con-
firmed by sequencing (DNA Facility of Iowa University).

Purification and identification of recombinant M. jannaschii
DHNA. The gene products of MJ0408 and its variants were purified as
previously described (14). Protein concentration was determined by
Bradford analysis (26). The identity of the purified enzyme was verified by
matrix-assisted laser desorption ionization mass spectral analysis
(MALDI-MS) of the excised protein band from the polyacrylamide gel,
following in-gel trypsin digestion, using a 4800 time of flight (TOF/TOF)
mass spectrometer (Applied Biosystems).

Steady-state kinetic study of M. jannaschii DHNA. Determination of
kinetic parameters was conducted by measuring DHNA specific activity
in a 100-�l reaction volume, where one of the enzymes (15 ng wild type,
40 ng Y111F variant, 500 ng H35N, Y78F, Q61A, and E25Q variants) was
incubated with various DHNP concentrations (1 to 200 �M) in 100 mM
TES, pH 7.6 (pH measured at 70°C), for 10 min at 70°C. To measure the
reverse reaction, the DHNP and/or 7,8-dihydromonapterin (DHMP) for-
mation was measured in a 100-�l reaction volume, including 700 ng wild-
type M. jannaschii DHNA, 100 �M 7,8-dihydro-6-hydroxymethylpterin
(H2HMP), and 1 to 50 mM glycolaldehyde under the same conditions as
those described above. The oxygenase activity was monitored by the for-
mation of 7,8-dihydroxanthopterin (DHXP) under the same reaction
conditions. For the activity obtained at 25°C, 500 ng of wild-type enzyme
was incubated with various DHNP concentrations (1 to 200 �M) for 30
min in 100 mM TES, pH 7.6 (pH measured at 25°C).

Following incubation, the reactions were quenched by the addition of
10 �l 1 M trichloroacetic acid (TCA), and the precipitant was removed by
centrifugation and then neutralized by adding 8.3 �l 1.5 M (pH 8.8) Tris
buffer. DHNP, H2HMP, DHMP, and DHXP in the incubation mixture
were oxidized to fluorescent neopterin, 6-hydroxymethylpterin, monap-
terin, and xanthopterin, respectively, by the addition of 5 to 10 �l of a
saturated solution of iodine in methanol and incubated at room temper-
ature for 10 min. Following oxidation, the excess iodine was removed by
reduction with 5 to 8 �l 1 M NaHSO3. The resulting samples were ana-
lyzed by high-performance liquid chromatography (HPLC). Measure-
ment of the extent of the reaction at each time point was based on the
ratios of the measured areas of the fluorescence intensity of the neopterin

and 6-hydroxymethylpterin peaks. From these ratios and from the known
concentration of neopterin, the concentration of the product was calcu-
lated. This procedure was shown to be valid since the quantum yields for
both compounds were found to be identical.

HPLC analysis of pterins. Chromatographic separation of pterins was
performed on a Shimadzu UFLC system equipped with a C18 reverse
phase column (Varian Pursuit XRs; 250 by 4.6 mm, 5-�m particle size).
The elution profile consisted of 5 min at 95% sodium acetate buffer (25
mM, pH 6.0, in the presence of 0.02% NaN3) and 5% methanol followed
by a linear gradient to 45% sodium acetate buffer-55% methanol over 20
min at 1.0 ml/min. Pterins were detected by fluorescence using an excita-
tion wavelength of 356 nm and an emission wavelength of 450 nm.

pH-dependent kinetic study. To investigate the role of acid-base ca-
talysis in the M. jannaschii DHNA-catalyzed aldolase reaction, the pH-
dependent kinetic parameters were obtained by measuring the rate of
H2HMP formation at various pHs. In a 100-�l volume, 15 ng wild-type
enzyme (500 ng H35N or Y78F variant) was incubated in 25 mM tricine-
CAPS-TES buffer from pH 5.9 to 10.5 (pH values measured at 70°C). At
each pH, the enzyme was reacted with various DHNP concentrations (1 to
200 �M) at 70°C for 10 min. The kcat/Km was calculated by fitting the data
to the Michaelis-Menten equation. The pH profiles of the wild-type and
H35N enzymes were fitted to equation 1, and the pH profile of the Y78F
enzyme was fitted to equation 2, using Prism 5.0c, where Y is the kinetic
parameter (here Y is equal to kcat/Km), x is the pH, C is the pH-indepen-
dent value of Y, and Ka1 and Ka2 are the apparent basic and acidic disso-
ciation constants, respectively.

Y �
C

1 �
10�x

10�Ka1
�

10�Ka2

10�x

(1)

Y �
C

1 �
10�x

10�Ka1

(2)

RESULTS
Recombinant expression and purification of M. jannaschii
DHNA. DHNA was partially purified from M. jannaschii cell ex-
tracts by anion exchange chromatography, and enzymatic activity
was detected in the fractions eluting at 150 mM NaCl. This elution
position was the same as that observed with the recombinant pro-
tein. Native DHNA from M. jannaschii was purified only partially
due to the relatively low abundance of enzyme in the cells.

The MJ0408 gene product encoding DHNA was overexpressed
in E. coli and purified by heating the cell extract to 80°C followed
by anion exchange chromatography. The resulting protein (ap-
proximately 14 kDa) was greater than 95% pure as evaluated by
SDS-PAGE (see Fig. S1 in the supplemental material). The iden-
tity of the purified protein was confirmed by MALDI-MS of the
tryptic-digested protein band. The purified recombinant protein
was confirmed to be a DHNA, as it was found to catalyze the
formation of H2HMP from DHNP (Fig. 1B, reaction 4) (14). The
wild-type DHNA and its five variants were all found to possess
high thermal stability and retained their activities following heat-
ing at 80°C for 20 min. Moreover, they all exhibited good stability
at high pH, since no protein aggregation or precipitation was ob-
served when proteins were incubated for 10 min at 70°C in 25 mM
tricine-CAPS-TES buffer at pH 10.5.

Detection of other enzymatic activities of the M. jannaschii
DHNA. Bacterial DHNAs are capable of catalyzing the epimeriza-
tion of DHNP to DHMP (27–29). This epimerization activity was
also observed with archaeal DHNA, as evidenced by the appear-
ance of a small new peak upon HPLC analysis, which corre-

Archaeal Dihydroneopterin Aldolase

September 2014 Volume 196 Number 17 jb.asm.org 3193

 on O
ctober 2, 2015 by U

niversity Libraries, V
irginia T

ech
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org
http://jb.asm.org/


sponded to monapterin. However, the amount of monapterin was
less than 1% compared to the major product 6-hydroxymethylp-
terin. Recently, it has been shown that wild-type DHNA from
Mycobacterium tuberculosis (27), the Y54F variant from S. aureus,
and the Y53F variant from E. coli (30) possess oxygenase activity,
where DHNP is converted to DHXP. However, for M. jannaschii
DHNA, oxygenase activity was not detected with the wild-type
enzyme or with the tested variants.

Reversibility of M. jannaschii DHNA. Aldolase-catalyzed re-
actions are generally reversible. Bacterial DHNAs have been
shown to be reversible using millimolar glycolaldehyde (24, 27),
with an apparent Km for glycolaldehyde of �10 mM. Similarly, the
reverse reaction was observed here with M. jannaschii DHNA
when using glycolaldehyde of �50 mM. Following oxidation, two
peaks representing neopterin (4.8 min) and monapterin (5.8 min)
were generated by the reverse reaction, as observed by HPLC (see
Fig. S2 in the supplemental material).

Steady-state kinetic study. The catalytic properties of wild-
type DHNA and five variants were determined from the steady-
state kinetic measurements, and kinetic parameters are listed in
Table 1. The DHNA from M. jannaschii exhibited a turnover
number (0.07 s�1 at 25°C) comparable to that of bacterial DH-
NAs, which have reported turnover numbers ranging from 0.005
to 0.08 s�1. However, its Km is 10- to 500-fold higher than those of
bacterial DHNAs (23, 27).

M. jannaschii cells grow in an environment where the temper-
ature ranges from 48°C to 94°C (31). Consistent with this, wild-
type DHNA and its five variants were all found to possess high
thermal stability. To evaluate the catalytic abilities of M. jannaschii
DHNA at temperatures similar to its physiological growth tem-
perature, the steady-state kinetic studies were performed at 70°C.
At this temperature, M. jannaschii DHNA exhibited higher cata-
lytic abilities than those measured at 25°C, with a turnover num-
ber of 1.0 s�1 and a kcat/Km above 105 M�1 s�1 (Table 1). Notably,
the Km value was 6-fold smaller at 70°C than that at 25°C, which
has been observed for other archaeal thermophilic enzymes, pos-
sibly due to a temperature-dependent conformational change
(32).

In addition, enzyme assays conducted in the presence of 200 �M
divalent metals (Fe, Mn, Cu, Co, Ni, Mg, or Zn) or 5 mM EDTA did

not alter either kcat or Km (results not shown here), indicating that M.
jannaschii DHNA is a metal-independent enzyme.

Single substitution of Tyr111 with phenylalanine caused a 40%
decrease in kcat. In contrast, H35N, Q61A, and Y78F variants all
showed about 20-fold decreases in kcat, indicating that these resi-
dues are important for catalysis (Table 1). Notably, replacing
His35 or Tyr78 caused slight increases in Km. In contrast, substi-
tution of Glu25 with Gln caused a 25-fold increase in Km, indicat-
ing that Glu25 is important for substrate binding.

pH-dependent kinetic study. DHNAs from bacteria are cofac-
tor and metal independent. As a result, the mechanism for cata-
lyzing the cleavage of a carbon-carbon bond was proposed based
on general acid-base catalysis (23, 24). DHNA from M. jannaschii
is also cofactor and metal independent. Therefore, it is reasonable
to propose that the DHNA from M. jannaschii follows a similar
general acid-base catalysis mechanism. In this study, pH profiles
of kcat/Km were evaluated. The kcat/Km of the wild-type M. jann-
aschii DHNA exhibited a bell-shaped dependence on pH with the

FIG 3 (A) pH dependence of kcat/Km for wild-type DHNA from M. jannaschii;
(B) pH dependence of kcat/Km for the H35N and Y78F variants. Data were
obtained by measuring the rate of product formation at various pHs by incu-
bating 15 ng of wild-type DHNA (500 ng H35N or Y78F variant) in 25 mM
TES-tricine-CAPS buffer from pH 5.9 to 10.5; at each pH, the enzyme reacted
with various DHNP concentrations (1 to 200 �M) for 10 min at 70°C. The
kcat/Km was calculated by fitting the data to the Michaelis-Menten equation,
and the pH profiles of wild-type and H35N enzymes were fitted to equation 1,
and the pH profile of the Y78F enzyme was fitted to equation 2.

TABLE 1 Steady-state kinetic parameters of M. jannaschii DHNA and
its variants

DHNA enzyme

Value at pH 7.6

kcat (s�1) Km (�M) kcat/Km (M�1 s�1)

Wild type (25°C)a 0.07 � 0.01 64.5 � 10 1.1 � 103

Wild typeb 1.0 � 0.1 9.9 � 2 1.0 � 105

E25Q variantb 0.68 � 0.05 �250 �2.7 � 103

H35N variantb 0.055 � 0.005 21 � 5 2.6 � 103

Q61A variantb 0.048 � 0.004 8.4 � 2 5.7 � 103

Y78F variantb 0.054 � 0.006 30 � 10 1.8 � 103

Y111F variantb 0.64 � 0.02 11 � 1 5.8 � 104

a Kinetic parameters were conducted by measuring DHNA-specific activity in a 100-�l
reaction volume including 500 ng wild-type DHNA in 100 mM TES buffer at pH 7.6
(25°C), with varying DHNP concentrations (1 to 200 �M) for 30 min at 25°C.
b Kinetic parameters were conducted by measuring DHNA specific activity in a 100-�l
reaction volume, including 15 ng wild type, 40 ng Y111F variant, or 500 ng H35N
variant, Y78F variant, Q61A variant, or E25Q variant in 100 mM TES buffer at pH 7.6
(70°C), with varying DHNP concentrations (1 to 200 �M) for 10 min at 70°C.
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optimum around pH 7.5 to 8.5 (Fig. 3A), having an apparent pKa1

of �6.6 and an apparent pKa2 of �10.2 by fitting equation 1. The
pH dependency of kcat/Km reflects the ionization of free enzyme or
free substrate (27–29). Thus, the two apparent pKas might reflect
the ionization of His35 and Tyr78, respectively. To test this hy-
pothesis, the pH profiles of kcat/Km were also evaluated for the
H35N and Y78F variants. For the H35N variant, a bell-shaped pH
dependence was observed, with an apparent pKa1 of �7.1 and an
apparent pKa2 of �9.2 (Fig. 3B). This indicates that the pKa1 of the
wild-type DHNA is unlikely to reflect the ionization of His35.
Notably, substitution of Tyr78 caused a significant change in the
pH profile, in which only one pKa (�6.4) was observed. There-
fore, the pKa2 observed in the wild-type DHNA reflects the ion-
ization of Tyr78, indicating that it serves as a general acid during
catalysis.

DISCUSSION

Archaeal DHNAs (COG2098 protein family) share no se-
quence resemblance with bacterial and plant DHNAs. At first
glance, the folding of archaeal DHNAs has similar features to
bacterial DHNAs, in that each subunit comprises two main

�-helices and a four-stranded 	-sheet. However, the topolog-
ical arrangement of these secondary structures is in a quite
different order (14) (Fig. 4A and B). For bacterial DHNA, each
subunit starts and ends with two 	-sheets, with the two main
�-helices located in between those 	-sheets. In contrast, for ar-
chaeal DHNA, the two main �-helices are located at the N termi-
nus and a four-stranded 	-sheet is at the C terminus. At the qua-
ternary structure level, four archaeal DHNA subunits assemble
into a compact homotetramer, unlike the ring-shaped octamer
architecture found in bacterial DHNAs (15–17) (Fig. 4C).

Sequence alignment shows that there are several strictly con-
served residues among archaeal DHNAs (see Fig. S3 in the supple-
mental material). Of these, Glu25, His35, Gln61, and Tyr78 are
located around the putative active sites, where a ligand tentatively
identified as 8-oxoguanine has been found in M. jannaschii
DHNA (PDB accession no. 2OGF). By docking the product
H2HMP in this active site, we observed that the H2HMP molecule
fits perfectly into the active-site pocket (Fig. 5). Glu25 is in a sim-
ilar orientation as the Glu74 from S. aureus DHNA, which is be-
lieved to be responsible for substrate binding and stabilizing the

FIG 4 (A) Comparison of bacterial (left) and archaeal (right) DHNAs at the levels of protein sequence and secondary structure assignment (blue arrows
represent 	-sheet structure, green helices represent �-helices; the secondary structure assignment was performed by Phyre2 [38]); (B) secondary structure (cyan
highlights �-helices while hot pink represents 	-sheet); (C) quaternary structure (the four different colors highlight four identical subunits). Two bacterial
DHNA tetrameric rings “head to head” stack together and assemble into a hollow cylinder octamer. Only one tetrameric ring is shown here. For archaeal DHNA,
four subunits assemble into a compact homotetramer instead. Red boxes indicate the locations of the active sites.
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N5-protonated substrate in the binary complex (15, 23). It is rea-
sonable to assume that Glu25 from M. jannaschii DHNA plays a
similar role. Replacement of this corresponding glutamic acid in
bacterial DHNA causes a significant increase in Km (23). Similarly,
the E25Q variant exhibited a Km of �250 �M, which is 25-fold
higher than that of the wild-type enzyme, further indicating that
Glu25 is an anchor for substrate binding.

The available crystal structures of archaeal DHNAs reveal that
other residues that are possibly responsible for substrate binding
or catalysis are Gln61, Pro62, Tyr78, and Tyr111 (Fig. 5). In the
structure of bacterial DHNAs, a conserved tyrosine residue (Y54
in S. aureus DHNA) appears at almost the same position as Y111
in M. jannaschii DHNA (Fig. 5), and it has been proposed to act as
a catalytic acid in the protonation of the enol intermediate (30). A
point mutation of this tyrosine converts DHNA into an oxygenase
(30). This tyrosine could also be modulating water accessibility to
the active site, which is required to protonate the N5 of DHNP
(27). However, this tyrosine’s roles in M. jannaschii DHNA catal-

ysis and substrate binding are not immediately obvious, and its
precise role needs further investigation. Replacement of Tyr111 by
Phe retained at least half of the activity, indicating that its role in
catalysis is minor and that it is unlikely that it functions as an acid
catalyst. Importantly, no oxygenase activity is observed in Y111F
in M. jannaschii DHNA. This tyrosine is naturally replaced by
phenylalanine in a few of the COG2098 family members (see Fig.
S3 in the supplemental material).

It has been proposed that the bacterial and plant DHNAs fol-
low a general acid and base catalytic mechanism (15, 23, 24, 27,
28). An invariant lysine acts as a general base, which abstracts the
proton of the 2=-OH group, initiating cleavage of the C1=-C2=
carbon bond. Archaeal DHNA lacks such a lysine residue in the
active site. At first glance, a strictly conserved histidine is the best
candidate for acting as a general base. However, the pH profile of
H35N showed a bell shape similar to that of the wild type,
indicating that other residues or water molecules might serve as
the catalytic base. By examining the available crystal structures,

FIG 5 Comparison of the active sites of archaeal (A) and bacterial (B) DHNAs. In panel A, the protein coordinates are from the structure of M. jannaschii DHNA
(PDB accession no. 2OGF). The product molecule H2HMP (from PDB accession no. 1HQ2) was docked to the DHNA putative active site by Autodock Vina
built-in Chimera (39, 40). Secondary structures and residues in green are from subunit A; those in orange are from subunit C; and Tyr 78, highlighted in yellow,
is from subunit B. In panel B, coordinates are for the structure of bacterial DHNA from Vibrio cholerae O1 biovar El Tor strain N16961 (PDB accession no. 3O1K
with aligned H2HMP [PDB accession no. 2DHN] in the active site). Numbering reflects the DHNA from S. aureus. Secondary structures in green are from
subunit C, and those in orange are from subunit A. Red spheres represent water molecules. Dotted lines indicate inferred polar contacts.
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an invariant water molecule was found to appear at the edge of
the 2=-OH group of DHNP (around 1 Å away) and likely plays
such a role. The strictly conserved His35 and Gln61 form a
hydrogen-bonded network with this water molecule, assisting
its ability to abstract a proton from the 2=-OH group of DHNP.
Indeed, substitution of either His35 or Gln61 caused a similar
influence on kcat.

Another difference at the active site between archaeal and bac-
terial DHNA is that the archaeal DHNA possesses an invariant
tyrosine (Tyr78) in subunit B (Fig. 5). Bacterial DHNA’s active site
is located at the interface of two adjacent subunits (Fig. 4C). Res-
idues from both subunits contribute to substrate binding and ca-
talysis. In contrast, the quaternary structure of archaeal DHNA is
more compact, allowing residues from three subunits to contrib-
ute to the active site. Although Tyr78 is 3.9 Å away from the N5 of
DHNP, the temperature-induced or substrate-induced confor-
mational change might allow Tyr78 to donate a proton for the
formation of an enol intermediate. Indeed, substitution of Tyr78
with Phe caused the kcat/Km to decrease by 2 orders of magnitude,
and the Y78F variant exhibited a pH profile, which lacked a pKa2,
further suggesting that Tyr78 serves as a catalytic acid during ca-
talysis. Interestingly, this tyrosine is missing in bacterial DHNAs;
instead, a water molecule is believed to serve as the proton donor.
Although tyrosine is not a common general acid, it has been
shown to function as a general acid catalyst in the mechanism of
ketosteroid isomerase (33, 34) and aldose reductase (35). More-
over, it has been reported that Tyr/Glu/His usually function as
general acid/base residues involved in Schiff base chemistry (36).

In summary, although the catalytic chemistries of archaeal and
bacterial DHNAs are essentially equivalent, archaeal DHNAs em-
ploy distinctive catalytic residues and exhibit unique structural
folding. Comparison of their active-site architecture, protein fold-
ing, and catalytic abilities provides a perspective of DHNA evolu-
tion. In particular, archaeal and bacterial DHNAs represent a re-
markable example of enzyme convergent/parallel evolution (37).
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