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Abstract

In this paper, we report the structural analysis of dihydroorotase (DHOase) from the

hyperthermophilic and barophilic archaeon Methanococcus jannaschii. DHOase cata-

lyzes the reversible cyclization of N-carbamoyl-L-aspartate to L-dihydroorotate in the

third step of de novo pyrimidine biosynthesis. DHOases form a very diverse family of

enzymes and have been classified into types and subtypes with structural similarities

and differences among them. This is the first archaeal DHOase studied by x-ray dif-

fraction. Its structure and comparison with known representatives of the other sub-

types help define the structural features of the archaeal subtype. The M. jannaschii

DHOase is found here to have traits from all subtypes. Contrary to expectations, it

has a carboxylated lysine bridging the two Zn ions in the active site, and a long cata-

lytic loop. It is a monomeric protein with a large β sandwich domain adjacent to the

TIM barrel. Loop 5 is similar to bacterial type III and the C-terminal extension is long.
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1 | INTRODUCTION

Dihydroorotases (DHOase) catalyze the third reaction of de novo

pyrimidine biosynthesis, the reversible cyclization of N-carbamoyl-L-

aspartate (CA) to form L-dihydroorotate (DHO).1,2 They are Zn metal-

loenzymes and members of the amidohydrolase superfamily of pro-

teins.3 The core domain of all DHOases has the (βα)8-barrel fold (TIM

barrel).3 Even though all DHOases share a common structural fold and

catalyze the same reaction, they show high structural diversity from

each other.3,4 An early phylogenetic analysis classified DHOases into

two major types.4 Long (type I) are more ancient and larger with

molecular weight �45 kDa. Some function independently, others

associate noncovalently with aspartate transcarbamoylase (ATCase),

for example, Aquifex aeolicus DHOase (AaDHOase), and some are

covalently linked to another enzyme of the pathway, for example,

CAD in mammals which also has carbamoyl phosphate synthetase

(CPSase) and ATCase activities. Short (type II) are more recent with

molecular weight �38 kDa. They are found in bacteria, fungi, and

plants. Within a type, the sequence identity is �40%. The sequence

identity between the two types is <20%.

The first DHOase whose structure was determined was the enzyme

from Escherichia coli (EcDHOase).5 It is type II and a homodimer. Each

subunit folds into the characteristic TIM barrel which is connected to an

adjacent domain of two antiparallel β-strands. The active site has two Zn

ions coordinated by four invariant His residues and one invariant Asp.

The two Zn ions are bridged by a carboxylated Lys residue (KCX) as well

as a water molecule. In this structure, one subunit has CA bound and the

other has DHO. This study allowed a structural description of the cata-

lytic mechanism which was further biochemically verified.6 It is a cycliza-

tion reaction where the substrate CA is stabilized by the active site Zn

ions and a number of invariant active site residues and main chain atoms.

The carboxylate of a conserved aspartate abstracts a proton from the

amide nitrogen of CA allowing for a nucleophilic attack of the amide

nitrogen on its carboxylate. Further structural work showed that a long

flexible loop was also involved in catalysis, closing the active site as a lid

when the substrate CA is bound.7
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The first structure of a type I DHOase was that of the eubacte-

rium A. aeolicus.8 This DHOase is active only in complex with

ATCase.9 The structure of the DHOase-ATCase complex was a dode-

camer consisting of two ATCase trimers and three DHOase dimers.10

The DHOase active site contained only one Zn ion and the carboxyl-

ated lysine was replaced by an aspartate. The structure had a short

flexible loop exposing the active site.

Since these first structures, several others have been determined.

A more recent phylogenetic analysis was consistent with the earlier

classification.11 Long DHOases subdivide into archaeal, bacterial

type I, bacterial type III, human CAD, and inactive CAD in fungi. Short

DHOases correspond to bacterial type II, plant and active DHOases in

fungi. Furthermore, the dihydroorotase structures in the Protein Data

Bank were assigned into these subtypes.12 These were 63 structures

from 13 organisms giving 4 non-redundant bacterial type I, 6 non-

redundant bacterial type II, 1 bacterial type III, 1 human DHOase, and

1 inactive from fungi. In this diverse family, each subtype has specific

structural characteristics. More recently, the structure of an active

fungal DHOase from Saccharomyces cerevisiae (ScDHOase) was deter-

mined.13 At present, the only subtypes without representative struc-

tures are archaeal and plant DHOases.

In this study, we report the first crystal structure of an archaeal

DHOase, that from the hyperthermophilic and barophilic Methanococ-

cus jannaschii (MjDHOase). Its structural analysis adds to our under-

standing of the variability within the DHOase family of proteins.11,14

Here, we focus on the similarities and differences between the

archaeal DHOase and known representatives of all subtypes. Contrary

to expectations from the phylogenetic analysis11 and a recent physi-

cochemical study,14 we find that the two Zn ions in the active site are

bridged with a carboxylated lysine, and the structure has a long

flexible loop.

2 | MATERIALS AND METHODS

2.1 | Protein preparation and crystallization

The purification was carried out as previously described from Rosetta-

gami 2 (DE3) cells harboring the pET-21a plasmid with the M. jannaschii

pyrC gene.14 The purification involved a 35% ammonium sulfate precipi-

tation step, a heat step at 85�C for 15 min and chromatography using an

SP cation exchange column and a phenyl sepharose column. Initial crys-

tallization conditions were obtained under oil by the High Throughput

Crystallization Screening Center of the Hauptman Woodward Institute

that samples 1536 different chemical conditions. The hits were modified

for hanging drop and optimized by varying the precipitant concentration

and buffer pH. For the crystals used for this study, the protein had con-

centration 6.7 mg/ml and the protein buffer was 50 mM Tris Cl, pH 7.5,

2 mM BME, 0.05 mM Zn acetate. 5-Fluoroorotate was then added from

a 10 mM aqueous solution so that the protein: 5-fluoroorotate molar

ratio would be 1:20. The reservoirs contained 35% PEG400, 0.1 M Na

Hepes pH 7.5, 0.1 M Zn acetate. The drops consisted of 2 μl protein

solution and 1 μl reservoir solution.

2.2 | Data collection and processing

The crystal was prismatic and was mounted in a 0.8 mm quartz capil-

lary by conventional means.15 X-ray data were measured at the ALS

beamline 4.2.2 at a temperature �298 K by irradiating four different

parts of the crystal in a sweep of 180� corresponding to 360 frames

using 0.5�/frame. The crystal to detector distance was 200 mm and

TABLE 1 Data collection and final refinement statistics

Data collection statistics

X-ray source ALS 4.2.2

Wavelength (Å) 1.000

Total oscillation angle (�) 180

Resolution (Å) 48.18–1.90 (1.94–1.90)

Space group P32 2 1

Unit cell constants (Å) a = b = 111.27,

c = 101.23

No. of observations 625 862 (36 672)

Unique reflections 57 394 (3683)

Multiplicity 10.9 (10.0)

<I/σ(I)> 9.7 (0.7)

Rmerge
a (within I+/I�) 0.227 (3.042)

(all I+ and I�) 0.239 (3.188)

CC1/2 0.997 (0.310)

Completeness (%) 100.0 (100.0)

Anomalous multiplicity 5.4 (4.9)

Anomalous completeness (%) 100.0 (100.0)

Final refinement statistics

Resolution range (Å) 48.18–1.90

Reflections used in refinement 57 234

Reflections used for R-free 2703

Rwork 0.178

Rfree 0.215

Wilson B-factor (Å2) 27.8

Number of atoms/average B-factors

(Å2)

3619/33.1

Protein 3389/32.6

Ions (Zn) 11/33.1

Waters 219/40.3

Protein residues 423

RMSD bond length (Å) 0.008

RMSD bond angles (�) 0.94

Ramachandran plot

Favored (%) 95.93

Outliers (%) 0.96

Rotamer outliers (%) 0.26

Clashscore 2.32

Note: Values in parentheses are for the outer shell.
aThe merging R factor is defined as Rmerge = Σhkl Σi jIi(hkl) � < I(hkl) > j /
Σhkl Σi Ii(hkl).
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the wavelength used was 1.0 Å. Images were processed with XDS.16

Structure amplitudes were obtained by scaling and merging intensities

using Aimless.17 Processing Statistics are shown in Table 1. The crys-

tals are trigonal P32 2 1 with cell constants a = b = 111.27 Å and

c = 101.23 Å.

2.3 | Structure solution and refinement

Structure solution and refinement were carried out using PHENIX.18 The

structure was determined by molecular replacement with PHASER. The

search model was chain A of the Bacillus anthracis DHOase19

(BaDHOase, PDB: 3MPG), which has only 30% sequence identity with

MjDHOase. All residues that were dissimilar in the two proteins were

replaced with Ala in the search model. Iterative density modification,

model building and refinement with AUTOBUILD starting from the

molecular replacement solution gave a partial model. The remaining of

the structure was manually built with Coot20 and the refinement was

carried out with phenix.refine. As the refinement progressed, 219 waters

were added to the model with phenix.refine. Also, 11 Zn ions were

found from electron density difference maps and were included in the

refinement with variable occupancy factors. We did not find electron

density that could be interpreted as 5-fluoroorotate. Lys137 was found

to be carboxylated. As the data showed significant anomalous signal for

resolutions lower than 3.22 Å, the Zn sites were also directly determined

from the anomalous data to 4 Å resolution with HySS in PHENIX and

were at the same positions as those from the difference maps except for

Zn508 and Zn509 for which only one Zn site was found by HySS in

between the two. The final discrepancy indices are R = 0.178 and

Rfree = 0.215. The quality of the structure was analyzed with MolProb-

ity21 as implemented in Phenix. The metal-binding sites were validated

with the CheckMyMetal (CMM) server.22,23

3 | RESULTS AND DISCUSSION

3.1 | Overall structure and structure quality

The model presented in this paper consists of 3619 non-hydrogen

protein atoms in 423 amino acids, 11 Zn ions, and 219 water mole-

cules. A summary of the model refinement statistics is given in

Table 1. The Ramachandran plot showed that 95.93% of the residues

lie in the most favored regions and only four residues are outliers with

φ and ψ angles of 172.7� and 117.8� for Phe148; 24.7� and 69.6� for

His227; �157.9� and �0.7� for Gly324; and �173.5� and 26.7� for

Lys422. The electron density for Phe148, His227, Gly324 is well

defined but poorly defined for Lys422. A representative section of

the 2mFo-DFc map is shown in Figure 1A. The final map, contoured

at 1.2σ shows continuous electron density for all main and side chain

atoms with a few exceptions. There is a gap in the electron density

between residues Lys10 and Asp11, there is no electron density for

the side chain of a few surface groups, mostly Lys and Glu, and the

last two residues are poorly defined.

The DHOase structure (Figure 1B) consists of a (βα)8 barrel (TIM

barrel), residues 52–337, which is characteristic of the amidohydro-

lase superfamily,3 connected to an adjacent β sandwich domain

formed by residues 1–51 from the N-terminal extension and residues

338–423 from the C-terminal extension. The outer β sheet of the

extra domain consists of the four strands βI, βIV, βV, and βVI from the

N-terminal extension and the inner consists of six strands, three from

the N-terminal extension βII, βIII, and βVII and three from the C-

terminal extension βVIII, βXI, and βXII. The C-terminal extension also

contributes a β hairpin between βIX and βX, that protrudes on one

side of the TIM barrel toward the top of it. The labeling of the helices

and strands in this paper follows Grande-Garcia et al.11 for ease of

comparison.

The biological unit of MjDHOase is a monomer. The complexa-

tion significance score in PISA24 for the interfaces between

symmetry-related molecules in the crystal ranges between 0.000 and

0.001, indicating that these interfaces are not significant for complex

formation and are the result of crystal packing. A separate evaluation

of these interfaces with the EPPIC server25 also indicated that the

biological unit of DHOase is a monomer. This is consistent with earlier

SEC-LS results in solution.14

The active site (Figure 1A) is in a pocket at the carboxy end of

the TIM barrel (Figure 1B), and contains two Zn ions, as expected

from ICP-MS studies.14 Znα has trigonal bipyramidal coordination

and Znβ has tetrahedral. Znα is coordinated by His56 and

His58 and Znβ by His227 and His168. The carboxylate group of

KCX137 coordinates both Zn ions. Asp302 also coordinates Znα.

In addition, a water molecule (HOH692) coordinates the two

Zn ions.

The carboxylation of Lys137 was unexpected from LC–MS stud-

ies.14 According to these studies, Lys137 was not carboxylated. In

addition, the carboxylation of Lys137 was surprising because of the

expected similarity of archaeal DHOases with bacterial type I,11 in

which an Asp residue coordinates the two Zn ions in the active site.19

The earlier homology model was built with an aspartate bridging the

two Zn ions by analogy to BaDHOase.14 Figure 1C,D shows the

superposition of the active site of MjDHOase with B. anthracis and

E. coli DHOase, respectively, and demonstrate a closer resemblance of

the active site with EcDHOase (bacterial type II) rather than BaD-

HOase (bacterial type I). It may be noted in Figure 1C that the carbox-

ylate group of Asp151 in BaDHOase overlaps the carboxylate group

of KCX137 in MjDHOase.

The active site residues His56, His58, His168, His227, and

Asp302, that coordinate the two Zn ions (Figure 1A), are invariant

among DHOase structures.5,11–14 KCX137 is invariant in bacterial

type II, III, and human,11 as well as active fungal13 DHOases. The

aspartate that coordinates the two Zn ions in bacterial type I, for

example, BaDHOase, is invariant in this subtype.11 Residues

Arg60, Asn89, His306 in the active site, which are included in

Figure 1C,D, interact with the substrate in the known active

DHOase structures and are invariant.5,11,26,27 The substrate also

interacts with the main chain residues at 275 and 320, which are

not shown.
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It may be noted that, apart from the two active site Zn ions, the

remaining nine are on the surface of the protein and are responsible

for crystal packing.

3.2 | Comparison with other dihydroorotases

The structure based multiple sequence alignment of MjDHOase with

known representatives from the other active DHOase types and sub-

types is given in Figure 2A. The structure based multiple sequence

alignment was computed with the Match à Align tool in UCSF Chi-

mera28 after the corresponding structures were superimposed with

the matchmaker tool. An identity matrix giving a comparison of the

sequence identity and root mean square deviation (RMSD) between

corresponding Cα atoms for any two of these structures is given in

Figure 2B. The RMSD's were computed for the 268 fully populated

columns in the alignment (atoms with Cα…Cα distance <5 Å). The

sequence identities and RMSD's of MjDHOase with these proteins

are comparable with the corresponding values among them. The fur-

thest relatives from the long DHOases are the bacterial type II (E. coli)

and active fungal (S. cerevisiae) DHOases. These observations are con-

sistent with archaeal DHOases being a separate subtype of long

DHOases.11 Even though the highest sequence identity of MjDHOase

is with BaDHOase, the archaeal enzyme exhibits some traits similar to

the other subtypes.

3.2.1 | Adjacent domain

A major difference between the two DHOase types is the molecular

weight which correlates with extra residues at the N- and C-termini in

long compared to short DHOases. The extra amino acids in long bac-

terial DHOases typically create a large β sandwich domain adjacent to

the TIM barrel. The structures of the adjacent domains were

reviewed.11,12 The domain adjacent to the TIM barrel in MjDHOase is

large, containing an outer β sheet of four strands from the N-terminal

F IGURE 1 (A) The Zn-binding site of MjDHOase superimposed on a 2mFo-DFc electron density map contoured at 1.7σ. Zinc ions are
presented as gray spheres, water molecules (W) are represented as red spheres, and coordination bonds are shown as magenta dashed lines. This
figure was drawn with UCSF Chimera. The volume viewer tool was used for the electron density map. (B) Schematic ribbons diagram of
MjDHOase. The protein is shown with rainbow colors from blue at the N-terminus to red at the C-terminus. The TIM barrel, its adjacent β
stranded domain and the β hairpin are indicated with arrows. Most of the β hairpin (in orange color) is concealed in the back of the drawing as
well as strands βIX and βX. The two active-site Zn ions and the residues that coordinate them are also included in this figure. (C) Superposition of
the active site of MjDHOase (wheat carbon atoms) and BaDHOase (cyan carbon atoms, PDB: 3MPG, chain A). (D) Superposition of the active site
of MjDHOase (wheat carbon atoms) and EcDHOase (pink carbon atoms, PDB: 1XGE, chain A). The active site is highly conserved, and it is
composed of the Zn-binding residues H56, H58, H168, H227, D302, KCX137, and a water W molecule. The water in the active site of
BaDHOase was not determined. In addition, the substrate binding residues N89, R60, H306 are shown but the main chain of residues 275 and
320 that also interact with the substrate are not. KCX137 in MjDHOase corresponds to KCX102 of EcDHOase as seen in (D) and its carboxylate
group overlaps the carboxylate of D151 in BaDHOase as seen in (C). Coordinate bonds are drawn in purple dashed lines in (C) and (D)
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extension and an inner β sheet of six strands, three from the N-

terminal extension, and three from the C-terminal extension

(Figure 1B). The architecture of the domain is mostly similar to bacte-

rial type I (BaDHOase). The domain in bacterial type III (Porphyromo-

nas gingivalis DHOase, PgDHOase) is larger with four strands in the

outer β sheet and seven in the inner due to a longer C-terminal exten-

sion. In contrast to the long bacterial DHOases, the human DHOase

has a smaller N-terminal and a longer C-terminal extension and this

results in an adjacent domain with only a five-stranded antiparallel β

sheet. The longer C-terminal extension is responsible for protein solu-

bility.29 Short E. coli and S. cerevisiae DHOases have only two and

three strands, respectively, in the antiparallel β sheet of the adjacent

domain.11,13 The role of the large adjacent domain in long DHOases is

not known.11

3.2.2 | Active site

The two Zn ions in the active site of MjDHOase are bridged with a

carboxylated lysine (KCX137) (Figure 1A–D). This is similar to bacte-

rial types II5,7,12 and III, human,11 and active fungal13 DHOases, in

which this carboxylated lysine is invariant. In contrast, bacterial type I

use an aspartate, that is invariant in this subtype, to bridge the two Zn

ions.19 There is some variability in the number of Zn ions among

DHOases. Some bacterial type I have only one Zn in the active site,

for example, AaDHOase, and this aspartate forms a coordinate bond

with it.8,10,30 The human DHOase has three Zn ions, with the third Zn

ion also involved in catalysis.11 Furthermore, in contrast to all other

DHOase structures, there is not an α3 helix in MjDHOase, and the lat-

ter has only a loop with fewer residues between β3 and β4. These two

attributes bring KCX137 at the right position to coordinate the two

Zn ions. In the aligned sequences in Figure 2A, the invariant Asp151

of BaDHOase neighbors the carboxylated lysine in MjDHOase, in bac-

terial types II and III, in active fungal, and in human DHOases. Also, as

shown in Figure 1C, the carboxylate group of KCX137 overlaps the

carboxylate group of Asp151 of BaDHOase. MjDHOase has two histi-

dine residues coordinating the α Zn ion like the other DHOases,

except for bacterial type III in which one of the histidines is replaced

by glutamine.

3.2.3 | Flexible loop

Loop 4 is flexible, and studies have shown that it is part of the cata-

lytic cycle.7,11,13 It shows high variability in size, sequence, and

structure among DHOases. The loop in MjDHOase is long and simi-

lar in length to bacterial type III and human DHOases. This loop is

longer in short DHOases, both bacterial type II and active fungal.

Studies of bacterial type II and human DHOases with bound

ligands show that in the presence of the substrate in the biosyn-

thetic direction, that is, CA,5,7,11 or its analogs,12 this loop

undergoes a conformational change to a closed conformation

enclosing the active site and stabilizing the substrate in it. In the

apo form11,12,31 or in the presence of the substrate in the degrada-

tive direction, that is, DHO,7,11 or its analogs,11,31 this loop is in an

open conformation exposing the active site. This loop is in the

open conformation in the apo form of bacterial type III

(PgDHOase). In the current structure, the active site is exposed,

which is similar to what is found in the apo form of these DHOases.

In contrast, bacterial type I DHOases have a shorter loop 4 leaving

the active site open irrespective of whether CA is bound or

not.19,26 Surprisingly, the fungal DHOase from S. cerevisiae has

been found only in the closed form in the presence of analogs of

both its natural substrates,13,32,33 interacting with them, but no

structure of the apo form or in the presence of the natural sub-

strates is known. The interaction of the catalytic loop with the sub-

strate CA in bacterial type II7 and its analog, malate, in active

fungal13 involves the two Thr residues of the loop. Human DHOase

has one Thr residue in the flexible loop, which also interacts with

the substrate CA.11 By inference, M. jannaschii and P. gingivalis

DHOases are expected to adopt the closed conformation upon

binding of the substrate CA and interact with it, MjDHOase using

Ser143 and PgDHOase using one or both of Ser155 and Thr156.

Loop 4 in type I cannot seal the active site from the solvent, but

the Asp that replaces KCX in them is followed by a conserved Gly

which could interact with CA. It was also speculated that this may

not be needed for bacterial type I DHOases as the active site of

AaDHOase faces an electropositive reaction chamber in the com-

plex with ATCase sealing it from the exterior, and all type I

DHOases may associate with ATCase in a similar manner.11

F IGURE 2 (A) Structure-based multiple sequence alignment of MjDHOase with representatives of the different DHOase types: Ba (Bacillus
anthracis, PDB: 3MPG chain A, bacterial type I), Pg (Porphyromonas gingivalis, PDB: 2GWN, bacterial type III), hu (PDB: 4C6C, human CAD), Ec
(Escherichia coli, PDB: 1XGE chain A, bacterial type II), and Sc (Saccharomyces cerevisiae, PDB: 6L0J chain A, active fungal). The secondary
structural elements are shown with blue lettering for β strands, red lettering for helices, and black lettering for loops. The secondary structural
elements of the TIM barrel are labeled β1 to α8. The β strands in the adjacent domain are labeled as βI to βXII. Helices and β strands within loops
are not labeled. Invariant residues involved in zinc binding are highlighted in bright yellow. Invariant residues involved in substrate binding are

highlighted in dark green and invariant positions that interact with the substrate via their main chain (but not invariant in sequence) are shown
within green border. Other residues that show 100% identity in all sequences are highlighted in purple. The carboxylated lysine which is invariant
in archaeal, bacterial type II and III, human and active fungal is highlighted in cyan color. The invariant aspartate in bacterial type I is also
highlighted in cyan color. Regions depicting missing structure are enclosed within red border. The salmon background corresponds to the fully
populated columns. This figure was drawn with UCSF Chimera. (B) An identity matrix giving the sequence identity and RMSD between
corresponding Cα's in the 265 fully populated columns between any two of the structures in (A). % sequence identity is below the diagonal on the
bottom left and RMSD (Å) is above the diagonal on the top right. The diagonal (100% for sequence identity and 0.0 Å for RMSD) is not included
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3.2.4 | Loop 5

Loop 5 in MjDHOase is structurally similar to PgDHOase (bacterial

type III) except that the loop in the latter is longer by five additional

residues at the end of the first helix of the loop. Both are different

from all other DHOases. Loop 5 is structurally similar among the

known bacterial type I DHOases.11 It is involved in interactions with

ATCase in AaDHOase7 and possibly in BaDHOase34 and, because of

the similarity of this loop among bacterial type I DHOases, it was sug-

gested that they all are posed to interact with ATCase in a similar

manner.11 This idea is also supported by the short loop 4 in bacterial

type I DHOases. Such an interaction is unlikely for MjDHOase as it

has been shown that the catalytic trimers of ATCase in M. jannaschii

associate with three regulatory dimers to form a type B ATCase.35

There is no loop 5 in human DHOase. In human CAD, DHOase and

ATCase are covalently linked and it is considered that the covalent

link is necessary for the assembly of the hexameric DHOase-ATCase

structure of CAD.36 The non-covalent interaction between the

DHOase and ATCase in CAD is considered to be loose if any. Bacte-

rial type II and active fungal DHOases have a shorter loop 5 compared

to long DHOases and it is involved in dimerization in both.11,13 It is

considered that the differences in loop 5, loop 4, and the dimerization

interface among DHOases reflect their adaptation to interact or not

with ATCase.11

3.2.5 | Oligomeric structure

Most known DHOases are either monomers or dimers. MjDHOase is

a monomer in both crystal and solution.14 This also appears to be the

case for bacterial type III (PgDHOase). Both bacterial type I and type II

DHOases form dimers, at least in the crystal. The mode of dimeriza-

tion seems to be different in the two types, bacterial type I through

lateral association and bacterial type II through the top of the barrel.11

Even though the human DHOase uses the same lateral interface as

AaDHOase for dimerization, the relative orientations of the two sub-

units of the dimer are different.11 However, the active fungal DHOase

from S. cerevisiae forms a tetramer in the crystalline state while it

forms dimers and mostly tetramers in solution.13 The mode of dimer-

ization is similar to bacterial type II but most interacting residues are

different. It was suggested that ScDHOase may form a tetramer for

stability, even though it is not known whether it needs to function as

a tetramer in association with S. cerevisiae Ura2.13 The different oligo-

meric states of DHOases may be related to evolutionary diversity.13

4 | CONCLUSIONS

MjDHOase is the first archaeal DHOase studied by x-ray diffraction.

Even though the phylogenetic analysis of DHOases11 suggested that

archaeal DHOases are most closely related to bacterial type I, the cur-

rent work showed that they also share features with the other

DHOase types and subtypes. In particular, the two Zn ions in the

active site are bridged with KCX and they have a long catalytic loop.

These traits are similar to bacterial types II and III, human, and active

fungal DHOases, but are different from bacterial type I that use an

Asp to bridge the two Zn ions and have a short catalytic loop. Further-

more, MjDHOase is a monomer in contrast to bacterial type I and II

DHOases that form dimers, at least in the crystal, and similar to type

III PgDHOase. Loop 5 is mostly similar to type III but differs from the

other DHOases. Finally, the extra β sandwich domain and the C-

terminal extension are similar to bacterial type I DHOases.

More data on other archaeal DHOases are important to general-

ize the similarities and differences between archaeal DHOases and

the other subtypes.
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