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Abstract The cyclic amidohydrolase family enzymes, which include allantoinase, dihydroorotase,
dihydropyrimidinase and (phenyl)hydantoinase, are metal-dependent hydrolases and play a crucial role in the metabolism of purine and pyrimidine in vivo. Each enzyme has been independently
characterized, and thus well documented, but studies on the higher structural traits shared by
members of this enzyme family are rare due to the lack of comparative study. Here, we report
upon the expression in E. coli cells of maltose-binding protein (MBP)- and glutathione Stransferase (GST)-fused cyclic amidohydrolase family enzymes, facilitating also for both simple
purification and high-level expression. Interestingly, the native quaternary structure of each enzyme was maintained even when fused with MBP and GST. We also found that in fusion proteins
the favorable biochemical properties of family enzymes such as, their optimal pHs, specific activities and kinetic properties were conserved compared to the native enzymes. In addition, MBPfused enzymes showed remarkable folding ability in-vitro. Our findings, therefore, suggest that a
previously unrecognized trait of this family, namely the ability to functional fusion with some
other protein but yet to retain innate properties, is conserved. We described here the structural
and evolutionary implications of the properties in this family enzyme.
Keywords: fusion, cyclic amidohydrolase, hydantoinase, dihydroorotase, allantoinase

INTRODUCTION
The prediction of the structural, functional, and evolutionary features of unidentified proteins generally
depends on how their sequences are related to known
protein. The reasonable classification of a protein family based on the functional and structural traits is expected to stimulate progress in terms of allowing the
prediction of the structures and biochemical functions
of unknown proteins [1,2]. Current protein families are
vast and provide a huge amount of information on the
structure-function relationships of newly isolated and
unidentified proteins [2,3]. It is believed that the structure of proteins from a common origin can be conserved
through the evolutionary process, despite a high sequence divergence [4]. Therefore, proteins belonging to
a structural family with functional relatedness are presumed to share a structural scaffold, permitting different substrate specificities or stabilities within family
proteins even given subtle changes in their common
scaffolds [5,6]. As a consequence, the unification of protein families deduced from higher structural resemblances and relevant functions, especially as recently
explored by the structural remote homology approach,
leads to the broadening of the scope of a protein family
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beyond its primary protein structure [7]. The uncovering these kinds of traits is valuable and useful for the
elucidation of protein architecture, and may implicate
an undisclosed structural feature in a higher structural
view, such as tolerable structure in the case of protein
fusion.
Cyclic amide bonds are ubiquitously found in a variety of biomolecules in living organisms [8]. Evidence
suggesting that enzymes acting on cyclic amide bonds
are structurally and functionally related at the molecular level, primarily in terms of participating in nucleotide metabolism, continued to accumulate [7,9,10]. Direct experiments on dihydroorotase and hydantoinase
led to the elucidation of the nature of the metal binding
sites and the signature sequence of these enzymes
[11,12]. With this signature sequence and rigidly conserved regions, a recent study on related family enzymes,
including dihydroorotase, allantoinase, dihydropyrimidinase and hydantoinase, proposed a cyclic amidohydrolase (CA) family [11]. This family was further extended by a remote homology search based on the substructure of urease [7]. These findings support the hypothesis that in various organisms, conserved signature
sequences and residues might be useful probes for identifying related enzymes. It has also been suggested that
the higher architecture of the CA enzyme family is
shared as a common scaffold. We noticed that dihydroorotase, as a pivotal enzyme for this family, constituted
the CAD multienzyme complex [13] and thus possesses
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a structure tolerable to the fusion of a protein. Hence, it
seems to be a structural trait of the CA family, if this
folding property has been conserved throughout the
evolutionary process.
A recent study showing the distinct fusion ability of
hydantoinase also provided a clue that related enzymes
may be able to functionally tolerate fusion to other proteins [14]. More recently, we identified two CA genes
from E. coli encoding allantoinase and a novel phenylhydantoinase that were found to be functional even in
the fusion state [15]. Furthermore, human adenine
deaminase [16], a novel member of the CA family, was
reported to functionally separable from an MBP fusion
protein, implying that the functional fusion can be extended to other enzymes in the CA family.
In this paper, to explore further the structural and
functional trait shared by enzymes of the CA family,
we first constructed the fusion proteins by simple endto-end fusion of the whole open reading frames. An
investigation of the resulting fusion proteins in terms of
their structural and biochemical characteristics and
terms of their in vitro-refolding led us to believe that
high fusion ability might be shared as a structural trait
in the CA enzyme family. Relevant studies of the functional fusion led to the interesting implication that the
functional expressions of the fusion proteins with correct folding could broaden the potential use of CA family members.

MATERIALS AND METHODS
Strains and Media
Derivatives of E. coli K-12 were used as sources of the
CA genes, allantoinase [15,17], dihydroorotase [18] and
phenylhydantoinase [15], and Bacillus thermocatenulatus
GH2 was used for hydantoinase [19]. E. coli strain
JM109 was used as a cloning host of the MBP- and GSTfusion proteins. The dihydroorotase-deficient E. coli
strain X7014 (CGSC5358) was obtained from the Yale E.
coli Genetic Stock Center. E. coli were transformed by
electroporation, and the resulting transformants were
grown at 30oC or 37oC in Luria-Bertani (LB) medium.
Ampicillin (50 μg/mL) and/or chloramphenicol (25 μg/
mL) were supplemented when needed.
Construction and Expression of MBP- and GST-CA
Fusion Proteins
Chromosomal DNA was isolated from E. coli, or B.
thermocatenulatus GH2, using a genomic DNA purification kit (Promega), and the genes encoding the corresponding family enzymes were cloned using standard
recombinant DNA techniques. Three sets of primers
were designed to span the genes encoding allantoinase
(1362 bp), dihydroorotase (1047 bp) and phenylhydantoinase (1398 bp) from E. coli, and a set of primers were
design for hydantoinase (1419 bp) from B. thermocatenulatus GH2 (Table 1). A restriction site for BamHI was
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Table 1. Primers used in this study
Primer
name

Sequencea

ALLN
ALLC
DHON
DHOC
HYDN
HYDC
PHN
PHC

5′-AGGAATTCGTTATGTCTTTTGATTTAATCATT-3′
5′-GGGGATCCTTACTGCTGATGTTTAAGGATAA-3′
5′-ATGAATTCACTGCACCATCCCAGGTATTAAAGAT-3′
5′-ATCTGCAGTTATTGTTTAACGGACCAGCGTACC-3′
5′-TAGAATTCATGACAAAATTGATAAAAAATG-3′
5′-TACTGCAGTTAGGACATTTTCACCACATCT-3′
5′-GGAGAATTCTTGGAGTTTGCTATGCGCGTA-3′
5′-TGGCTGCAGTTAGAGCACGGGAGGGACAAA-3′

a

Underlines indicate the restriction sites introduced in the synthetic
oligonucleotides.

inserted into the C-terminal primer of E. coli allantoinase. In other cases, each restriction site for EcoRI
and PstI was introduced into the N- and C-terminal
primers, respectively. The amplified DNA fragments
encoding the family enzymes were cloned into the
EcoRI/PstI (or EcoRI/BamHI) site of pMAL-c2X.
The pGEX-5X-1 vector (Amersham Pharmacia Biotech) was used to express the family enzymes as fusion
proteins with glutathione S-transferase (GST) according
to the manufacturer’s instructions. The family genes
were amplified by PCR from the chromosomal DNA, as
described in the MBP fusion system, and then blunted
by using the Klenow Fragment. The resulting DNA
fragments were digested with EcoRI, and then cloned
into between the EcoRI and blunt-ended site of pGEX5X-1. All constructs were confirmed by DNA sequencing.
E. coli JM109 cells were transformed by electroporation in 10% glycerol with the plasmids harboring MBPor GST fusion enzymes, and maintained in LB medium
containing ampicillin (50 μg/mL) at 30oC. Expressions
of each fusion protein were induced by adding 0.5 mM
of isopropyl-β-D-thiogalactopyranoside (IPTG) at 30oC
when the optical density at 600 nm reached between
0.45 and 0.6.
Purification of Fusion- and Wild-type Proteins
After cultivating induced cells (300 mL) for 3 hr the
cells were harvested by centrifugation at 6,000 × g for
10 min. The resulting pellets were resuspended in a total volume of 10 mL of Tris-HCl buffer (20 mM, pH 8.0)
containing 0.5 mM of dithiotreitol (DTT), 1 mM of
phenylmethylsulfonyl fluoride (PMSF) and 0.1% of Triton X-100. The suspended cells were sonicated, and the
supernatant obtained by centrifuging at 18,000 × g for
30 min was analyzed directly for enzyme activity and
protein expression by SDS-polyacrylamide gel electrophoresis (PAGE). For biochemical characterizations, the
protein was further purified to apparent homogeneity
using standard chromatographic procedures. MBP- and
GST-fused CA proteins in the soluble fraction were absorbed onto their appropriate affinity resins, amyloseand glutathione Sepharose 4B, respectively, and then
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washed three or four times with a buffer containing 20
mM of Tris (pH 8.0) and 200 mM of NaCl. After complete washing, proteins were eluted with glutathione (5
mM) or maltose (10 mM) for GST- or MBP fusion proteins, respectively. The affinity column purified fusion
proteins were further concentrated using a Centriprep
10 (Amicon). The fused domain of the CA enzyme was
separated from the MBP- or GST domain by treatment
with factor Xa for 20 h at 8-10oC. Then the cleaved enzyme was isolated from its fusion partners, MBP or GST,
by reapplying it to the affinity resin. Pooled enzyme
solutions were concentrated by dialysis against 20 mM
Tris-HCl (pH 8.0) buffer containing 5% glycerol, and
then stored at –20oC.
CA enzymes were also purified in their native states
as previously reported, with slight modification [11,15,
20]. All purification steps were conducted at room temperature. Briefly, the supernatant (10 mL) was loaded
onto a column of Resource Q (5 mL) equilibrated with
20 mM of Tris-HCl (pH 8.0) buffer containing 5% glycerol, on a fast protein liquid chromatography (FPLC)
system (Amersham Pharmacia Biotech.). The column
was washed with 10 volumes of the same buffer and
eluted with a linear gradient of 0–0.5 M NaCl. The active fractions were pooled and concentrated using a
Centriprep 10 (Amicon). The concentrated protein solution was loaded onto a Superose-12 gel filtration column equilibrated with 20 mM Tris-HCl (pH 8.0) buffer
containing 150 mM NaCl. The eluted enzyme was concentrated by dialysis against 20 mM Tris-HCl (pH 8.0)
buffer containing 5% glycerol and stored at –20oC.
Gel Filtration Chromatography
The oligomeric structures of the enzymes were determined on a FPLC system fitted with a gel filtration
column (Superose-12 HR10/30). The flow rate of the
mobile phase, containing 20 mM Tris-HCl and 150 mM
NaCl, was 0.3 mL/min. The column was calibrated using native protein markers (Amersham Pharmacia Biotech.). A molecular mass standard curve was established
by plotting the elution profile of the protein markers
versus the known molecular masses on semi-log paper.
Aliquots of each eluted fraction were analyzed by
SDS/PAGE and assayed for each enzyme activity.
Enzyme Activity Assay
The activities of the CA enzymes were determined at
40oC for 30 min with shaking. The enzyme reaction
was carried out with the purified enzyme (10 μg) in 1
mL of reaction mixture containing 100 mM Tris-HCl
(pH 8.0), 0.5 mM DTT, and an appropriate concentration of cyclic ureide (allantoin, 10 mM; dihydroorotate,
1 mM; hydroxyphenyl- or phenylhydantoin, 15 mM).
Decreases in the concentrations of the cyclic ureide
used as a substrate and increases in the concentrations
of the corresponding N-carbamyl product were analyzed by high performance liquid chromatography
(HPLC) and thin layer chromatography (TLC) [21,22].
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The amount of product formed was also determined by
HPLC or by using the color reagent p-dimethylaminobenzaldehyde. All assays were carried out in duplicate.
One unit of enzyme activity was defined as the amount
of enzyme required to hydrolyze 1 μ-mole of cyclic
ureide per min under the specified conditions. Kinetic
parameters (Km and Vmax) were determined according to
the reported methods [15,21].

RESULTS
Deduced Fusion Capability of the Family Enzymes
We recently reported that a microbial hydantoinase,
as a typical member of the CA enzyme family, forms a
distinct homotetramer irrespective of the presence of a
larger polypeptide fused at its N-terminus, also displaying a bifunctional activity [14]. In line with these fining,
we analyzed the primary and secondary structures of
the CA family enzymes at the molecular level. We
found that, although the apparent homology of the enzymes was less than 20%, the structural similarities of
the higher structures strongly suggested a close evolutionary relationship within the CA enzyme family. We
also found that 7 regions in the primary and secondary
structures were rigidly conserved in identical positions
over the entire sequences [11]. The striking structural
identities of the regions shared by the family members
suggested that the conserved regions might play an important role in the structure or function of the CA family. Consistent with this view, more evidence was obtained by scanning the conserved regions on the protein
database (SwissProt). Query sequences were designed
from regions showing a high level of alignment, i.e., the
percentage of fixed residues in the sequence. Gaps were
avoided to reduce fortuitous matching results. This
analysis, along with multiple sequence alignment [23],
identified the seven regions in the majority of the
known CA enzymes. Thus, it is reasonable to suggest
that the existence of such similar amino acid arrangements through a significant length of the protein backbone is not the result of coincidence, but rather that it
provides a evidence of a structurally important region in
the enzyme family [24]. Therefore, functional fusion
ability, as shown by a typical family member hydantoinase [14], may be also founded in other CA family
members, expecting that their structural and biochemical properties were also retained in a fusion state.
Retained Nascent Properties of CA Family
Members for MBP Fusion
To determine the fusion ability of other member of
this family, we constructed fusion proteins of four typical members of this family, namely, a hydantoinase
(HYD) from B. thermocatenulatus GH2, and three enzymes, allantoinase (ALN), phenylhydantoinase (PH)
and dihydroorotase (DHO) from E. coli, at their Ntermini with maltose binding protein (MBP). We used
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Fig. 1. Construction and expression of the MBP-fused cyclic
amidohydrolase enzymes. (A) Organization of the cyclic amidohydrolase enzyme family fused with maltose-binding protein at their N-terminus by simple end-to-end fusion. Arrows
indicate the EcoRI-cleavage site. (B) SDS/PAGE analyses of
crude extracts of E. coli cells expressing the MBP-fused proteins. Lane 1, MBP-ALN (92 kDa); lane 2, MBP-DHO (76
kDa); lane 3, MBP-PH (93 kDa); lane 4, MBP-HYD (94 kDa);
and lane 5, a control fusion protein reported previously. Crude
extracts were analyzed after induction with 0.5 mM IPTG at
30oC for 2 h.

simple end-to-end fusion without a peptide linker to
evaluate their direct fusion abilities, and expressed the
fusion proteins in a general host, E. coli JM109, at 30oC.
When the E. coli cells harboring fusion proteins were
plated on the selective plate containing each typical
substrate [24], we detected enzyme activities comparable to those of wild-type enzymes, whereas growth inhibition was negligible in each case. Similar results were
also observed at 37oC. By SDS/PAGE analysis, the four
MBP-fused proteins were mainly founded in the soluble
fraction (>80%) with the expected molecular masses,
and these accounted for about 20-30% of the total cell
protein (Fig. 1). The fragments derived from proteolysis

were negligible.
To compare the structural and biochemical properties
with those of the wild-type enzymes, we further purified the fusion proteins using amylose resin to apparent
homogeneity. Wild-type enzymes were also purified, as
has been reported previously [11,15,20]. About 2–3 mg
of the fusion proteins were recovered from a 300 mL
culture of the induced cells and showed a reasonable
migration rate calculated by deduced amino acid residues at the molecular level. As a preliminary experiment, we tried to cleave the fusion proteins with factor
Xa and found that the enzymes were readily separated
into their respective domains, which indicated that
both fusion partners fold independently and are accessible to site-specific protease factor Xa. In general, misfolded or aggregated fusion protein is resistant to protease attack.
To analyze whether kinetic properties differed in the
fused state, we compared MBP-fused enzymes with
their nascent wild-type counterparts. The activities of
fused proteins toward their individual substrates was
determined and found to be similar to those of the native enzymes (Table 2), except for MBP-DHO. The specific activity of MBP-DHO toward dihydroorotate was
about 50% lower than that of the native enzyme,
whereas two other enzymes (MBP-HYD and MBP-PH)
had activities that were very similar to those of the
wild-type enzymes, and MBP-ALN maintained its full
activity. Km values were also obtained to determine the
effect of MBP fusion on substrate affinity. Most of the
fusion proteins were not substantially different in
terms of their affinity values versus the wild-type enzymes (Table 2). In the case of MBP-ALN, about two
folds increase in the Km value was observed, but the
overall catalytic efficiency of the fusion enzyme was
similar to that of the wild-type enzyme. Interestingly,
MBP-PH showed a marginal increase in its affinity for
the typical substrate phenylhydantoin. We also determined the optimum pH for the hydrolysis of the corresponding substrate. pH dependency was analyzed in
0.1mM boric acid-NaOH, 0.1 mM Tris-HCl and 0.1 mM
sodium phosphate buffer at pHs ranging from 8.5-10.5,
7.5-8.5 and 5.5-7.5, respectively. The fusion proteins
showed optimum pHs at about 7.5-8.5, as was the case
for the corresponding wild-type enzymes [15].

Table 2. Comparison of the biochemical properties between the fusion and free enzymes
ALN
a

Specific activity (U/mg protein)
Kmb (mM)
Oligomerc
a

DHO

HYD

PH

Fusion

Native

Fusion

Native

Fusion

Native

Fusion

Native

21.0
8.9
Tet

19.9
4.2
Tet

16.6
0.083
Di

34.9
0.053
Di

34.7
27.2
Tet

49.2
25.6
Tet

2.83
7.8
Tet

4.64
11.3
Tet

Enzyme activity was determined using the purified enzyme (10 µg) in the presence of the corresponding substrate (allantoin, 10 mM;
dihydroorotate, 1 mM; hydroxyphenylhydantoin and phenylhydantoin, 15 mM) in a 1 mL of 100 mM Tris-HCl (pH 8.0) buffer. The reaction products were analyzed by either HPLC or using a color reagent described in Materials and Methods.
b
The Km values were determined in a 1 mL of 100 mM Tris-HCl (pH 7. 8) buffer, using the appropriate substrate concentrations, ranging
from 0.5-15 mM for allantoinase, 0.01-0.5 mM for dihydroorotase, and 0.5-15 mM for phenylhydantoinase and hydantoinase.
c
Tet and Di denote tetramer and dimmer.
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Fig. 2. Oligomeric structures of MBP-fused family enzymes.
Purified fusion proteins (50-125 µg) were analyzed on a Superose-12 gel filtration column. (A) Elution profiles of the
MBP-fused proteins. The molecular mass of each fusion protein was estimated from the elution profile of the standard
protein markers: blue dextran, 2000 kDa; ferritin, 440 kDa;
catalase, 232 kDa; aldolase, 158 kDa; Fab fragment, 50 kDa;
and MBP, 42 kDa. All experiments were repeated three times
at different protein concentrations. The shift in elution time
was negligible (< 0.2 min). (B) Fractions showing the corresponding enzyme activity were collected after gel filtration
chromatography and analyzed on 9% SDS-PAGE.

Gel filtration column chromatography was used to examine the quaternary structures of the MBP-fused proteins. From the gel filtration column chromatography
elution profiles, the four fused enzymes were found to
maintain the innate quaternary structures of the corresponding wild-type ones (Table 2), as was also observed
for a typical case of CA enzyme family in our previous
work [14]. Three fusion proteins, MBP-ALN, MBP-HYD
and MBP-PH, coeluted with an apparent molecular
mass between 340- and 380 kDa, whereas MBP-DHO
was detected in fractions corresponding to molecular
masses between 140-160 kDa (Fig. 2A). SDS-PAGE
analysis of the eluted fractions also revealed the corresponding fusion proteins (Fig. 2B). The respective subunit masses were calculated to be around at 92-94 kDa
for three of the fusion enzymes (MBP-ALN, MBP-HYD
and MBP-PH), whereas that of MBP-DHO was estimated to be about 76 kDa. Thus, the quaternary structures of these enzymes were predicted to be homotetrameric for MBP-ALN, MBP-HYD and MBP-PH, and
homodimeric for MBP-DHO. Cross-linking experiments
with SMCC (sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate) and ultracentrifugation also
confirmed that the quaternary structures of the enzymes

Fig. 3. Construction and expression of the GST-fused cyclic
amidohydrolase family enzymes. (A) Organization of the
GST-fused enzymes at their N-terminus by simple end-to-end
fusion. (B) SDS/PAGE analysis of crude extracts of E. coli cells
expressing the fusion proteins. Lane 1, GST-ALN (76 kDa);
lane 2, GST-DHO (60 kDa); lane 3, GST-HYD (78 kDa); and
lane 4, GST-PH (77 kDa). Crude extracts were analyzed on
9% SDS/PAGE after 2 h induction with 0.5 mM of IPTG at
30oC.

were conserved even when fused with a larger protein
at their N-terminus.
The nascent quaternary structures were retained in
the fusion protein, and thus improper bands resulting
from high molecular weight aggregates or other oligomeric structures were negligible. However, MBP-HYD
had a high tendency to self-aggregate at the moderate
concentration of 1.2 mg/mL. Other fusion proteins
showed a negligible tendency to aggregate even at protein concentrations up to 2 mg/mL. Generally, aggregation is the main cause of the decreased refolding yield
and loss of activity. However, for MBP-HYD, this was
not found to be the case, because although MBP-HYD
exhibited a high aggregation tendency, its activity was
unaffected when it was incubated at a low protein concentration (< 0.05 mg/mL) at 50oC for 1 h. This suggests that the fusion enzyme readily refolds into an active form under reaction conditions (pH 8.0, 50 mM
Tris and 1 mM DTT).
Favorable Properties are Also Conserved in GSTfusion Proteins
In the general experiments, MBP alone did not oligomerize even at the high concentrations employed in
this study, emphasizing that the oligomerization of the
fusion proteins are due to interactions between the enzyme subunits. This result suggests the possibility that
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the enzymes are self-oligomerizable even when different fusion partners are fused to the N-terminus of the
gene encoding the enzyme subunit. To test this possibility of self-oligomerization with different fusion partners in-vivo, we constructed another fusion enzyme by
employing glutathione S-transferase (GST) as a fusion
partner, using the same procedure as used for the MBP
fusion system (Fig. 3A). Four GST fusion proteins were
also well-expressed and accounted for 15-20% of the
total cell protein (data not shown), which corresponded
to about 40-60% of the MBP fusion proteins. For further analysis, the fusion proteins were purified by affinity column chromatography. Approximately 1-2 mg of
purified proteins was obtained from a 300 mL of cell
culture, which was almost identical to that obtained
from the MBP fusion proteins. The resulting proteins
appeared homogeneous when analyzed by SDS-PAGE
(Fig. 3B), and had migration rates that corresponded to
their calculated molecular masses. In addition, the factor Xa cleavage pattern and elution profile on gelfiltration column chromatography also revealed that
the GST-fusion proteins are fully functional and retain
their nascent oligomeric structures (data not shown),
although their aggregation tendency was slightly higher
than MBP-fusion proteins [25]. In a set of observations
in vivo, when the expression of MBP- and GST-fusion
proteins were induced with 1 mM IPTG at 37oC, the
GST-fusion proteins showed a reduced tendency to oligomerize in their native structural forms in the soluble
fraction, whereas the oligomerization of the MBPfusion proteins was more distinct. Therefore, affinityprecipitated or purified protein solutions of MBP-fused
proteins revealed a high portion of the correct oligomer
than those of GST-fusion proteins.

DISCUSSION
Here we demonstrate that the four typical enzymes
from a CA family of enzymes possess a distinct ability
to form fusion proteins. When members of the enzyme
family were fused by simple end-to-end fusion with
large proteins, such as MBP or GST, they retained their
nascent properties in the fused state. It is generally
known that MBP and GST, although MBP is far more
effective than GST as a fusion partner [25], are permissible to structural changes within fusion proteins, and
thus, well address the correct folding of the fused domain. However, as was found for the typical family
hydantoinase [26], it is plausible that the ability to fuse
shown by an enzyme of the CA family may originate
from their intrinsic folding ability and the stability of
their oligomerization. Although this characteristic
might be closely related to the structure and/or function of the enzyme family, little is known of the oligomerization. In this regard, a previous report provided
a clue that the oligomerization of the hydantoinase enzyme family is readily mediated in a metal dependent
manner, and is the most important for enzyme activity
and stability [26].
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Fig. 4. Evolutionary possible neighbor in the cyclic amidohydrolase enzyme family. Each member of the cyclic amidohydrolase family family is composed of similar primary and secondary structural organizations over the entire open reading
frame, and is involved in the metabolism of pyrimidines and
purines. All of the cyclic amidohydrolase enzymes share various biochemical and structural properties, with respect to
their optimum pHs, substrate structure, metal dependency,
oligomerization, metal-binding site and even in terms of the
size of the open reading frame. Dihydroorotase is a possible
pivotal enzyme, and is found in eucaryotic multifunctional
CAD, which an oligomeric protein complex composed of carbamoyl-phosphate synthetase, dihydroorotase, and aspartate
transcarbamylase.

To ensure that the CA enzymes have the ability to
fuse, studies on the functionalities of fusion constructs
with other fusion partners will be required. In this respect, we tested other fusion proteins using green fluorescent protein (GFP) as a fusion partner, and employing the same procedures as described for MBP and GST
fusion systems, without a linker peptide, to ascertain
the intrinsic ability of the enzymes to fuse with a
whole protein [14]. Both the GFP and the CA enzyme
family were observed to function distinctly in the fusion proteins. In addition, the four cyclic amidohydrolases were also found to be active when fused with
GFP, although this resulted in a lower structural stability than MBP or GST fusion. These results strongly
suggest the possibility that the CA enzyme family is
useful for generating bifunctional fusion proteins. This
was supported by a recent result that a novel bifunctional enzyme could be constructed by end-to-end fu-
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sion of D-hydantoinase and N-carbamylase [14].
With complete genome sequences available from
various sources, it is very interesting that the putative
cyclic amidohydrolases are ubiquitously distributed in
eukaryotic and prokaryotic cells, but the functional
roles of most of these enzymes remain unknown
[15,27]. The elucidation of the exact role of the enzyme,
and the identification of functional defects in engineered enzymes would unearth some crucial information regarding the structural and functional relationships of the CA enzyme family. Therefore, the finding
that the CA enzyme family tolerate partner proteins
fused, and thus can be functionally expressed with a
fusion partner, could be applied to the isolation of the
family enzymes by simple affinity chromatographic
procedures. In addition, fusion with other polypeptides
or domains to probe or capture interactive molecules
would provide a powerful new route to analytical tool,
because the self-oligomerization ability of the enzymes
is distinct and the direct detection of these enzymes is
simple and accurate as has been reported previously
[24].
The evolutionary relatedness of the CA family, as
defined by experimental and computational methods
may be depicted as shown in Fig. 4, based on their
structural and functional properties as well as their actions in the context of metabolic pathways [7,10,11].
The CA enzyme family members possess similar primary and secondary structures, and in addition, most
of them are involved in the metabolism of pyrimidines
and purines. Recently, having being credited with predicted three-dimensional fold and active site architecture, the CA family was extended to include dihydroorotases, allantoinases, hydantoinases, AMP-, adenine
and cytosine deaminases, and imidazolonepropionase
[7]. The family members share a common motif and
structural region, which provide clues for the identification of unidentified proteins [15]. From current knowledge, a structural family with high functional similarity
is proposed to have a shared enzymatic trait, and thus
provide evidence of an uncovered structural or functional trait. These uncovered traits remains to be discovered in the related cyclic amidohydrolases. Naturally
occurring multifunctional enzymes may have evolved
from separated enzymes by gene fusion. In contrast, it
is also feasible in nature that the functional separation
and thus evolution of a respective domain from a multifunctional protein complex in nature [28,29]. In this
context, we noticed that dihydroorotase, the origin of
which cab be traced back to the early states of evoluton,
is found both in the multi-enzyme complex CAD (carbamoyl phosphate synthetase, aspartate transcarbamoylase and dihydroorotase) [13] and as a separate
domain [9,18,30,31].
Dihydroorotase, which catalyzes the third step in
pyrimidine biosynthesis, is presumed to be a possible
ancestor of the cyclic amidohydrolase enzyme family,
because this enzyme is common to all living organisms.
Furthermore, dihydroorotase is considered to be more
important as a synthetic enzyme for nucleotides than
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other cyclic amidohydrolase family members participating in the catabolic pathway [7]. A more stringent and
crucial role for dihydroorotase in nucleotide synthesis
strongly supports that this enzyme might have been
present at an early stage of evolution [32]. This hypothesis is reinforced by the fact that dihydroorotase is
present as a part of a fused tri-functional enzyme
(CAD) in eukaryotes. Interestingly, the dihydroorotase
domain can be functionally separated from this multienzyme complex [33,34], and retain its activity in a
dimeric state as in the separately evolved dihydroorotase [35,36]. This strongly suggests that an independent
folding unit of the dihydroorotase domain is well conserved in the multi-enzyme complex, and hence separable. Related substructures and similar arrangements are
also found for other members of the cyclic amidohydrolase family [7,11,24]. These observations are consistent with the hypothesis that other family members
also may possess a high ability to fuse and form bifunctional fusion protein. Moreover, this ability is
strongly supported by the results of the present study
and those reported in a previous paper [14]. Although
the specific configurations required to facilitate fusion
have yet to be verified experimentally, this study that
found the cyclic amidohydrolase enzyme family share a
trait should extend the scope and use of member and
related enzymes.
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