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a b s t r a c t

The first 3 reaction steps of the de novo pyrimidine biosynthetic pathway are catalyzed by carbamoyl-
phosphate synthetase II (CPSII), aspartate transcarbamoylase (ATC), and dihydroorotase (DHO), respec-
tively. In eukaryotes, these enzymes are structurally classified into 2 types: (1) a CPSII-DHO-ATC fusion
enzyme (CAD) found in animals, fungi, and amoebozoa, and (2) stand-alone enzymes found in plants and
the protist groups. In the present study, we demonstrate direct intermolecular interactions between
CPSII, ATC, and DHO of the parasitic protist Trypanosoma cruzi, which is the causative agent of Chagas
disease. The 3 enzymes were expressed in a bacterial expression system and their interactions were
examined. Immunoprecipitation using an antibody specific for each enzyme coupled with Western blot-
ting-based detection using antibodies for the counterpart enzymes showed co-precipitation of all 3
enzymes. From an evolutionary viewpoint, the formation of a functional tri-enzyme complex may have
preceded—and led to—gene fusion to produce the CAD protein. This is the first report to demonstrate
the structural basis of these 3 enzymes as a model of CAD. Moreover, in conjunction with the essentiality
of de novo pyrimidine biosynthesis in the parasite, our findings provide a rationale for new strategies for
developing drugs for Chagas disease, which target the intermolecular interactions of these 3 enzymes.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The de novo pyrimidine biosynthetic pathway consists of 6 en-
zymes required for the production of uridine 50-monophosphate
(UMP). In eukaryotes, the primary structure of the first 3 enzymes
in this pathway, carbamoyl-phosphate synthetase II (CPSII; EC
6.3.5.5), aspartate transcarbamoylase (ATC; EC 2.1.3.2), and dihy-
droorotase (DHO; EC 3.5.2.3), is divided into 2 types [1]. A fusion
enzyme of CPSII-DHO-ATC (CAD) is found in animals, fungi,
amoebozoa, and also in the red alga Cyanidioschyzon merolae
ll rights reserved.
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[2,3]. In contrast, the individual, stand-alone enzymes are common
among the remaining eukaryotic groups.

Gene fusion results in the formation of multifunctional proteins
and is one of the major driving forces in protein evolution. CAD has
arisen from an ancient fusion between its monofunctional counter-
parts, which may result in enhanced channeling of substrates
through each catalytic site [4]. From a biochemical viewpoint, it
is assumed that formation of a complex of the enzymes preceded
gene fusion and contributed to the precise order and topology of
the domains within the fused enzyme. Moreover, ATC and DHO
constitute an enzyme complex in a subset of bacteria [5,6], sug-
gesting possible complex formation between eukaryotic ATC and
DHO. Thus, it is highly likely that a tri-enzyme complex of stand-
alone CPSII, ATC, and DHO preceded—and eventually led to—gene
fusion to produce the multifunctional CAD protein, which may
share tertiary structural similarity.
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We have previously showed that CPSII, ATC, and DHO are stand-
alone enzymes in the parasitic protist Trypanosoma cruzi, which is
the causative agent of Chagas disease, an endemic disease in the
Latin American countries [7,8]. All 5 genes for the 6 pyrimidine bio-
synthetic enzymes cluster within trypanosomatid genomes in the
following order: CPSII, DHO, OMPDC-OPRT (fused gene comprising
the sixth orotidine-50-monophosphate decarboxylase and the fifth
orotate phosphoribosyltransferase enzymes), DHOD (the fourth
dihydroorotate dehydrogenase enzyme), and ATC. Thus, the gene
order of CPSII, DHO, and ATC in trypanosomatid genomes is consis-
tent with the domain order within CAD [7]. Thus, these findings al-
lowed us to investigate the possibility of complex formation
between T. cruzi CPSII, ATC, and DHO.

From a clinical viewpoint, de novo pyrimidine biosynthesis
represents a promising drug target, in particular, against Chagas
disease and other trypanosomatid diseases such as sleeping sickness
and leishmaniasis caused by Trypanosoma brucei gambiense/
rhodesiense and Leishmania spp., respectively. These trypanosomatid
diseases are termed ‘‘neglected tropical diseases’’, and urgently re-
quire effective chemotherapeutics with low toxicity [9,10]. Very re-
cently, we demonstrated the importance of CPSII for the growth of T.
cruzi in the cytoplasm of the mammalian host cells [11]. Therefore,
the 3 enzymes and their complex, if present, represent potential tar-
gets of chemotherapy for trypanosomatid diseases.

In the present study, we used recombinant enzymes to examine
whether CPSII, ATC, and DHO form a tertiary complex. As a result,
we demonstrated that these 3 enzymes interact with each other,
suggesting that the multifunctional CAD fusion enzyme was pre-
ceded by complex formation between CPSII, ATC, and DHO, possi-
bly mimicking their tertiary structures. Thus, our findings provide
important insights into the structural interpretation of evolution of
enzymes as well as into the new strategic approaches for the devel-
opment of drugs against Chagas disease.

2. Materials and methods

2.1. Plasmid construction

The open reading frames (ORFs) for the T. cruzi CPSII (GenBank
ID: AB005063), ATC (GenBank ID: AB074139), and DHO (GenBank
ID: AB010284) genes were subcloned into expression vectors,
pET52b (ampicillin-resistant; Novagen, Merck Ltd., Tokyo, Japan),
pET28a (kanamycin-resistant; Novagen), and pT-GroE (chloram-
phenicol-resistant) [12]. Prior to cloning, pET52b was modified
using the Gateway� Vector Conversion System (Invitrogen, Life
Technologies Japan Ltd., Tokyo, Japan) by ligating a reading frame
cassette A (RfA) to the SmaI site present in pET52b. The resulting
plasmid was designated pET52bGW. For cloning of CPSII, the CPSII
ORF was amplified using primers (sense, 50-CACCATGTTTGGGG
AAAAAGTGAA-30; antisense, 50- TCAACACTGAACGTCGCTGAAG
GAGC-30) and the phage clone carrying CPSII, subcloned into the
pENTR vector (Invitrogen), and subsequently cloned into
pET52bGW via the Clonase� reaction (Invitrogen). For expression
of ATC, a pET14b plasmid carrying ATC [13] was digested with
BamHI and the resulting DNA fragment was cloned into pET28a.
For expression of DHO, the ORF was amplified by PCR using a
primer set (sense, 50-CACCATGACGCGGGTGGAACTGCC-30 and
antisense, 50-CTAAATAGCCTTACCAACAAG-30), subcloned into
pENTR, and finally cloned into pET52bGW. Alternatively, the ORF
of DHO was amplified using primers (sense, 5-
0GCGAATTCCATATGA CGCG-30; antisense, 50-GCGGATCCTAAA-
TAGCC-30) and the phage clone carrying DHO [7] and subcloned
into the pT7 BlueT vector. The NdeI/BamHI fragment was further
subcloned into NdeI/BamHI-treated pT-GroE, in which the GroESL
gene was cleaved off.
2.2. Expression of recombinant enzymes

Recombinant plasmids were introduced into Escherichia coli
BL21 Star™ (DE3) cells (Invitrogen), either independently or in
combination. The E. coli transformants were precultured by over-
night incubation at 37 �C in Luria–Bertani (LB) medium containing
the appropriate antibiotics. Subsequently, a total of 0.8 ml of the
bacterial culture was centrifuged for 5 min at 1500g, and the cells
were further cultured at 37 �C in 30 ml of antibiotic-supplemented
LB medium until the OD600 reached 0.8. Expression was induced at
25 �C for 1 h in the presence of 0.4 mM isopropyl-b-D-thiogalacto-
pyranoside. The cells were harvested by centrifugation at 1500g for
10 min and suspended in 2 ml of IP buffer (150 mM NaCl, 10 mM
Tris–HCl [pH7.4], 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1.5%
NP-40, 0.2 mM sodium orthovanadate, and 0.2 mM PMSF) supple-
mented with a protease inhibitor cocktail (Complete Mini, Roche
Diagnostics K.K., Tokyo, Japan). After disruption of cells by sonica-
tion, the lysate was centrifuged at 15,000g, 4 �C for 10 min. The
resulting supernatant containing the soluble enzymes was
collected and used for immunoprecipitation experiments.

2.3. Antibodies

Rabbit polyclonal IgG was raised against T. cruzi CPSII (polypep-
tide, aa1–17; Sigma–Aldrich, St. Louis, MO) and DHO (polypeptide,
aa12–29; BioGate Ltd, Gifu, Japan), and mouse polyclonal antisera
was raised against recombinant T. cruzi ATC.

2.4. Immunoprecipitation

Immunoprecipitation was carried out using the enzyme-specific
antibodies and Protein G Magnetic Beads (New England Biolabs,
Beverly, MA) under the conditions recommended by the manufac-
turer. Briefly, 200 ll of bacterial lysate was incubated at 4 �C for 1 h
with 1.5 lg of purified IgG specific for each enzyme, followed by
incubation with 25 ll of the beads at 4 �C for 1 h. The resulting pre-
cipitates were recovered magnetically, separated by SDS–PAGE,
and transferred to PVDF membranes. The membrane was reacted
with enzyme-specific antibodies and visualized using alkaline
phosphatase-conjugated secondary antibody and colorimetric
substrates.
3. Results and discussion

The activities of CPSII, ATC, and DHO enzymes in trypanosomat-
ids have been purified separately by gel chromatography or ammo-
nium sulfate precipitation [14,15], suggesting that the 3 enzymes
are not covalently linked, or that weak interactions occur between
them. Thus, we aimed to examine the molecular interactions be-
tween T. cruzi CPSII, ATC, and DHO by using purified enzymes that
were independently expressed in a bacterial expression system
(Fig. 1). T. cruzi ATC was efficiently expressed as a soluble protein
and purified to apparent homogeneity, as reported previously
[13]. However, individual expression of T. cruzi CPSII or DHO was
difficult, and these enzymes were mainly expressed as insoluble
inclusion bodies. The un-tagged recombinant T. cruzi DHO protein
appeared to be toxic to E. coli, since the transformant colonies were
very small (data not shown). This may be due to heterodimeriza-
tion between bacterial and T. cruzi DHO proteins, thereby leading
to impaired de novo pyrimidine biosynthesis by the bacteria. Fur-
thermore, we also failed to obtain efficient expression of a soluble
form of GST-tagged DHO.

Although these results suggest that individually expressed CPSII
and DHO were highly unstable in the bacteria, we tried to examine
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Fig. 1. Expression of the first 3 enzymes of the Trypanosoma cruzi de novo
pyrimidine biosynthetic pathway in a bacterial expression system carbamoyl-
phosphate synthetase II (CPSII), aspartate transcarbamoylase (ATC), and dihydro-
orotase (DHO) were independently expressed in E. coli BL21 (DE3) Star cells,
separated by SDS–PAGE, and stained with Coomasie Brilliant Blue. Recombinant
CPSII and DHO were expressed mostly in the insoluble fractions (P), whereas ATC
was expressed in both soluble (S) and insoluble fractions. The arrowheads indicate
the respective protein bands.
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whether the individually expressed enzymes formed a complex,
which would stabilize these enzymes. The soluble fractions of each
bacterial lysate were mixed, immunoprecipitated using the respec-
tive antibodies, and probed by Western blot analysis. However, no
association was seen between the individually expressed target
proteins.

Therefore, we examined the interactions between the 3 proteins
by co-expressing CPSII, ATC, and DHO using pET52b (ampicillin-
resistant), pET28a (kanamycin-resistant), and pT-GroE (chloram-
phenicol-resistant) expression vectors, respectively, in order to
confer antibiotic selection. Under these conditions, the trans-
formed bacteria grew normally. After induction of expression, the
bacterial lysates were immunoprecipitated using either CPSII- or
ATC- or DHO-specific antibodies and subjected to Western blot
analysis. As shown in Fig. 2, all 3 enzymes were co-precipitated
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Fig. 2. Immunoprecipitation analysis of E. coli lysates co-expressing CPSII, ATC, and
DHO. Western blot analysis was performed using antibodies specific to CPSII (panel
A), ATC (panel B), and DHO (panel C). The E. coli lysates (lane 2) were immuno-
precipitated using antibodies specific to CPSII (lane 3), ATC (lane 4), and DHO (lane
5), and examined by Western blotting. Precipitates using protein G beads in the
absence of antibodies were loaded as a negative control (lane 6). An arrowhead
indicates the respective target band. Lane 1, molecular weight marker.
by a pull-down assay using antibodies specific to either enzyme
(Fig. 2). Namely, immunoprecipitation using the CPSII-specific
antibody was accompanied by co-precipitation of both ATC and
DHO, and the ATC- or DHO-specific antibodies allowed co-precipi-
tation of CPSII plus DHO or CPSII plus ATC, respectively. Thus, these
results clearly indicate the existence of a molecular interaction be-
tween CPSII, ATC, and DHO.

Co-precipitation of ATC and DHO in the CPSII-specific precipi-
tate was further confirmed by in-gel digestion coupled with liquid
chromatography–tandem mass spectrometry (LC–MS/MS) of the
corresponding protein bands separated by SDS–PAGE (Supplemen-
tary Fig. S1). The sequence coverage scores for ATC and DHO were
52% and 51%, respectively. In addition, the ATC-specific precipitate
was found to contain CPSII and DHO, and CPSII and ATC were de-
tected in the DHO-specific precipitate (Supplementary Table S1).
Therefore, these findings indicate complex formation by these
non-covalently linked enzymes.

However, co-precipitation of CPSII with ATC and DHO does not
necessarily indicate a direct interaction of CPSII with both ATC and
DHO; if ATC interacts with DHO, the interaction of CPSII with either
ATC or DHO would allow co-precipitation of all 3 enzymes. There-
fore, we further examined the existence of a direct interaction of
CPSII with ATC and DHO. CPSII was co-expressed with either ATC
or DHO, and precipitated using the CPSII-specific antibody. Wes-
tern blot analysis of the precipitates showed direct interactions be-
tween both CPSII and ATC and between CPSII and DHO (Fig. 3).
Similarly, a direct interaction was also observed between ATC
and DHO, which is consistent with results for the bacterial en-
zymes [5]. These findings strongly suggest that tri-enzyme com-
plex formation between CPSII, ATC, and DHO occurs via direct
interactions.

Regarding enzyme stability, native CPSII purified from the kine-
toplastid Crithidia fasciculata—a close relative of trypanosomatids—
was very fragile, and its enzyme activity was rapidly lost during
cryopreservation, which may have been accompanied by dissocia-
tion of its tertiary structure [16]. In the present study, the molecu-
lar interactions between CPSII, ATC, and DHO were stable after
repeated freezing and thawing. Therefore, it is possible that com-
plex formation stabilizes enzyme conformation.

Recent advances in drug development have highlighted struc-
ture-based drug design (SBDD) as a powerful tool. Moreover, inhib-
itors of enzymes involved in de novo pyrimidine biosynthesis have
been extensively studied because of the physiological importance
of this pathway, particularly in rapidly growing cells such as cancer
cells. However, SBDD has not yet been applied to CAD or its
individual counterparts because of difficulties in their expression,
purification, and crystallization and the resulting lack of structural
information.

In the present study, we demonstrated for the first time the
existence of a molecular interaction between T. cruzi CPSII, ATC,
and DHO enzymes. Furthermore, the efficient expression of these
proteins may aid structural analyses and the elucidation of a model
of CAD, thereby leading to SBDD. Indeed, phylogenetic analysis has
revealed that the trypanosomatid CPSII and ATC enzymes share
common evolutionary origins with the corresponding domains in
animal CAD [1].

Moreover, we recently identified the crystal structure of T. cruzi
ATC [13]. This is the first crystallization of any of the 3 enzymes,
including CAD proteins in eukaryotes. Therefore, our findings
provide insight into SBDD targeted against trypanosomiasis,
particularly aimed at inhibiting intermolecular interactions of the
tri-enzymes. Although the phylogenetic relationship between T.
cruzi DHO and the DHO domain of CAD remains unclarified, it is
highly likely that the functional tri-enzyme complex of CPSII,
ATC, and DHO occurred in the ancestral eukaryotes, thereby lead-
ing to the formation of CAD via fusion of the 3 genes.
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Fig. 3. Detection of the direct interactions between CPSII, ATC, and DHO In panel A, the bacterial lysates expressing CPSII together with ATC (lane 1) or DHO (lane 2) were
immunoprecipitated using antibodies specific to the respective enzyme and probed using the CPSII-specific antibody (left). Alternatively, the bacterial extracts (E) expressing
CPSII plus ATC or CPSII plus DHO were immunoprecipitated using the CPSII-specific antibody (S) and reacted with the antibody for ATC (middle) or DHO (right). In panel B, the
bacterial extracts expressing ATC and DHO were immunoprecipitated using the antibody (S) for DHO (left) or ATC (right) and probed using the antibody for the counterpart
enzymes. The immunoprecipitates in the absence of antibody (N) were loaded as a negative control. An arrowhead indicates the respective target band.
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Since the de novo pyrimidine biosynthetic pathway is a potential
primary target of chemotherapy [17,18], our findings may acceler-
ate strategic approaches against trypanosomatid diseases based on
SBDD that target the intermolecular interactions of the first 3
enzymes. Further analyses, including crystallography, are necessary
to understand the molecular basis of the tri-enzyme complex.
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