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Carbamoyl phosphate synthetase (CPS) is an ancient protein. In mammals it intervenes in the urea cycle.
This enzyme is organized into six domains, three of which have no established role in the mammalian
enzyme. Taking advantage of the high degree of conservation between the human and the Escherichia coli
homologue a comparative study was carried out in order to infer about the biological role of these less
characterized domains. We show that among the residues involved in the maintenance of quaternary
structure of the E. coli enzyme, several are highly conserved between human and bacterial enzyme
and match the homologous positions of the ‘‘unknown function’’ domains in human enzyme, suggesting
they are involved in the structural stability of the human enzyme as they are in bacteria.

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

Urea cycle disorders result from the impairment of this cycle at
any point and the clarification of the functional effect of each
genetic variant, individually or in combination, is relevant to estab-
lish phenotype–genotype relationships. In the case of ornithine
transcarbamylase deficiency (OMIM 311250), the most common
urea cycle defect [1], the structural effect of amino acid replace-
ments may be assessed using the human enzyme structure [2].
However, for carbamoyl phosphate synthetase I (hsCPS) deficiency
(OMIM 237300), no complete crystal structure for the human
enzyme has been determined so far, hindering the analysis of
the structural impact of genetic variants. In opposition, for the
Escherichia coli enzyme (eCPS) a complete crystal structure has
been determined and published [3]. The eCPS is encoded by two
distinct genes, carA and carB [4] which encode the a-subunit
(�42 kDa) and the b-subunit (�118 kDa), respectively that assem-
ble into a a/b heterodimer [3] (Fig. 1A). On the other hand the
hsCPS is encoded by a single gene and consequently is a monomer;
this alternative structural organization resulted from an ancient
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gene fusion event [5] (Fig. 1A). Sequence comparison between
hsCPS and eCPS reveals a high degree of sequence conservation
and similar domain organization [6] though no particular function
has been recognized for three of the matching domains in the
human enzyme. In this study, comparative analyses combined
with structural information were used to understand the role of
these three domains in the maintenance of the predicted ternary
structure of the human enzyme. By comparative analysis we
observed that the hsCPS unknown function domains are spatially
located in a region that corresponds to the a/b subunits interface
in eCPS. Our data strongly suggests that these unknown function
domains are essentially involved in the preservation of the correct
tertiary structure of the hsCPS monomer and that genetic variants
allocated to these domains may impact enzyme structure and
function.
2. Materials and methods

2.1. Conservation analysis and homology modelling

Amino acid sequences for the human (P31327) and bacte-
rial CPS (P0A6F1 and P00968) were aligned using the Clu-
stalW2 [7]. Conservation analysis and identification of the
biologically important residues in hsCPS was performed using
the ConSurf server [8]. This analysis was performed using 293
unique sequences resulting from the PSI-BLAST search and
conservation scores calculated Bayesian method and the JTT
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Fig. 1. (A) Schematic representation of the evolutionary history of the CPS1 gene. (B) Schematic representation of domain organization using the domain limits previously
reported [3]. Percentage of sequence pairwise identity held between human and bacterial homologous domains is shown above the corresponding boxes. (C) Localization in
the eCPS structure (1JDB) of the ‘‘unknown function domain’’ (1–153a.a) in red and the oligomerization domain (403–553a.a) in blue, in light grey correspondes to the eCPS a-
subunit in dark grey eCPS b-subunit. (D) a/b interacting pairs reported in eCPS and corresponding homologous residues in human CPSI. (E) b/b subunit interacting residue
pairs reported in eCPS [3] and corresponding homologous residues in human CPSI. All conserved residues between the human and the bacterial enzyme are shown in bold.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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model for substitution in proteins. Crystal structure of the
eCPS [3] (1JDB) was used as a template to model the human
CPS1 structure using the Modeller algorithm [9] following pre-
vious reported methodology [10].
3. Results and discussion

The E. coli CPS is composed of six major structural and functional
domains: unknown function (1–153a.a); amidotransferase domain
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(153–382a.a); carboxyphosphate synthetic component (1–402a.a);
oligomerization domain (403–553a.a); carbamoyl phosphate
synthetic component (553–936a.a) and the allosteric domain
(936–1076a.a), where the activator IMP (inosine 50monophosphate)
binds to the enzyme [3] (Fig. 1B).

Currently there is no specific function attributed to three of the
hsCPS domains [6] (Fig. 1B). The first unknown function domain
ranges from residues 38 to 196. The second unknown domain is
located from residue 196 to 406 and corresponds to the ancestral
amidotransferase domain in eCPS, which is inactive in the human
enzyme as the primary nitrogen source for the hsCPS is ammonia
while eCPS is able to uptake glutamine which is then processed
it in the amidotransferase domain. The third domain with
unknown function is located within residues 821–973 and is
homologous to the oligomerization domain of eCPS.

The alignment between eCPS and hsCPS confirmed an overall
pairwise identity of about 40% and such degree of conservation is
within the threshold of sequence similarity satisfactory for struc-
tural homology deductions [11], therefore these values allow us
to safely proceed towards homology modeling with a high degree
of confidence.

The ancestral gene fusion of eukaryotic CPS (Fig. 1A) resulted in
a fraction of residues from the unknown function domains in hsCPS
to be buried within the monomer corresponding to the prokaryotic
a/b heterodimer interface (Fig. 1C). Other residues are expected be
Fig. 2. (A) Cross-species conservation scores obtained in ConSurf in human CPSI. Conserv
9, highly conserved). (B) Conservation score (Sc) of CPS residues predicted to mediate
established by the highly conserved residues Arg116, Arg389 and Asn62 in the a/b interf
and Asn103) in the human modeled CPSI. The E. coli Arg116 is conserved in human CPSI a
Arg389 is conserved in human CPSI as are three neighboring residues (Asp352, Glu393 an
human enzyme as well as two (Trp461 and Gln254) of the three interacting partners.
located on the enzyme surface corresponding to the b/b dimer
interface of the bacterial enzyme. In the eCPS a total of 23 residues
of the b-subunit mediate contacts with 25 residues of the a-sub-
unit in the a/b heterodimer interface region [3] (Fig. 1D, left col-
umn). The corresponding homologous residues were identified in
human CPSI by pairwise sequence alignment with the bacterial en-
zyme (Fig. 1D, right column). Of these, 11 interacting pairs were
found to be invariant between both enzymes (Gln670–Asn103;
Arg681–Asp386; Glu763–Asn319; Ser765–Thr75; Arg803–Arg167;
Arg803–Thr166; Trp876–Asn103; Lys942–Asp165; Asp945–Arg167;
Ala949–Arg174; and Glu966–Arg167, human coordinates). In addition,
the conservation score of these residues was estimated in the
ConSurf analysis and the results revealed a high degree of conser-
vation among the 293 homologues compared, suggesting a rele-
vant structural role (Fig. 2A). Three of the residues with the
highest conservation score, Asn103, Arg167 and Arg803, interact with
more than one partner in a complex network of bonds (Fig. 2B),
and their replacement is expected to be deleterious as previously
reported such as the disease-associated Arg803Gly substitution
[12]. These observations allude to the possibility that some resi-
dues identified in the human protein as belonging to the unknown
function domains have, in fact, a functional role, possibly contrib-
uting to a correct fold and stability. In contrast, residues matching
the b/b interface region of the E. coli enzyme are less conserved be-
tween bacteria and humans (Fig. 1E and 2B). This is in agreement
ation score of residues buried within the human CPS monomer (Sc 1, less conserved;
monomer-monomer interactions. (C) On the left, detailed view of bond network

ace of the eCPS (1JDB) and the corresponding homologous residues (Arg167, Arg803
s well as most of the neighboring residues (Asp530, Asp353, and Glu552). The E. coli
d Glu548) with which Arg389 interacts directly. The E. coli Asn62 is conserved in the
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with the observation that protein–protein interfaces are frequently
less conserved than other structural segments, challenging the at-
tempt to establish a conservation profile derived from the conser-
vation pattern alone [13,14]. Therefore it is possible that distinct
monomer–monomer interface solutions may have arisen in dis-
tinct phylogenetic groups during the evolution of the enzyme, an
interesting possibility which waits the determination of the qua-
ternary structure of the human enzyme. As a final remark, the high
degree of conservation presented between the human and bacte-
rial CPS allowed the identification of highly conserved residues in
the hsCPS and the prediction of a functional role for these residues.

In light of the present findings we propose to term the unknown
function domains as ‘‘structural domain I, II and III,’’ respectively
and anticipate that further experimental confirmation by the
resolution of the complete structure of the human CPS will support
this hypothesis. Nevertheless, additional functions may also be
allocated to these unknown function domains. We assume that a
better understanding of the protein structure will assist pheno-
type–genotype relationships whenever the disease-associated
mutations occur within these unknown function domains such as
the previously reported mutations Asn674Ile [15], Arg803Gly
[12] and Ala949Thr and Asp165Gly [16].
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