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Abstract. Forty-four sequences of ornithine carbamo-
yltransferases (OTCases) and 33 sequences of aspartate
carbamoyltransferases (ATCases) representing the three
domains of life were multiply aligned and a phylogenetic
tree was inferred from this multiple alignment. The glob-
al topology of the composite rooted tree (each enzyme
family being used as an outgroup to root the other one)
suggests that present-day genes are derived from paralo-
gous ancestral genes which were already of the same size
and argues against a mechanism of fusion of independent
modules. A closer observation of the detailed topology
shows that this tree could not be used to assess the actual
order of organismal descent. Indeed, this tree displays a
complex topology for many prokaryotic sequences, with
polyphyly for Bacteria in both enzyme trees and for the
Archaea in the OTCase tree. Moreover, representatives
of the two prokaryotic Domains are found to be inter-
spersed in various combinations in both enzyme trees.

This complexity may be explained by assuming the oc-
currence of two subfamilies in the OTCase tree (OTCa
and OTCb) and two other ones in the ATCase tree (ATC
I and ATC II). These subfamilies could have arisen from
duplication and selective losses of some differentiated
copies during the successive speciations. We suggest that
Archaea and Eukaryotes share a common ancestor in
which the ancestral copies giving the present-day ATC
II/OTC b combinations were present, whereas Bacteria
comprise two classes: one containing the ATC II/OTCa
combination and the other harboring the ATC I/OTCb
combination. Moreover, multiple horizontal gene trans-
fers could have occurred rather recently amongst pro-
karyotes. Whichever the actual history of carbamoyl-
transferases, our data suggest that the last common
ancestor to all extant life possessed differentiated copies
of genes coding for both carbamoyltransferases, indicat-
ing it as a rather sophisticated organism.
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Introduction

During the last 15 years, several important data have
been gathered on the putative evolutionary history of two
essential enzymes, ornithine carbamoyltransferase
(OTCase; EC 2.1.3.3) and aspartate carbamoyltransfer-
ase (ATCase; EC 2.1.3.2). Sequence analysis and other
properties strongly suggest that these carbamoyltransfer-
ases are the products of paralogous (Fitch 1970) genes,
as follows.

Ubiquity and Functional Similarities

OTCases and ATCases, which are found in many bacte-
ria and eukaryotes (see Cunin et al. 1986; Davis et al.
1986), as well as in archaea (Meile and Leisinger 1984;
van de Casteele et al. 1990, 1997; Ruepp et al. 1995;
Legrain et al. 1995; Purcarea et al. 1994, 1997; Roovers
et al. 1997), catalyze analogous reactions. ATCase cata-
lyzes the reaction between carbamoyl phosphate and as-
partate that initiates the pathway for pyrimidine biosyn-
thesis. OTCase serves two functions in arginine
metabolism. (1) In arginine biosynthesis, it catalyzes the
transfer of the carbamoyl moiety of carbamoyl phosphate
to the 5-amino group of ornithine, thereby forming ci-
trulline. In at least one case, that ofEscherichia coliK12,
there are two anabolic OTCases. The ArgF and ArgI
proteins form true isoenzymes (Legrain et al. 1972) and
are highly similar [86% identical amino acids (Van Vliet
et al. 1988)]. TheArgF gene may have been acquired by
lateral transfer, since it is flanked by two IS1 elements
and both its GC content and its codon usage are not
typical of E. coli (for a detailed commentary, see Van
Vliet et al. 1988). (2) The arginine deiminase pathway of
arginine catabolism, comprising arginine deiminase,
OTCase, and carbamate kinase, is widely distributed
among prokaryotic organisms (Cunin et al. 1986) but has
not been found in eukaryotes, except for protozoan para-
sites, Trichomonas vaginalisand Giardia intestinalis
(Linstead and Cranshaw 1983; Schofield et al. 1992), a
feature that might support the organisms’ position as a
transition between prokaryotes and eukaryotes (Knodler
et al. 1995). (3) In several cases (for instance, inPseu-
domonas aeruginosa), two genes have been found to
encode for a catabolic OTCase (thearcB gene) and an
anabolic one (theargF gene), respectively. Remarkably,
immunological studies have shown that the catabolic
OTCase fromP. aeruginosashares common antigenic
determinants with the anabolic ones from other bacterial
species (especially enterobacteria) but not with the ana-
bolic enzyme of the same species (Falmagne et al. 1985).
This evidence and later sequence data suggested that
anabolic enterobacterial OTCases, including the ArgF
protein, descend from a catabolic OTCase, possibly re-
lated to that ofAeromonas(see Van Vliet et al. 1988). It
appears that only a small number of mutations are
needed to transform an allosteric catabolic OTCase into

a nonallosteric, anabolic counterpart, or vice versa (Baur
et al. 1990; Kuo et al. 1989).

Sequence Similarities

Both carbamoyltransferases, which are multimeric pro-
teins, share a common functional domain, the carbamoyl
phosphate binding domain (Wild and Wales 1990). This
carbamoyl phosphate binding domain (N-terminal moi-
ety) displays significant proportions of identical or simi-
lar residues for both carbamoyltransferases. In the C-
terminal moiety, responsible for the binding of the amino
acid substrate, the primary sequences are more divergent
but significant conservation could be found at the level
of secondary structures (Houghton et al. 1984; van Vliet
et al. 1984). The actual structural similarity of the two
carbamoyltransferases was recently confirmed by the
three-dimensional analysis of the catabolic OTCase of
Pseudomonas aeruginosa(the arcB gene) and compari-
son of its globular structure to that of the ATCase from
E. coli (Villeret et al. 1995).

The evidence summarized above suggests that car-
bamoyltransferases arose by duplication of an ancestral
gene. However, until recently, only bacterial and eukary-
otic ATCase sequences and only one archaeal OTCase
(Ruepp et al. 1995) had been reported. A critical testing
of the paralogy issue now seems possible, with the char-
acterization of two ATCases and one OTCase from ther-
mophilic archaea by members of our group (see Table 1)
and the sequencing of theMethanococcus jannaschiige-
nome (Bult et al. 1996). Besides, several new bacterial
sequences have been included, mostly from extremo-
philic carbamoyltransferases studied in our group (see
Table 1).

We decided to use the now considerably expanded
collection of sequence data, consisting of 33 OTCases
and 31 ATCases, to reconstruct their respective gene
trees, using one gene tree to root the other one. The
comparison of paralogous proteins already present in the
last common ancestor to the three domains of life
(Woese et al. 1990) can be used to infer the actual order
of organismal descent in cellular evolution (see, e.g.,
Gogarten et al. 1989; Iwabe et al. 1989; Benachenhou-
Lahfa et al. 1993; Brown et al. 1994; Brown and
Doolittle 1995). In the present paper, we further show
that such paralogous proteins could be useful to recon-
struct not only the early evolutionary history of genes
present in the last university common ancestor but also
very ancient events which may have occurred before the
emergence of this last universal common ancestor.

Materials and Methods

DataBank Retrieval and Multiple Sequence Alignments

Newly determined sequences (Table 1) were used as queries to retrieve
all the other sequences of OTCases and ATCases present in the data-
bases using the Blastp and Fasta programs.
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Preliminary multiple alignments of the amino acid sequences were
generated using the Clustal W program (Thompson et al. 1994) and the
program AllAll, which is part of an interactive search system, the
so-called DARWIN (Data Analysis and Retrieval With Indexed
Nucleotide/Peptide Sequences) system available, at the Computational
Biochemistry Research Group server at the ETH, Zurich, Switzerland
(Gonnet et al. 1992). The crude multiple alignment obtained by the two
automatic methods were manually optimized by reference to known
tertiary structural data (Ke et al. 1984; Stevens et al. 1991; Villeret et
al. 1995) using two biological sequence editors (SeqApp 1.9a and
SeqPup 0.6f) developed by Don Gilbert (Biocomputing Office, Biology
Department, Indiana University, Bloomington, IN 47405, USA).

Construction of Phylogenetic Trees

Two approaches were used to derive phylogenetic trees from the mul-
tiple alignment of the 64 sequences of OTCases and ATCases.

In the AllAll program, the sequences to be multiply aligned are
organized as sets of evolutionarily connected components which are
characterized by an evolutionary distance measured in PAM units. The
PAM distance—the number of accepted point mutations per 100 resi-
dues separating two sequences—is based on (1) a mutation data matrix
normalized to a distance of 250 PAM and recomputed for each new set
of sequences and (2) a gap penality which is itself dependent on the
PAM distance intrinsic to the set of sequences studied. The trees ob-
tained using this program are based on the estimated PAM distances
between each pair of sequences and the deduced evolutionary distance
computed using a least-squares approach is weighted by computing the
variance of the respective distance. Therefore, these distance trees are
approximations to maximum-likelihood trees [see Gonnet et al. (1992)
for additional details on the method and the booklet available at the
Internet address http://cbrg.inf.ethz.ch/ServerBooklet, especially the
subsection 2-3-5-1].

In the second approach, the multiple alignment obtained after
manual improvement was used to implement more classical phyloge-
netic inference programs, using either maximum-parsimony or distance
methods. The programs PROTPARS, FITCH, and NEIGHBOR from
the PHYLIP package [version 3.55c (Felsenstein 1993)] were used.
Moreover, the programs SEQBOOT, PROTPARS, and CONSENSE
and the programs SEQBOOT, FITCH or NEIGHBOR, and CON-
SENSE were successively used to derive confidence limits, estimated
by 100 bootstrap replicates, for each node in the maximum parsimony
and distance tree, respectively. We further used a PAUP program [ver-
sion 3.1.1 (Swofford 1993)] using the bootstrap method (heuristic
search option, seed4 1) to analyze 500 replicates of smaller sets.

Results

Collecting Sequences of OTCase and
ATCase Carbamoyltransferases

Table 1 reports a list of recently (November 1997) de-
termined OTCase and ATCase genes sequences from
different extremophilic prokaryotes (described in detail
elsewhere). The predicted amino acid sequences dis-
played significant levels of identity with the complete
sequences of the corresponding enzymes presently avail-
able in the databanks and also with the N-half of
the other available carbamoyltransferases. This con-
firmed that the similarities between the OTCases and the
ATCases are confined predominantly to the N-terminal
half and, also, to the extreme C terminus of the molecule
[Helix 12 (Honzatko et al. 1982)] corresponding to the
carbamoyl phosphate binding domain, but that a large
portion of the C-terminal half required for binding either
ornithine or aspartate has diverged rather strongly.

Using this homology search we harvested 64 se-
quences of carbamoyltransferases corresponding to 33
OTCases and 31 ATCases (including our newly deter-
mined sequences). From the nearly identical seven se-
quences of OTCase fromNeisseriaspp., we used that of
Neisseria gonorrhoeae.Surprisingly, there was no puta-
tive homologue of an ATCase-encoding gene in the com-
pletely determined sequence of theHaemophilus influ-
enzae(strain Rd KW20) genome (Fleischman et al.
1995). We have checked this point using different ap-
proaches directly on the entireH. influenzaesequence
(available on the Web server of The Institute of Genetic
Research), but we could detect only faint similarities
besides the putative homologue for an OTCase-encoding
gene (calledarcB-B). More recently, we obtained the
same result with the complete sequence ofMycoplasma
pneumoniae.A common feature ofH. influenzaeandM.
pneumoniaeis their parasitic lifestyle. It will be interest-

Table 1. Sequences of extremophilic carbamoyltransferases recently determined in our laboratories

Enzyme Species Domaina Source(s) Accession No.

Ornithine
carbamoyltransferase (OTCase) Pyrococcus furiosus A Roovers et al. (1997) X99225

Thermotoga maritima B M. Van de Casteele Y10661
Thermus thermophilus B Sanchez et al. (1997) Y10266
Vibrio species 2693 B Z. Liang Y11033

Asparate
carbamoyltransferase (ATCase) Pyrococcus abyssi A Purcarea et al. (1997) U61765

Sulfolobus solfataricus A V. Durbecq, D. Charlier X99872
Thermotoga maritima B C. Pingguo, M. Van de Casteele Y10300
Thermus aquaticus B Van de Casteele et al. 1997 Y09536

Vibrio species 2693 B
M. Van de Casteele, Z. Yuan-Fu,

Y. Xu, Z. Liang Y09786

a A, domain of Archaea; B, domain of Bacteria.
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ing to see if other parasites are devoid of ATCase when
more whole-genome sequences appear. (In the case ofM.
genitalium,both carbamoyltransferases were apparently
absent.)

Establishing a Multiple Alignment

The 64 available sequences of OTCases and ATCases
were further aligned, using two automatic procedures.
Both the AllAll program and the Clustal W algorithm
gave similar outputs, where the alignments were satis-
factory for the N-halves but ambiguous for the C-halves.
We tried to improve this multiple alignment by hand
after visual examination relying mainly on the secondary
structures. Indeed, the crystal structures of two ATCases,
E. coli (Ke et al. 1984) andB. subtilis (Stevens et al.
1991) and the catabolic OTCase fromP. aeruginosa
(Villeret et al. 1995) have been determined. Their com-
parison showed that the respective positions ofa-helices
and b-strands are highly conserved in both carbamoyl-
transferases (see, e.g., Villeret et al. 1995). Therefore,
starting from the experimentally determined secondary
structures, we have been able to adjust progressively the
alignment of all the diverged sequences, using as a guide
the respective positions of thea-helices andb-sheets
found in ATCases and OTCases. Moreover, a close scru-
tiny of all the alignments displayed in the Fasta and Blast
outputs revealed that several sequences of OTCases and
ATCases have maintained significant local identity in
several amino acid blocks within their substrate-binding
domain. This was the case, the example, for the ATCase
from Pyrococcus abyssi,which displays in its C-half
enough similarities to allow it to align along almost the
entire sequence of the OTCase fromB. subtilis.Using
this approach, we could progressively realign all the se-
quences, including those which have diverged too far to
be recognized by the similarity search programs. A par-
tial view of this complete multiple alignment is shown in
Fig. 1, where the species displaying both carbamoyl-
transferases plus our new sequences are exhibited. The
complete alignment of the 64 sequences may be obtained
by e-mail (labedan@igmors.u-psud.fr).

Constructing a Phylogenetic Tree

Two independent approaches were used to reconstruct a
composite phylogenetic tree for all carbamoyltransfer-
ases. (1) The whole set of 64 sequences was used to
implement the AllAll program (Gonnet et al. 1992) to
obtain directly a rooted tree. (2) The reconstructed mul-
tiple alignment, taken as a whole, with the exception of
a few regions corresponding to large gaps in a majority
of sequences (e.g., positions 131–141, 170–176, and
311–328 in Fig. 1), was used to implement different
programs from the PHYLIP package and also the maxi-
mum-parsimony program PAUP (Swofford 1993).

Figure 2 shows the obtained composite tree, where
each paralogous enzyme is used as an outgroup to root
the tree of the other one. This tree displays the following
features:

General Topology.The same topology was obtained
irrespective of the tree-making algorithm. This topology
did not change when only the carbamoyl phosphate bind-
ing domains (positions 1 to 170 plus positions 355 to the
end) were used instead of the complete sequences. The
substrate binding domains (positions 171 to 354) also
gave a similar topology except for the branching of sev-
eral prokaryotic sequences in the OTCase tree (see be-
low). The addition or deletion of various sequences did
not substantially affect the global topology. Therefore,
this tree appears to be fairly robust.

Characterization of Subfamilies.Although robust, the
topology appears rather complex for each gene family.
Putative subfamilies within each of the two protein sets
were identified by searching for unique signature se-
quences. This led to the identification of two ATCase
and two OTCase subfamilies.

(a) The ATC I subfamily corresponds to the proteins
from the generaBacillus, Lactobacillus,andPseudomo-
nas and from the speciesMycobacterium tuberculosis,
Synechocystissp., andThermus aquaticusZO5 (only
Bacteria up to now). The ATCase II subfamily, compris-
ing all the other sequences, spans all three domains of
life. If we exclude theDrosophila sequence, which in
many places seems dubious, these two ATCase subfami-
lies display signatures at positions 106, 198, 199, 210,
266, 268, 301, 317, 342, 345, and 350 (106, 197, 198,
209, 260, 262, 294, 311, 330, 333, and 338, respectively,
in Fig. 1) of the multiple alignment. Moreover, slightly
degenerated signatures appear at positions 202, 315, and
344 (201, 309, and 332, respectively, in Fig. 1).

(b) As shown in Fig. 2, the OTCa subfamily corre-
sponds to the proteins from various bacteria fromE. coli
to Thermotoga maritimaand OTCb contains the other
prokaryotic enzymes including the archaeal ones, that
encoded by the chloroplast fromPisum sativum,and the
eukaryotic sequences. These two subfamilies display sig-
natures at positions 116, 156, 290, and 345 (116, 156,
283, and 338, respectively, in Fig. 1). Moreover, slightly
degenerated signatures (whereT. maritima is grouped
with the other family) appear at positions 30, 49, and 346
(30, 49, and 334, respectively, in Fig. 1).

Location of the Species in Each Enzyme Tree.Each
protein tree can, in principle, be rooted by its paralogous
one. However, several features found in each tree make
it impossible at this stage to interpret them as species
trees and to use them to infer the actual order of organ-
ismal descent in cellular evolution.

(a) In the ATCase tree, bacteria appear clearly poly-
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phyletic since they are found in both subfamilies. In ATC
II subfamily, bacteria still appear polyphyletic, with an
unexpected, paraphyletic grouping of the evolutionarily
distantly related bacteriaTreponema denticolaand T.
maritima. Interestingly, this grouping is also reflected at
the level of the tertiary structure: in both organisms the
gene encoding ATCase has been found to be a fusion
product between a proximal part homologous to the gene
for the basic catalytic monomer (pyrB in E. coli) and a
distal part bearing a strong similarity to the gene encod-
ing the regulatory subunit (pyrI), also found in entero-
bacteria and the archaeaSulfolobus solfataricus, Py.
abyssi,andM. jannaschii(Van de Casteele et al. 1994,
1997). These archaea,Py. abyssi, M. jannaschii,andS.
solfataricus, form a monophyletic group and share a
common node with all the eukaryotes. This cluster ar-
chaea/eukaryotes is generally found branching with the
enterobacteria. However, this topology (which is remi-
niscent of the 16S RNA tree topology) is not strongly
supported by the bootstrap value attached to the node
common to archaea and eukaryotes.

(b) The OTCase tree appears to be even more prob-
lematic. Indeed, the subfamily OTCb contains the three
available archaeal sequences, but they are both polyphy-
letic and interspersed within various bacteria which are
themselves polyphyletic. The hyperthermophilicPy. fu-
riosus shares a common node withB. subtilis,and this
pair is paraphyletic toM. jannaschii.The extreme halo-
phile Halobacterium salinariumis unexpectedly close to
the sequence from thePisum sativumchloroplast and this
pair shares a common ancestor with two extremophilic
bacteria, the psychrophileVibrio sp. and the thermophile
Th. thermophilus.However, it must be emphasized that
several nodes of this particular cluster have low boot-
strap values and that the OCTb subfamily is the unique
portion of the tree, whose topology changes when only
the substrate-binding domain of both carbamoyltransfer-
ases is used to reconstruct a tree.

(c) A striking feature appears when comparing the
relative positions of prokaryotes in the OTCase and AT-
Case trees. For example, a similar sampling of bacteria is
found in both the ATC I and the OTCb subfamilies,

Fig. 2. A composite phylogenetic tree for ornithine and aspartate
carbamoyltransferases. The multiple alignment was used to reconstruct
a tree using the maximum-parsimony method. Each enzyme tree was
rooted by its paralogous one. The branch lengths (computed using the
PAUP program) are drawn to scale:thick lines,prokaryotes;thin lines,
eukaryotes. Extremophiles are indicated by anasterisk next to the
species name (which isframedin the case of Archaea). In the OTCase
tree, the enzymes which arenot anabolic are indicated by either a C

(catabolic) or a U (unknown). Each node was tested using the bootstrap
approach and its strength, given as its percentage presence in the output
of 100 random trees, is shown asboldface numbersnext to each in-
ternal node. The bootstrap values were determined using the maximum-
parsimony (PROTPARS) method. Slightly different values were ob-
tained when using the distance (e.g., NEIGHBOR) method (may be
obtained by e-mail: labedan@igmors.u-psud.fr).
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such asB. subtilis, Pseudomonas, Mycobacterium,and
Thermusspecies. Likewise, comparison of the ATC II
and OTCa subfamilies shows common species such as
T. maritimaand enterobacteria. It therefore appears puz-
zling that archaea have opposite positions in the two
trees. In the case of the ATCase tree, they group with
enterobacteria and appear very distant fromB. subtilis
and other bacteria belonging to the ATC I subfamily. On
the contrary, in the OTCase tree, they cluster withB.
subtilis and appear very distant fromE. coli and other
bacteria belonging to the OTCa subfamily. This
strongly suggests that successive duplications have oc-
curred and that the ancestors of these subfamilies kept
only one copy of the duplicated genes (see Fig. 3 and
Discussion).

(d) Another level of complexity shows up when we
take into account the metabolic properties of prokaryotic

OTCases. The catabolic OTCase fromP. aeruginosa(the
arcB gene) shares a most recent common ancestor with
several anabolic ones inside the subfamily OTCa, but
appears very distant from the anabolic one (theargF
gene) of the same species, which belongs to subfamily
OTC b. Note that the position of this catabolic OTCase
is very coherent with previous immunological and struc-
tural studies (Falmagne et al. 1985; Villeret et al. 1995).
This could be due to a recent event which changed the
metabolic properties independently of the history of each
protein.

Discussion

The description of many new sequences of OTCases and
ATCases, belonging to various organisms from bacteria

Fig. 3. A possible scenario for the evolu-
tionary history of carbamoyltransferases.
The putative successive events of gene du-
plication leading to the presence of two an-
cestral ATCases and two ancestral OTCases
in the last universal common ancestor are
schematized(top) as the simplest explana-
tion for the sampling of both carbamoyl-
transferases in present-day species(bottom).
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to humans, strongly supports previous observations
which suggested that these two carbamoyltransferases
are ancestrally related entities (see the Introduction).
This emerges very clearly from the multiple alignment of
the presently available 33 OTCases and 31 ATCases. All
these sequences show significant sequence similarities.
Some of the blocks of similarities are specific to one
family but others appear to be common to both families,
helping to anchor the multiple alignment. These similar-
ity data, now extended to the three domains of life (Bac-
teria, Archaea, and Eucarya), strongly suggest that AT-
Cases and OTCases are encoded by paralogous genes
descending from one ancestral gene which had already
duplicated in one of the common ancestors to all present-
day organisms. This gene may have coded for an ances-
tral carbamoyltransferase displaying substrate ambiguity
(Jensen 1976) and each of the copies would have di-
verged subsequently to become the ancestors of two
more specific carbamoyltransferases which have further
evolved by speciation to give the present-day proteins
(Fig. 3).

This ancestral paralogy was confirmed when the mul-
tiple alignment of the 64 sequences of both OTCases and
ATCases was used to reconstruct a phylogenetic tree (see
Fig. 2). Indeed, the two enzymes clearly form two inter-
connected trees corresponding to each protein. Although
several of the nodes have low bootstrap values, this tree
topology seems rather robust since it was consistently
obtained using entirely different methods (maximum
parsimony or distance or approximation to maximum
likelihood) and since it did not change substantially
when adding or subtracting various sequences. More-
over, the same tree was obtained when using partial se-
quences (conserved residues of the carbamoylphosphate
binding domain) instead of complete ones (thus includ-
ing the more divergent residues of the substrate binding
domain). This strongly supports the notion that the
present-day genes derive from ancestral ones which al-
ready had the same size rather than from the fusion of
independent modules leading to specialized carbamoyl-
transferases.

Therefore, it would seem reasonable to use each tree,
rooted by the outgroup made of the paralogous carbamo-
yltransferase and containing representatives of the three
domains of life, as species trees to challenge the topology
of the universal tree of life. However, a close inspection
showed that these gene trees exhibit features (polyphyly
of Bacteria and of Archaea) which render them unsuit-
able as phylogenetic probes to infer organismal trees.

The polyphyly of Bacteria (in both trees) and of Ar-
chaea (in the OTCase tree) as well as the differences in
the respective positions of Archaea and Bacteria in AT-
Case and OTCase trees, may be interpreted in two ways.

(i) Secondary duplications of the ancestral paralogous
genes occurred before the divergence of Bacteria and
Archaea, leading to an ancestor cell containing two genes

coding for aspartate carbamoyltransferase and two genes
coding for ornithine carbamoyltransferase (Fig. 3). Let
us call these genesatc1, atc2, otca, and otcb, respec-
tively. The history of present-day species for which we
know both carbamoyltransferase sequences would be as
follows. One of the last ancestors to Archaea and Eukary-
otes would have kept only the copiesatc2andotcb. One
single event is sufficient to explain this choice, and this
would correspond with current views according to which
Archaea and Eukaryotes would have had a time interval
of their evolutionary history in common. In the case of
Bacteria, the situation appears more complex since we
have two categories, one having the pairatc2 andotca
(example:E. coli) and the other having the pairatc1and
otcb (example:B. subtilis). Such a phenomenon of sec-
ondary paralogy followed by the specific loss of one
copy at different moments of their evolutionary history
could explain the unexpected associations of unrelated
prokaryotic species (Fig. 3).

(ii) The differences in the respective positions of ar-
chaea and bacteria in the ATCase and OTCase trees
could alternatively be explained by some mechanism of
horizontal transfer. Such an event appears to have oc-
curred recently in the case ofE. coli K12, which harbors
two genes coding for ornithine carbamoyltransferase [see
Van Vliet et al. (1988) for a detailed discussion]. Such a
mechanism of horizontal transfer could also explain two
features of the OTCase tree: the unexpected association
of the halophileH. salinariumwith thePi. sativumchlo-
roplast (presumably of bacterial descent) and the appar-
ent mixture of catabolic (indicated by C in Fig. 2) and
anabolic enzymes. From the mutagenesis experiments
referred to in the Introduction, the conversion of regu-
lated catabolic OTCases into Michaelian anabolic ones,
or vice versa, appears to require very few mutations.
Horizontal transfer followed by divergence could there-
fore have occurred recently and this functional difference
may have been acquired independently in several organ-
isms, after the divergence of the new species. Besides,
for those catabolic OTCases which are not allosteric, the
question of metabolic specialization arises not at the
level of structure–function relationships but at the level
of transcriptional regulation.

Finally, it must be considered that mutational satura-
tion (Meyer et al. 1986) at some sites could contribute to
hindering the analysis of the early steps in the evolution-
ary history of these enzymes. Nevertheless, our data
clearly indicate that the last common ancestor to all ex-
tant life had genes coding for the key enzymes ATCase
and OTCase and even strongly suggest that this universal
ancestor had two differentiated copies of each gene cod-
ing for these carbamoyltransferases (Fig. 3). Even if we
do not know how refined these ancestral enzymes were,
our data support the hypothesis (see, e.g., Forterre et al.
1993) that this universal ancestor must have been a rather
sophisticated organism already, possibly endowed with a
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Fig. 4. An updated (15 March 1999) tree. The newly appeared se-
quences of ATCases and OTCases have been added to our multiple
alignment. The obtained new alignment has been used to build a tree
using the DARWIN method (see Materials and Methods). In this rooted
distance tree each subfamily (ATC I, ATC II, OTCa and OTCb) has

been indicated using thick frames. The branch lengths are drawn to
scale: thick lines, prokaryotes;thin lines, eukaryotes. Archaeal se-
quences are underlined and bacterial sequences are in italics. As in Fig.
2, extremophiles are indicated by anasterisknext to the species name.
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fair amount of genetic redundancy. At any rate, the data
suggest that the primary duplication having produced the
two differentiated genes from an ancestral, substrate-
ambiguous carbamoyltransferase was already an ancient
event in the evolution of the universal ancestor (Fig. 3).

No data are presently available on putrescine car-
bamoyltransferase. Yet considering, on the one hand, the
chemical relatedness between ornithine and putrescine
and, on the other hand, the basic and therefore probably
primeval functions of polyamines, it would be interesting
to see which genealogical pattern would emerge from the
comparison between ornithine and putrescine carbamo-
yltransferases and to compare the results of such an
analysis with the present one.

Since this paper, which was accepted for publication
over 1 year ago, had its publication unexpectedly delayed
for “unwanted” reasons, we have found it necessary to
update our results at the present date (15 March 1999).
Accordingly, we have added to our multiple alignment
the new sequences of carbamoyltransferases which have
appeared recently in the different databases. The new
tree made from this updated alignment of 77 sequences
(33 ATCases and 44 OTCases) was found to confirm all
our previous conclusions. It appears that the tree topol-
ogy shown in Fig. 4 is in agreement with that shown in
Fig. 2 and thus supports our working hypothesis (see
above) summarized in Fig. 3. More information can be
obtained by e-mail: labedan@igmors.u-psud.fr.
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