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Abstract. The sixth and eighth steps of histidine
biosynthesis are catalyzed by an imidazole glycerol-
phosphate (IGP) dehydratase (EC 4.2.1.19) and by
a histidinol-phosphate (HOL-P) phosphatase (EC
3.1.3.15), respectively. In the enterobacteria, in
Campylobacter jejuni and in Xylella) Xanthomonas the
two activities are associated with a single bifunctional
polypeptide encoded by hisB. On the other hand, in
Archaea, Eucarya, and most Bacteria the two activ-
ities are encoded by two separate genes. In this work
we report a comparative analysis of the amino acid
sequence of all the available HisB proteins, which
allowed us to depict a likely evolutionary pathway
leading to the present-day bifunctional hisB gene.
According to the model that we propose, the
bifunctional hisB gene is the result of a fusion event
between two independent cistrons joined by domain-
shuffling. The fusion event occurred recently in evo-
lution, very likely in the proteobacterial lineage after
the separation of the y- and the B-subdivisions. Data
obtained in this work established that a paralogous
duplication event of an ancestral DDDD phospha-
tase encoding gene originated both the HOL-P
phosphatase moiety of the E. coli hisB gene and the
gmhB gene coding for a DDDD phosphatase, which
is involved in the biosynthesis of a precursor of the
inner core of the outer membrane lipopolysaccharides
(LPS).
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Introduction

Histidine biosynthesis is one of the best-characterized
anabolic pathways. There is a large body of genetic
and biochemical information, including operon
structure, gene expression, and an increasingly larger
number of sequences available for this route. This
pathway has been extensively studied, mainly in
Escherichia coli and Salmonella typhimurium, in both
of which the details of histidine biosynthesis are
identical (Winkler 1987; Alifano et al. 1996). In all
histidine-synthesizing organisms the pathway is un-
branched and includes a number of complex and
unusual biochemical reactions. It consists of nine
intermediates, all of which have been described, and
of eight distinct proteins that are encoded by eight
genes, hisGDCBHAF(IE), arranged in a compact
operon whose complete nucleotide sequence has been
determined by Carlomagno et al. (1988). As previ-
ously reported (Lazcano et al. 1992; Fani et al. 1995,
1998) there are several independent indications of the
antiquity of the histidine biosynthetic pathway sug-
gesting that the entire route was assembled long be-
fore the appearance of the Last Universal Common
Ancestor (LUCA) of the three extant cell domains.
The detailed analysis of the structure and organiza-
tion of the fis genes in (micro)organisms belonging to
different phylogenetic archaeal, bacterial, and euca-
ryal lineages revealed that at least three molecular
mechanisms played an important role in shaping the
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pathway, that is, gene elongation, paralogous gene
duplication(s), and gene fusion (Fani et al. 1995;
Alifano et al. 1996). The latter has been recognized as
one of the major events of gene evolution in the
histidine biosynthetic pathway. Such fusions have
occurred in the genomes of both Bacteria and some
eukaryotes, leading to longer genes encoding bi- or
multifunctional enzymes. From this point of view, the
hisB gene represents a very interesting case since in S.
typhimurium and E. coli it codes for a bifunctional
enzyme possessing both histidinol-phosphate phos-
phatase (EC 3.1.3.15; HOL-Pase) and imidazole
glycerol-phosphate dehydratase (EC 4.2.1.19; 1G-
Pase) activities responsible for the sixth and the
eighth steps of histidine biosynthesis (Winkler 1987).
It is widely accepted that the two enzymatic activities
of the hisB gene product are associated with two in-
dependent domains in the protein, namely, the
proximal domain (hisB,,), encoding the phosphatase
moiety, and the distal one (hisB,), encoding the de-
hydratase (activity) (Fig. 1). This is supported by
several independent biochemical and genetic lines of
evidence (Loper 1961; Brady and Houston 1973;
Chumley and Roth 1981). The structural organiza-
tion of the two enzymatic activities in some micro-
organisms supports the two-domain model discussed
above. In Saccharomyces cerevisiae the two activities
are encoded by two separate genes, HIS2 (for phos-
phatase activity) and HIS3 (for dehydratase activity)
(Broach 1981). The same is true for the &is-1 and his-4
genes in Neurospora crassa (Fink 1964). Genes
homologous to the S. cerevisiae HIS3 gene have been
isolated from other eukaryotes. A similar two-gene
organization is also present in some bacterial
branches, such as S. coelicolor, in which the two ac-
tivities are encoded by two different genes (Limauro
et al. 1990). The same situation took place in the
ancestors of other bacteria and also in archaea, even
if the counterpart of the promoter-proximal region
(hisB,,) of the E. coli hisB gene has not often been
identified (Fani et al. 1995). It has been argued that
the HIS2 and HIS3 yeast genes evolved through a
“split” mechanism from the prokaryotic domains of
the E. coli bifunctional hisB (Glaser and Houston
1974). However, an alternative view has been pro-
posed (Fani et al. 1989, 1995), according to which the
evolution of the hisB gene in E. coli and S. typhimu-
rium involved the fusion of two independent cistrons
(hisB,, and hisB,), coding for a HOL-Pase and an
IGPase, respectively. In spite of the available dataset
of genes encoding for HOL-Pase or IGPase, the
analyses of these genes carried out until now did not
allow us to depict a clear phylogenetic pattern or to
trace the evolutionary pathway leading to the extant
mono- or bifunctional hisB genes.

Therefore, the aim of this work was to depict a
plausible model for the evolution of 4isB genes and to
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Fig. 1.  Schematic representation of the organization of histidine
biosynthetic genes in B. subtilis and E. coli; the HOL-Pase and
IGPase activities are encoded by two separate cistrons in B. subtilis
and by a bifunctional gene in E. coli. Black circle, IGP-dehydra-
tase; hatched square, HOL-Pase PHP-type; white square, HOL-
Pase DDDD-type.

provide insights on the evolution of histidine bio-
synthetic genes. For this purpose a deep and
exhaustive analysis of all the available hisB gene
products was carried out.

Materials and Methods
Sequence Retrieval

Amino acid sequences were retrieved from the GenBank, EMBL,
and PIR databases. BLAST probing of the protein databases was
performed with the BLASTP and Psi-BLAST programs (Altschul
et al. 1997) using default parameters. The 16S rDNA sequences
were downloaded at the Ribosomal Database Project site (Cole
et al. 2003).

Sequence Alignment

The ClustalW program (Thompson et al. 1994) in the BioEdit
package (Hall 1999) was used for pairwise and multiple amino acid
sequences alignment and shading using default gap penalties and
the Dayhoff substitution matrix.

Phylogenetic Tree Construction

Phylogenetic trees were obtained with the MEGA 2.1 software
(Kumar et al. 2001), using the neighbor-joining (NJ), minimum
evolution (ME), and maximum parsimony (MP) methods. The
Poisson correction and the gamma distance models were used for
Distance Option in protein sequence analysis as described by Nei
and Kumar (2000); the Kimura (1980) two-parameter model was
chosen in nucleotide sequence analysis.

Results and Discussion

The Structure of Genes Encoding HOL-Pase and
IGPase in the Three Cell Domains

Sequences related to E. coli HisB were retrieved from
protein databases using the BLASTP option of the
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Table 1. List of microorganisms possessing a bifunctional HisB enzyme retrieved from the database using the E. coli sequence as query

Organism Taxonomy Length (aa)® gi No. E-value
Escherichia coli v-Proteobacteria 356 15802501 0.00
Salmonella enterica y-Proteobacteria 355 16761005 0.00
S. typhimurium v-Proteobacteria 355 16765404 0.00
Shigella flexneri y-Proteobacteria 356 24113407 0.00
Yersinia pestis y-Proteobacteria 355 16121819 172
Pasteurella multocida y-Proteobacteria 353 15603065 o4
Vibrio vulnificus y-Proteobacteria 357 27366195 e
V. cholerae y-Proteobacteria 357 15641148 ¥
Haemophilus influenzae v-Proteobacteria 362 16272419 o138
Shewanella oneidensis y-Proteobacteria 363 24373631 e 177
Buchnera aphidicola v-Proteobacteria 353 21672387 e 1!
Xanthomonas campestris y-Proteobacteria 375 21231259 e 103
X. axonopodis v-Proteobacteria 375 21242575 o104
Xylella fastidiosa y-Proteobacteria 375 15838808 e
Campylobacter jejuni e-Proteobacteria 352 15792904 e '12

% Amino acid.
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Fig. 2. Phylogenetic tree based on 16S rDNA sequences from
y-proteobacteria showing the phylogenetic distribution of the HisB
bifunctional enzyme (solid branches). The tree was constructed
with the MEGA 2.1 software using the neighbor-joining method,
Poisson correction, complete deletion of gaps, and 3025 bootstrap
replicates (values above 65% are indicated).

BLAST program (Altschul et al. 1997). This search
retrieved at very low E-values (Table 1) 15 sequences
showing a high degree of similarity spanning over the
entire length of the E. coli protein sequence. As re-
ported in Table 1, all of them belong to proteobac-
teria, 14 coming from organisms of the y-subdivision
and the remaining 1 is derived from the e-proteo-
bacterium Campylobacter jejuni. A second, larger
group of retrieved sequences exhibited a high degree
of similarity only to the phosphatase or the dehy-
dratase moiety of the FE. coli HisB protein (not
shown). The ClustalW (Thompson et al. 1994)
multiple alignment of the bifunctional HisB sequences
with the phosphatase and dehydratase moieties from
bacteria, where the two enzymatic activities are en-
coded by separate cistrons, revealed that the domain
order was the same in all the bifunctional sequences
analyzed, with HOL-Pase located upstream of
IGPase, and that the fusion point between the two
moieties was identical (not shown). The narrow phy-
logenetic distribution of HisB bifunctional enzymes

(Table 1 and Fig. 2) supported the previous hypoth-
esis (Fani et al. 1989, 1995) that the evolution of the
hisB gene in E. coli involved the fusion of two inde-
pendent cistrons, hisB,, and hisB,, coding for a
HOL-Pase and an IGPase, respectively. Moreover,
the lack of a significant degree of sequence similarity
between the two moieties of the bifunctional HisB
proteins (not shown) suggested that domain shuffling,
rather than gene duplication or gene elongation, was
responsible for its present-day structure.

Finally, the fusion event appeared to show a clear
phylogenetic pattern, suggesting that it took place
recently in an ancestor of some y-proteobacteria,
after the divergence from the f branch. The existence
of a bifunctional HisB enzyme in C. jejuni might be
the result of a horizontal transfer from a donor
y-proteobacterium possessing a bifunctional enzyme.
This hypothesis is supported by the analysis of the
(bifunctional) HisB tree (Fig. 3) showing that the
C. jejuni sequence falls in the y-proteobacteria cluster,
very close to the Buchnera aphidicola HisB sequence.
To check the possibility that other his genes were
horizontally transferred from a y-proteobacterium to
C. jejuni, a phylogenetic tree for each of the His
proteins was constructed. The phylogenetic trees
calculated for the products of his4 and hisD genes are
reported in Fig. 3. The topology of these trees is
similar to that obtained with HisB, with C. jejuni
falling within y-proteobacteria. This was also true for
the trees calculated for the other his gene products
(not shown). The analysis of Ais gene order, structure,
and organization in C. jejuni revealed that they are
arranged in two compact clusters whose relative gene
order, hisGDBHA and hisF(IE), resembles the
enterobacterial one. Moreover, the C. jejuni genome
harbors a bifunctional his/[E gene, another gene
fusion that, within proteobacteria, is peculiar of the
enteric lineage and the Xanthomonas/Xylella group.
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Fig. 3. Phylogenetic tree based on HisA, HisD, and HisB bifunctional amino acid sequences. The P. aeruginosa HOL-Pase and 1GPase
sequences were fused and used as an outgroup. The tree was constructed with the MEGA 2.1 software using the neighbor-joining method,
Poisson correction, complete deletion of gaps, and 5000 bootstrap replicates (values above 65% are indicated).

This body of data supports the idea that the C. jejuni
hisB bifunctional gene and very likely (at least) most
of the other /is genes have been horizontally acquired
from a y-proteobacterium. If this lateral inheritance
occurred, it could have been facilitated by the fact
that all these proteobacteria share similar ecological

niches, in most cases represented by the digestive
apparatus of some animals. The lack of a HisB
bifunctional enzyme in bacteria belonging to the
genus Pseudomonas is discussed below.

In the light of data reported in this section showing
that the bifunctional hisB genes are the result of a



fusion event involving two independent cistrons, we
propose a new and unambiguous nomenclature for
these genes. Accordingly, hisB,, and hisB; will be
renamed hisN and hisB, respectively; therefore, the
bifunctional hisB gene will be renamed hisNB.

Origin and Evolution of Proteobacterial Bifunctional
hisNB Genes

The scenario presented above implies the existence of
monofunctional genes encoding HOL-Pase (hisN)
and IGP-ase (hisB) in all (micro)organisms with the
exclusion of those listed in Table 1. Moreover, if we
accept the hypothesis of an ancient origin of the
histidine biosynthetic route, it is then plausible to
hypothesize the presence of such genes in the genome
of the LUCA. These genes might have undergone
different evolutionary fates in different cell domains
and/or in different phylogenetic lineages within the
same domain. In order to depict an evolutionary
pathway leading to the extant hisNB genes, the two
moieties were analyzed separately.

Evolution of the IGP-Dehydratase Domain

When the archaeal, bacterial, and eucaryal IGP-
dehydratase sequences encoded by mono- or bifunc-
tional genes were used as a query in a BLASTP and
Psi-BLAST probing of protein databases, they were
mutually retrieved at E-values ranging from ¢ '% to
¢™* no other sequence was retrieved at an E-value
lower than 0.038. This suggested that the orthologous
genes encoding the IGP-dehydratase activity in the
extant (micro)organisms are all descendants of an
ancestral gene, whose product performed the IGP
dehydration and was very likely present in the genome
of the LUCA. The lack of sequences related to the
IGP-dehydratase reflects the absence in the genome of
the extant (micro)organisms of IGP-ase gene paralogs,
raising the question of whether this gene may repre-
sent a “‘starter type,” i.e., a gene that was not origi-
nated by gene duplication (Lazcano and Miller 1996).

Evolution of the HOL-P Phosphatase Domain

If the evolution of IGP dehydratase encoding genes is
simple, the origin and the evolution of HOL-Pase
encoding genes appeared to be more complicated,
since very little is known about HOL-Pases in
organisms containing monofunctional hisB genes.
However, the existence of at least two types of en-
zymes with HOL-Pase activity, belonging to the PHP
or to DDDD superfamily, has been demonstrated
(Le Coq et al. 1999; Malone et al. 1994). The repre-
sentatives of the two superfamilies do not share sig-
nificant sequence similarity, and they use different
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catalytic residues to perform their enzymatic activity.
The PHP superfamily includes the functionally
characterized HOL-Pases of Bacillus subtilis (Le Coq
et al. 1999) and S. cerevisiae (Malone et al. 1994), the
N-terminal domain of the a-subunit of the bacterial
DNA polimerase III, a group of stand-alone archacal
and bacterial proteins with unknown function(s), and
the C-terminal domain of the family X DNA
polymerase of B. subtilis, Aquifex aeolicus, and
Methanobacterium  thermoautotrophicum (Aravind
and Koonin 1998). The E. coli HOL-Pase is part of a
large protein superfamily containing 1-2-haloacid
dehalogenase folds. These proteins catalyze a wide
variety of hydrolytic reactions via a covalent sub-
strate—enzyme intermediate. More restrictively E. coli
HOL-Pase is a member of a superfamily of phos-
phohydrolases (Vance and Wilson 2001) which in-
cludes several nonspecific phosphatases, named
DDDD for the presence of four motifs each con-
taining an aspartate residue essential for the catalytic
activity (Thaller et al. 1998).

An exhaustive analysis of protein databases was
carried out (i) to check whether the HOL-Pase moi-
eties (HisN) of all bifunctional HisNB enzymes be-
long to the DDDD superfamily, (ii) to analyze their
phylogenetic distribution, (iii) to identify their closest
paralogs(s) (if any), and (iv) to depict a possible
pathway for their evolution. For this purpose, the
bacterial protein databases were probed with either
the B. subtilis PHP HOL-Pase (gi 16080014) or the
E. coli HOL-Pase sequence (gi 15802501), corre-
sponding to the first 167 residues of the bifunctional
enzyme, using the BLASTP and the Psi-BLAST op-
tions of BLAST program (Aitschul et al. 1997). To
avoid any misinterpretation as a consequence of
partial sequence data, we considered for this kind of
analyses only those organisms whose genome has
been completely sequenced.

The BLASTP and Psi-BLAST probing with the
B. subtilis PHP HOL-Pase did not retrieve any of the
proximal domain (HisN) of the 15 available HisNB
bifunctional enzymes which were, however, retrieved
at E-values ranging from 9¢~*to ¢™*® when the E. coli
DDDD HOL-Pase was used as query. This suggested
that all 15 HisNB bifunctional enzymes harbored a
DDDD HOL-Pase N-terminal moiety and that the
appearance of a DDDD-type HOL-Pase was coinci-
dent with the appearance of HisNB bifunctional en-
zymes. This raises the intriguing question of which
enzyme performs the HOL-Pase dephosphorylation
in bacteria lacking a bifunctional HisNB. To address
this issue the sequences retrieved (after three Psi-
BLAST iterations) were closely inspected, and this
allowed us to find additional bacterial DDDD se-
quences. Particularly interesting was the discovery
that, from the genome of proteobacteria possessing a
HisNB protein (with the exception of B. aphidicola,
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Table 2. List of bacteria possessing the entire histidine biosynthetic pathway whose genome has been completely sequenced; The dis-

tribution of monofunctional HisB (B) or bifunctional HisNB (NB) enzymes and of HOL-P and GmhB phosphatases is also given

Phosphatase

PHP DDDD
Bacteria Taxonomy HisB/HisNB  HOL-P HOL-P  GmhB
Agquifex aeolicus Aquificales B - - -
Thermotoga maritima Thermotogales B - - -
Agrobacterium tumefaciens str. C58 a-Proteobacteria B - -
Caulobacter crescentus CB15 o-Proteobacteria B - - +
Mesorhizobium loti a-Proteobacteria B - - +
Sinorhizobium meliloti o-Proteobacteria B - - -
Neisseria meningitidis 72491 B-Proteobacteria B - - +
Ralstonia solanacearum B-Proteobacteria B - - +
Buchnera aphidicola str. Sg v-Proteobacteria NB - + -
Buchnera sp. APS v-Proteobacteria NB - + -
Escherichia coli CFT073, K12, O157:H7 v-Proteobacteria NB - + +
Haemophilus influenzae Rd v-Proteobacteria NB - + +
Pasteurella multocida v-Proteobacteria NB - + +
Salmonella enterica v-Proteobacteria NB - + +
Salmonella typhi v-Proteobacteria NB - + +
Salmonella typhimurium LT2 v-Proteobacteria NB - + +
Shewanella oneidensis MR-1 v-Proteobacteria NB - + +
Shigella flexneri 2a str. 301 v-Proteobacteria NB - + +
Vibrio cholerae v-Proteobacteria NB - + +
Xanthomonas axonopodis pv. citri str. 306 v-Proteobacteria NB - + -
Xanthomonas campestris v-Proteobacteria NB - + -
Xylella fastidiosa 9a5c v-Proteobacteria NB - + -
Yersinia pestis v-Proteobacteria NB - + +
Yersinia pestis KIM v-Proteobacteria NB - + +
Pseudomonas aeruginosa v-Proteobacteria B - - +
Campylobacter jejuni e-Proteobacteria NB - + +
Bacillus anthracis str. A2012 Low-GC, Gram-positive B + -
Bacillus halodurans Low-GC, Gram-positive B + - -
Bacillus subtilis Low-GC, Gram-positive B + - -
Clostridium acetobutylicum Low-GC, Gram-positive B + - -
Clostridium perfringens Low-GC, Gram-positive B + - -
Lactococcus lactis subsp. lactis Low-GC, Gram-positive B + - -
Listeria innocua Low-GC, Gram-positive B + - -
Listeria monocytogenes EGD-e Low-GC, Gram-positive B + - -
Oceanobacillus iheyensis Low-GC, Gram-positive B + - +
Thermoanaerobacter tengcongensis Low-GC, Gram-positive B + - -
Staphylococcus aureus MW?2, Mu50, N315 Low-GC, Gram-positive B - - -
Streptococcus mutans UA159 Gram-positive B - - -
Bifidobacterium longum NCC2705 Actinobacteria B - - -
Corynebacterium glutamicum ATCC 13032 Actinobacteria B - - -
Mycobacterium leprae Actinobacteria B - - -
Mycobacterium tuberculosis CDC1551, H37Ry Actinobacteria B - - -
Streptomyces coelicolor Actinobacteria B - - -
Chlorobium tepidum TLS CFB green sulfur B - - +
Deinococcus radiodurans Thermus|/Deinococcus group B + - -
Fusobacterium nucleatum subsp. nucleatum ATCC 25586  Others B - - -
Leptospira interrogans serovan lai str. 56601 Spirochaetes B - - -
Nostoc sp. PCC 7120 Cyanobacteria B - - -
Synechocystis sp. PCC 6803 Cyanobacteria B - - +
Thermosynechococcus elongatus Bp-1 Cyanobacteria B - - +

Xanthomonas campestris, X. axonopodis, and Xylella
fastidiosa) and from other bacteria (most of which
belong to proteobacteria), a DDDD sequence slightly
longer than DDDD HOL-Pases (about 190 residues
on average) was retrieved at very low E-values (Table
2). In E. coli this DDDD protein is encoded by the

gmhB gene (formerly yaeD), which has been func-
tionally characterized (Kneidinger et al. 2002). In this
enterobacterium and in other Gram-negative bacteria
the GmhB enzyme is involved in the biosynthesis of
an ADP-L-B-p-heptose (the activated precursor of a
component of the inner core of the outer membrane



lipopolysaccharide, LPS) catalyzing the dephospho-
rylation of D-B-D-heptose 1,7-PP (Kneidinger et al.
2002). Pairwise and multiple ClustalW alignments of
HisB phosphatase domain and GmhB proteins (Fig.
4) allowed the detection of a high degree of sequence
similarity among (i) the putative GmhB sequences
belonging to microorganisms possessing a bifunc-
tional HisB (35-99% identity, 56-99% similarity); (ii)
the putative GmhB sequences belonging to microor-
ganisms not possessing a bifunctional HisB (25-34%
identity, 46-68% similarity); (iii) the putative GmhB
proteins described at points i and ii (26-34% identity,
46-62% similarity); and (iv) the HisN phosphatase
domain from the bifunctional enzyme and puta-
tive GmhB of the same organism (26-31% identity,
52-57% similarity).

An Evolutionary Model for the Origin and Evolution
of Bifunctional hisNB Genes in Proteobacteria

The whole body of data reported in the previous
section strongly suggested that HisN, belonging to
bifunctional HisNB enzymes, and the putative GmhB
protein are encoded by paralogous genes, in that they
are the descendants of a common ancestral gene arisen
via a duplication event and subsequent evolutionary
divergence (Fig. 5). If this is the case, it is possible that
the ancestor gene encoded a DDDD-phosphatase
with a broad substrate range and able to catalyze (at
least) the dephosphorylation of HOL-P and p-B-D-
heptose 1,7-PP. Following the duplication event, the
two copies underwent an evolutionary divergence that
might have narrowed their substrate specificity in such
a way that one of them became a HOL-Pase and was
then recruited in the histidine biosynthesis, whereas
the other copy evolved toward a GmhB protein. In
B. aphidicola the absence of gmhB as well as all the
other genes for the biosynthesis of cell surface com-
ponents, including lipopolysaccharides and phosp-
holipids, might reflect the symbiotic lifestyle of this
bacterium (Shigenobu et al. 2000). A similar loss
might have occurred in both Xylella and Xantho-
monas; accordingly, these bacteria (and the others
where a gmhB gene is absent) also lack the two other
genes (rfaD and rfaE) that in Gram-negative bacteria
are involved in the biosynthesis of an ADP-L-B-D-
heptose (Kneidinger et al. 2002).

The duplication event of the gene encoding the
ancestral DDDD protein very likely took place in the
v branch of proteobacteria after its separation from
the B branch. This would agree with the finding that
B-proteobacteria possess a DDDD phosphatase en-
coded by a gene similar to gmhB, but they lack a
“DDDD”-type and a PHP-type HOL-Pase (Table 2).
If this scenario is correct, with the HOL-Pase
encoding gene evolved through a duplication event of
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an ancestral DDDD gene, one might expect that in
those bacteria lacking a bifunctional HisB enzyme,
but possessing a GmhB-like protein, this might have
retained its original functions, that is (at least), the
HOL-Pase and GmhB activities. Therefore, one
could argue that in a phylogenetic tree containing
HOL-Pase, GmhB and the putative GmhB-like pro-
teins (aspecific GmhB) should form three independ-
ent clusters. Data concerning this issue are reported
in Fig. 6 and are in agreement with the proposed
model. A further support to this idea relies on data
reported in Table 3, showing the degree of sequence
similarity between the E. coli RfaE, GmhB, and
RfaD and their orthologs from P. aeruginosa (which
possesses a putative aspecific GmhB but not a char-
acterized HOL-Pase), Y. pestis, and H. influenzae. As
expected for a model involving a putative aspecific
GmhB protein, the P. aeruginosa GmhB showed a
degree of similarity to the E. coli ortholog much
lower than that found when RfaE and RfaD were
compared; additionally, the Y. pestis and H. influen-
zae GmhB proteins showed a similarity value to the
E. coli ortholog similar to that exhibited by the
respective RfaE and RfaD proteins.

The existence of an ancestral gene encoding for an
aspecific DDDD-type phosphatase is in agreement
with the so-called ‘““patchwork™ hypothesis (Ycas
1974; Jensen 1976) proposed to explain the origin and
evolution of metabolic pathways. In this hypothesis,
metabolic pathways have been assembled through the
recruitment of primitive enzymes that could react with
a wide range of chemically related substrates. Such
relatively slow, nonspecific enzymes may have enabled
primitive cells containing small genomes to overcome
their limited coding capabilities. According to this
idea, an ancestral enzyme endowed with low substrate
specificity might be able to bind different substrates
and catalyze different, though similar reactions. Single
or multiple paralogous duplication(s) of the gene
encoding the aspecific enzyme and the subsequent
divergence of the new sequence(s) led to the appear-
ance of enzymes showing a diversification of func-
tions and a narrowing of specificity. In this way, an
enzyme belonging to a given metabolic route might be
“recruited” to serve a novel pathway. The patchwork
theory is supported by the broad substrate (Jensen
1976) specificity of several contemporary enzymes,
which can catalyze classes of chemical reactions, by
sequence comparison of paralogous genes, and by the
“directed-evolution” experiments in which a micro-
bial (typically prokaryotic) population is subjected to a
selective pressure, leading to the establishment of new
phenotypes capable of exploiting different substrates
(Clarke 1974; Mortlock and Gallo, 1992; Pereto et al.
1998, Jurgens et al. 2000).

The existence of the hisN—hisB gene fusion in the
genome of y-proteobacteria is not an isolated example;
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Fig. 4.
bifunctional enzyme. Gaps were introduced for maximum alignment.

additional gene fusions occurred in these genomes,
such as that involving the Ais/ and hisE genes. It is
noteworthy that most of the bifunctional proteins
recognized to date are involved in metabolic path-
ways of the y-subdivision of proteobacteria (Jensen
and Ahmad 1990). Even though there is no reason to
think that these organisms are more prone to gene
fusions than any others, it is interesting that these

200 210
- R R —

laﬂENMG;NG LRYDRE'I‘LNWPM ............ 157
GIQYHPO‘I‘HGWLD ------------ 159
BLNWTQ- - - - === === - 157
EKPVTGEG----— EGIAD 166
€K PVTAEG-—- -~ EARAD 170
IAD------- ESDAS 168
EKPITEQG-~-~--~ EALAT 168
PITEDG--~~-~ KKQAN 166
*KPITPEA----- ENAAD 170
FAGESLRAFVG--------- A 192
KKTLSQHGHELPEHT 164
SKGAKTLOAG- -NLPPGT 166
EESLCEQ-HQIFPDH 178
VRTLGKP---LPEGT 169
EEAAVQFGFAIRPLRDSS 199

ClustalW alignment of E. coli amino acid sequence HOL-Pase to GmhB sequences from microorganisms possessing a HisB

gene fusions appeared to be parallel to the increasing
compactness of the his and other operons. Actually,
the analysis of the organization of Ais genes in bac-
teria revealed that all 15 hisNB genes are embedded
within compact operons, whereas monofunctional
genes encoding HOL-Pase are in most cases located
outside the histidine gene clusters. This is not so
surprising if we agree on the existence of aspecific
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phosphatases that might perform the HOL-P dep-
hosphorylation. Indeed, it is plausible that the ex-
pression of a gene whose product catalyzes more than
one chemical reaction in different metabolic pathways
should be constitutively expressed rather than being
controlled by mechanisms specific for a single route.
This is supported by at least two lines of evidence: (i)
the mold N. crassa possesses a constitutive alkaline
phosphatase that can efficiently use vr-histidinol-
phosphate as substrate (Morales et al. 2000); (ii) in B.
subtilis the HOL-P ase activity is carried out by a
PHP-type phosphatase encoded by a his gene whose
transcription is not repressed by histidine or histidi-
nol (LeCoq et al. 1999) (Fig. 1). Interestingly, B.
subtilis possesses another gene involved in histidine
biosynthesis coding for an enzyme able to perform
similar reactions in different metabolic pathways and
that is located, as the gene coding the HOL-Pase
activity, outside the his operon (Fig. 1). This gene,
hisC, encodes not only the histidine-pathway transa-
minase but also an aromatic-pathway transaminase
function.

The different organization and localization of hisN,
hisB, and bifunctional hisNB genes raise the question

Evolutionary model reconstructing the pathway leading to /isB bifunctional genes in y-proteobacteria.

of the timing of the fusion event in relation to the
building-up of the compact his proteobacterial oper-
ons. The availability and analysis of fully sequenced
genomes have revealed that operon organization is
not a general feature in the microbial world and that
an operon instability can be detected even in close
phylogenetic lineages. This is also true for the histidine
biosynthetic genes. Bacteria belonging to different
subdivisions (or to different genera of the same sub-
division) within the proteobacterial branch often
exhibit different his gene organizations, with most y-
proteobacteria showing overall the most compact
organization (Brilli et al. 2002). Organisms belonging
to the a- or B-subdivisions show a different organi-
zation, with some genes clustered together and others
scattered throughout the genome (Fani et al. 1995;
Brilli et al. 2002). In spite of this, a certain “order” can
be recognized in histidine gene clusters, since in most
bacteria where at least some /his genes are grouped,
four of them are often clustered and arranged in the
same relative order (hisBHAF) (see Fig. 5), even in
phylogenetically distant bacteria (Fani et al. 1995;
Alifano et al. 1996). This cluster corresponds to the so-
called ““core” of the histidine biosynthesis (Fani et al.
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Fig. 6. Phylogenetic tree of GmhB, putative “aspecific” GmhB, and HOL-Pase domains of HisB bifunctional enzymes. The tree was
constructed with the MEGA 2.1 software using the neighbor-joining method, Poisson correction, complete deletion of gaps, and 4025

bootstrap replicates (values are indicated above branches).

1995), since the encoded proteins catalyze the three
sequential steps responsible for the interconnection of
histidine biosynthesis to the nitrogen metabolism and
the de novo synthesis of purynes. This suggests that the
compact his operons might have been assembled by
adding either a single /is gene or a combination of
them to this “core.” It is noticeable that in the y-
proteobacteria P. aeruginosa and P. putida the his
genes are localized into three different Ais clusters, in
which they are arranged in the same relative order
(hisGDC, hisBHAF, hisIE) (see also Fig. 5) as in the
enterobacterial complete his operon, hisGDC(NB)
HAF(IE) (Carlomagno et al. 1988).

If this hypothesis is correct, at least two possible
scenarios can be depicted for the joining of &isN to his
gene clusters/operons, after its evolutionary diver-
gence from the ancestral aspecific DDDD phospha-
tase encoding gene (Fig. 5). The first one predicts that
the DDDD gene copy evolving toward a HOL-Pase
might have been inserted in an already formed com-
pact his operon to place the HOL-Pase encoding gene
under the same transcriptional control of the other Ais

biosynthetic genes and to coordinate the biosynthesis
of all the His enzymes (Fig. 5, Scenario 1). The alter-
native view (Fig. 5, Scenario 2) would imply that the
recruitment of one of the two DDDD paralogs was
parallel to the building-up of the entire and compac-
tors his operon. In other words, if we assume that the
enterobacterial his operon originated by a progressive
addition of his genes to the hisBHAF cluster, one
could imagine that the hisN gene joined the hisBHAF
“core” by positioning itself just upstream of hisB.
Then the (eventual) intervening sequence between
hisN and his B would have been lost and further DNA
rearrangements would have led to the fusion of the
two moieties. Subsequently, the other Ais genes com-
pleted the operon. We favor the first scenario on the
basis of two lines of evidence: (i) the existence in E. coli
and S. typhimurium of a functional transcription
promoter of the o0 class, referred to as p2, located
just upstream of the bifunctional 4isNB gene (Alifano
et al. 1996), which might represent the vestige of the
original promoter controlling the expression of the
ancestral gene; and (ii) most importantly, the finding



Table 3. Identity (i) and similarity (s) values determined between
E. coli RfaE, RfaD, and GmhB proteins and their orthologs from
P. aeruginosa, Y. pestis, and H. influenzae

E.coli vs
P. aeruginosa Y. pestis H. influenzae
Protein i s i s i s
RfaE 57 78 84 93 68 87
GmhB 32 59 79 91 65 81
RfaD 53 68 79 88 78 90

that, while in some bacteria some /his genes are clus-
tered to form the ‘“‘core” of histidine biosynthesis
(hisBHAF), similar clusters including also the hisN
moiety have not been recognized so far.

The lack of a hisNB gene in microorganisms be-
longing to the genus Pseudomonas is parallel to the
lack of his operon compactness (see above). It is
possible that the organization of the his genes in
Pseudomonas might reflect that of the y-proteobacte-
rial ancestor and that, for still unclear reasons,
the assembling of the /&is operon did not occur in or-
ganisms belonging to this genus. On the other hand,
an alternative and equally possible explanation is that
bacteria belonging to the genus Pseudomonas lack the
fusion because the lineage had diverged prior to the
recent origin of the y-proteobacterial fusion. If this is
so, we should imagine that the Xanthomonas/Xylella
hisNB fusion originated by lateral gene transfer
(LGT). This second scenario is strongly supported by
at least three lines of evidence: (i) the Xanthomonas/
Xylella, His proteins are close to the enteric orthologs
in a phylogenetic tree (Fig. 3); (ii) the his gene order
and organization are identical to the enterobacterial
one (not shown); and (iii) bacteria belonging to these
genera possess a bifunctional his/E gene, which is
peculiar of enterobacteria and their relatives (not
shown). Therefore, the hisN-hisB fusion might be
traced in the ancestor of some proteobacteria rid after
their separation from Pseudomonas.

Finally, the fusion of the two domains (HOL-P
phosphatase and IGP dehydratase) might have been
evolutionary selected and fixed to ensure a fixed ratio
of gene products which belong to the same bio-
chemical pathway, i.e., to obtain the coordinate
synthesis of the two enzymatic activities. Apparently
natural gene fusions that link unrelated pathways are
not known. Spatial “channeling” of intermediates is
another frequently proposed benefit (Jensen and
Ahmad 1990; Fani et al. 1998).

The LUCA Harbored Different Phosphatases to
Catalyze HOL-P Dephosphorylation

The existence of (at least) two different phosphatases
performing the HOL-Pase activity raises the question
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of whether the LUCA harbored monofunctional
genes coding for DDDD or PHP phosphatase or
both of them. For this reason, the phylogenetic dis-
tribution of DDDD- and PHP-type phosphatases
with a putative HOL-Pase activity was traced by
probing the protein databases with (i) the E. coli
HOL-Pase domain, (ii) the B. subtilis HOL-Pase (gi
16080014), and (iii) the S. cerevisiae HOL-Pase se-
quences (gi 14318548), using the BLASTP and Psi-
BLAST options of the BLAST program (Altschul et
al. 1997).

Data obtained can be summarized as follows.

(1) In addition to the bacterial sequences described
in the previous sections, the E. coli HOL-Pase se-
quence retrieved archaeal, eucaryal, and other bac-
terial sequences, suggesting a wide distribution of
DDDD phosphatase encoding genes. Some of the
archaeal retrieved sequences exhibited a significant
degree of sequence similarity to the bacterial HOL-
Pases (average identity value, 26%), suggesting that
(at least) in some Archaea the enzyme responsible for
the HOL-P dephosphorylation might belong to the
DDDD superfamily. This idea is also supported by
the apparent absence of PHP-type HOL-Pases in
archaeal organisms (see below). However, the possi-
bility that the HOL-P dephosphorylation might be
achieved by other types of phosphatase cannot be
ruled out. Furthermore, none of the 49 eucaryal se-
quences retrieved after three Psi-BLAST iterations
exhibited a significant degree of sequence similarity to
the E. coli HOL-Pase, suggesting that these phos-
phatasic domains are very likely involved in other
metabolic pathways rather than in histidine biosyn-
thesis. These findings are also supported by the ex-
istence of the S. cerevisiae HIS2 protein which does
not show any sequence similarity to DDDD HOL-
Pase and has been functionally characterized as a
PHP phosphatase.

(i) The B. subtitles PHP HOL-Pase permitted us
to retrieve an inventory of 100 sequences, after three
Psi-BLAST iterations. No archaeal sequence was re-
trieved at significant E-values, suggesting that it is not
involved in histidine biosynthesis (see above),
although the PHP domain is present in some Archaea
both as stand-alone proteins and as a domain within
polymerases (Aravind and Koonin 1998). Among the
bacterial retrieved sequences, most of them belonged
to low-GC Gram-positive bacteria. Concerning the
eucaryal domains, only the S. cerevisiae and S. pombe
sequences were retrieved at significant E-values. Ac-
cordingly, the BLAST probing of protein databases
retrieved only PHP-type HOL-Pases. If the entire Ais
biosynthetic pathway is ancient and was assembled
before the appearance of LUCA, then the latter
should have harbored all the genes involved in histidine
biosynthesis, including those coding for enzymes
with a HOL-Pase activity. On the other hand, data
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obtained showed that the evolutionary pathway of
HOL-Pases leading to the extant mono- and bifunc-
tional hisB genes is complex. The universal phylo-
genetic distribution of the two types of phosphatases
(DDDD and PHP) and their lack of sequence simi-
larity could reflect the existence of two different an-
cestral nonspecific phosphatases (LeCoq et al. 1999)
in the genome of the LUCA, in addition to genes
encoding phosphatases other than DDDD- or PHP-
type. According to Jensen’s (1976) hypothesis on the
origin and evolution of metabolic pathways, these
phosphatases would have been slow and inefficient
but able to perform the dephosphorylation of a wide
range of substrates. It is possible that one (or more)
of them would have also been able to perform the
HOL-P dephosphorylation and that for a long time
this activity would have been carried out by aspecific
phosphatases. The substrate specialization of one of
these phosphatases toward a narrowed HOL-Pase
appeared to be a relatively recent event, at least in
bacteria where a complex scenario may be depicted.
Data reported in Table 2 revealed that both func-
tionally characterized and putative PHP-type phos-
phatases were confined to low-GC Gram-positive
bacteria. An analogous restricted phylogenetic dis-
tribution, limited to proteobacterial harboring HisNB
bifunctional enzymes, was observed also for spe-
cific DDDD-phosphatases responsible for HOL-P
dephosphorylation (Tables 1 and 2). Very likely,
other bacteria still use less specific DDDD- or other
phosphatases to perform HOL-P dephosphorylation.

To our knowledge, no biochemical, genetic, or
functional data concerning the archaeal HOL-Pase is
available; nevertheless, the analyses carried out in this
work indicated that in these microorganisms, a
DDDD-type, and very likely other phosphatases,
might have been recruited in histidine biosynthesis,
whereas the PHP-type phosphatase domain was re-
cruited in other metabolic pathways. A different sit-
uation occurred in Eucarya, in which no DDDD-type
phosphatases exhibiting a high degree of sequence
similarity to either E. coli HOL-Pase or GmhB was
found. In some eucaryotes, phosphatases belonging
to the PHP superfamily and other aspecific phos-
phatases are apparently responsible for the dep-
hosphorylation of HOL-P.

Conclusion

In conclusion, we believe that our data have shed
some light on the mechanisms responsible for the
building up of the histidine biosynthetic pathway.
In general, the availability of an increasingly larger
body of information regarding gene structure and
organization allows us to refine evolutionary models
and to shed light on the molecular mechanisms re-

sponsible for the assembly of metabolic pathways.
This is underscored by the fact that the previous
hypothesis predicting the possibility that the entero-
bacterial bifunctional hisNB (formerly hisB) gene
might have been the outcome of a fusion event in-
volving two separate cistrons (hisN and hisB) oc-
curred recently in evolution (Fani et al. 1989) has
been confirmed by the analysis of a large number of
completely sequenced cellular genomes. Moreover,
data reported in this work allowed us to refine and
clarify the evolutionary history of the AisN (formerly
hisB,,), hisB (formerly hisB;), and hisNB genes. Ac-
cording to the model proposed in this work, the fu-
sion event leading to the extant hisNB genes may be
more precisely traced within y-proteobacteria after
the separation of Pseudomonas. Then the bifunctional
hisNB gene, very likely together with all the other his
genes, has been laterally transferred to other pro-
teobacteria, such as C. jejuni, Xanthomonas, and
Xylella. Our data also revealed that hisN and gmhB
are paralogous genes, originated via a duplication
event of a gene encoding a phosphatase with a broad
range of substrate specificity and located outside the
his operons/clusters. It is interesting that all the hisN
genes identified so far belong to very compact oper-
ons. If Scenario 1 reported in Fig. 5 (predicting that
after the duplication from the ancestral DDDD gene,
hisN positioned itself within an already constructed
histidine operon) is correct, then the lack of hisN
outside of compact operons suggests that its intro-
gression within the ancestral his operon (upstream of
hisB) might have been positively selected since it
permitted completion of the operon and placement of
all the genes required for histidine biosynthesis under
the same transcriptional regulatory control mecha-
nism(s). It is also possible that the AisN introgression
and its successive fusion to &isB might have occurred
in a relative short evolutionary time in a sort of ““gene
duplication—gene fusion coupling.”

The evolutionary history of hisN, hisB, and hisNB,
and the paralogy between hisN and gmhB give addi-
tional important support to Jensen’s (1976) hypothe-
sis on the origin and evolution of metabolic pathways,
strengthening the idea that gene duplication, gene
fusion, and recruitment of genes encoding enzymes
with a broad range of substrate specificity played a
crucial role in the assembly of the entire histidine
biosynthetic pathway (Fani et al. 1995, 1998).
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