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Abstract. In an effort to detect factors which may be
under positive selection, a survey for such genes in two
pathogenic strains of Helicobacter pylori (J99 and
26695) was performed. Based on an analysis of synony-
mous and nonsynonymous substitutions, we identified 19
candidate genes under positive selection. A search for
homologues with known crystallographic structures re-
vealed Escherichia coli carbomoyl phosphate synthetase
as a homologue of H. pylori carbamoyl phosphate syn-
thetase. Carbamoyl phosphate synthetase as isolated
from E. coli is a heterodimeric enzyme that possesses
two different but coupled functionalities and is involved
in the first committed step in the separate biosynthetic
pathways for arginine and pyrimidine nucleotides. In this
study, we provide evidence indicating that one of these
functionalities appears to be under selective pressure.
Reports from previously published site-directed muta-
genesis studies point to a decoupling of amidotransferase
and synthetase activities. Implications of these findings
for a metabolic enzyme under positive selection are dis-
cussed in terms of the mechanisms of H. pylori patho-
genesis.
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Introduction

The availability of complete genome sequences for
pathogenic organisms enables us to approach the under-
standing of pathogenesis at a new level, that of the whole
genome. Genome-scale studies enable more detailed and
comparative analyses between virulent and avirulent
strains of the same species or even between different
isolates of the same strain for identification of candidate
genes which are involved in pathogenesis. By comparing
the genomic sequences of two virulent strains we may
get an indication of which genes are under selective pres-
sure to maintain virulence [previous work in this field
has been reviewed by Lan and Reeves (2000)].

Pathogenicity of microorganisms is frequently consid-
ered a secondary property of adaptation to a foreign en-
vironment, namely, the host. The evolution of bacteria
toward a more pathogenic phenotype could potentially
involve the acquisition of additional genes that encode
for specific virulence factors via horizontal transfer and
appropriate functional modification or through modifica-
tion or loss of preexisting genetic material (Sokurenko et
al. 1999). Mechanisms involving a change of function
depend on the occurrence of random mutations (patho-
adaptive mutations) of preexisting genes which enable a
pathogen to reach optimal fitness through a process of
fixation within its novel environment.

According to the neutralist perspective on molecular
evolution, the vast majority of mutations affecting gene
function are neutral or deleterious and become fixed by
random genetic drift in a population (Kimura 1983). In
contrast, the selectionist viewpoint maintains that advan-
tageous mutations occur at a higher frequency in more



genes than is thought by neutralists or near-neutralists.
Theory predicts (i) a great rate variation in sequence
evolution caused by directional selection of advanta-
geous mutations and by hitchhiking effects for linked
sites and (ii) an elevated rate of nonsynonymous substi-
tutions in rapidly evolving genes. Genes on which posi-
tive selection operate are considered to have an evolu-
tionary history where the nonsynonymous substitution
rate (K,) is higher than the synonymous substitution rate
(K,). Nonsynonymous nucleotide substitutions that alter
the physicochemical properties of amino acids are
known to occur at lower rates than those that leave the
amino acid properties unaltered (Zhang 2000). Amino
acid changes that result in radical changes in physico-
chemical properties of amino acids are therefore more
likely to be subject to purifying selection than conserva-
tive ones and also most likely to contribute to evolution-
ary changes in protein function if fixed. This knowledge
can therefore be used to study candidate genes which are
under selective pressure in pathogenic bacteria in the
hope of identifying factors responsible for increased host
adaptivity and virulence.

Large-scale systematic searches for genes under posi-
tive selection have revealed well-documented cases of
adaptive evolution (Endo et al. 1996; Benner et al. 2000;
Liberles et al. 2001). However, sensitive methodology
for large-scale study of adaptive amino acid changes re-
sponsible for protein structure and function has not been
developed. Identifying from the myriad amino acid re-
placements those few most likely to be responsible for
observed adaptive changes/functional differences ap-
pears to be an elusive task (Golding and Dean 1998;
Suzuki and Gojobori 1999; Gaucher et al. 2001; Gu
2001). Sequence comparisons alone are usually consid-
ered insufficient to identify replacements of functional
consequence. Site-directed mutagenesis, particularly
when guided by phylogeny, can be useful to search
among a limited number of replacements. However, the
best way remains identifying likely replacements in the
context of three-dimensional structures.

In this paper, we explore a methodology to screen for
candidate genes involved in pathogenesis by selecting
those genes for which nonsynonymous substitution rates
are higher than synonymous substitutions, followed by
analysis of known structural homologues using reported
mutagenesis studies for inferring the correlation between
structural and functional changes. This approach is ap-
plied to H. pylori, one of the few pathogens to have
complete genome sequences determined for two strains,
H. pylori J99 and 26995 (Tomb et al. 1997; Alm et al.
1999). H. pylori is probably the most common cause of
acute and chronic bacterial infection of the stomach in
humans, present in almost half of the world’s population
(Covacci et al. 1999).

Our approach, which can readily be automated, was
used to screen genomes of two strains of H. pylori for
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genes under selective pressure and subsequently to visu-
alize regions which may be responsible for these adap-
tive changes using a structural homologue. The method-
ology employed in this study, similar to one developed
for the analysis of the evolution of specificity in meta-
zoan deoxyribonucleoside kinases (Almgren 2001) and
in MAP kinases (Caffrey et al. 2000), potentially holds
promise for aiding a screening program to discover new
candidate genes involved in pathogenesis.

Materials and Methods

DNA and Protein Sequences

Predicted protein coding sequences were downloaded from the Gen-
bank sequence database for H. pylori (J99 and 26695) and were trans-
lated to amino acid sequences. Protein structures were obtained from
the Protein Data Bank (Berman et al. 2000).

Generation of In-Frame Coding Sequence Alignments

Protein alignments were generated for sequence pairs having less than
100% identity in the FASTA (Pearson and Lipman 1988) search, using
the Clustal W (Thompson et al. 1994) program. The alignments were
used as “scaffolds” for making accurate alignments of the coding se-
quences, thus avoiding possible frameshifts.

Analysis of Synonymous and Nonsynonymous
Substitutions to ldentify Genes Under
Positive Selection

To identify genes containing regions under positive selection, we used
the wina program (Endo et al. 1996), which calculates synonymous
(K,) and nonsynonymous (K,) substitutions in 20 codon windows of a
gene according to the Nei and Gojobori (1986) method. This window-
ing approach was used to identify gene regions under positive selection,
where K, for the whole gene would still be less than K, thus not
missing interesting genes. This was especially significant in our study,
as the two isolates tested are evolutionarily very close, and very few
substitutions, especially nonsynonymous ones, were expected. Only
those regions where K is greater than 0 were considered, to exclude
possibly random, or nearly neutral, nonsynonymous point mutations.
Similarly, those regions where K is greater than 1 were also excluded,
to avoid the saturation effect of nucleotide substitution [see Liberles
(2001) and Siltberg, Lagergren, and Liberles (manuscript in prepara-
tion) for a discussion of methods to identify genes under positive se-
lection].

Identification of Homologues with a Known
Tertiary Structure

To identify homologues with known structures, a BLAST (Altschul et
al. 1990) search was performed against protein sequences in the Protein
Data Bank with an E value of 1.00 using standard BLAST settings.
Pairwise PAM distances were calculated between BLAST hits to esti-
mate the evolutionary distances between protein sequences, with a
PAM 120 cutoff to identify close homologues. A multiple-sequence
alignment was then generated between the two H. pylori sequences and
the E. coli sequence.
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Visualization and Mapping Mutations onto
Homologues with a Known Tertiary Structure

The Grantham (1974) physicochemical matrix was used to score amino
acid substitutions. At each position, the Grantham matrix value repre-
senting the physicochemical distance between the H. pylori 26995 and
the H. pylori J99 carbamoyl phosphate synthetase (CPS) sequences was
utilized. The values were normalized by dividing by the maximal value.
These normalized values were used to color each residue in a gradient
from blue to red in the tertiary structure. This procedure was also
performed for H. pylori 26995 and Escherichia coli CPS sequence
differences. The obtained protein structures were then visualized using
Rasmol (Sayle et al. 1995), with the amino acid residues colored by the
Grantham factor.

Results

Identification of Genes Which Are Under Positive
Selection in H. pylori

Results from a comparative analysis of two independent
isolates, H. pylori J99 and 26995, revealed a high level of
conservation, with only 7% of the proteins being strain
specific according to Alm et al. 1999 (there may be some
variability in this number). We performed an intraspecies
search between H. pylori strains to ascertain whether
new virulence genes may be identified from genes under
positive selection.

Table 1 represents a list of genes broadly categorized
according to metabolic vs antigenic selection depending
on whether the protein products interact directly with the
host immune system or participate in metabolism. A
large portion of H. pylori genes appears to be under
metabolic selection. This may indicate an effort to in-
crease metabolic function rather than antigenic variation.
Further speculation about the potential role of these mu-
tations in maintaining virulence will be described in
greater detail elsewhere (Gamieldien and Hide, manu-
script in preparation).

To identify homologues with known structures, a
search for protein sequences contained in the Protein
Data Bank was performed. One protein, carbamoyl phos-
phate synthetase, appears in both Table 1 and the Protein
Data Bank, with sequences separated by 102 PAM units.

Structural Analysis of Carbamoyl Phosphate Synthetase

Using a novel methodology described under Materials
and Methods, analyzed using a combination of phyloge-
netic, structural, and functional methods. The E. coli
CPS amidotransferase subunit is shown in Fig. 1A, with
mutations colored according to H. pylori 26995-J99
Grantham physicochemical matrix properties. Figure 1B
depicts the E. coli CPS amidotransferase colored accord-
ing to Grantham values between H. pylori 26995 and E.
coli amidotransferases. Figure 2 shows a multiple-
sequence alignment of this protein from the three organ-

Table 1. Gene groups on which positive selection may operate in H.
pylori*
Designation Functional annotation

A. Antigenic selection

HPO818 Osmoprotection protein (prowX)
HP0522 cag pathogenecity island protein (cag3)
HP0547 cag pathogenecity island protein (cag26)
HP1274 Paralyzed flagella protein (pflA)
HP0459 virB4 homologue (virB4)
B. Metabolic selection
HP0640 pol(A) polymerase (papS)
HP0279 Lipopolysaccharide heptosyltransferase-1 (rfaC)
Hpl1191 ADP-heptose-Ips heptosyltransferase II (rfaF)
HP1266 NADH-ubiquinone oxidoreductase
(NQO3) subunit
HP0290 Diaminopemilate decarboxylase dap
decarboxylase
HP1237 Carbamoyl phosphate synthetase (pyrA)
HPO0329 NH;-dependent NAD* synthetase (nadE)
HP0006 Pantoate-(-alanine ligase (panC)
HP0366 Spore coat polysaccharide biosynthesis protein
HP1232 Dihydropteroate synthetase (folP)
HP0293 Paraaminobenzoate synthetase (pabB)
HP0004 Carbonic anhydrase (icfA)
HPO717 DNA polymerase III y and T subunits (dnaX)
HP0731 Hypothetical protein

# This analysis is based upon pairwise alignment of the genes in the
genomes of the two strains, followed by calculation of K,/K| rate ratios
using the windowing approach of Endo et al. (1996). Genes were
divided into those selected by antigenic/immune pressures and those
under metabolic selection and listed below.

isms, E. coli and the two strains of H. pylori. An analysis
of the individual mutations and their roles structurally
and functionally is presented below.

Discussion

A Case Study: Comparative Structural-Functional
Analysis of Carbamoyl Phosphate Synthetase

Carbamoyl phosphate synthetase (CPS) is a well-
characterized enzyme in terms of its biochemistry
(Anderson and Meister 1965), phylogeny (Lawson et al.
1996; Nyunoya et al. 1985), and structural biology
(Thoden et al. 1999a, b). CPS is a metabolic enzyme
involved in the formation of carbamoyl phosphate from
one molecule of bicarbonate, two molecules of Mg2+-
ATP, and one molecule of glutamine or ammonia and
catalyzes the first committed step in the separate biosyn-
thetic pathways for arginine and pyrimidine nucleotides.
Carbamoyl phosphate (CP), a high-energy biological
compound, plays a key role in the introduction of both
ammonia and single carbon units into the metabolic pool
and may serve either as the precursor for synthesis of
pyrimidine nucleotides or in an alternate pathway, as the
precursor for arginine.

Most bacteria studied to date contain a heterodimeric
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A visualization of the a-carbon backbone model of E. coli carbamoyl phosphate synthetase using (A) H. pylori J99-26995 mutational

differences colored by Grantham matrix values and (B) H. pylori—E. coli mutational differences colored by Grantham matrix values. A full

description of the methodology is described under Materials and Methods.

form of the enzyme which is composed of a small ami-
dotransferase subunit of molecular weight ~42 kDa com-
plexed to a larger synthetase subunit of molecular weight
~118 kDa linked via a hinge-like loop containing a type
I B turn. The small subunit belongs to the triad or type
I class of amidotransferases, which contain a cysteine—
histidine (Cys269-His353) couple essential for activity.
The recently obtained crystallographic structure of CPS
from E. coli confirmed the presence of separate sites for
the phosphorylation of bicarbonate and carbamate on the
large subunit, while the small subunit contains the active
site for the hydrolysis of glutamine to ammonia (Thoden
et al. 1999a). These three active sites are separated by
nearly 100 A via an intramolecular tunnel that runs
through the interior of the entire protein.

Our initial comparative analysis of CPS concentrated
on mutations between H. pylori 26995 and H. pylori J99,
as shown in Fig. 1A. Amino acid residues forming part
of the catalytic triad (Cys269-His353-Glu355) of the
active site of CPS are known to be evolutionary con-
served in all bacterial CPS enzymes (Zalkin et al. 1998).
These residues are conserved in both H. pylori strains,
indicating their functional importance in catalysis. Adap-
tive mutations between H. pylori 26995 and H. pylori
J99 appear to be novel and map to regions located on the
surface of the enzyme. It is known that surface exposed
amino acid residues are among the most rapidly evolving
codons within a protein, frequently behaving neutrally
(Miyamoto and Fitch 1995). If these residues are playing
an adaptive role, rather than behaving neutrally, the ap-
parent lack of function of these residues related to bind-

ing may suggest some allosteric role in affecting protein
structure or function.

Comparative analysis between both H. pylori strains
and E. coli CPS amidotransferase subunits revealed sub-
stitutions in regions with known functional importance
from reported site-directed mutagenesis studies, as
shown in Fig. 1B. The three histidine residues His272,
His312, and His353 are conserved in both H. pylori
strains. His341 is, however, replaced with arginine, rep-
resenting a relatively conservative substitution. The role
of these four conserved histidine residues, His272,
His312, His341, and His353, within the amidotransferase
subunit have been probed using site-directed mutagen-
esis studies (Miran et al. 1991). His353 forms part of the
catalytic triad and also acts as a general acid-base cata-
lyst for proton transfer. His312 serves a critical role for
the binding of glutamine to the active site. Mutations of
His272 and His341 have been shown to result in a two-
fold reduction in the rate of CP synthesis relative to the
wild-type enzyme. Arginine mutation at position 341
was shown to have smaller but real effects.

Studies by Mareya and co-workers have shown a
good correlation between the extent of enhancement of
the partial glutaminase activity and uncoupling of the
phosphorylation reactions that occur on the large subunit
(Mareya et al. 1994). Mutations aimed at identifying the
reactive cysteine residues by mutating Cys131, Cys214,
and Cys248 within the small subunit resulted in a mutant
at position Cys248 with increased partial glutaminase
activity relative to the wild-type enzyme, with the for-
mation of carbamoyl phosphate using glutamine com-
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E. coli
H. pylori2s39s
H. pyloriJas
S. typhimurium
V. cholera FF'aLI\L.—rI'lDLHI'.uu S
P. aeruginosa FPGLKGMDLAKEVS

210 220 230 240 250 260 270 280 280
E. coli
HP26995 hEISGIFLS¥aPuDPLSLQQmI
HPJ99 hEISGIFLSiﬁPGDPLSLQQmI
S.typhi -
V.chel
P.aeru

300 310 320 330 340 350 360

E. coli FVMI TAQNHGFEVD
H. pylori2699s IT flw@
H. pyloriJss v AOWHIRCY
S. typhimurium v MITAﬁlHuFﬂ“DEw-
V. cholera
F. aeruginosa
Note:
* -active site residue
= -hinge- like loop
f -substitutions involved in decoupling of enzyme activity
Fig. 2. A multiple-sequence alignment of the carbamoyl phosphate synthetase amidotransferase subunit from Gram-negative pathogenic bacteria

is presented. Important functional residues are indicated underneath the alignment following the Discussion.

pletely abolished. Mutations at Glu355 are also known to
uncouple the two partial reactions such that no car-
bamoyl phosphate is produced (Huang et al. 1999).
Residue Cys269 is conserved in H. pylori 26995 and
J99. It forms part of the catalytic triad and directly par-
ticipates in the chemical reaction mechanism of gluta-
mine hydrolysis via the formation of a thioester interme-
diate (Wellner et al. 1975; Rubino et al. 1986; Thoden et
al. 1998). Cysteine residues at positions Cys214 and
Cys248 are replaced with leucine residues in both H.
pylori strains, representing radical substitutions. Most
notable is the mutation at Cys248, which NEM-labeling
studies have shown to be the reactive cysteine residue on
the small subunit (Mareya et al. 1994). Mutations at resi-
due Cys248 are known to result in an increase in partial
glutaminase activity and a decrease in synthetase activ-
ity. The severity of these substitutions may indicate an
important role in maintaining a coordinated functional
linkage between the small amidotransferase and the large
synthetase subunit in the E. coli CPS (Hewagama et al.
1999). This linkage is mediated allosterically, where
binding of substrate to the synthetase domain is neces-
sary for glutamine hydrolysis in the glutaminase domain.

Position Glu355 is conserved in both E. coli and H.
pylori strains, indicating its conserved function in inter-
acting with the y-glutamyl thioester intermediate formed
during glutamine hydrolysis (Thoden et al. 1998).

A fully functional tunnel is considered essential for
the structural integrity and catalytic coupling of the se-
quential and parallel reactions occurring within the three
active sites contained within the small and large subunits
of CPS. The role of the four residues, Leul53, Asnl54,
Gly155, and Metl156, making up the type II  turn in
maintaining critical catalytic coupling interactions at the
molecular interface has been investigated (Huang et al.
2000a—c). An effort was made to disrupt interactions at
the interface between the two domains by replacing resi-
due Leul53 (the first residue of the type II turn) with
bulkier residues, resulting in a Leul53 mutant with in-
creased glutaminase catalytic activity but also a partial
uncoupling between the hydrolysis of ATP and gluta-
mine during the overall synthesis of CP. Mutations
aimed at rendering the hinge-loop more conformation-
ally flexible by mutating flanking residues Gly152 and
Gly155 resulted in increased glutaminase activity with
reduced ATPase activity.



A multiple sequence alignment of amidotransferase
subunits of Gram-negative pathogenic bacteria inhabit-
ing the more neutral-pH gastrointestinal tract (E. coli, S.
typhimurium, V. cholera, and P. aeruginosa) revealed an
apparent conservation in the hinge-like region (Fig. 2). In
contrast, H. pylori strains display substitutions with vary-
ing Grantham values from residues 152 to residue 156
forming the type II B turn. A conservative substitution at
Leul53, replaced by isoleucine, indicates the importance
of this position as being the first residue in the type II
turn.

Our comparative intraspecies analyses between two
pathogenic H. pylori strains reveal ongoing adaptive
changes between similar strains through novel mutations
and, thus, seem to highlight differentially regions that are
functionally diverging under selective pressure in the
persistence of H. pylori. Further investigation of H. py-
lori 26995 CPS with its E. coli homologue reveals evi-
dence suggestive of the effect of adaptive evolution on
the decoupling of enzymatic activities present in H. py-
lori CPS. Our results indicate (i) conservation of residues
forming the catalytic triad required for proper glutamin-
ase activity of the amidotransferase subunit, (ii) muta-
tions of residues involved in forming the hinge-like re-
gion of the type II 8 turn required for proper interface
interactions and catalytic coupling of partial reactions
between two separate subunits of CPS, and (iii) muta-
tions of reactive cysteine residues Cys214 and Cys248,
notably Cys248, which is responsible for increased glu-
taminase activity and decoupling of enzyme activities.
Taken together, these findings indicate the effect of posi-
tive selection on the decoupling of amidotransferase
from synthetase activities in the emergence of H. pylori
CPS, with further evidence for continued selection in at
least one of the H. pylori strains. This may correlate with
differences in the isolates, which occupy different re-
gions of the gastrointestinal tract with different clinical
manifestations.

Extending from the Protein to the Organism

A study of the evolution of bacteria indicates that they
have evolved many mechanisms to survive and prosper
in unfavorable environments. Survival in the gastric en-
vironment seems to be the most complex aspect of the
phenotype specific to H. pylori. Analogous to acidophilic
bacteria, H. pylori apparently maintains a constant cyto-
plasmic pH (7.0-7.3) and membrane potential (-85 to
—240 mV), which are required to drive ATP synthesis
and nutrient transport over a wide pH range (Berg et al.
1997). Outer membrane proteins are proposed to play a
critical role in the ability of H. pylori to colonize host
cells in an acidic environment (Alm et al. 2000). One of
H. pylori’s most characteristic enzymes is known to be a
potent multisubunit urease which metabolizes urea to
carbon dioxide and ammonia and is crucial for its sur-
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vival and successful colonization of the gastric environ-
ment (Weeks et al. 2000). Although intracellular meta-
bolic enzymes have also been found in other studies to be
important in H. pylori species-specific phenotype, their
roles have not been analyzed in detail (Huynen et al.
1998).

In this study, we have performed a search for genes
under positive selection between two strains of H. pylori
to ascertain whether new virulence genes may be iden-
tified this way. We have identified 19 candidate genes in
H. pylori that are under positive selection based on an
increased ratio of synonymous/nonsynonymous substitu-
tions. Some of these genes may mediate specific adap-
tations of H. pylori to its environment. We have analyzed
one such candidate gene, an E. coli structural homologue
to H. pylori CPS. Based on reported mutagenesis studies
performed on the E. coli CPS, we have mapped these
mutations to regions which are implicated in decoupling
of enzyme activities in CPS. Our use of a physicochem-
ical distance matrix to weight the severity of substitu-
tions between two strains of H. pylori CPS coincides
with reported site-directed mutagenesis studies of func-
tional changes and also highlight its usefulness in our
structure—function analysis for probing putatively adap-
tive mutational events. The availability of structure—
function information obtained from published site-
directed mutagenesis studies enabled us to perform a
more detailed analysis that could be used for analyzing
candidate genes under positive selection and also provide
rigorous tests of the structural, functional, and, by impli-
cation, adaptive hypotheses in our study. However, the
strategy employed during our study is dependent on a
structural homologue and previous mutagenesis studies.
Although the case study exemplifies this approach, its
potential promises to yield profound effects in bringing
candidate genes to the surface when new protein struc-
tures are determined.

It is interesting to speculate about the amino acid
changes seen in H. pylori and their contribution to patho-
genesis. Genes coding for products that do not interact
directly with the host immune system are particularly
interesting since they may represent selection for im-
proved function rather than antigenic variation. Substi-
tutions in H. pylori CPS (from its ancestor with E. coli
CPS) map to regions which are known to decouple ami-
dotransferase from synthetase activities, leading to in-
creased amidotransferase activity and resultant ammonia
production. It is thought that the increased ammonia pro-
duction acts as a buffer to increase the local pH required
for successful colonization and growth in an acidic gas-
tric environment. Positive selection of CPS could there-
fore represent an alternative mechanism of adaptation to
the gastric environment affording a selective advantage
in adapting to its human host.
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