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ABSTRACT

Purines are essential for all living cells. This fact is reflected in the high degree of
pathway conservation for purine metabolism across all domains of life. The availability of
purines within a mammalian host is thought to be a limiting factor for infection, as demonstrated
by the importance of purine synthesis and salvage genes among many bacterial pathogens.
Helicobacter pylori, a primary causative agent of peptic ulcers and gastric cancers, colonizes a
niche that is otherwise uninhabited by bacteria: the surface of the human gastric epithelium.
Despite many studies over the past 30 years that have addressed virulence mechanisms such as
acid resistance, little knowledge exists regarding this organism’s purine metabolism. To fill this
gap in knowledge, we asked whether H. pylori can carry out de novo purine biosynthesis, and
whether its purine salvage network is complete. Based on genomic data from the fully
sequenced H. pylori genomes, we combined mutant analysis with physiological studies to
determine that H. pylori, by necessity, must acquire purines from its human host. Furthermore,
we found the purine salvage network to be complete, allowing this organism to use any single
purine nucleobase or nucleoside for growth. In the process of elucidating these pathways, we
discovered a nucleoside transporter in H. pylori that, in contrast to the biochemically-

characterized homolog NupC, aids in uptake of purine rather than pyrimidine nucleosides into



the cell. Lastly, we investigated an apparent pathway gap in the genome annotation—that of
adenine degradation—and in doing so uncovered a new family of adenosine deaminase that lacks
sequence homology with all other adenosine deaminases studied to date. These newly
characterized H. pylori proteins exemplify evolution in action, and underscore the need for
functional annotations that do not rely solely on sequence homology with biochemically
characterized orthologs. The results of our studies expand the database that is needed for future
genome annotations and for prediction of metabolic capabilities in other prokaryotes.
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DEDICATION
This work is dedicated to those who suffer, whether from disease of the stomach or,
metaphorically, of the heart. May they be brought to realize their true nature: expansive blissful,

and connected.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Helicobacter pylori Bacteriology

The gastric epithelia of over 50% of the adult human population is currently colonized
with H. pylori, a Gram-type negative, helical-shaped e-proteobacterium that resists the acidity of
the stomach and causes chronic infection (1, 2). From a phylogenetic standpoint, H. pylori is a
fascinating example of how closely related genera can be metabolically diverse. The best-
studied members of the -proteobacteria are the genera Campylobacter and Helicobacter, which
inhabit the gastrointestinal tract or liver of various animals, while lesser-known genera such as
Arcobacter are halophiles that thrive in seawater (3) or exist as nitrogen-fixing symbionts within
the roots of salt marsh plants (4). Even within the genus Helicobacter, a division exists between
the gastric species, which colonize the stomach, and the enterohepatic species, which colonize
the liver and colon (5).

Most Helicobacter species (including H. pylori) possess high levels of catalase activity to
combat oxidative stress (6) and urease activity to combat the acidity of the gastric lumen (7).
Nevertheless, the terms “microaerophile” and “acidophile” are incorrect descriptors for H. pylori.
H. pylori is not a true acidophile, growing optimally at neutral pH and mitigating acid exposure
so long as urea is available. It is the rapid and sustained intracellular hydrolysis of this substrate

that allows the bacterium to maintain its cytoplasm at pH 7.4 (8). Neither is H. pylori a true



microaerophile; it has recently been shown that under high cell density or under high partial
pressure of CO;, H. pylori can grow in the presence of atmospheric oxygen (9, 10).

Definitions aside, it is clear that despite possessing a relatively small genome (1.6 Mbp)
and a scant regulatory network for gene expression (11, 12), H. pylori has devised solutions to a
very real problem: how to live and thrive in the human stomach. In the thirty years since the
discovery of H. pylori, we are beginning to get a clearer picture of the conditions encountered by
the bacterium during colonization. The bacteria are found close to the surface of the gastric
epithelium—generally within 25 um of this surface (13). Attachment to the host cells is
common, and perhaps most of the bacterium’s nutrients are derived from the host cell products
(14, 15). During colonization, H. pylori is continually dislodged from the host cell surface,
either due to peristalsis of the stomach or due to the rapid turnover of the host epithelial layer.
The bacteria solve this problem by exploiting their high motility, which depends upon several
polar flagella and good sense of direction (chemotaxis) (16-18). The H. pylori proteome
constitutively maintains its urease pools at approximately 5-10% of the total proteome (by mass),
suggesting that the issue of low pH is constant burden to the cell (19). Nevertheless, the precise
pH near the host epithelia, where the majority of bacteria spend most of their time, remains
controversial (20, 21). It is clear, however, that urease is important (22), both for motility
through the mucus lining of the stomach (23) and to combat acidic pH (8, 24).

Arguably, H. pylori is an interesting pathogen simply from the perspective of its unique
physiology and colonization strategies. Regarding this organism’s pertinence to public health,
however, more important questions arise. What has this bacterium done to threaten public

health? What aspects of its survival strategies in the host are important to study and why? These



questions will be addressed in the following sections of this chapter, along with a literature

review pertaining to the scope of this dissertation work.

Epidemiology and Disease

What has H. pylori done to threaten public health? There are two main factors that
influence any decision to study a bacterial pathogen. First, is the frequency of infection high?
Second, what is the degree of morbidity and/or mortality associated with the infection? The
discovery of H. pylori as a causative agent for gastric ulcers was a noteworthy event in medical
history, partly due to the controversial methodologies (namely, drinking the organism) used by
Warren & Marshall to challenge conventional wisdom regarding ulcers (2), and also due to the
discovery of a previously overlooked site for prokaryotic colonization. Indeed, the human
gastric lumen and mucus frequently fall below pH 2 (25), and such acidic conditions pose a
formidable barrier against the survival of pathogens capable of inhabiting this niche.
Interestingly, it appears that H. pylori has been associated with humans for at least the past
50,000 years (26), a fact that has enabled the use of H. pylori genotyping as a marker to unveil
migration patterns of ancient humans (27).

Worldwide infection rates vary between 20 — 80% of the adult population (28). These
percentages vary by geographic region and by demographic factors. For example, higher
infection rates correlate with low socioeconomic status (29, 30). Infection by H. pylori is
chronic unless treated with a combination of proton-pump inhibitors and antibiotics (31).
Although the mode by which H. pylori is transmitted remains unknown, populations exhibiting
poor hygiene and sanitation possess infection rates on the upper end of this spectrum (32, 33).

H. pylori is typically acquired during childhood, and the risk of infection is highest in individuals



who live with infected family members (34). These observations lend likelihood to the
possibility of person-to-person transmission, but it has also been suggested that contaminated
water supplies could be the culprit (35). H. pylori is notoriously fastidious outside the human
host, however, and it remains to be determined whether the organism can remain infectious for
an extended period of time in an aquatic environment.

While the majority of infected individuals remain asymptomatic, between 1 and 10% of
individuals develop chronic gastritis, gastric-esophogeal reflux disease (GERD), and/or ulcers of
the stomach and the duodenum (29, 31). Another potential consequence of H. pylori infection is
anemia, especially in females, and is thought to be due to poor iron absorption in infected
individuals (36). Classified as a Group 1 carcinogen by the World Health Organization, H.
pylori has been shown to induce chronic inflammation leading to gastric cancer and mucosa
associated lymphoid tissue (MALT) lymphoma (37). Significant advances have been made in
recent years to define the mechanisms behind H.pylori-induced carcinogenesis. These studies
are of major relevance to public health, as gastric cancer is the second leading cause of cancer-
related death worldwide (38). Lack of symptoms does not necessarily preclude the development
of H. pylori associated pathologies; indeed, a chronic inflammatory response is common even
among asymptomatic H. pylori carriers (39).

Therapies to eradicate H. pylori can prevent certain cancers that are associated with its
infection (1, 37, 40), however due to increased antibiotic resistance and the high cost of these
regimens, there is some uncertainty as to whether current antibiotic therapies will continue to be
a viable treatment against H. pylori infection (41). Several potential vaccines targeting H. pylori
are safe and effective in humans, but have not yet been capitalized upon (42). Interestingly, if a

vaccine were deployed against H. pylori as a public health intervention, morbidity and mortality



could be attenuated worldwide, the cost for which would be substantially lower than the current

economic burden associated its with its high infection rates (43).

Purine Metabolism in Bacteria

Purines are a group of nitrogen- and carbon-rich molecules that are essential for all living
cells. These molecules are perhaps most recognized for their function within DNA and RNA as
carriers of the genetic code. Equally important, however, is the essential role of purines in
cellular chemistry. Adenine moieties form part of the redox cofactors NAD(P) and FAD, which
participate in electron transfer and are abundant inside the cell; for Escherichia coli grown in a
minimal medium their respective concentrations are approximately 1 mM and 0.05 mM (44).
The purine nucleotides ATP and GTP play an important role as energy currency for the cell, and
are maintained at approximately 3 mM and 0.9 mM, respectively (44). For these nucleotides to
serve as energy donors the concentrations of the tri-phosphate forms must be kept higher than
those of the di- and mono-phosphates, providing a reservoir of potential energy that can then be
released via hydrolysis of these phosphodiester bonds. It is primarily the hydrolysis of purine
nucleotide phosphodiester bonds which provides the force to drive otherwise non-spontaneous
cellular chemistry. Furthermore, although ATP is the primary nucleotide used for energy-
coupling, the role of GTP cannot be underestimated; growing bacterial cells direct half of their
energy budget toward synthesis of protein, for which two ATPs and two GTPs are used to attach
each amino acid monomer to the growing peptide chain (45). A further role for purines are as
signaling molecules, for example cAMP and (p)ppGpp, involved in regulation of catabolism and

the stringent response, respectively.



Considering that purines are both essential and relatively concentrated within the cell, it
is not surprising that organisms possess robust mechanisms to acquire these molecules
exogenously, and/or to synthesize them using amino acid precursors. In addition, because de
novo purine synthesis is expensive, many organisms possess a network of reactions that can
salvage pre-formed purines and convert these to either adenine or guanine nucleotides depending

on the needs of the cell.

De Novo IMP Biosynthesis

The steps for purines biosynthesis are nearly identical across all three domains of life.
Two major steps are required to convert amino acid precursors into purine nucleotides. In the
first major transition, Inosine monophosphate (IMP) is formed (Fig 1.1). Second, either AMP or
GMP can be synthesized from the IMP precursor, each in two distinct steps (Fig 1.2). The best-
studied microbial pathways for IMP biosynthesis are found in the enterobacteria E. coli and
Salmonella enterica, and in Bacillus subtilis. All three organisms employ the same set of
enzyme-catalyzed reactions (46). The first committed step in de novo IMP synthesis begins with
the transfer of an amide group from glutamine onto the activated ribose sugar 5-phosphoribosyl
1-a-diphosphate (PRPP). This reaction is catalyzed by glutamine-PRPP amidotransferase (E. coli
PurF) (47, 48). The product of this reaction is phosphoribosylamine (PAR), which contains the
amide group, linked by an N-B-glycosidic bond, onto which the purine ring is sequentially
synthesized. Ten further catalytic steps are required to form the desired product IMP, and the
total cost of synthesis is five ATP. This value rises to seven ATP equivalents if we include the
two ATP equivalents needed to synthesize PRPP, and even more if we include the cost of

synthesizing the initial amino acid precursors. The point here is that de novo purine biosynthesis



requires a huge energy investment for the cell, and when this pathway is not necessary for
survival, which is the case for certain symbionts, then a strong selective pressure exists for its
elimination from the genome (49-51).

Most e-proteobacteria for which whole genome sequences are available possess all ten
gene homologs required for IMP biosynthesis. The exceptions are H. pylori and H. acinonychis,
which lack all but two of these genes (Table 1). The absence of this suite of genes for IMP
synthesis is true for all strains of H. pylori that have been sequenced to date. Since two close
cousins (H. hepaticus and H. mustelae) have both retained this pathway, we can surmise that the
set of genes for purine biosynthesis were lost at some point after the Helicobacter genus split
from the other Campylobacteriaceae but before speciation occurred between H. pylori and H.
acinonychis.

Interestingly, although the genomic data point strongly toward an inability of H. pylori to
synthesize purines, a study by Mendz et al (1996) reported growth of H. pylori in a minimal
medium without an added purine source, and from this it was concluded that H. pylori can
synthesize purines de novo. One year later, the first complete H. pylori genome was sequenced
(11). In hindsight, we can now compare genomic evidence with physiology and conclude that a
discrepancy exists between these two approaches. The question of whether H. pylori can indeed
carry out de novo synthesis of IMP must be re-examined.

Historically, it has been challenging to study the specific nutrient requirements of H.
pylori due to its fastidious nature. Most minimal media were supplemented with undefined,
complex supplements such as bovine serum albumin (BSA) or fetal bovine serum (FBS) (52-54).
Nevertheless, with the recent optimization of a chemically defined growth medium for H. pylori

(55, 56), the potential for contaminating purines can be eliminated. Thus, one aim in this work



was to re-examine the possibility of de novo purine synthesis by H. pylori using a fully defined

chemical medium.

Overview of Purine Salvage

Organisms can exploit the presence of pre-formed purines in the environment, thereby
avoiding de novo synthesis and/or allowing the use of purine breakdown products as a source of
carbon, nitrogen and energy. Cells have evolved a network of “salvage” reactions that include
both the uptake and the conversion of purines. Conversion pathways serve two major roles. The
first is to exchange between purine forms, one instance being the assembly of a nucleotide from
a free purine base. The second set of pathways serves to change the purine moiety itself, an
example being the conversion of AMP to GMP. Polymerization of purine nucleotides and
deoxynucleotides into RNA or DNA is not considered among the purine salvage pathways. An
organism is said to possess a “complete” salvage pathway if it can grow and replicate using any
single purine nucleoside or base as its sole source of purine. In the sections that follow, the major

roles of purine salvage will be detailed.

Purine Uptake

Bacteria acquire pre-formed purines from the environment through uptake mediated by
transporters. Nucleosides and nucleobases can enter passively through porins in the outer
membrane, and in E. coli, via the nucleoside-specific transporter Tsx, whose crystal structure has
been solved (57, 58). To subsequently cross the inner membrane, nucleosides and nucleobases

are taken up separately by way of energy-requiring transport systems. Phosphorylated



nucleosides are not substrates for bacterial transporters with the exception of certain intracellular
pathogens that can take up host ATP in exchange for their own “spent” ADP (59, 60).

If purines are not synthesized by H. pylori de novo, then we can assume transporter
systems must exist to allow entry of pre-formed purines across the inner membrane. It was
shown previously that H. pyori can take up a variety of radiolabeled purines, namely adenine,
guanine, hypoxanthine, and the nucleosides adenosine and guanosine (54). Radiolabeled
deoxyadenosine, but not deoxyguanosine, were also taken up by whole cells. The remaining
nucleosides (inosine, xanthosine) and deoxynucleosides (deoxyinosine, deoxyxanthosine) were
not tested (54). Thus, we know that certain purines are taken up by H. pylori, but the
mechanisms of uptake remain to be determined. Two genes in the fully sequenced H. pylori
genomes feasibly encode nucleoside and/or nucleobase transporters, and these homologs will be

further discussed.

1. Uptake of Nucleosides

In prokaryotes, nucleoside transporters come in several forms. These include the
Concentrative Nucleoside Transporters (CNT), the nucleoside-specific Major Facilitator
Symporters (MFS), and ABC-transporters. While H. pylori does not possess obvious homologs
to either MFS or ABC-type nucleoside transporters, a CNT homolog is present and will be
discussed.

CNTs are widely distributed among both prokaryotes and eukaryotes, and are
characterized by their use of an electrochemical ion gradient to power nucleoside symport across

the lipid bilayer. In general, bacterial CNTs are H -coupled nucleoside symporters, while



eukaryotic CNTs use sodium as the companion ion for symport (61). Exceptions to this rule are
found in the fungi (62).

All CNTs share a relatively high degree of sequence conservation across the three
domains of life. For example, E. coli NupC is a CNT-type transporter that shares 26% identity
(37% similarity) to the functional region of human hCNT1 protein (61). Nevertheless, although
homology-based approaches can predict the presence of a CNT transporter, the nucleoside
substrate preference for this family of transporters can vary. In humans, three nucleoside
transporters exist: one is specific for pyrimidine nucleosides (hCNT1) (63), a second for purine
nucleosides (hCNT2) (64), and a third accepts both pyrimidine and purine nucleosides (hCNT3)
(65). Despite having different substrate capabilities, the sequence identity between these three
CNT paralogs is greater than 70%, underscoring the notion that high homology can inform but
cannot necessarily predict substrate preference. Indeed, recombinant hCNT1 (pyrimidine-
specific) can be altered via mutation at just two residues in order to confer a complete switch to
hCNT2-like purine-specific transport (66). Therefore, although this family of transporters shares
a conserved 3D architecture and general function, precise substrate preference cannot be
determined from sequence homology alone.

To date, the only well-studied bacterial CNT is the E. coli protein NupC. Initial
characterization of this transporter used mating/recombination experiments and mutant analysis
to map the location of NupC in the genome, and to determine its substrate specificity (67).
Further studies using prepared E. coli membrane vesicles showed that transport by NupC
depends upon the proton-motive force (68). It was not until fifteen years later that £. coli NupC
was shown to be encoded by a single gene (69, 70). More recently, studies of E. coli NupC have

identified key residues involved in transport, and have precisely determined the substrate
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specificity (61, 71). Studies using recombinant E. coli NupC expressed in Xenopus oocytes
showed that, similar to human hCNT1, this protein exhibits a strong preference for pyrimidine
rather than purine nucleosides (61). In Bacillus subtilis, the role of NupC in vivo was studied
using mutant analysis (72), and was postulated to prefer pyrimidine substrates. However, no
studies have pinpointed the substrate specificity for this protein.

H. pylori possesses a CNT-family protein (HP1180), annotated as NupC (11, 73, 74).
This annotation was likely based on the sequence similarity between HP1180 and E. coli NupC
(61, 70), since E. coli NupC is the only bacterial CNT whose substrate specificity has been
determined. HP1180 has not been studied, and therefore we cannot assume that its substrate
preference is the same as for E. coli. The gene encoding HP1180 is located in a three-gene
operon along with purine nucleoside phosphorylase (PNP) (4p1178) and phosphopentomutase
(hp1179). Mutants lacking hp1178 are deficient for growth on purine nucleosides, suggesting
that the assignment of PNP is correct (75). Thus, if co-expression is indicative of related
function, we can hypothesize that HP1180 is involved in purine rather than pyrimidine transport,

in contrast to the function identified for E. coli NupC.

2. Uptake of Nucleobases

Nucleobase uptake systems in prokaryotes comprise a subset of the Major Facilitator
Superfamily (MFS) of transporters, and fall into two families: the Nucleobase Cation Symporter
Family 1 (NCS1) and the Nucleobase-Ascorbate Transporter family (NAT or NCS2) (76). The
first family of transporters (NCS1) contains only one experimentally-studied bacterial example:
CodB from E. coli (77). Many homologs to CodB exist in diverse members within the domain

bacteria. H. pylori does not possess a homolog to a NCS1 family transporter.
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Despite the use of “ascorbate” to describe the NAT family, only mammalian NAT
members can transport ascorbate (78). Despite the diverse substrate recognition among the NAT
family, all members use a cation for symport (Na" in mammals, H" in bacteria, fungi, and plants)
(78). Members of the NCS2 family in bacteria include PurP from E. coli which transports
adenine (79), and YgfO and YicE, which transport xanthine (80). B. subtilis also possesses
several members of this family including a xanthine-specific permease (PbuX) (81) and a
guanine-hypoxanthine permease (PbuG) (82). Recently, two purine-specific nucleobase
transporters of the NCS2 family were found in Borrelia burgdorferi, denoted BB022 and BB023
(83). A simple BLAST search against the H. pylori 26695 proteome using B. subtilis PbuG and
B. burgdorferi BB022 as queries revealed a homolog to these transporters (30% identical to

each) encoded by hp1175.

Conversions Between Nucleobases, Nucleosides and Nucleotides

Free purine bases can be attached to the C1 carbon of PRPP through an N-glycosyl bond.

This reaction is catalyzed by phosphoribosyltransferase (PRTase), and occurs as follows:

nucleobase + PRPP - nucleoside monophosphate + PP;

E. coli possesses three purine PRTase enzymes, one specific for adenine (APRTase)(84), another
for guanine and xanthine (XGPRTase)(85), and a third for hypoxanthine (HPRTase)(86). H.
pylori possesses only two phosphoribosyl-transferases: APRTase (encoded by /4p0572) and
XGPRTase (encoded by hp0735) (11). APRTase activity was detected in H. pylori cell lysates

(54), but has not been studied in detail. H. pylori XGPRTase was purified from recombinant E.
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coli and was shown to utilize all 6-oxopurine substrates: guanine, hypoxanthine, and xanthine
(87).

Purine nucleoside phosphorylase (PNP) is a second enzyme class that catalyzes the
condensation between a purine base and a ribose or deoxyribose sugar. In this case, the product

is a nucleoside as opposed to a nucleoside monophosphate:

nucleobase + (deoxy)ribose-1-P € - (deoxy)ribonucleoside + P;

At equilibrium this reversible reaction favors nucleoside formation, however the observed
direction in vivo is primarily toward nucleoside cleavage, partly due to limiting concentration of
intracellular (deoxy)ribose-1-P, but also due to the rapidity at which PRTase enzymes quickly
consume free purine bases (86, 88). There are two PNPs in E. coli. The first to be described
(PNP-I) accepts all purine nucleosides and deoxynucleosides as substrates except xanthosine
(89). A second PNP (PNP-II) was later discovered in E. coli (90). This second PNP shares less
than 10% identity with PNP-I, but it does share some overlap in substrate specificity, accepting
all purine nucleosides and deoxynucleosides except adenosine (91).

H. pylori possesses two putative PNPs, encoded by Ap1178 and hp1530 (11). While the
gene product HP1178 has not been studied biochemically, an H. pylori mutant lacking hp1178
was attenuated for growth on adenosine and guanosine as its sole purine source (75). This
mutant was not tested for growth on the remaining two purine nucleosides (xanthosine and
inosine), and therefore it cannot yet be determined whether HP1178 shares the same substrate
specificity as E. coli PNP-I. Interestingly, although HP1178 is a strong homolog (54% identical)

to E. coli PNP-I, HP1530 shares low overall sequence similarity to other known PNPs, including
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E. coli PNP-II. It appears that the assignment for HP1530 was instead based on the presence of
conserved domains indicating that it is a member of the phosphorylase superfamily (92, 93).
Due to high sequence variability among members of this superfamily, some members are
undetectable using simple sequence similarity-based approaches such as BLAST (93). Until
HP1530 is studied experimentally, the assignment of “purine nucleoside phosphorylase” to
describe this hypothetical enzyme is too specific; among the other possible functions of this
enzyme are 5’-methyladenosine phosphorylase or uridine phosphorylase, which are the two other
members of the phosphorylase superfamily (93).

An alternative, direct strategy to convert a nucleoside into a nucleotide monophosphate
occurs through phosphorylation of a nucleoside by a nucleoside kinase (NK). Interestingly,
while most eukaryotes possess NKs for all nucleoside substrates, nearly all bacteria possess only
guanosine-inosine kinase but lack adenosine kinase (94). An exception to this rule can be found
in members of the genus Mycobacterium, which possesses an adenosine kinase that apparently
evolved from another enzyme of the ribokinase family via convergent evolution (95). H. pylori

possesses no homologs for adenosine kinase, or guanosine-inosine kinase.

Synthesis of AMP and GMP

IMP is the product of de novo purine biosynthesis, and from this molecule either AMP or
GMP can be synthesized. The pathway for AMP and GMP biosynthesis is the same for all
organisms, regardless of the ability of that organism to synthesize IMP de novo. H. pylori
possesses strong homologs to the canonical enzymes which catalyze the synthesis of these two

nucleotides (Fig 1.2).
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The first step in the synthesis of AMP from IMP is catalyzed by adenylosuccinate
synthase (EC 6.3.4.4), which is highly conserved in bacteria and is denoted PurA. H. pylori
possesses a strong homolog (55% identical) to E. coli PurA (encoded by /p0255). The overall

reaction catalyzed is:

IMP + L-aspartate + GTP = succinyl-AMP + GDP + P;

The crystal structure of E. coli PurA has been solved (96), and the enzyme has been studied in-
detail with regard to ligand binding, kinetics, allosteric regulation, and important active site
residues (44, 97, 98). Notably, GTP is used for energy coupling in this reaction (as opposed to
ATP). This is one of several mechanisms used to regulate the ratio of ATP to GTP inside the
cell.

Following its synthesis, succinyl-AMP is immediately cleaved by adenylosuccinate lyase
(EC 4.3.2.2), releasing AMP and fumarate. Denoted PurB in bacteria, adenylosuccinate lyase
also catalyzes the ninth step in the pathway toward IMP biosynthesis, a similar reaction that

likewise liberates a molecule of fumarate. Therefore, the two reactions catalyzed by PurB are:

succinyl-AMP = AMP + fumarate

SAICAR = AICAR + fumarate

In these reactions, SAICAR stands for succinyl-aminoimidazole carboxamide ribotide, and
AICAR stands for aminoimidazole carboxamide ribotide. PurB is a member of the

argininosuccinate lyase (ASL)/fumarase C superfamily (99). The homolog to PurB in H. pylori
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(encoded by hp1112) shares overall low sequence homology with E. coli PurB, but nevertheless
is 49" identical to B. subtilis PurB, for which the structure and catalytic mechanism has been
partially detailed (100, 101), aided by the crystal structure of the close homolog PurB from
Thermotoga maritima (102).

Similar to AMP synthesis, the synthesis of GMP from IMP is catalyzed in two steps. In
the first step, IMP is oxidized to XMP by the enzyme IMP dehydrogenase (GuaB, EC 1.1.1.205),

which uses NAD" as the oxidant.

IMP + NAD" + H,0 = XMP + NADH + H"

In H. pylori, the homolog for this enzyme is encoded by #p0829, and is 55% identical IMP
dehydrogenase from E. coli. Of the purine conversion enzymes in H. pylori, only IMP
dehydrogenase (denoted here HpIMPDH) has been studied empirically using purified enzyme in
order to study potential inhibitors of catalytic activity. The K, of HpIMPDH for IMP and
NAD', respectively, were 18 pM and 73 mM, which is similar to values seen for other bacterial
IMP dehydrogenases (103). The authors were particularly interested in the potential for this
enzyme as a drug target. Two key residues, Alal65 and Tyr358, confer susceptibility of IMP
dehydrogenase to a certain set of inhibitors (103). HpIMPDH possesses these key residues, and
indeed the purified enzyme was potently inhibited in vitro by these compounds. Growth of H.
pylori in rich media was also affected by these same compounds (103), however their efficacy
has yet to be studied using an in vivo infection model. The gene encoding HpIMPDH (guaB) has

not been studied using mutant analysis.
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To convert XMP to GMP requires transfer of an amido group from L-glutamine onto

XMP by the enzyme GMP synthase:

XMP + L-gln + ATP = GMP + PP; + AMP + L-glu

This reaction requires the hydrolysis of the opposite purine nucleotide, ATP, as a source of
energy. As previously noted, the cell’s strategy of using the opposite purine nucleotide as an
energy source for synthesis of the former can serve to balance the ratio of ATP to GTP within the
cell (44). The crystal structure of E. coli GMP synthase has been solved, revealing a bifunctional
enzyme possessing two catalytic domains: a glutaminase domain and an ATP pyrophosphatase
domain (104). This enzyme belongs to the Class I glutamine amidotransferase family, which
exhibit channeling of ammonia from one catalytic domain to the other in order to prevent
diffusion of this intermediate (105). H. pylori possesses a homolog for GMP synthetase
(encoded by hp0409) that shares over 50% identity with its homologs in E. coli and Thermus
thermophiles, enzymes for which crystal structures have been solved.

In summary, strong homologs exist in H. pylori for enzymes required for synthesis of
both AMP and GMP. One of these enzymes (HpIMPDH) has been studied biochemically. None
have been studied in vivo using mutant analysis. One of my aims in this current work was to

provide in vivo evidence for these purine conversion enzymes using mutant analysis.
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Conversion Between Adenine and Guanine

Guanine and its derivatives can be converted into adenine derivatives (and visa versa) in
order to satisfy cellular needs. In both cases, the purine must first be converted to the common
intermediate IMP, from which either AMP or GMP can be made (Fig 1.2).

In the case of guanine derivatives, the conversion occurs through GMP. This molecule is

reduced to IMP via reductive deamination by GMP reductase (GuaC) (106):

GMP + NADPH + H" = IMP + NH; + NADP"

A close relative of IMP dehydrogenase, GMP reductase is highly conserved among many
organisms including bacteria and mammals (107-109). In E. coli, GuaC is the sole means by
which guanine and its derivatives are converted to adenine (110). In E. coli, GuaC is inhibited
by ATP and activated by GTP, in accordance with its role in balancing adenine and guanine
pools (106, 108). A homolog to GuaC is present in H. pylori (32% identity with E. coli GuaC,
encoded by ip0854), but it has not been studied.

Adenine and its derivatives are likewise degraded to IMP first, then to GMP (Fig 1.2).
Generally, the first step in this process relies on a hydrolytic deamination reaction on C-6 of the
adenine moiety, a reaction that is irreversible and requires no ATP. In bacteria, this deamination
is catalyzed by either adenosine deaminase (ADD) or by adenine deaminase (ADE). Some
bacteria possess both ADE and ADD (111, 112), while others possess only one of the two (111,
113). In certain prokaryotes, there exists a roundabout mechanism for adenine degradation that
relies on the histidine biosynthesis pathway. Through this pathway, ATP is converted into

AICAR, which can be channeled into the final steps of the de novo IMP biosynthetic pathway
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(114). E. coli Aadd mutants that lack histidine in the growth medium use this alternative route.
When hisidine is added to the medium, the genes required for histidine biosynthesis are no
longer expressed and at this point the Aadd mutation causes auxotrophy for guanine or guanine
derivatives (115). H. pylori lacks homologs to both ADD and ADE, and furthermore lacks a
histidine biosynthetic pathway. Also absent from H. pylori, and indeed from all e-proteobacteria,
is a homolog to the E. coli tRN-specific adenosine deaminase (TadA). TadA forms inosine from
adenosine at the wobble position of tRNAs (116), and in theory could be responsible for
adenosine degradation in the cell, however TadA cannot substitute for ADD in E. coli (115).
Therefore, even if H. pylori did possess a homolog for TadA, the chances are slight that this
enzyme could serve as the primary deamination pathway for adenine derivatives. In summary,
the mechanism of adenine or adenosine deamination in H. pylori remains unsolved.

The question of a missing pathway for adenine/adenosine degradation in H. pylori was
noted upon publication of the first full genome sequence (117), and has likewise been found
missing from subsequent H. pylori strains (118). Early studies of purine salvage in H. pylori
reported the presence of adenine deaminase (ADE) activity in cell extracts (54), however this
conclusion was not fully supported. The authors observed a spectral peak corresponding to
adenine decrease over time, concomitant with an increase in hypoxanthine. Either ADE or ADD
activity could explain this substrate-product shift, so the presence of these enzymes in H. pylori
remains unclear. Reynolds & Penn (1994) showed that H. pylori can grow using adenine as a
sole purine source (53). Their observation must first be corroborated using a fully (rather than
partially) defined growth medium, however if we assume this phenotype to be true, then H.
pylori must possess an enzyme (ADE or ADD) that can degrade adenine for use in the synthesis

of guanine nucleotides.
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Adenosine Deaminase

ADD is a member of the amidohydrolase superfamily of proteins, whose members are
diverse and include urease, cytosine deaminase, adenosine and adenine deaminase,
dihydroorotase, N-acyl-D-amino acid amidohydrolase, chorohydrolase, and others. This
superfamily is widely distributed among eukaryotes and prokaryotes. The common ancestral
enzyme of this superfamily is so deeply rooted that, among its members, the amino acid
sequences often share no homology whatsoever (119). Members of this superfamily are
therefore recognized by their three-dimensional structure and by the presence of certain highly
conserved residues (119). All members share a common (B/a)s-barrel 3-D structure along with
three conserved histidine residues and one aspartic acid residue that together coordinate a
divalent metal ion (119). The preferred divalent metal ligand varies depending on the enzyme.
Examples include nickel (urease) (120, 121), zinc (adenosine deaminase, dihydroorotase,
guanine deaminase (122-124), iron(II) (cytosine deaminase, chlorohydrolase) (125, 126), and
cadmium/zinc (phosphotriesterase) (127, 128). Also variable are the number of metal ions in the
catalytic core. Urease, for example, holds two Ni*? jons per B-subunit (121, 129), while
adenosine deaminase holds only one Zn" ion (123, 130). The presence of two rather than one
metal atom requires, in addition to the conserved histidines, a carbamylated or carboxylated
lysine to serve as a bridging ligand (122, 131).

Interestingly, several amidohydrolases have recently been recognized as having evolved
from existing paralogs over the past forty years in certain soil-dwelling bacteria for the purpose
of degrading S-triazine herbicides. One such example is the enzyme atrazine chlorohydrolase
(AtzA) from Pseudomonas sp. ADP. This iron(Il)-containing enzyme dechlorinates atrazine in

the first step of atrazine metabolism (126, 132, 133). Due to the recent appearance of this
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enzyme, presumably it has evolved from an ancestral protein whose substrate remains to be
determined (119).

Adenosine deaminase is a highly efficient biocatalyst that significantly lowers the
activation energy required for the hydrolytic deamination of adenosine at position C-6 of the
purine ring. This efficiency is demonstrated by E. coli ADD, which provides a rate enhancement
of 2 x 10'* (134). Adenosine deaminase has been purified and studied from numerous
organisms, both prokaryotic and eukaryotic (112, 135-138), however the majority of structural
and kinetic studies have been performed using Mus musculus (murine) ADD. Adenosine
deamination occurs via an SN2 mechanism in which a water molecule is polarized, through the
aid of Zn"™ and Asp295 (Asp277 in E. coli), to form the hydroxide nucleophile for attack (139-
141). An unstable tetrahedral intermediate is formed (123), after which the leaving group is
protonated by a residue that has yet to be confirmed (140). The binding pocket for Zn™ and
adenosine is located deep within the B-barrel, inaccessible to the surrounding solvent (141).
Many of the important residues for substrate binding and catalysis have been elucidated for
murine ADD (Table 1.2), and are based on bioinformatics analyses, site-directed mutagenesis
and crystal structures of ADD bound to various adenosine and transition-state analogs (123, 139-
144). E. coli ADD is 33% identical (50% similar) to murine ADD, and therefore it is not
surprising that these same critical residues are conserved in E. coli ADD (145).

The Ko/Kin value for murine ADD is 1.4 x 107 M'ls'l, indicating that the catalyzed
reaction is nearly diffusion-limited (134). Substrates for bacterial and mammalian ADDs include
both adenosine and 2’-deoxyadenosine as substrates; Ky, values for adenosine range between 20
and 70 uM, while values for 2’-deoxyadenosine range between 20-400 uM (112, 135, 136, 146,

147). The molecular weight for a single monomer of ADD typically falls between 25-55 kDa,
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and, depending upon the bacterial species, exist as a monomer, homodimer, or homotetramer
(112, 135, 147, 148). Aside from these differences in quaternary structure, certain striking
commonalities exist among all ADDs studied to date; for instance, the presence of a single Zn'?
ion as the physiologically relevant metal ligand. In addition, all ADDs studied biochemically to
date are orthologs that descended from a common ancestor and cluster unambiguously in a
phylogenetic tree (119, 144). Their close relatedness is illustrated by their representation in a
single cluster of orthologous groups (cog1816) within the COG database (149).

One of the most powerful aspects of the COG database is the ability to examine the
phylogenic representation of a particular COG among the prokaryotic phyla. For example,
adenosine deaminase (cogl816) does not appear to be universally represented among
prokaryotes. Members of cogl816 are absent from the archaea, and appear to have spotty
representation among both the proteobacteria and the firmicutes. An important caveat to
remember, however, is that only 66 genomes are represented in the COG database, and some
phyla are represented by only a single genome, therefore generalizations cannot be made
regarding a COG’s true phylogenetic representation. Nevertheless, it is curious that many
organisms which lack a cogl1816 homolog also contain a “gap” in their purine conversion
pathway—a gap that can only be filled by the presence of ADD or ADE. Examples of such
organisms include Methanococcus maripaludis S2, Termotoga maritima, Synechocystis sp. PCC
6803, Pasteurella multocida, as well as most epsilon- and delta-proteobacteria including H.
pylori.

For the above reasons, we predict the existence of an enzyme in H. pylori that can
degrade adenosine (or adenine), and that is not a member of cog1816. Efforts to elucidate this

enzyme from the proteome of H. pylori are described herein.
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Purines: Relevance to Virulence in H. pylori

Purine salvage is important for numerous human bacterial pathogens. Of particular
importance are genes involved in converting between guanine and adenine. For example,
uropathogenic E. coli requires genes for the synthesis and degradation of GMP for full virulence
(150). S. enterica is likewise attenuated when lacking guaA4 and guaB (151). Other pathogens for
which purine interconversion pathways are important include Yersinia pestis, B. burgdorferi, and
Vibrio cholerae (152-154). Notably, these five pathogens encounter distinct host environments
ranging from intestinal mucosa to the urothelium, from intracellular replicative niches to
transitory passage through the bloodstream. The reliance on purine interconversion pathways by
many pathogens suggests a general limitation for purines in diverse niches within the human host
(155), and could at least partially explain why most bacterial pathogens possess an expensive de
novo pathway for IMP biosynthesis. Despite this trend, some pathogens (for example B.
burgdorferi (50) and Chlamydia trachomatis (51)) rely entirely on host purines in combination
with partial salvage pathways. These two pathogens provide evidence that, in certain host
environments, sufficient purines are available for bacterial replication. Which of these situations
is true for H. pylori? Does it possess machinery for de novo purine synthesis, salvage, or both?

Similar to B. burgdorferi and C. thrachomatis, H. pylori possesses a reduced genome due
to its extended evolution within the relatively stable niche of the gastric mucosa. On the other
hand, H. pylori is not an intracellular pathogen, and in that respect is more similar to E. coli and
V. cholerae. Purines are more highly concentrated inside the host cell cytosol (155, 156),
arguing perhaps in favor of the preservation of de novo IMP biosynthesis in H. pylori. Several
questions are therefore of medical relevance, and are central to this current work. Does H. pylori

rely on host purines for survival? Does successful host infection depend upon a purine salvage

23



network, and if so, which components of this network are important? In the interest of providing
a foundation for rational drug engineering, it is important to piece together this salvage network,
especially the component of this network that appears to be missing from the genome: adenosine
deaminase. H. pylori ADD will likely be a novel isoform that is dissimilar to human ADD
isoforms I and II, and thus may represent an attractive candidates for the design of new

antibiotics targeting this organism.

Scope of this Study

The work presented herein serves to characterize the poorly understood H. pylori purine
metabolic network, in particular the conversions between guanine and adenine derivatives. The

following questions will be addressed:

1. What are the purine requirements for H. pylori? '

To address this question I use a fully defined chemical growth medium lacking BSA or other
common supplements, and in doing so unambiguously determine whether de novo purine
biosynthesis is possible in this organism. I furthermore address whether H. pylori’s salvage
network is complete by asking if a particular purine is necessary for growth, or whether any
purine source can suffice. Lastly, I examine whether the growth efficiency of H. pylori depends
upon the purine source present in the medium. These studies build a baseline understanding of
the purine requirements in this organism, and therefore serve as valuable information from which

hypotheses can be drawn in subsequent sections of this dissertation work.
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2. What genes are responsible for H. pylori’s purine conversion network? *

To determine the associated genes I use mutant analysis in combination with growth studies
in a fully defined medium. Determining which specific purines can support growth of these H.
pylori mutant strains define the importance of these genes within the purine metabolic network,

and substantiate the current gene annotations with experimental evidence for gene function.

3. How are purines taken up by H. pylori?

I address one facet of this question by examining the 4p /180 locus, annotated as encoding a
“pyrimidine nucleoside transporter, NupC.” I hypothesize that this gene actually encodes a
purine nucleoside transporter, and test this using a nupC mutant by way of phenotype

characterization and radiolabeled nucleoside uptake studies.

4. How does H. pylori degrade adenine?

There is no homolog in the sequenced H. pylori genomes for adenosine or adenine
deaminase. Therefore, an adenine degradation pathway is not included among the hypotheses
tested in the mutant analyses described above. Addressing this question must therefore begin by
identifying the gene encoding this elusive adenine-degrading enzyme. After doing this, I study
this enzyme biochemically, as it possesses no strong homologs in the current NCBI database and
therefore warrants additional enzymological studies toward understanding purine metabolism in

bacteria.

1 Prior to publishing our findings, a study was published that addressed these questions (75).
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Table 1.1 Homologs for de novo IMP biosynthesis enzymes among members of the ¢-
proteobacteria.

Homolog’
Species purF | purD | purN | purL | purM | purK | purE | purC | purB | purH
Helicobacter - + - - - - - - i _
pylori
Helicobacter - + - - - - - i T _
achinonychis
Helicobacter + + + + + + + + + n
mustelae
Helicobacter + + + + + + + + + n
hepaticus
Campylobacter |+ + + + + + + + + +
Jjejuni
Acrobacter + + + + + + + + + n
butzleri
Geobacter + + + + + + + + + +
sulfurreducens
Wolinella + + + + + + + n + +
succinogenes
Sulfurospirillum | + + + + + + + + + +
barnesii
Sulfurovum sp. | + + + + + + + + + +
NBC37N1

“Gene names are based on the reference pathway in Escherichia coli. The presence or absence
of homologs in these organisms is based upon current annotations in the NCBI GenBank
database.
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Table 1.2 Catalytically important residues for adenosine deaminase.

Residue Residue | Role Reference
(Mus musclus) | (E. coli)
Hisl5 His12 Coordinates Zn™ ion Wilson et al. (1991)
His17 His14 Coordinates Zn™ ion Wilson et al. (1991)
His214 His196 Coordinates Zn™* ion Wilson et al. (1991)
Asp295 Asp277 | Coordinates Zn'* ion Wilson et al. (1991)
Sideraki et al. (1996)
Asp296 Asp278 | H-bonds with substrate Wilson et al. (1991)
Sideraki et al. (1996)
His238 His220 Stabilizes hydroxide nucleophile Wilson & Quiocho (1993)
Aspl9 Aspl7 H-bonds with substrate Wilson et al. (1991)
Conserved among ADDs" Ribard et al. (2003)
Glu217 Glul99 Involved in catalysis Wilson et al. (1991)
Mohamedali et al. (1996)
Alal83 Alal68 Active site involvement Ribard et al. (2003)
Gly184 Gly169 H-bonds with N-3 of purine ring Wilson et al. (1991)
Ser103 Ser100 Possible ribose binding Ribard et al. (2003)
Argl01 Arg98 Conserved in ADDs but not ADEs” | Maier et al. (2005)
Phel0 Phe7 Conserved among ADDs and ADEs | Ribard et al. (2003)

“ ADD = adenosine deaminase

> ADE = adenine deaminase
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Figure 1.1 Overview of de novo IMP biosynthesis. The canonical, highly conserved eleven-
step pathway is used to synthesize purines using only amino acid precursors. Enzymes are
named in accordance with their designations in E. coli. Bolded enzymes indicate homologs are

present in one or more H. pylori strains.
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Figure 1.2 GMP and AMP biosynthesis and degradation. Degradation of adenine into

hypoxanthine can occur either through Add or Ade. Bolded enzymes indicate that a homolog to
this protein exists that is conserved in all H. pylori strains. Enzymes are named according to the

convention in E. coli.
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CHAPTER 2
EFFICIENCY OF PURINE UTILIZATION BY HELICOBACTER PYLORI: ROLES FOR

ADENOSINE DEAMINASE AND A NUPC HOMOLOG'

! Miller, E. F., S. Vaish, and R. J. Maier. 2012. PloS One 7:¢38727. Reprinted here with
permission of publisher.
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Abstract

The ability to synthesize and salvage purines is crucial for colonization by a variety of human
bacterial pathogens. Helicobacter pylori colonizes the gastric epithelium of humans, yet its
specific purine requirements are poorly understood, and the transport mechanisms underlying
purine uptake remain unknown. Using a fully defined synthetic growth medium, we determined
that H. pylori 26695 possesses a complete salvage pathway that allows for growth on any
biological purine nucleobase or nucleoside with the exception of xanthosine. Doubling times in
this medium varied between 7 and 14 hours depending on the purine source, with hypoxanthine,
inosine and adenosine representing the purines utilized most efficiently for growth. The ability
to grow on adenine or adenosine was studied using enzyme assays, revealing deamination of
adenosine but not adenine by H. pylori 26695 cell lysates. Using mutant analysis we show that a
strain lacking the gene encoding a NupC homolog (HP1180) was growth-retarded in a defined
medium supplemented with certain purines. This strain was attenuated for uptake of
radiolabeled adenosine, guanosine, and inosine, showing a role for this transporter in uptake of
purine nucleosides. Deletion of the GMP biosynthesis gene guaA had no discernible effect on
mouse stomach colonization, in contrast to findings in numerous bacterial pathogens. In this
study we define a more comprehensive model for purine acquisition and salvage in H. pylori that
includes purine uptake by a NupC homolog and catabolism of adenosine via adenosine

deaminase.
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Introduction

The bacterial pathogen Helicobacter pylori is known for its ability to colonize and persist
in the human stomach, a niche that is largely uninhabited by other bacteria. Infection by H.
pylori greatly increases the risk of duodenal and gastric ulcers, gastric cancers, and MALT
lymphoma (1). As it infects between 20%-80% of the adult population worldwide, H. pylori is
regarded as one of the most successful human pathogens (1). One reason for this success is that
it has evolved for millennia in close association with humans (2) and is well-adapted to acquire
nutrients, including purines, from the host gastric epithelium and from the mucus environment
(3, 4). Purines are critical for cellular growth and replication, therefore it is important to
examine the mechanisms by which H. pylori acquires and salvages purines, and to determine the
roles of these pathways in host colonization.

It was recently shown that, in contrast to previous reports, purines are absolutely required
for growth of H. pylori 26695 (Abstract no. 2273, Miller, E. F. & Maier, R. J., Annual Meeting
of the American Society for Microbiology, May 2011), a result confirmed for three other strains
of H. pylori (5). These observations corroborate predictions made from the RAST-annotated H.
pylori genomes, which all lack the pathway for de novo IMP synthesis (6). H. pylori therefore
relies on a purine salvage pathway (Figure 1), which has been partially characterized already (5,
7, 8). Although several different strains were used for these prior studies, the gene homologs for
purine salvage are well-conserved among the sequenced strains of H. pylori, making it likely that
purine utilization is similar across strains (6).

Here we study the purine requirements of H. pylori strain 26695, for which, if a complete
salvage pathway is present, any biological purine base or nucleoside would suffice to support

growth. It was recently shown that all four biological purine bases (adenine, guanine,
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hypoxanthine, or xanthine), as well as two nucleosides (adenosine and guanosine) can
individually serve as the sole purine source for H. pylori strain G27 (5). Nevertheless, purine
requirements for H. pylori have not been studied in a completely defined medium, and it is also
unclear which purines H. pylori uses most efficiently. Historically, it has been challenging to
study specific nutrient requirements in this organism because most minimal growth media
include undefined biological supplements such as bovine serum albumin (BSA) or foetal bovine
serum (FBS) (7, 9, 10). However, with the recent optimization of a chemically defined growth
medium for H. pylori (11, 12), the potential for contaminating purines is eliminated and we can
ask not only which purines are sufficient for growth, but which are used most efficiently.

If H. pylori can utilize any biological purine source including adenine or adenosine, then
it is surprising that H. pylori lacks homologs to enzymes that can deaminate adenine or
adenosine. H. pylori cell extracts can convert radiolabeled adenine into hypoxanthine,
suggesting that adenine deaminase is the key enzyme responsible for catabolizing AMP to IMP
(13). However, subsequent studies showed that a AdeoD mutant was unable to grow on adenine
as a sole purine source, implying instead that adenosine deaminase is the responsible enzyme (5).

Another gap in our knowledge of H. pylori purine salvage is the mechanism by which
purines are transported into the cell. The H. pylori protein HP1180 is homologous to the
bacterial concentrative nucleoside transporter (CNT) NupC, a H'/nucleoside symporter. The
best-studied bacterial NupC proteins (from Escherichia coli and Bacillus subtilis) transport
pyrimidine rather than purine nucleosides (14-16). In H. pylori nothing is known about the
substrate specificity of HP1180, however its corresponding gene is co-transcribed with

phosphopentomutase (4p1179), and purine nucleoside phosphorylase (hp1178) both of which are
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involved in purine metabolism. We therefore predicted that this H. pylori NupC homolog might
play a role in purine uptake.

The overall aim of this study was to create a more precise understanding of how H. pylori
26695 transports and metabolizes purines, the efficiency to which each biological purine is used,

and the importance of purine conversions in host colonization.

Results

Growth of H. pylori in a synthetic medium supplemented with various purine sources. 7.
pylori 26695 was grown in a modified version of Ham’s F12 (designated EMF12, Table 2.4).
This medium does not represent the minimum requirements for H. pylori growth, which are
known (12), but instead contains a wide array of vitamins and amino acids in order to reduce the
number of limiting components. In addition, the salt and iron concentrations were modified as
described (12).

When grown in EMF12 supplemented with hypoxanthine, H. pylori 26695 reached an
average final ODgoo of 0.13 + 0.02 (approx. 8.1 x 107 cfu/ml), which corresponded to three
generations of growth (Figure 2). H. pylori grown in F12 generally achieves a maximum growth
yield of between 10" — 10° cfu/ml (12). In the absence of a purine source the optical density of
the cell culture decreased, confirming reports that H. pylori requires a purine source for growth
(5). Serial dilutions were plated at 0 and 18 hours post-inoculation to verify that the number of
cells in the presence of hypoxanthine increased during log phase of growth (data not shown). To
further assess whether purine auxotrophy is strain-specific, we grew two other wild-type strains,
43504 and X47, under these same conditions and likewise observed growth that was dependent

on the presence of hypoxanthine (data not shown).
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To examine the ability of H. pylori 26695 to utilize a variety of purine sources, we grew
cells in EMF12 supplemented individually with each of the following purines: hypoxanthine,
adenine, guanine, xanthine, and the four corresponding nucleosides inosine, adenosine,
guanosine, and xanthosine. With the exception of xanthosine, all purines tested were capable of
supporting growth. The doubling time (T4) varied among the purine sources (Table 2.1), and
were longest (greater than 12 h) in media supplemented with guanine, xanthine, or guanosine.
Inoculum size affected growth in the presence of certain purines. Hypoxanthine, adenine,
inosine and adenosine supported growth at a starting ODgoo of 0.01 (10° cfu/ml), while growth on
guanine, xanthine, or guanosine required a minimum starting ODsg0 of 0.025 (2.6 x 10° cfu/).
Xanthosine as a sole purine source did not support exponential growth; despite observing a slight
increase in ODggo during the first twelve hours after inoculation, viable cells were undetectable
after 12 hours. Attempts to enhance growth by increasing the concentration of xanthosine to 1
mM or by increasing the initial inoculum to 5 x 10° cfu/ml were of no added benefit for

supporting growth (data not shown).

Growth of H. pylori 26695 gua and pur mutants in a minimal medium. In most organisms,
GMP is synthesized from IMP by the enzymes IMP dehydrogenase (GuaB) and GMP synthetase
(GuaA), while adenylosuccinate synthetase (PurA) and adenylosuccinate lyase (PurB) catalyze
the formation of AMP from IMP (Figure 1). The conversion of GMP back to IMP is carried out
in one step by GMP dehydrogenase (GuaC). H. pylori possesses homologs for purA, purB,
guad, guaB, and guaC (17, 18). Recent reports using H. pylori G27 showed that the gua and pur
genes perform similar roles in purine salvage as do their homologs in other bacteria (5). In order

to confirm these results in H. pylori 26695, we constructed gene deletions in guaAd, guaB, guaC,
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purd and purB (Table 2.5, Materials and Methods). To study the phenotypes of each mutant,
strains were grown for 20 h in the chemically defined medium EMF12 supplemented with one of
seven different purine sources (Figure 3). As predicted based on the canonical purine conversion
pathway outlined in Figure 1, strain EM202k (guaA) required guanine or guanosine for
significant growth (see Figure 3 legend). EM203k (guaB) was able to utilize xanthine in
addition to guanine and guanosine as a sole purine source. EM204 (guaC) lacked the ability to
degrade GMP back into IMP and therefore grew in the presence of all purines except guanine,
guanosine, and xanthine. Similarly, strains EM205 (pur4) and EM206 (purB) grew only in the
presence of exogenous adenine or adenosine. These results support the conclusion that the gua

and pur genes are responsible for inter-conversion between GMP and AMP in H. pylori.

H. pylori X47 AguaA is proficient for mouse colonization. Several bacterial pathogens rely on
purine biosynthesis and salvage genes for full virulence, in particular the gua genes (19-21), and
for this reason a strain lacking guaA was chosen to assess whether the same is true for H. pylori.
Strain EMX02k (AguaA) was engineered using the mouse-adapted parent strain H. pylori X47
(22). Prelimary growth studies were carried out in brain-heart infusion (BHI), which, compared
to EMF12, more closely resembles conditions encountered in the host. The growth rate of
EMXO02k in BHI was slower (T4 = 12.9 & 0.5 h) than the wild-type (Tq4=15.5+0.2 h) (P <0.01,
student’s t-test). The growth rate of EMX02k was restored (T4 = 4.8 & 0.3 h) upon addition of 1
mM guanosine to the medium.

Mice were inoculated with H. pylori X47 or EMXO02k via oral gavage, and infection was
allowed to persist for three weeks before sacrifice and enumeration of viable H. pylori from the

homogenized stomachs. Strain EMX02k was unattenuated for colonization as compared to wild-
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type (p = 0.45, Wilcoxon rank-sum test, n = 8 mice per condition, H,: no difference in
colonization between parent and mutant strain), indicating that the pathway for GMP

biosynthesis is not important for colonization by H. pylori.

Adenosine deaminase activity enables growth of H. pylori 26695 with adenine or adenosine
as the sole purine source. To better understand how H. pylori metabolizes adenine and
adenosine to satisfy its purine requirements, we measured ammonium production by cell lysates
in the presence of either adenine or adenosine. While no ammonium was generated upon
incubating cell extracts (8 mg protein/ml) with adenine, incubation with adenosine caused
ammonium to increase linearly over a period of 40 minutes. Reactions containing heat-killed
cell lysates in the presence of adenosine produced no increase in ammonium over time,
confirming that adenosine-dependent ammonium production was indeed enzymatic. The
observed specific activity of adenosine deaminase in H. pylori cell lysates was 0.074 (£ 0.03)
umoles NH; " min™' mg™ at pH 8.6, as determined from the initial rate of ammonium production
over time from three independent experiments.

We further sought to test whether the adenosine deaminase activity can vary depending
upon the presence of adenosine in the defined growth medium. There was no significant
difference in adenosine deaminase activity between cells grown in either adenosine or
hypoxanthine (data not shown), indicating that under these conditions H. pylori does not regulate

the production and/or activity of this enzyme in response to changes in adenosine availability.

H. pylori HP1180 aids in uptake of purine nucleosides. HP1180 from H. pylori 26695 is a

member of the CNT family of nucleoside transporters, and is present in all sequenced H. pylori
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strains. An amino acid sequence alignment compares HP1180 against E. coli NupC (Figure 4).
The latter protein transports pyrimidine nucleosides and adenosine, but does not transport
guanosine or nucleobases, and transports inosine inefficiently (16). Two other E. coli CNT
transporters of unknown substrate specificity YeiJ (NupX) and YeiM and are included in the
alignment.

HP1180 possesses conserved motifs (outlined in black boxes) found in both prokaryotic
and eukaryotic CNT transporters, which supports its annotation as a NupC homolog. However,
HP1180 is actually more similar to the E. coli NupC paralogs YeiJ (44% identical, 65% similar)
and YeiM (45% identical, 64% similar) than it is to NupC (28% identical, 52% similar).
Furthermore, we suspected that the co-expression of 4p 1180 with purine-related genes point to a
role for this NupC homolog in purine uptake. We measured growth rates of a nupC deletion
mutant (EM207) in a defined medium containing individual biological purine nucleobases and/or
nucleosides. Strain EM207 exhibited a significantly longer doubling time compared to wild-type
in all purine supplements except adenine or adenosine (Table 2.2). No growth was observed in
media supplemented with guanine, xanthine, or guanosine. These results indicate a role for this
NupC homolog in purine uptake.

We then directly measured purine nucleoside uptake using radiolabeled substrates.
Transport of [“C]-adenosine, [’H]-inosine and [’H]-guanosine was slower for strain EM207
compared to wild-type (Table 2.3). Furthermore, nucleoside uptake by EM207 remained the
same between the 5- and 20-minute time points (P > 0.25) in contrast to the wild-type, which
after 20 minutes had taken up significantly higher levels of nucleoside. These results support a
role for this NupC homolog in purine uptake, and suggest that HP1180 may be a non-redundant

transporter of purines in H. pylori.
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Discussion

Similar to other pathogens that have evolved in close association with their hosts (23-25), H.
pylori does not have the ability to synthesize purines de novo (5), a conclusion that our study
confirmed for H. pylori 26695 using a fully defined medium that obviates the need for biological
supplements typically added at high concentrations (5% BSA and/or 10% FBS, for example).
We showed all individual biological purines except xanthosine allow for growth, but certain
nucleosides and nucleobases support faster growth.

Guanosine supported the slowest growth among the purines tested, while xanthosine
failed to support growth at all. Similarly, a strain of E. coli that cannot synthesize IMP de novo
was severely attenuated for growth in media containing xanthosine as a sole purine source (26).
It is likely that the inability of H. pylori to grow using xanthosine is attributed to either a
deficiency for transport, or a rate-limiting step in xanthosine utilization that cannot be overcome.

In this study we confirmed recent reports identifying the genetic basis for synthesis of
GMP and AMP from the common intermediate IMP (5). Deletions in guaA, guaB, guaC, purA
and purB resulted in growth phenotypes that would be expected based on the predicted
functional roles for these genes. Surprisingly, certain mutant strains (for example ApurA)
achieved a higher growth yield than wild-type in the presence of certain purines. It is possible
that certain gene deletions impart a growth advantage for the organism, as was shown for a
Lactobacillus lactis purine auxotroph supplemented with inosine (27). Alternatively, a
compensatory mutation may have occurred that enhanced the ability of this strain to utilize one
purine over another. Taken together these data show that the genetic basis for conversion
between GMP and AMP in H. pylori 26695 is likely identical to the conserved pathway used by

most organisms.
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We know that H. pylori can use adenine or adenosine to satisfy its purine requirements,
and that this phenotype relies upon deamination of the adenine moiety into a hypoxanthine
moiety. Some prokaryotes (e.g. members of the phylum Firmicutes) deaminate adenine directly
via adenine deaminase (28), while other bacteria possess adenosine deaminase. A third strategy
is to convert AMP into IMP by exploiting the histidine biosynthetic pathway (29), however H.
pylori lacks the necessary genes for histidine biosynthesis and thus a histidine-purine connection
does not explain its ability to use adenine.

In contrast to previous reports of adenine deaminase activity in H. pylori, (7), we detected
hydrolysis of adenosine but not adenine by H. pylori cell extracts. A recent study showed that
the gene encoding purine nucleoside phosphorylase (deoD) is required for adenine utilization in
H. pylori (5). Other bacteria that rely on adenosine deaminase to metabolize adenine also require
by necessity a nucleoside phosphorylase (see Figure 1) (30, 31), thus this phenotype is congruent
with the presence of an H. pylori adenosine deaminase. Although no homologs for adenosine
deaminase exist in H. pylori, it is possible that one of several aminohydrolases—an enzyme
family that is known to rapidly evolve to accommodate novel substrates (32, 33)—may serve as
adenosine deaminase in this organism.

H. pylori was shown previously to take up adenosine and guanosine, as well as the
nucleobases adenine, guanine and hypoxanthine (13). Our study is the first to examine a
mechanism for purine uptake by showing that a nupC mutant is deficient for transport of
radiolabeled inosine, guanosine or adenosine. Although previously studied bacterial NupC
transporters are pyrimidine-selective (15, 16), these proteins represent one of two broad
phylogenetic clusters for bacterial CNTs: the second distinct cluster contains E. coli YeiJ, YeiM,

as well as HP1180 (34). Furthermore, certain eukaryotic CNT transporters can switch from
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being pyrimidine-selective to purine-selective due to a single amino acid substitution (35),
highlighting the potential for CNT transporters to evolve altered substrate preference.

To our surprise, the AnupC strain was growth-attenuated in the presence of several
nucleobases, indicating a role for HP1180 in uptake of nucleobases. E. coli NupC does not
transport nucleobases (16), and therefore further studies are needed to resolve this association
between this H. pylori NupC homolog and nucleobase utilization.

Many known pathogens require either guad/guaB or purA/purB for full virulence (19-21,
36-38). Surprisingly, our results suggest that guaA has no effect on H. pylori colonization. It is
possible that guanosine and guanine are therefore not limiting for this pathogen in vivo.
Guanosine is the least abundant purine nucleoside in human serum (39, 40), however to our
knowledge no studies have measured purine concentrations in gastric mucus. It is noteworthy
that a certain proportion of H. pylori cells attach to gastric epithelial cells during infection and
can thus access nutrients from within host cells (4). Because purine concentrations are higher for
intracellular than for extracellular fluids (41, 42), these epithelium-associated bacteria may
experience purine concentrations different from that of bacteria inhabiting the mucus. Overall,
these colonization data suggest that guanine/guanosine are not limiting for H. pylori growth in
vivo. We now have a better understanding of H. pylori’s ability to transport and salvage purines
from the environment, and the importance of purine salvage for virulence. It would be relevant
in the future to identify the genetic basis for adenosine deaminase, as well as to characterize the

H. pylori NupC homolog for its precise transport function.
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Materials and Methods

Strains and growth conditions. Helicobacter pylori strain ATCC 26695 was used as the
parental strain for physiology experiments. H. pylori strain X47 was the parental strain for in
vivo colonization studies. H. pylori were routinely grown on Brucella Agar (Oxoid Ltd.,
Hampshire, England) supplemented with 10% defibrinated sheep blood (QuadFive, Ryegate,
MT) (BA plates), and incubated in 37°C incubator with gas concentrations maintained at 5%
CO,, 2% O, and balanced N,. Plates were supplemented with 25 pg/ml kanamycin or 30 pg/ml
chloramphenicol as required. Liquid cultures were grown in glass bottles with rubber or silicone
stoppers to minimize gas exchange. Cultures were grown at 37°C and were aerated by shaking
at 200 rpm. For growth in a rich medium, Brain-Heart Infusion (Becton, Dickinson and Co.,
Sparks, MD, pH 7.4) supplemented with 0.4% B-cyclodextrin (BHI) was used, and the initial gas
concentrations (total pressure of 101 kPa) were: O (7%), CO; (5%), Hz (10%) and N; (78%).
EMF12 (pH 7.0) was used for studies of purine requirements (see below for preparation). Initial
gas concentrations for cells grown in EMF12 were: O, (20%), CO, (10%), H, (10%), and N,

(60%).

Preparation of EMF12 defined medium. The backbone recipe for EMF12 was previously
described by Ham (1965), and detailed instructions for its preparation can be found therein (43).
Modifications to this original medium were based on previously described optimization (12), and
are specified in Table 2.4. All components were dissolved in double-distilled HO. An
exception to the original protocol outlined by Ham et al. (1965) was the final pH adjustment,

which was performed after the addition of NaHCOj rather than prior to. The purine source in
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EMF12 varied according to the experiment, and was at a concentration of 0.06 mM unless

otherwise noted.

Construction of H. pylori deletion mutants. Overlapping PCR and allele-exchange
mutagenesis was used to generate deletion mutants. H. pylori 26695 genomic DNA was used as
a template to amplify an approximately 400 bp DNA fragment both upstream and downstream of
the target locus (Table 2.6). Primers designated 1 and 2 (for example, guaAl and guaA?2) were
used to amplify the region upstream of the target locus, while primers designated 3 and 4 (for
example guaA3 and guaA4) were used to amplify the region downstream of the target locus.

The aphA3 gene (encoding for kanamycin resistance) or the cat cassette (encoding for
chloramphenicol resistance) was amplified using primers Aph5 & Aph6 or cat5 & cat6. Both
antibiotic resistance cassettes contain an upstream promoter and lack a transcription termination
sequences in order to avoid polar effects on downstream genes. Primers 2 and 3 contain 5’ end
regions that anneal to either end of aphA3 or cat, depending upon which antibiotic marker is to
be used in allelic exchange. Final overlapping PCR reactions resulted in a sandwich fusion in
which the antibiotic resistance cassette is flanked by upstream and downstream regions
surrounding the gene locus. Following excision and purification from an agarose gel, this PCR
product was introduced into H. pylori by natural transformation. Mutants were then selected on
BA plates containing kanamycin or chloramphenicol as appropriate. Successful disruption of the
target allele was confirmed by PCR/gel electrophoresis and by direct sequencing of the PCR

fragment (Georgia Genomics Facility).
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Adenosine deaminase assay. The deamination of adenosine and/or adenine by H. pylori cell-
free extract was monitored by measuring the increase in ammonium over time in the presence of
either adenosine or adenine. The reaction was initiated by the addition of 10 pg cell-free extract
to a reaction buffer containing 40 mM HEPES, 100 mM NaCl, 0.27 mM KCIl, and 10 mM
adenosine or adenine (pH 8.6) at a final volume of 250 pl. The concentration of NH;" was
measured at each time point using the phenol-hypochlorite method (44), which monitors the

absorbance at 625nm as compared to a standard curve of known ammonium concentrations.

Nucleoside uptake assay. Radiolabeled [8-'*C]-adenosine, [8-’H]-guanosine, and [2,8-"H]-
inosine (Moravek Biochemicals Inc., Brea, CA), were used in uptake assays. H. pylori 26695
cells were grown in BHI to an ODggp of 0.2. Radiolabeled nucleosides were injected into the
bottles at a final concentration of 0.5 pCi/ml (for tritium-labeled nucleosides) or 0.2 uCi/ml (for
'4C-labeled adenosine) along with 20 pM unlabeled nucleoside. Bottles were shaken at 37°C,
and nucleoside uptake was measured at 5 min and 20 min using a previously described method
(45). BHI containing radiolabeled nucleosides but lacking cells was filtered and subtracted from

all experimental cpm values to account for substrate adhering to the filter.

Mouse Colonization assay. H. pylori X47 or the isogenic mutant strain EMX02k were grown
for 24 hours on BA plates. 5-6 week-old female C57BL/6NCr mice (NCI, Frederick, MD) were
infected via oral gavage with 0.2 ml of twice-washed bacterial cells suspended in PBS (5 x 10’
H. pylori cells/mouse). Mice were sacrificed by CO; asphyxiation and cervical dislocation three
weeks after inoculation, and stomachs were removed, weighed, and homogenized in PBS.

Samples of 100 pl from serial dilutions of the stomach homogenate were spread onto BA plates
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containing amphotericin B (10 pg/ml), vancomycin (10 pg/ml), and bacitracin (100 pg/ml).
After incubation at 37°C and 2% oxygen for 5-7 days, H. pylori colonies were enumerated and

colonization was expressed as cfu per gram stomach tissue.
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Tables

Table 2.1 Growth rates and end-point yields of H. pylori grown in EMF12 medium with
various purine sources.

Purine source Initial ODgg9 Final ODggo* Tq(h) ¢ Generations
achieved
hypoxanthine 0.02 0.129 £ 0.01 7.3 £1.6 2.6
adenine 0.02 0.128 £ 0.02 9.8+1.0 2.6
guanine 0.025 0.106 £ 0.02 12.8+2.8 2.0
xanthine 0.025 0.104 £ 0.04 124+2.8 2.0
inosine 0.02 0.132+0.02 7.6+£2.2 2.7
adenosine 0.02 0.129 +0.02 7.6+ 1.6 2.6
guanosine 0.025 0.108 £ 0.02 14.1£3.8 2.1
xanthosine 0.025 0.039+0.01 NG’ <1

“Doubling times were calculated using at least five data points taken during exponential growth.
Values are the mean + SD of three or more independent experiments. Doubling times in
guanine, xanthine and guanosine were significantly longer than for hypoxanthine, inosine, or
adenosine (student’s t-test, P < 0.05). Final ODggo values were not significantly different from
one another.

NG = No growth observed after 36 hours
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Table 2.2 Growth of EM207 (AnupC) in EMF12 supplemented with a single purine source.

Purine source Ta(h)“

26695 (wild-type) EM207 (AnupC)

hypoxanthine 73 £1.6 13.6+£23*
adenine 9.8+1.0 9.7+0.1
guanine 12.8+2.8 NG
xanthine 124+2.8 NG

inosine 7.6+2.2 143 £33 *
adenosine 7.6+1.6 9.1+1.0
guanosine 14.1+3.8 NG
xanthosine NG* NG

“The initial ODggo was standardized to 0.025. Doubling times were calculated using at least four
data points taken during exponential growth. Results are the mean + SD of three independent
growth cultures from two independent experiments.

* Significantly longer doubling times compared to wild-type (student’s t-test P < 0.05).

NG = No growth observed after 36 hours
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Table 2.3 Comparison of radiolabeled nucleoside uptake by H. pylori 26695 versus EM207
(AnupC).

['*C] adenosine uptake (cpm/10® cells)

5 min 20 min
26695 (wild-type) 137423 343 +42 7
EM207 (AnupC) 18+11° 45+ 9 *

['H] inosine uptake (cpm/10° cells)

26695 (wild-type) 80+ 16 210+ 117

EM207 (AnupC) 20+6° 254+ 7%

['H] guanosine uptake (cpm/10° cells)

26695 (wild-type) 139 £26 449 + 34

EM207 (AnupC) 39+15°¢ 68 + 30 *

“Values are the mean + SEM of four independent growth cultures. Trends were similar among
three independent experiments.
* Significantly lower uptake compared to wild-type (student’s t-test, P < 0.01)
? Significantly lower uptake compared to wild-type (student’s t-test, P < 0.05)
¥ Significant increase in nucleoside uptake for 20 min versus 5 min time point (student’s t-test, P
<0.05)
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Table 2.4 Components present in the defined chemical medium EMF12.

Amino acids Vitamins/Cofactors
Component Concentration (mM) Component Concentration (mM)
L-arginine 1 Choline 107
L-histidine 10" Biotin 3x 107
L-Isoleucine 3x 107 Pantothenic acid 107
L-leucine 10° Niacinamide 3x 10
L-lysine 2x107 Pyridoxine 3x10™
L-methionine 3x 107 Thiamine 107
L-phenylalanine 3x 107 Folic acid 3x 107
L-serine 107! Vitamin B, 107
L-threonine 107! Myo-inositol 107!
L-tryptophan 107
L-tyrosine 3x 107
L-valine 107! Metals
L-glutamine 1 Component Concentration (mM)
L-cysteine 2x 10" FeCl, - 6H,0 7.5x 107
L-asparagine 107! MgCl; - 6H,O 6x 10"
L-proline 3x 10" CaCl,- 2H,0 3x 10"
L-alanine 10" CuSOy SH,0 107
L-aspartic acid 107! ZnSO,- TH,0 3x 107
L-glutamic acid 107! FeCl, - 6H,0 7.5x 107
L-glycine 107!
Salts Other
Component Concentration (mM) Component Concentration (mM)
KCl 3 Hypoxanthine “ 6x 10~
NaCl 104 Thymidine 3x 107
Na,HPO4 1 Pyruvate 1
NaHCO; 14 B-cyclodextrin 3.26
Phenol red 3x 107
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Table 2.5 H. pylori strains used in this study.

Strain Characteristics” Source or reference
H. pylori Wild-type strain ATCC
26695
EM202k Aguad::aphA3, Kan' This study
EM203k AguaB::aphA3, Kan' This study
EM204 AguaC::aphA3, Kan' This study
EM205 ApurA::aphA3, Kan' This study
EM206 ApurB::aphA3, Kan' This study
EM207 AnupC:aphA3, Kan' This study
H. pylori X47  Mouse-adapted wild-type strain (22)
EMXO02k Aguad::aphA3, Kan' This study
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Table 2.6 Oligonucleotide primers used in this study.

Primer name

Sequence (5> — 3°)

AphA5S
AphA6
Cat-5
Cat-6
guaAl
guaA?2
guaA3
guaA4
guaB1
guaB2
guaB3
guaB4
guaCl
guaC2
guaC3
guaC4
purAl
purA2
purA3
purA4
purB1
purB2
purB3
purB4
nupCl
nupC2
nupC3
nupC4

CAAGACGATAAATGCGTC
CTAGGTACTAAAACAATTC
GATATAGATTGAAAAGTGGAT
TTATCAGTGCGACAAACTGGG
GAAGACTTAGAAGGTATG
GTATAACATAGTATCGACGCAATATTGAGAATCAATC
GAATTGTTTTAGTACCTAGAATAGCACTAAAAGTGGG
GCGCATCGCTCTCTTCTAC
GAAGCGAGTTCGAATCTGG
GTATAACATAGTATCGACGGGTGAATTGTAAAAGAA
GAATTGTTTTAGTACCTAGCCTTAATCTAATTTTAAATC
GGGAAGTATTTGCGGGC

GCTCAAATCGCCTTCGGTG
GTATAACATAGTATCGACCTTTCAATGACATGATCC
GAATTGTTTTAGTACCTAGCAATGGAGACGCAATC
CATTAGCGATCAAGCCC

ATGGAATATCTTTAGAAG
GTATAACATAGTATCGACAAAGCTTGTTAGAATACC
GAATTGTTTTAGTACCTAGGAAAGAGAAGACACGATT
TCTAATTCCTGGTTAGC

TTAACGCTCTTAGCCCATG
GTATAACATAGTATCGACATAGCGTTCTAACACCGAC
GAATTGTTTTAGTACCTAGGTGTTTGAATAAGGCGC
CCATAAAGAGAGGCGCTC
TTACGGCCTATCTTATCGC
GTATAACATAGTATCGACCGTCAAATCCCTAATGCA
GAATTGTTTTAGTACCTAGGCTAAACGCTCATTAAAAGG
CTGATGCGTGGCAATTCC
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Figure 2.1 Overview of the current model for purine conversions in H. pylori. This network
allows for salvage of purine nucleobases and nucleosides, as well as inter-conversion between
GMP and AMP. Color code: blue; enzymes that have been studied in H. pylori by mutant
analysis and/or biochemistry, green; enzymes for which genes have been identified, but whose
role has not yet been confirmed, red; putative functional roles whose genetic basis has not yet
been identified. Abbreviations: GuaB, IMP dehydrogenase; GuaA, GMP synthetase; GuaC,
GMP reductase; PurA, adenylosuccinate synthetase; PurB, adenylosuccinate lyase; Gpt,
hypoxanthine-guanine phosphoribosyl-transferase; Apt, adenine phosphoribosyltransferase;
DeoD, purine nucleoside phosphorylase; PunB, purine nucleoside phosphorylase; Ade, adenine
deaminase; Add, adenosine deaminase; IMP, inosine monophosphate; XMP, xanthosine

monophosphate; GMP, guanosine monophosphate; AMP, adenosine monophosphate.
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Figure 2.2 Growth of H. pylori 26695 in the chemically defined medium EMF12. Liquid
growth medium EMF12 was supplemented with 60 uM hypoxanthine (solid line) or contained
no purines (dashed line). H. pylori cells were inoculated at an initial ODggo of 0.015 (approx. 1.3
x 107 cfu/ml). Growth was monitored over time by measuring the absorbance at 600 nm. Results

are the mean + SD of three independent cultures.
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Figure 2.3 Growth of gua and pur mutants in EMF12 supplemented with individual
purines. H. pylori strains were grown in EMF12 supplemented with one of seven purine sources.
After 20 hours, the optical density was measured. Positive growth was defined as a statistically
significant increase in ODgg relative to the baseline ODgy of 0.025 (student’s t-test, P < 0.05).

Results are the mean + SD of three independent growth cultures.
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Figure 2.4 Sequence comparison between H. pylori NupC homolog (HP1180) and three E.
coli CNT paralogs. Sequences for E. coli Yeil (GenBank™ accession number AAA60513.1),
E. coli YeiM (GenBank™ accession number AAA60518.1), HP1180 (GenBank ™ accession
number AAD08224.1), and E. coli NupC (GenBank™ accession number CAA52821.1) were
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aligned using ClustalW. Membrane-spanning helices were predicted using the TMHMM
program (46). Conserved regions typical of CNT transporters are boxed in black (34).
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CHAPTER 3
IDENTIFICATION OF A NEW CLASS OF ADENOSINE DEAMINASE FROM

HELICOBACTER PYLORI WITH HOMOLOGS AMONG DIVERSE TAXA'

1 Miller, E. F., and R. J. Maier. 2013. The Journal of Bacteriology (in press). Reprinted here
with permission of publisher.
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Abstract

Early studies of H. pylori’s nutritional requirements alluded to a complete purine salvage
network in this organism. Recently, this hypothesis was confirmed in two strains of H. pylori,
whose purine requirements were satisfied by any single purine base or nucleoside. Most of the
purine conversion enzymes in H. pylori have been studied using mutant analysis, however the
gene encoding adenosine deaminase (ADD) in H. pylori remained unidentified. Through
stepwise protein purification followed by MALDI-TOF, we discovered that H. pylori ADD is
encoded by Ap0267, an apparently essential gene. Hp0267 shares no sequence homology with
previously characterized ADDs, yet both are members of the amidohydrolase superfamily.
Hp0267 is grouped within cog0402, while other ADDs studies to date are found in cog1816.
The hp0267 locus was previously misannotated as encoding a chlorohydrolase. Using purified
recombinant Hp0267, we determined the enzyme’s pH optimum, temperature optimum, substrate
specificity, and estimated kinetic constants. In contrast to other known ADDs, Hp0267 contains
Fe(Il) as the relevant metal ligand. Furthermore, Hp0267 exhibits very low deaminase activity
on 2’-deoxyadenosine, a substrate that is readily hydrolyzed by cog1816 ADDs. Our
preliminary comparative genomic analysis suggests that Hp0267 represents a second enzyme

class of adenosine deaminase whose phyletic distribution among prokaryotes is broad.
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Introduction

Adenosine deaminase (ADD) is a primary enzyme of the purine salvage network in many
organisms. Following the first in-depth studies of mammalian adenosine deaminases (1, 2),
homologs to these ADDs were studied in a variety of bacteria (3-5). All ADDs studied to date,
both bacterial and mammalian, are zinc metalloenzymes of the amidohydrolase superfamily
(AHS) and share significant sequence similarity to one another. Collectively, ADDs are grouped
within cog1816, a feature indicative of their common orthology.

Helicobacter pylori, a member of the g-proteobacteria, colonizes the gastric epithelium of

humans. Infection is chronic, and can lead to peptic ulcers, gastric cancer, and/or MALT
lymphoma (6-8). The bacterium’s reduced genome size and specialized machinery for acid
resistance are consequences of its over 50,000-year evolution within the niche of the human
gastric environment (9-12). One example of H. pylori’s niche specialization is the absence of a
pathway for de novo purine biosynthesis, which renders the organism reliant on exogenous
purines for growth (13, 14). Nevertheless, its purine salvage network is complete, and thus any
single purine source can satisfy H. pylori’s purine requirement (13, 14). While adenine and
adenosine can both serve as sole purine sources for this organism, there are no apparent
homologs in the sequenced H. pylori genomes for enzymes known to catalyze the deamination of
an adenine moiety (examples of such enzymes include adenine deaminase, adenosine deaminase,
and AMP deaminase). Also absent is an alternative route for adenine degradation that relies on
histidine biosynthesis (10, 15). Recently, adenosine deaminase (ADD) activity was detected in
H. pylori strain 26695 cell-free extracts (14), however the gene encoding this ADD in H. pylori

has not been identified.
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Materials and Methods

Strains and growth conditions. Helicobacter pylori 26695 was the parent strain for all
experiments unless otherwise specified, and was the source of genomic DNA for genetic
manipulations. Escherichia coli strain Top10 (Invitrogen) was used for DNA cloning, and strain
BL21 Rosetta pLysS (Novagen) for protein expression. H. pylori cells were grown on blood
agar (BA) plates or in EMF12 liquid media as described previously (14). When appropriate,
plates were supplemented with chloramphenicol (30 pg/ml), kanamycin (25 pg/ml),

hypoxanthine (1 mM), or guanine (1 mM).

Partial purification of native H. pylori ADD. Helicobacter pylori 26695 cells were grown
overnight as lawns on BA plates, harvested into phosphate-buffered saline (PBS), and washed
twice with PBS. Cells were stored as a pellet at -80°C prior to use. The following steps were
carried out at 4°C. The cell pellet was resuspended in 10 ml of Native Purification (NP) Buffer,
which contained 50 mM HEPES, 50 mM NaCl, 0.5 mM EDTA and 0.5 mM DTT (pH 8.3 at
4°C). For initial cell lysis, one dissolved tablet of cOmplete EDTA-free protease inhibitor
cocktail (Roche Applied Science) was included. Lysis was achieved by two passages through a
French pressure cell (20,000 psi), and cell-free extract was obtained by centrifugation (20,000 x
g, 20 min). The supernatant was stirred slowly at 4°C while finely ground ammonium sulfate
was added to 45% saturation. After 30 minutes, the sample was centrifuged (20,000 x g, 15
min), and the supernatant was brought to 55% saturation with ammonium sulfate. This sample
was centrifuged likewise, and the precipitated protein was washed once with NP Buffer
containing ammonium sulfate at 55% saturation. The protein was dissolved in 1 ml NP Buffer,

and dialyzed twice for 2 hours in 0.8 L NP Buffer to remove residual ammonium sulfate. The
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dialyzed sample was applied to a 5 ml HiTrap Q-column (GE Healthcare), and unbound protein
was eluted using 35 ml of NP Buffer at a rate of 4 ml/min. This flow-through was concentrated
to 0.5 ml by ultrafiltration (Amicon® Ultra-4 centrifugal filter, 10 kDa cutoff, EMD Millipore),
and was applied to a 5 ml HiTrap SP-column (GE Healthcare). The flow-through from this step
was similarly concentrated to 0.4 ml and applied to a Hi-Load 16mm/60cm Superdex 75 column
(GE Healthcare, prep-grade). The column was eluted with NP Buffer at a flow rate of 0.4
ml/min, and 5 ml fractions were collected. Fractions containing significant ADD activity
(fractions 11 & 12) were pooled and concentrated to 0.25 ml.

The presence of native Hp0267 was monitored during purification by measuring ADD
activity (see Enzyme assays). Protein concentration was determined using the BCA protein
assay kit (Thermo Scientific). Samples were visualized by denaturing SDS-PAGE stained with

either silver nitrate or Coomassie Brilliant Blue G-250.

Identification of Hp0267 using MALDI-TOF. Following denaturing SDS-PAGE of the
partially purified sample, five prominent bands from the Coomassie-stained gel were excised and
treated separately with trypsin using a variation of a published protocol (16). Gel slices were
equilibrated in water for 10 minutes, followed by incubation in a 1:1 solution of acetonitrile
(ACN):water for three rounds of 15 minutes each. The gel slices were then incubated
successively for 15 minutes each in 100 mM ammonium bicarbonate, then in ammonium
bicarbonate and ACN (1:1), and then in ACN alone. Following a 60 min incubation at 65°C in
25 mM ammonium bicarbonate (with 10 mM DTT), the samples were alkylated by adding 55
mM iodoacetamide in 20 mM ammonium bicarbonate and incubating at room temperature for 60

min in the dark. Gel slices were washed once with 100 mM ammonium bicarbonate, then
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incubated overnight at 37°C in 25 mM ammonium bicarbonate containing 0.1 pg trypsin. The
trypsin solution was removed and saved, while the gel slices were briefly incubated in 50% ACN
containing 0.1% formic acid. Both solutions were combined, the gel slices discarded, and the
liquid samples dried using a SPD111V SpeedVac® Concentrator (Savant).

For MALDI-TOF analysis, samples were dissolved in 1:1 ACN:water containing 15
mg/ml 2,5-Dihydroxybenzoic acid and 0.1% trifluoroacetic acid. The samples were run using a
Bruker Daltonics Autoflex MALDI-TOF instrument using reflectron mode. The peptide
fingerprints were analyzed using the Mascot Server (Matrix Sciences) against the NCBI nr
database. The MALDI-TOF and search were performed by the Proteomic and Mass

Spectrometry (PAMS) facility at the University of Georgia.

Molecular mass determinations. To determine the enzyme’s single subunit mass, 10 pg
purified enzyme was heated to 95°C in the presence of 1% [-mercaptoethanol and 3% SDS.
Following gel electrophoresis (10% polyacrylamide), the migration of Hp0267 was compared to
known molecular weight standards (BioRad, Cat# 161-363). The subunit composition of
Hp0267 was determined using gel filtration chromatography by comparing the V./V, ratios of
the native, partially purified Hp0267 and of the recombinant, purified Hp0267 to a standard

curve of known molecular weights (Sigma, MWGF70).

Expression and purification of recombinant Hp0267. The gene locus /p0267 was amplified
from H. pylori genomic DNA using the following primers: 5’-AGCACTCGAGATCAAGAAAT
CATAGGAGCG-3’ and 5~ AGCAGAATTCTTAGATCACCCTTTTCCCC-3’. The 1.23 kbp

amplicon was digested using Xhol and EcoRI and ligated into pTrcHisC (Invitrogen), allowing
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for expression of Hp0267 with a hexahistidine fusion peptide at the N-terminus. Recombinant E.
coli BL21 Rosetta PLysS (Novagen) containing the expression vector were grown in 0.3 L Luria
Bertani broth, and expression was stimulated for 12 hoursat 37°C using 0.1 mM IPTG.
Following induction, cells were washed once with PBS, and were resuspended in 10 ml of lysis
buffer (20 mM sodium phosphate buffer [pH 8.0], 300 mM NaCl, 10 mM imidazole) containing
1 dissolved tablet of cOmplete EDTA-free protease inhibitor cocktail (Roche Applied Science).
Cells were passed twice through a French pressure cell (20,000 psi), and soluble cell extract was
prepared by centrifugation (20,000 x g, 20 min). Soluble Hp0267 was purified via gravity
chromatography using 1 ml Ni-NTA agarose resin (Quiagen) as outlined by the manufacturer.
The wash and elution buffers contained 40 mM and 200 mM imidazole, respectively, but were
otherwise identical to the initial lysis buffer. Hp0267 was eluted in 1 ml increments, and each
was dialyzed for 120 min in 1 L lysis buffer. Elution fractions 2-4 were pooled together.
Enterokinase (0.02 pg) (New England Biolabs, Cat# P8070S) was added, and digestion
proceeded for 16 hours at 18°C. The sample was again passed through Ni-NTA agarose resin to
remove the cleaved hexahistidine tags as well as any uncleaved enzyme. Enterokinase was
removed using size-exclusion chromatography. The final buffer used for this chromatography
and for subsequent storage contained 20 mM sodium phosphate buffer (pH 8.0), 150 mM NacCl
and 10 mM imidazole. Assays used for kinetic analyses were performed immediately following

purification. Hp0267 was stored long-term at -20°C in 40% glycerol containing 1 mg/ml BSA.

Enzyme assays. Substrates for enzyme assays were obtained from the following sources:
adenosine (Sigma, A4036), guanine (Sigma, G11950), cytosine (Sigma, C3506), adenine

(Sigma, A9126), atrazine (Chem Service, P5380, West Chester, PA), 5’-S-adenosyl-L-
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homocysteine (Sigma, A9384). Adenosine deaminase assays were carried out at 37°C in 40 mM
Bicine (pH 8.5 at 25°C) containing 100 mM NaCl and 10 mM adenosine. Reactions were
performed in a final volume of 125 pl and were initiated by the addition of enzyme. The initial
(linear) rate of adenosine deamination was determined by measuring the formation of ammonium
over time using the phenol-hypochlorite method (17). This colorimetric, end-point assay is
commonly used to determine H. pylori urease activity, and specifically measures ammonium
with a detection limit of <40 pM. This same method was used to measure the hydrolytic
deamination of alternative substrates by replacing adenosine with 10 mM of the desired substrate
(2 mM for guanine, 2.5 mM for S-adenosylhomocysteine). Atrazine chlorohydrolase activity

was assayed as described previously (18).

Temperature and pH optima. To determine the optimum pH for catalysis, ADD assays using
purified Hp0267 were carried out over a range of pH values in buffers appropriate for each pH
range tested. All assays were carried out in 50 mM buffer, 50 mM NaCl and 10 mM adenosine
in a reaction volume of 125 pl. The buffers used were: acetate (pH 5-6), MES (pH 6-7), HEPES
(pH 7-8), Bicine (pH 8-9), carbonate/bicarbonate (pH 9-10.5). The carbonate/bicarbonate buffer
was prepared as previously described (19). Reactions were initiated by adding 150 ng of
enzyme, allowed to proceed for 5 minutes at 37°C, and the ammonium concentration was
determined (17). Each condition (pH and buffer) required its own standard curve of known
NH4CI concentrations.

The temperature optimum of Hp0267 was determined by measuring the initial rate of

ADD activity over a range of 25°C - 70°C in Bicine (pH 8.5) containing 10 mM adenosine.
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Prior to adding enzyme, the reaction mix was pre-heated for 1 minute. A thermocycler

(MyCycler, BioRad) was used to incubate the reactions.

Metals analysis. Recombinant, purified Hp0267 was analyzed using a Thermo Jarrell-Ash
Enviro 36 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) to screen for
and quantify the concentration of bound metals. A buffer blank was obtained by ultrafiltration of
the purified enzyme to separate buffer from protein. The final protein concentration used for
analysis was 4.56 mg/ml (0.1 mM). Both the sample and the blank were analyzed in triplicate,
and the values for the blank were subtracted from those of the original sample. Samples were
processed according to EPA guidelines using commercially available standards (SPEX).

To measure the activation of ADD by various metals, purified Hp0267 was incubated for
30 min at room temperature in the presence of 0.2 mM divalent metal salt. Following this

incubation, the ADD activity was determined as described.

Steady-state kinetics analysis. The data used for calculating kinetic constants were obtained
using substrate concentrations ranging from 0.5 - 10 mM (adenosine) and 0.1 — 2.5 mM (SAH).
The initial rate of ammonium formation at each substrate concentration was determined, and
these values were plotted and analyzed by nonlinear regression using the SigmaPlot Enzyme
Kinetics Module to estimate the K, and Vnax for each substrate. To calculate K¢, we used the

theoretical molecular weight of Hp0267 (45,540 Da).

Bioinformatics methods. Hp0267 and Tm0936 orthologs used for sequence alignments were

selected from BLAST hits exhibiting E-values greater than e-20. Only sequences containing the
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signature metal-binding motif were considered. Based on the conserved motif found within this
alignment (P[A/G]XXNXHXH) and on the presence of other key conserved residues, PHI-
BLAST was then used to detect the presence of Hp0267 orthologs within various taxonomic

groups (20, 21).

Results and Discussion

hp0267 encodes an adenosine deaminase. We previously showed that H. pylori cell-free
extracts contain adenosine deaminase activity (14). To identify the responsible enzyme, ADD
activity was monitored over the course of several protein purification steps such that the enzyme
was eventually visible as one of several bands on a denaturing SDS-PAGE gel (Table 3.1, Fig
3.1). During each purification step we observed that only a single fraction possessed ADD
activity, suggesting that H. pylori possesses a single adenosine deaminase. Five bands were
excised from the gel, and these proteins were identified using MALDI-TOF (Table 3.2). Band
#4 was identified as Hp0267, which is a member of the amidohydrolase (AHS) superfamily and
therefore noted as a possible adenosine deaminase. Heterologous expression of Hp0267 in E.
coli elevated the ADD activity in cell lysates by approximately 10-fold. These data suggested
that 4p0267 encoded an adenosine deaminase.

Attempts to generate a ip(0267 deletion mutant in H. pylori through allelic replacement of
the gene with an antibiotic resistance cassette (cat or AphA3) produced no viable clones despite
including hypoxanthine and guanosine (1 mM each) in the selective medium. We considered the
possibility that deleting 4p0267 could affect the upstream locus (encoding dihydroorotase),
which shares a 13-base pair sequence overlap with the 5’ end of #p0267. To address this, we

attempted an insertion into (rather than a complete allelic replacement of) Ap(0267 that avoided
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the 5’ region of the gene. This method also failed to produce clones. We then attempted to
transform H. pylori with a plasmid (pGEM®-T) containing the allelic replacement cassette as
opposed to a linear DNA fragment. Clones were recovered following transformation, however
PCR analysis showed that these clones still possessed an intact 4p0267 locus, and we surmised
that a single crossover event had occurred between plasmid and chromosomal DNA in the region
flanking Ap0207. An attempt at mutagenesis of #p0267 was performed using H. pylori strain
43504 and, similarly, only single-crossover mutants were recovered. This selection for a single
rather than a double crossover event provides further evidence that the 4p0267 locus may be
essential. Interestingly, a global transposon mutagenesis of the H. pylori G27 genome resulted in
three insertions within the 4p0267 locus (22). It is possible that the essential nature of this gene

is strain-dependent.

Molecular mass of native Hp0267. The band corresponding to Hp0267 as visualized by SDS-
PAGE is approximately 46 kDa (Fig 1). This correlates with the predicted subunit mass as
determined from the translated gene sequence. The enzyme’s subunit composition was
estimated by gel filtration chromatography using a standard curve of proteins of known mass.
From this, both native (partially purified) and recombinant (purified) Hp0267 were estimated to
have a molecular weight of between 45-60 kDa. These data suggest that Hp0267 functions as a

monomer in vivo.

Characterization of purified Hp0267: pH optimum, temperature optimum, substrate
specificity, and estimated kinetic constants. To obtain sufficient quantities of purified, active

enzyme, Hp0267 from H. pylori strain 26695 was expressed heterologously in E. coli such that a
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hexahistidine tag and an enterokinase cleavage domain were fused to the enzyme’s N-terminus.
Following Ni-affinity purification of this fusion protein, the hexahistidine tag was removed with
enterokinase, and the tag-free enzyme was obtained chromatographically (see Materials &
Methods). There was no difference in ADD activity between Hise-Hp0267 and the final enzyme
lacking the hexahistidine tag, indicating that the enzyme’s integrity had been maintained during
enterokinase treatment. Purified Hp0267 was most stable in 20 mM phosphate buffer (pH 8.0)
containing 100 mM NaCl and 10 mM imidazole. Reducing agents (DTT or f-mercaptoethanol),
EDTA, and K" had no significant effect on enzyme stability. The half-life of Hp0267 (24 hours
at 4°C) was increased 3-fold by storing the enzyme at -20°C with 1 mg/ml BSA and 40%
glycerol. The pH optimum of purified Hp0267 was shown to be approximately 8.5, and the
optimum temperature is between 33-40°C (Fig 3.2).

Hp0267 exhibited slight but significant deaminase activity on 2’-deoxyadenosine, and no
detectable activity on guanine, cytosine or adenine (Table 3.3). No dechlorination of atrazine
was measured even after a 3-hour incubation with Hp0267. This result contradicts the previous
annotation of Hp0267, which was perhaps based on its approximately 30% sequence identity
with atrazine chlorohydrolase (AtzA) from Pseudomonas sp. Strain ADP. This result highlights
the danger of explicit functional predictions based solely on sequence identities with other
characterized enzymes. This may be especially true of AHS enzymes belonging to cog0402,
which are known to be functionally diverse and incredibly adaptable toward evolving new
substrate preferences (23-26). The low activity of Hp0267 on 2’-deoxyadenosine is noteworthy
because other ADDs studied to date use this substrate efficiently or nearly as efficiently as
adenosine (27). The kinetic constants for adenosine indicates a low catalytic efficiency and

specificity when compared to previously characterized ADDs, which typically achieve nearly
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diffusion-limited reaction rates (Ke/Km =~ 10’ M's™), and exhibit Ky, values for adenosine in the
micromolar range (27-32).

We obtained a model of the 3D structure of Hp0267 using the program Phyre (33), which
revealed the enzyme’s tertiary structure to be similar to that of a characterized S-
adenosylhomocysteine (SAH) deaminase from Thermotoga maritima (Tm0936) (25). There is
currently a group of enzymes in the NCBI database annotated as “SAH deaminases,” likely
because of their orthology with Tm0936. We therefore included SAH among the substrates
tested, and found that not only can Hp0267 catalyze the deamination of SAH, but that it has a
lower K, for this substrate than for adenosine. This high affinity for SAH was nevertheless
tempered by a 30-fold lower V,.x compared with adenosine as a substrate. One explanation for
the observed activity on SAH could be that the physiological role for Hp0267 is as an SAH
deaminase, however there is only one such enzyme described in the literature (from
Streptomyces flocculus), and the specifics of this degradation pathway are uncertain (34, 35). In
addition, it was shown that Tm0936 catalyzes the deamination of adenosine nearly as efficiently
as for SAH, and furthermore the 7. maritima genome lacks a homolog to adenosine deaminase
(25). We therefore hypothesize that the biological roles of Tm0936, Hp0267 are as adenosine

deaminases.

Hp0267 binds Fe(II). Enzymes of the AHS superfamily coordinate either one or two divalent
metal ions at the active site (36). To determine the metal contained within Hp0267, samples of
recombinant, purified enzyme were analyzed using Inductively Coupled Plasma Optical
Emission Spectrometery (ICP-OES) (Table 3.4). These results suggest that Fe, Ni, or Zn can be

coordinated by Hp0267. All metals were present at a molar ratio of less than 1:1 metal to
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enzyme, likely due to the absence of added metals in the growth medium used to express the
recombinant enzyme, or possibility due to the loss of bound metals during purification. We
sought to test the effect of incubating purified Hp0267 with various divalent metals for 30
minutes, and then measuring ADD activity (Fig 3.3). Incubation with divalent Fe, Co or Cd
elevated ADD activity, with the highest activation induced by Fe. Neither Ni nor Zn affected
ADD activity of Hp0267. These data suggest that Fe(Il) is the preferred ligand used for catalysis
by Hp0267. This would make sense, as other characterized members of cog0402 (atrazine
chlorohydrolase and cytosine deaminase) likewise coordinate iron (18, 37). Nevertheless, the
ability of Hp0267 to function with iron is unique among all other known ADDs, which
coordinate zinc as the relevant active site metal (29, 32, 38-40). The stoichiometry of the bound
metal is likely 1:1 (based on the Phyre-predicted structure for Hp0267), however more studies

are necessary to prove this.

Phylogenetic and sequence analysis of Hp0267. The 4p0267 locus is conserved among all H.
pylori genomes currently in the NCBI database, and the presence of this gene correlates with an
absence of a homolog to adenosine deaminase. Hp0267 shares no significant sequence identity
(<15%) with other characterized ADDs, all of which are members of cogl816. Nevertheless,
Hp0267 is a member of the AHS and is therefore a distant ortholog of ADD, falling within
cog0402 (cytosine deaminase and related metal-dependent hydrolases) (41). Biochemically
studied members of cog0402 include atrazine chlorohydrolase (18, 42), cytosine deaminase (37,
43), guanine deaminase (44), and Tm0936 (SAH deaminase) from 7. maritima (25).

Hp0267 and Tm0936 share relatively low sequence identity (23%) and apparently do not

share the same divalent cation preference, however these differences belie the significant
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structural and biochemical similarities between the two. Because Hp0267 and Tm0936 are
biochemically more similar to one another than to other characterized members of this COG, we
constructed a sequence alignment that includes Hp0267, Tm0936, and representative orthologs
with the intention of identifying conserved residues that could provide a signature motif for
predicting adenosine deaminase activity of cog0402 members (Fig 3.4). The hallmark metal-
binding residues that define all AHS members are His65, His67, His207, and Asp372
(numbering of residues corresponds to H. pylori Hp0267) (36, 45). Residues that are both (a)
conserved within this alignment, and (b) were shown in Tm0936 to be involved in substrate
binding or catalysis are Trp85 and Ser318, and Glu210. While Trp85 and Ser318 are strictly
conserved among the group of orthologs in Figure 4, it appears that Gln can substitute Glu210.
In addition to these residues for which structural data has been provided, there are other notable
conserved residues whose function is unknown. In particular, the region just upstream and
including His65 and His67 appears to be a signature unique to this group of enzymes, and reads:
P(A/G)XXNXHXH.

We further sought to determine whether the presence of Hp0267 homologs within a
genome correlates inversely with the presence of a cogl816 ADD homolog. If so, this pattern
would indicate that Hp0267 performs the same functional role as the cogl816 ADDs. We began
with members of the delta/epsilon-proteobacteria, for which comparatively strong homologs to
Hp0267 (30-50% identity) are found. With only three exceptions, all epsilon/delta-
proteobacteria genomes that contain a Hp0267 homolog have no homolog for E. coli ADD (E-
value cutoff < 1e-20) (21). We then extended our query to include members of the archaea, the
second-highest scoring taxonomic group with respect to their Hp0267 homologs. All archaeal

genomes (with the exception of Aciduliporofundum boonei) possessing a Hp0267 homolog
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contain no homolog to E. coli ADD. This inverse correlation between Hp0267 homologs and
cogl816 ADDs strongly suggests that Hp0267 represents a separate class of ADDs in

prokaryotes.

Conclusions

We described herein a member of cog0402 in H. pylori that catalyzes the deamination of both
adenosine and SAH. Based on our native purification data, Hp0267 appears to be the sole
adenosine deaminase in this organism. The existence of this enzyme explains H. pylori’s ability
to grow using only adenine and/or adenosine as a sole purine source. Hp0267 and its close
homologs from diverse taxonomic groups are currently annotated as “chlorohydrolases.” This is
very likely a misannotation, as there are few chlorinated molecules in nature that would be
physiologically relevant substrates for these enzymes. It is tempting to propose that atrazine
chlorohydrolase (AtzA), which evolved over a period of 40 years or less (42, 46), was derived
from an ADD that exhibited promiscuous activity on chlorinated molecules resembling
adenosine. Alternatively, AtzA could have evolved from another cog0402 member such as
cytosine deaminase, however AtzA was shown not to use cytosine or other related pyrimidines
as substrates (42). It is unknown whether adenosine is a substrate for AtzA.

Hp0267 acts on both adenosine and SAH, with K ./K, values that suggest either of these
reactions could be the enzyme’s primary physiological role. Nevertheless, if SAH were indeed a
major substrate for Hp0267 or for its ortholog Tm0930, this would imply that a degradation
pathway is present for SAH, of which only one is known to exist in bacteria (35). Our
comparative genomic data reveals that the presence of an Hp0267 homolog correlates with the

absence of a cogl816 ADD. This is true for diverse prokaryotic taxa, supporting a hypothesis
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that Hp0267 represents a previously unknown form of adenosine deaminase whose phyletic

representation is broad.
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Tables

Table 3.1 Purification summary of native H. pylori adenosine deaminase.

Sample Activity (nmol  Protein  Specific Activity Yield Fold
min” ml”) (mg) (pmol min” mg'l) (%) purification

Cell lysate 1110 331 0.03 100 1
20K supernatant 1074 233 0.05 97 1.4
45% - 55% AS fraction 168 34 0.28 15 8.3
Anion exchange 115 0.99 0.30 10 9.2
Cation Exchange 68 0.19 0.68 6.1 20.5
Size-exclusion 85 0.04 1.88 7.7 56.6
Table 3.2 Protein bands identified using MALDI-TOF.
Band HP Protein annotation Sequence E-value
number identifier coverage (%)
1 HP0891 Conserved hypothetical protein 35 6.3e-009
2 HP1563 Alkyl hydroperoxide reductase (AhpC) 52 4e-011
3 HP1104 Cinnamyl-alcohol dehydrogenase 34 2e-011
4 HP0267 Chlorohydrolase 39 2e-012
5 HP0974 Phosphoglycerate mutase 47 6.3e-013
Table 3.3 Substrate preference and estimated kinetic constants of Hp0267

min' mg') min” mg”) mM) ) ™sh
Adenosine 227412 295+30 4.0+1.0 226 5.7x10°
2’-deoxyadenosine 0.3+0.1 NC’ NC NC NC
S-adenosylhomocysteine 6.9+0.2 73+09 09+03 56 6.4x10°
Atrazine BDL® NC NC NC NC
Guanine BDL NC NC NC NC
Cytosine BDL NC NC NC NC
Adenine BDL NC NC NC NC

“ SA = Specific activity of purified Hp0267 in the presence of 10 mM substrate (1.0 mM for
uanine, 2.5 mM for S-adenosylhomocysteine).
NC = Not able to calculate due to either low or non-detectable activity
“BDL ~ Activity below the limit of detection for this substrate
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Table 3.4 Metals analysis of purified Hp0267

Metal Concentration Molar ratio
(M) (metal:enzyme)

Fe 48.6 £0.9 0.49

Zn 214+ 1.7 0.21

Ni 14.6 £0.2 0.15

Mn 1.9+0.1 0.02

Mg BDL -

Mo BDL -

Co BDL -

cd BDL -

“BDL = below detection limit

Figure 3.1 Denaturing SDS-PAGE of native Hp0267 purification. Bands were stained using

silver nitrate. Lane 1: Molecular weight marker, Lane 2: 20K supernatant, Lane 3: Ammonium

sulfate precipitation, Lane 4: Anion exchange FT, Lane 5: Cation exchange FT, Lane 6: Size-

exclusion chromatography. Arrows indicate bands that were excised from a Coomassie-stained

gel for MALDI-TOF analysis.
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Figure 3.2 pH and temperature optima of Hp0267. (A) A range of pH-appropriate buffers
were used as indicated in the figure legend. All reactions were incubated at 37°C. (B) Reactions
were carried out in Bicine buffer at pH 8.5, and the temperature of incubation was varied.
Reaction rates are reported as a percentage of the maximum specific activity observed on that
day (90 pmol min™ mg™). Results are the mean + SD of at least three independent

determinations.
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Figure 3.3 Hp0267-ADD activity upon incubating with divalent metals. The ADD activity of
purified Hp0267 was measured following incubation with various divalent metals. Results
shown are the mean + SD of three independent replicates, and are expressed as the percentage of
activity relative to a control incubation lacking added metals. Asterisks indicate a significant

increase in activity relative to the control (P < 0.01, paired Student’s t-test)
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' X % e r .} ! (361) X ...
H. pylori gi:15644895. . .. (54) NSVLLPAFINAHTHFEFSNNKA--SFDYGSFSG----- WLGSV - (203) LLSTHFLE- (312) ATDGLSSNISLSL - NNGEIEANKRADLS

C. jejuni gi:218561752...... NSVILPAFINPHTHLEFSANST--TLHFGEFLI----- WLKSY -« -« - - LASTHFLE: -« - -+ GTDGLSSNISLSL ===+~ NLGELKKGKIADFN- * = -
Nitratiruptor#* gi:371927752...... NSLLLPGFANPHLHLEFSANKA--TLQYGDFIP----- WLYSV e e venn LVSVHFME. . .... ATDGLSSNYSLNM = = === EGGEIAVGKDADMQ" = = - *
N. profundicola gi:224373376...... NSVIMPALINTHTHLEFSSNYT--HLEYGDFMN- ---- WLNSV -« - PIQTHFME- « « -+ ATDGKSSNYSLNL = = = - - - NNGSLEKGKDADII - - -
A. aurescens* gi:301015837...... GMIALPGLINSHQHLYEGAMRAIPQLERVIMAS----- WLEGY <= v == RLHTHFYQ- = - -« GTTGSASNDGGNL = == =~ - DLGVLEEGRAADIA- - - - -
G. uraniireducens  gi:146397638...... DSIMIPGLVNAHAHLEL THFPAWKMRKDLDYAPRTYVOWVIQV - - « - - - PLMTHLSE- -« - -« GTDSLASNDSLSL!= ==~ -~ ETGSLEKGKRADFL® * * * *
S. islandicus gi:284997931...... EYVAIPGLVNAHTHTPMIALRG--YYDDAELTE----- WL-EK +-vv-- NIHIHVSE- -« .- GTDGAASNNSLDM = « « = - - KGGKLEEGYTADIV-- - -+
M. yellowstonensis gi:374633963...... DLVVMPGLVNSHTHASMLALRG--YFDDGELED----- WL-KR «=«=-- RIHIHVSE: -« - - - GTDGPASNNSLDM- - - - - - NGGLIEPGHVADLV- -« = -
S. coelicolor gi:21220476....... GQVALPGLINCHTHSPMVALRG--LAEDLPTEE----- WFNDV + =+ - -+ PVHLHAAE- - - - - - ATDGAASNNSLDV = = ===+ SVGRIAPGWRADLI = -« *
T. maritima* gi:15643698....... GKLVMPALFNTHTHAPMTLLRG--VAEDLSFEE----- WLFSK « e vee PVTIHLYE: ««+ -+ GTDGAASNNSLNL - -« « - - KSGKIEEGWNADLV- - - - -
H. halophila gi:88949537....... EHVLIPGLINAHTHTAMTLLRG--MADDLPLMT----- WLTEH + == -« PIHIHVQE-«---- GTDGVASNNDLDL * === =+ EIGSIVPGKAADLT- == -+
P. syringae gi:28868949....... GMLLSPGLINAHGHAAMTLFRG--LADDLPLMS----- WLQDH -« - -+ MIQMHVHE- - « - - - GTDGAASNNDLDL = = = = - - EAGSLELGKAADMV- - - - -
B. cereus gi:29895480.... ... GKNVLPGLVNTHTHVVMSLLRG--IGDDMLLQP----- WLETR - v - MVHIHLSE « -« - ATDSVASNNNLDM - - - - - - QTGSLEAGKCADFI- - - - -
B. halodurans gi:10174309....... GKNVMPGMINTHGHLGMSLLRG--HSDDLPLQS----- WLTEK + o vve- PLHTHMAE« « « « = « GTDSVASNNHLDL » = = = = = QVGTIEAGKRADFI- - - - -
C. tetani gi:28211827....... GRCAIPGLVNAHTHAGMTIFRG--YGEGLPLMR----- WLNEK « -« - -+ NIHIHISE: -« -« GTDGTSSNNNLNM - - « - - - KLGKIKKDYLADIA- - - - -
P. furiosus gi:18893674....... SHLVIPGLINAHTHVSMVLLRG--LAEDVPLQE----- WLQNY =« -« PVTIHLSE-++--- GTDGAASNNTLDM - - - - - - KSGVIKEGYIADLA- -« -+
S. fumaroxidans gi:162416215...... GCVVLPGLINAHTHAAMTLFRG--LADDLPLME----- WLQQH = =+ - -+ PLITHLSE+ =+ +-+ GTDGCASNNNLDL - - « - - - RIGELSVGRLADLI- - - - -
T. wiegelii gi:345017876. ...+ KKIAMPGLINAHTHLGMSLLRN--YADDVPLFD----- WLSKH <+« -+ GIHIHVSE:««+ -+ GTDGPASNNNLNM - - - - - - EIGSIEVGKKADIV: - - - -
A. degensii gi:260892855. .. ... NFVALPGLVNAHTHAAMTLFRG--YADDLPLKR----- WLEEA ==« --- GIHIHVSE: =« - -+ GTDGAASNNNLDM - « - - - - QIGTLEVGKRADIV: - - - -
M. thermautotroph gi:15679502....... GKLLIPGLVNTHTHLSMTLFRG--TIADDLPLDR----- WLNDH -« - -« - MIHIHVSE------ GTDGAASNNNLDM - - - - - - DAGLIAPGKLADIV- « « - -
M. maripaludis gi:134045132...... NCVLIPGLINTHTHVPMSLFRG--VADDIPLMD----- WLSGH « =+ -« PIHIHMNE: -« - - - GTDGCGSNNNMNL - - - - - - NSGETKEGKLADFV- « - - -
M. igneus gi:333910056...... NKIAIPGLINTHTHIPMTLFRG--VADDLPLME----- WLNNY = ===+ PIHIHMNE- -« - - - GTDGCGSNNNLNL « « « « « KCGELKEGYLADIV- -« «
M. jannaschii gi:15669736. ... ... NKIAIPGLINTHTHIPMTLFRG--VADDLPLME----- WLNNY « -« -+ PIHIHLNE: -« « « - GTDGCGSNNNLNL = « « = - - KAGEIREGYLADIV- - -« - -
PR ., . L oL e

Figure 3.4 Sequence alignment of Hp0267, Tm0936, and orthologs. Proteins for which crystal structures are available are
indicated by an asterisk adjacent to the species’ name, and can be accessed from the Protein Data Bank: Nitratiruptor Sp. Sb155-2
(PDB: 3V7P), Arthrobacter aurescens Tcl (PDB: 3LSC), Thermotoga maritima (PDB: 2PLM). Stars above the sequence alignment
indicate residues that coordinate the metal ligand. Downward arrows indicate residues that are both (a) conserved and (b) are in close
proximity to the substrate in the crystal structure of Tm0936. Highlighted in gray is the proposed signature motif for this group of

orthologs.
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CHAPTER 4

DISSERTATION SUMMARY AND FUTURE DIRECTIONS

This dissertation has expanded our knowledge of H. pylori purine metabolism by offering
a more complete picture of the organism’s purine requirements and its purine conversion
network. Previous studies suggesting that de novo purine biosynthesis is possible in H. pylori
were not supported by my data nor by recent studies (1). Furthermore, I studied the growth of
this fastidious organism in a defined medium and showed that any purine nucleoside or
nucleobase can serve as the sole source of purine for H. pylori. From the studies described in
Chapter 2, I conclude that the salvage pathway for purines in this organism is complete, and that
a de novo pathway for their synthesis is absent. By characterizing H. pylori gua and pur
mutants, I defined the non-redundant roles of these key players in the building and breaking
down of guanine and adenine, two processes that are critically important for a complete purine
salvage network. These data, along with data from quantitative growth studies that identified the
relative efficacies of various purines in supporting H. pylori growth, provided a strong
foundation for the remainder of this dissertation and will be a useful framework for future studies
of this organism’s metabolism.

To my surprise, unlike many other bacterial pathogens that are attenuated for virulence
upon disruption of their purine salvage network, an H. pylori mutant lacking guaA colonized a
murine host with efficiency similar to wild-type. I had previously shown that guaA is essential

for growth in the absence of guanine or guanine derivatives. Likewise, it is important that a
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balance of GMP and AMP be maintained in the cell, a balance that depends upon GuaA (2). The
question, therefore, is if the host can fulfill the pathogen’s need for guanine and can also provide
an appropriate balance of adenine and guanine, then why would H. pylori maintain this costly
biosynthetic pathway? Could the presence of GuaA be important only during later stages of
chronic H. pylori infection? A caveat to recognize here is that a murine infection model is not an
optimal system for studying a primate-specific pathogen such as H. pylori. The availability of
purines likely varies depending on the host, and the establishment of chronic infection by H.
pylori is not thought to be replicable in a murine model (3). Conditions such as gastric pH,
epithelial cell turnover rate, and host cell surface proteins almost certainly vary between mice
and humans. Nonetheless, if we do assume that GMP biosynthesis is not important for
colonization (in other words, that all purines are readily obtainable in its gastric niche), then the
new class of inhibitors currently being developed against H. pylori GuaA should not be pursued
further (4). Perhaps purine transport would be a better target for drug design against this
organism.

To this end, my dissertation also focused on identifying possible purine transporters in H.
pylori strain 26695. 1 identified a mechanism by which H. pylori takes up purine nucleosides—
an ortholog of the pyrimidine nucleoside transporter NupC. Using radiolabeled purine
nucleoside uptake experiments, I showed that Hp1180 aids in the uptake of the three main
biological purine nucleosides adenosine, guanosine, and inosine. Curiously, my results show
that not only does the substrate specificity of Hp1180 differ from that of its homologs in E. coli
and B. subtilis, but also that this transporter is important for growth on several purine
nucleobases. All CNT-type transporters studied to date recognize nucleosides exclusively and

not nucleobases, therefore I hypothesize that Hp1180 does not actually transport nucleobases but
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that it instead facilitates their use in an indirect way. For example, perhaps the purine nucleoside
phosphorylase DeoD, which is found in the periplasm of certain proteobacteria (5, 6), could
function in tandem with Hp1180 by converting free bases into nucleosides that can subsequently
be taken up by Hp1180.

Due to the importance of Hp1180 for growth in several purine nucleosides and
nucleobases, I sought to use an H. pylori nupC mutant for animal infection studies. This data,
unfortunately, varied greatly between experiments and was therefore inconclusive. Further
studies will be needed to determine the importance of nupC in colonization and/or persistent
infection by H. pylori. Also informative would be transport studies using recombinant Hp1180
expressed in Xenopus oocytes, a method that avoids using bacterial membrane preparations and
would therefore be useful for unambiguous determination of the substrates carried by Hp1180
(7).

A final discovery in this dissertation was the identification of a new class of adenosine
deaminase. In my studies of the gua and pur genes, I had relied on the strong homology of their
gene products to the canonical and highly conserved pathway in other well-studied bacteria.
This same luxury was not afforded in my attempt to identify a mechanism for breaking down
AMP to IMP. Apart from understanding that this pathway relies on the deamination of the
adenine moiety, the actual enzymes involved varies among bacterial species, and no homologs to
these were identified in H. pylori. 1 approached this problem by identifying the enzyme activity
in H. pylori cell-free extracts that catalyzes the deamination of an adenine moiety. I detected
high adenosine deaminase activity, and then used this sensitive activity assay to track the
enzyme’s fractionation through sequential purification steps, at which point I could identify the

enzyme using MALDI-TOF. This adenosine deaminase, which also exhibits S-adenosyl-
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homocysteine (SAH) deaminase activity, is encoded by the locus #p0267, previously mis-
annotated as encoding a “chlorohydrolase” (8, 9).

Hp0267 is a member of cog0402 and is, therefore, more closely related to cytosine and
guanine deaminases than to previously characterized adenosine deaminases, which are all
members of cogl816. I examined the phyletic distribution of Hp0267 orthologs and found that
the delta/epsilon-proteobacteria contained the most similar homologs. Among the
Campylobactereaceae, for example, the percentage of identity is between 30-50%, while among
other genera such as Sulfurovum and Nitratiruptor the identities are lower, between 30-40%.
Surprisingly, the second-highest ranking group of Hp0267 orthologs I found were among the
archaea, with identities ranging between 20-30%. Although these percentages fall within the
“twilight zone” of homology (10), I mitigated this somewhat by using PHI-BLAST programmed
to find a conserved motif that I had described for Tm0936 and Hp0267 orthologs (Chapter 3)
(11). Although I cannot generalize to say that this group of Tm0936 and Hp0267 orthologs
consists entirely of adenosine deaminases, I also noted that the presence of an Hp0267 ortholog
within a genome correlates with the absence of a cog1816 ADD in that genome. Only three
species from the delta/epsilon-proteobacteria possess both a cogl816 ADD and an Hp0267
ortholog (Campylobacter lari, Wolinella succinogenes, and Sulfurospirillum deleyianum),
whereas the majority of members possess only an ortholog to Hp0267. Likewise, among the
archaea that possess an ortholog to Hp0267, only one species possesses a cogl816 adenosine
deaminase homolog. Although the evidence is strong that Hp0267 represents a second class of
prokaryotic adenosine deaminase, I was unable to prove the functional role of this enzyme in

vivo using mutant analysis. Further studies using mutant analysis, ADD inhibitors, or
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conditional mutants are needed to prove whether Hp0267, Tm0936 and their close orthologs do
indeed carry out the physiological role of adenosine deamination in vivo.

I concluded the studies of Hp0267 with an analysis of the metal contained within its
active site. Like its cousin cytosine deaminase, Hp0267 coordinates an Fe™ ion as its
physiologically relevant metal ligand. This is in contrast to cogl816 adenosine deaminases,
which coordinate Zn"* as the relevant metal ligand.

In summary, this dissertation has served to characterize a complete purine salvage
pathway in this important human pathogen. In addition, by studying a NupC homolog that
transports purine rather than pyrimidine nucleosides (Hp1180), and a chlorohydrolase homolog
that degrades adenosine and SAH (Hp0267), my work has uncovered two proteins that exemplify
how the current methods used for whole-genome annotation lag behind our increasing
knowledge of how many enzymes and transporters evolve to accommodate new substrates.
Namely, that only a few key mutations within an enzyme’s active site can imbue it with an
entirely new functional role (12, 13). Until more robust computational methods are developed to
annotate genomes—methods that rely on more than just thresholds of percentages of shared
identity—a certain amount of prudence is needed when predicting the function of a gene product.
In turn, it is equally important that new enzyme families be biochemically characterized in order
to populate the existing databases with accurate information. As biochemists we must also
remain mindful that bioinformatic methods are only as accurate as the biochemical data on which

they are based.
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