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Abstract. Helicobacter pylori is a pathogenic bacterium that colonizes the hu-
man epithelia, causing duodenal and gastric ulasraell as gastric cancer. The
genome ofH. pylori 26695 has been sequenced and annotated. In additio
genome-scale metabolic models have been develdpexdder to maintain accu-
rate and relevant information on coding sequenC&S|) and to retrieve new in-
formation, the assignment of new functiondHeicobacter pylori 26695’s genes
was performed. The use of software tools, on-liataldases and an annotation
pipeline for inspecting each gene allowed the aition of validated E.C. num-
bers to metabolic genes, and the assignment oh&Wrfunctions to the CDS of
this bacterium. This information provides relevaidlogical information for the
scientific community dealing with this organism acah be used as the basis for a
new metabolic model reconstruction.

Keywords: Helicobacter pylori, Genome annotation, Metabolic functions, Ge-
nome-Scale Reconstruction.

1 Introduction

Helicobacter pylori, first cultivated in 1982 [1], is a gram-negatigpjral-shaped
bacterium that belongs to the Proteobacteria [2t 8 well known that this bacte-
rium colonizes the stomach of more than 50% ofhhman population world-
wide, reaching 80% of infection rate in developoauntries [1, 3]. When in the
gastric mucosa, this bacterium induces a chroffianmmation causing an increase
in the risk of developing a disease such as duddsmhgastric ulcer, gastric can-
cer and mucosa associated lymphoid tissue (MALTjplgoma [1]. However, on-
ly few individuals develop anii. pylori related gastric disease [3]. This may be
due to fact that this bacterium possesses mecharsincrease genomic diversi-
ty yielding multiple and diverse strains [4]. Aktlpresent time, there are 43 com-
pletely sequenced genomes of differehtpylori strains on NCBI, which high-
lights this bacterium genetic variabilityd. pylori 26695, a highly pathogenic
strain,was originally isolated from a patient in the Udit€ingdom with gastritis
and had its complete genome sequenced and publish@897 using whole-
genome random sequencing [5]. This organism presergmall size genome of



around 1.67 Mbp, with approximately 1590 codingusetgtes (CDS) identified
[5].

The genome functional annotation can be seen agpribwess of allocating
functional information to the genes of a sequergeabme. The majority of gene
functions are assigned by homology search fromadiierized sequences, found
in several online databases; and, if a given geodugt is unknown, it is labeled
as hypothetical protein [6]. The re-annotation barviewed as the process of up-
dating the functional information of a genome. akes and computational
methods are constantly evolving and over time ngarination is also being pub-
lished, making possible to assign new gene funstj@h The last re-annotation of
H. pylori 26695 was published in 2003. This re-annotatioregeted a specific da-
tabase foH. pylori (PyloriGene) [8] and allowed the reduction of ffercentage
of hypothetical proteins from approximately 40%3t®%, allowing also the reas-
signment of functions to 108 CDS [8]. Unfortunatdlyis re-annotation does not
contemplate the allocation of E.C. numbers to theotated metabolic genes and
therefore it compromises some of the applicationthe annotation. A very im-
portant application of gene functional annotati®thie reconstruction of the meta-
bolic network of a sequenced organism. This recaosbn allows the develop-
ment of a genome-scale metabolic model based owélieknown stoichiometry
of biochemical reactions catalyzed by the enzynmes@ed in the annotated genes
of an organism [9, 10]. These models can then bd @ simulatingn silico the
phenotypic behavior of a microorganism under défgrenvironmental and genet-
ic conditions, thus representing an important tnahetabolic engineering design
and the identification of novel drug targets fothaens [10].

To date, two metabolic models Hf pylori 26695 were published. The model
iCS291 was published in 2002 and contains 291 gem&s388 reactions [11]; in
2005, based on the previous model, a new modelre@mstructed, théT341
GSM/GPR with 341 genes and 476 reactions, includisg 355 gene-protein re-
action associations [12]. Most of improvements medéhe latter model were a
result of the increase of available literature #mel revised annotation of thd.
pylori genome [12].

Here we present a new re-annotation ofHh@ylori 26695 genome. The func-
tion of each gene previously annotated was reetedyaew functions were iden-
tified and EC numbers were assigned to genes wéttatolic functions, thus pre-
senting the combined results of updated databases reew annotation
methodologies. This re-annotation will be usedhestiasis for reconstructing an
updated genome-scale metabolic modeHopylori 26695.

2 Methods

H. pylori 26695’s genome was retrieved, in the amino adthféormat, from the
GenBank repository at
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Helicobactgylori_26695 uid57787/.



merlin

merlin (MEtabolic model Reconstruction using genome scifermation) is a
software tool created in our group to assist onpifeeesses of (re) annotation and
reconstruction of genome-scale metabolic modaéslin is available for down-
load at http://www.merlin-sysbio.org. It performatamatic genome-wide func-
tional (re)annotations and provides a numeric danfce score for each automatic
assignment, taking into account the frequency ardrtomy within the annotation
of all similar sequences [13]. In the present wibrik confidence score was kept
with the default parameters, with a set threshdl®.@. To perform homology
searchesmerlin uses both BLAST (Basic Local Alignment Search Jdfdom
NCBI) and profile HMM (Hidden Markov Models) (frodMMER [14]) algo-
rithms. merlin’s interface was used throughout the re-annotgifocess to assign
functions to each, gene based on the highest end&scores [13].

Annotation pipeline

After the automatic re-annotation performed rbgrlin, each candidate function
was manually inspected by following several conéitibn steps as described in
Fig.1. For this, three on-line databases were udaiProt [15] which contains up-
to-date information in manhd. pylori protein coding genes; BRENDA [16] which
is an enzyme curated information database, usedriirm gene product names
of a certain E.C. number; and PyloriGene [8] thec#ffz H. pylori annotation da-
tabase released in January 2003 upon the lasihadion of the strain 26695 and
last updated, through blastp homology search, ircMa&011[8].

The manual curation aferlin results began with the correspondence between
each candidate and the information on differenialoiases, giving priority to
Uniprot reviewed information, followed by Uniprobreviewed and finally the in-
formation in PyloriGene. When a match with revievigidrmation occurredyer-
lin candidates were annotated with a very high confidelevel. On the other
hand, when there was a match with Uniprot unreviedata, the candidates were
annotated with high or medium confidence levelgpading to the type of infor-
mation present, such as E.C. numbers, for exarfgleere was no information on
Uniprot for candidatesnerlin homology data, PyloriGene annotation and relevant
bibliographic references (if existent on PyloriGemesre analyzed. Results with
the best scores were selected and annotated with miedium or low confidence
levels, according to bibliographic evidence. Wheismatches occurred between
merlin results and Uniprotnerlin homology results were analyzed to search for
matching information, or this was manually addedclEof the potential enzyme
encoding candidates was revised in BRENDA to vetgyfunction and confirm
E.C. number assignment. Some of the enzymes weignasl with incomplete EC
numbers; thus, this database was also used tdfideoimplete EC numbers when
available, by searching for enzyme’s product nafyseprevious annotation lacked
E.C. number information, and due to the importaofcéhis kind of information,
for instance in the reconstruction of metabolic eledan effort was made to try to
retrieve every possible E.C. number belonging ted@dates encoding enzymes.



Therefore, each of the potential enzyme encodimglidates’ E.C. number was
sought in the different sources of information,liliing Uniprot, merlin results
and BRENDA. Nevertheless, despite following theaation pipeline, genes with
no metabolic function, naturally, were not assigneith an E.C. number and
therefore were annotated according to the sourdafofmation, whether it was
Uniprot reviewed, unreviewed, PyloriGenenagrlin homology data.

(1 search gene name on UniProt )
If_entry exists: Else:
«Check status: » Goto7
« If entry is reviewed: Else:
« Match product with Merlin, correct if necessary * Goto3
\ *«Goto2 )
2 — UniProt reviewed entry complete E.C. number
If exists: Else:
« Check for match with Merlin E.C. « If Merlin has complete E.C.  =====
« If matches: ---- Else: « Search E.C. on Brenda
*Goto A * Select correct/complete E.C.  « |f product matches
*Goto A *Goto A
4 N\
3 — UniProt unreviewed entry E.C. number
If exists: Else:
«If E.C. is complete ---========----- Else: «Goto4
« Search E.C. on Brenda « If Merlin has complete E.C. ============== Else:
« If product matches Merlin « Search E.C. on Brenda « If product is
*GotoB « If product matches in Brenda_
«Else *GotoB «GotoB
« Select correct product and E.C. « Else « Else
«GotoB « If product is in Brenda _ ------- Else: *GotoE
« Select correct E.C. «Goto E
«GotoB
. 7
4 — UniProt entry product matches Merlin?
If true: Else:
« If productis in Brenda _ --------- Else: «Goto7
« Select correct E.C. « If Merlin has complete E.C.  ===== ]
«GotoC « Search E.C. on Brenda ph----- Else:
« If product matches oo i «Goto6
«GotoC
. v
5 — Is UniProt entry product name in Brenda?
If true: Else:
« Select correct E.C. Number « Search Merlin homology data for E.C. hit with best score
«Goto A « If product name matches UniProt entry  --------- Else:
« Select correct/complete E.C. number «GotoE
L *Goto A y
6 — Inspect Merlin homology data results A — annotate w/ Confidence Level Very High
Search for E.C. number hits with best score (CLL)
« If product name matches UniProt entry  =====' Else: . -
« Select correct E.C. number “GOtOE I B — annotate w/ Confidence Level High (CL2) I
+GotoC —————————————————
C — annotate w/ Confidence Level Medium
(CL3)
{ '
7 — Analyse homology data and PyloriGene annotation 4 - - )
Select hits with best score from Merlin a ; annotate IIN/ Cmg'f:nce Levzl_. H|gt1,
Review relevant bibliographic references in PyloriGene b'SI' ium hor ow (CL4) according  to
« If product name is in Brenda _~ -===-==-=----- Else: \2ibliography J
« Select correct E.C. Number «GotoD - -
«GotoD E — annotate according to UniProt entry
L )  annotation

Fig. 1 Re-annotation pipeline for manual inspection afhegene candidate.



3 Results and Discussion

All protein encoding genes presentHnpylori 26695 genome were annotated ac-
cording to the proposed methodology and reviewedhbydeveloped annotation
pipeline. The number of genes inspected was diifefrem the last re-annotation
because, in the genome retrieved from NCBI, thebmmof genes has been up-
dated, having now 1573 genes, instead of the puevi®90.

Function assignment

Analyzing the results obtained from homology seamith merlin, it was noticed
that new assigned functions were based in homolatly otherH. pylori strains.
This might be due to the exponential amountopylori strains being sequenced
in recent years, increasing the volume of availatflermation on their genome.

As depicted in Table 1, the total number of codieguences (CDS) annotated
with a function was 1203, divided into 581 metabdliDS (528 with complete
E.C. numbers and 53 with incomplete E.C. numberd)&22 non-metabolic CDS.
The number of hypothetical CDS was 370, represgratitotal of 24% of the CDS
in the genome, a lower number than the previoustation which contained 510
hypothetical proteins (32%).

Comparing the present annotation with the previous, it is possible to ob-
serve that both annotations are in agreement irfuhetion of 1026 CDS. The
number of CDS with differently assigned functiossli77, of which 137 corre-
spond to the allocation of new functions to presidwypothetical CDS and 40 to
the assignment of new functions to CDS previouslyagated with another func-
tion. The 177 new functions assigned are dividedlinmetabolic CDS, 77 non-
metabolic CDS and 29 CDS with a generic functiohjclw has a lower level of
specificity, such as, for example: HP1234, a membitaansport protein. In more
than half of cases the new assignment of a fundsioelated to increasing speci-
ficity of the function previously assigned and metessarily to a modification in
the function. For instance, the protein encodingegeP1450, which had been an-
notated as an “inner membrane protein”, is nowgassl as a “Membrane
integrase YidC".

Table 1 Distribution of CDS according to functional categor

This work PyloriGene
Total CDS 1573 1590
. Complete E.C. 528
Metabolic CDS
Incomplete E.C. 53 1080
Non-metabolic CDS 622

Hypothetical CDS 370 510




Annotation confidence level

As a result of inspecting CDS according to the &amtan pipeline, an annotation

confidence level has been attributed to each prateiing sequence, according to
the robustness of the information generated. Talgeesents the confidence level
for the total CDS and CDS with new functions.

Table 2 Confidence levels of function assignments to t6@a5 and CDS with new func-

tions
Confidence Level Total CDS (1573) New functions (Y
Very high 529 39
High 93 4
Medium 65 6
Low 886 128

For a total of 1573 CDS annotated, 529 (33.6%) wtassified with a very high
confidence level, which is the highest classificatiindicating that these genes are
reviewed on Uniprot, and, therefore well charaggtiand curated manually by
experts. This is also true for the 39 new functi¢2®%) classified in the same
way. “High”, is the classification level of 93 (6%} total CDS and 4 (2%) of new
functions, which, along with the medium confideteeel (65 (4%) of total CDS
and 6 (3%) of new functions) also indicates a gaeelfage confidence in the re-
sults, although in a lesser extent. This clasdificawas assigned to genes with
high similarity with other genes well characteriz&tie majority of the total CDS,
886 (56%), and of new functions, 128 (72%) werégaesl with a low confidence
level, indicating that these genes are not wellattarized, lacking reviewed in-
formation and validation, being the result of phoenology search data and infer-
ence methodologies. This outcome was, somewhagcteg for new functions,
once new homology information is more rapidly geed than direct biologi-
cal/biochemical experimental data and also bectheseevision, by experts, of all
existing information is a laborious and time conmgrtask.

Enzyme class distribution

More than 88% (513) of the CDS assigned with mdialaztivities were classi-
fied with only one complete E.C. number (monofumatil). Nevertheless, two
other groups appeared, depending on the numbeclassl of assigned E.C. num-
ber. As depicted in table 3, most of complete manofional E.C. numbers are
classified as transferases, 163 (28%) CDS. On ther dvand, most of the CDS
encoding incomplete E.C. numbers are hydrolaseq428. Nevertheless, only
9% (53) of enzymes have an incomplete E.C. numBDeireductases, transferases
and hydrolases represent more than 75% of theifigehénzymes. Multifunction-
al genes encode for more than one enzymatic fumetithin the same class, but
with different functions. They catalyze similar céans using substrates with
small differences.



Table 3Enzyme encoding genes classification

Complete E.C. Incomplete E.C.

A B? c? A' B? c?

Oxidoreductases 94 1 1 2 0 0
Transferases 163 5 2 19 0 0
Hydrolases 128 2 1 23 0 0
Lyases 45 1 1 0 1
Isomerases 32 0 1 0 0
Ligases 51 0 0 0 0

1- A = Monofunctional; 2- B = Multifunctional; 3- € Multiclass.

For instance, HP0683, a bifunctional N-acetylgl@ome-1-phosphate
uridyltransferase/glucosamine-1-phosphate acetdfesiase (2.3.1.157, 2.7.7.23)
catalyzes a reaction where the product of the ifirgshe substrate of the second.
Multiclass genes encode for more than one enzyraativity whose E.C. num-
bers belong to different classes, meaning they kigss@milar catalytic functions,
as for example, HP0326 which encodes for pseudarairid cytidylyltransferase
and UDP-2,4-diacetamido-2,4,6-trideoxy-beta-L-gtn@nose hydrolase
(5.3.1.24, 4.1.1.48) that are classified as a tesase and a hydrolase, respective-
ly. For constructing table 3, when classifying atpin coding sequence with more
than one E.C. number, such CDS was assigned tsuthgroup of first enzyme
annotated, because such function was assumed amthdunction.

4 Conclusions

In the present work, the assignment of new funeti@etivities to the CDS dfl.
pylori 26695 genome was performed. Using a softwareftvale-annotation and
an annotation pipeline, all gene functions wer@étsed and updated, when nec-
essary, being assigned with a confidence levetHeir function. The E.C. num-
bers for all metabolic CDS were searched, validatadiattributed when found.

A total of 177 new functions were assigned, 13Which were attributed to CDS
previously classified as “hypothetical proteinsQ Aew functions were assigned
to CDS already annotated; many of them had beessified with only generic
annotations. From the new functions assigned, 7te waetabolic, 77 non-
metabolic and 29 had generic descriptions, indigatior instance the localization
of the protein. A total of 581 E.C. numbers wersigised to CDS, being 528 of
them complete E.C. numbers. These results bring arvmore comprehensive
information to theH. pylori 26695 genome, increasing and improving the exjstin
knowledge on this human pathogen, with specialvegiee for the attributed met-
abolic functions. The assignment of E.C. numbessfisndamental task, since the-
se data can be used for the reconstruction of agasmwme-scale metabolic model
for this organism.
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