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Abstract

Elementary modes analysis allows one to reveal whether a set of known enzymes is sufficient to sustain functionality of the cell. Moreover, it is
helpful in detecting missing reactions and predicting which enzymes could fill these gaps. Here, we perform a comprehensive elementary modes
analysis and a genomic context analysis of Mycoplasma pneumoniae nucleotide metabolism, and search for new enzyme activities. The purine
and pyrimidine networks are reconstructed by assembling enzymes annotated in the genome or found experimentally. We show that these reaction
sets are sufficient for enabling synthesis of DNA and RNA in M. pneumoniae. Special focus is on the key modes for growth. Moreover, we make
an educated guess on the nutritional requirements of this micro-organism. For the case that M. pneumoniae does not require adenine as a substrate,
we suggest adenylosuccinate synthetase (EC 6.3.4.4), adenylosuccinate lyase (EC 4.3.2.2) and GMP reductase (EC 1.7.1.7) to be operative. GMP
reductase activity is putatively assigned to the NRDI_MYCPN gene on the basis of the genomic context analysis. For the pyrimidine network, we
suggest CTP synthase (EC 6.3.4.2) to be active. Further experiments on the nutritional requirements are needed to make a decision. Pyrimidine
metabolism appears to be more appropriate as a drug target than purine metabolism since it shows lower plasticity.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the post-genomic era, a major challenge is to complete the
annotation of genomes and to analyze the complex interactions of
gene products. Such an analysis can improve the results of
Abbreviations: CTP, cytidine triphosphate; EC, Enzyme Catalogue; GMP,
guanosine monophosphate; IMP, inosine monophosphate; ORF, open reading
frame; Pi, inorganic phosphate; PEP, phosphoenolpyruvate; PPi, pyrophosphate;
PRPP, 5-phospho-α-D-ribose-1-diphosphate; STRING, Search Tool for the
Retrieval of Interacting Genes/Proteins; KEGG, Kyoto Encyclopedia of Genes
and Genomes; R1P, α-D-ribose-1-phosphate; XMP, xanthosine monophosphate.
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functional genomics (Dandekar et al., 1999; Schilling et al., 1999;
Förster et al., 2002). In the case ofmetabolic genes, it is promising
to study the interactions of enzymes within metabolic pathways.
This can be done bymetabolic pathway analysis (Mavrovouniotis
et al., 1990; Schuster and Hilgetag, 1994; Schilling et al., 1999,
2000; Schuster et al., 2002a,b; Klamt and Stelling, 2003; Schuster
and Kenanov, 2005). A central concept in metabolic pathway
analysis is that of elementary flux modes, that is, minimal sets of
enzymes that can operate together at steady state such that the
directionality of all irreversible enzymes involved is complied
with (Schuster and Hilgetag, 1994; Schuster et al., 1999, 2002a).
The elementary modes approach has been applied to several
subsystems of bacteria (Schuster et al., 2002b; Carlson and
Srienc, 2004), yeast (Förster et al., 2002; Schwartz and Kanehisa,
2006) and higher organisms (Poolman et al., 2003; Schwender
ome context methods for functional genomics of Mycoplasma pneumoniae
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et al., 2004; Schuster and Kenanov, 2005). A similar concept has
been termed extreme pathways (Schilling et al., 2000; Schilling
and Palsson, 2000; Price et al., 2002). However, the elementary
modes approach has a number of advantages in comparison to
extreme pathways (Klamt and Stelling, 2003).

Elementary modes analysis is useful in functional genomics
for the following reason. As the set of identified enzyme genes
is often incomplete, it is sensible to test whether at least one
functional route is realizable by this set (Dandekar et al., 1999).
If no pathway is found connecting some substrate to some
product for which a conversion is found, for example, in
experiment, then there must be a gap in the known metabolic
network, that is, an enzyme gene that has not yet been annotated
or detected. In mycoplasmas, several enzymatic activities found
in biochemical assays could not be assigned to any primary
gene sequence, while other enzymatic activities predicted on the
basis of ORF sequences could not be detected experimentally
(Pollack, 1997).

An approach to detecting pathway gaps based on databases
and automated bioinformatics technology – the “pathway/
genome database (PGDB)” and “PathoLogic” – has been
developed and used (Green and Karp, 2004; Romero et al.,
2004). Here, we choose to employ elementary-modes analysis
because it is a very transparent method, is easy to implement
Table 1
Reactions included in the model of pyrimidine metabolism

EC number Reaction

2.7.1.11/40, 2.7.2.3 ATP+dTDP=ADP+dTTP
ATP+dCDP=ADP+dCTP
ATP+UDP=ADP+UTP
ATP+CDP=ADP+CTP

2.7.4.14 ATP+UMP=ADP+UDP
ATP+CMP=ADP+CDP
ATP+dCMP=ADP+dCDP

2.7.1.48 UTP+Uridine=UDP+UMP
ATP+Cytidine=ADP+CMP

3.5.4.5 Cytidine+H2O=Uridine+NH3

Deoxycytidine+H2O=Deoxyuridine+NH3
1.17.4.1 dCDP+Oxidized thioredoxin+H2O=Thioredo

dUDP+Oxidized thioredoxin+H2O=Thioredo
2.4.2.4 Deoxyuridine+Pi=Uracil+2-Deoxy-R1P

Thymidine+Pi=Thymine+2-Deoxy-R1P
2.4.2.1 Deoxyuridine+Pi=Uracil+2-Deoxy-R1P
2.7.1.21 ATP+Deoxyuridine=ADP+dUMP

ATP+Thymidine=ADP+dTMP
2.7.4.9 ATP+dUMP=ADP+dUDP

ATP+dTMP=ADP+dTDP
ATP+Thymidine=ADP+dTMP

2.7.7.7 dCTP+DNA=PPi+DNA
dTTP+DNA=PPi+DNA

2.7.7.6 UTP+RNA=PPi+RNA
CTP+RNA=PPi+RNA

2.1.1.45 dUMP+5,10-Methylenetetrahydrofolate=Dihy
2.7.1.74 Deoxycytidine+ATP=dCMP+ADP
2.4.2.3 Uridine+Pi=Uracil+R1P
2.4.2.9 UMP+PPib=NUracil+PRPP

Information on the presence of enzymes inM. pneumoniae was taken from KEGG da
M. pneumoniae Genome Project” (http://www.zmbh.uni-heidelberg.de/M_pneumo
obtained from the EMP database (http://www.empproject.com/). Bold symbols indic
a Gene names are given according Swissprot classification. The suffices “_MYC
b Genes not yet found in the genome of M. pneumoniae.
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and fully takes into account the mass balance of all co-substrates
and by-products of a pathway (Schuster et al., 2002a).

In order to fill presumed pathway gaps, we also apply a set of
computational methods that utilize evolutionary signals across
various completely sequenced genomes for function prediction:
the so-called genomic context methods. These analyze gene
neighborhood (operon-like structures), the evolutionary con-
servation of predicted operons, gene fusion events, and co-
occurrence of genes across genomes (correlating gene presence
and absence) to predict functional associations between a query
gene and other genes (Huynen et al., 2000; Osterman and
Overbeek, 2003; Green and Karp, 2004). Predicted functional
associations may indicate physical interactions between the
encoded proteins, or the involvement in the same cellular
process or biochemical pathway (Huynen et al., 2003). We use
the STRING server (von Mering et al., 2003a,b, 2005) to
identify functional relationships from the genomic context,
using the option of including functional associations inferred
from DNA microarray experiments, which have been per-
formed in various species (von Mering et al., 2005).

Mycoplasma pneumoniae possesses one of the smallest
genomes in self-replicating organisms and is a good candidate
for modeling a minimal self-replicating cell (Morowitz and
Tourtellotte, 1962; Hutchison et al., 1999). Several Mycoplasma
Reversibility Gene a
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REV PGK
REV
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IRREV KCY
IRREV
IRREV
REV URK
REV
IRREV CDD
IRREV

xin+CDP REV RIR1/2
xin+UDP REV

REV TYPH
REV
REV DEOD
REV KITH
REV
REV KTHY
REV
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IRREV DPO3A/B
IRREV DPO3(X)
IRREV RPOA RPOB
IRREV RPOC

drofolate+dTMP REV TYSY
REV b

REV b

REV UPP

tabase (http://www.genome.ad.jp/kegg/) and cross-checked with data from “The
niae/genome/Results.html). Information about reversibility/irreversibility was
ate internal metabolites.
PN” are omitted.
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species including M. pneumoniae have recently been analyzed
with respect to the redundancy of their metabolism, by testing the
effect of in silico deletion of enzymes (Mombach et al., 2006).
Moreover, this parasitic bacterium is of medical importance
because it is one of the causative agents of tracheobronchitis and
atypical pneumonia (Cassell et al., 1997; Jacobs, 1997). Its
genome was completely sequenced and includes 688 protein
ORFs (Himmelreich et al., 1996; Dandekar et al., 2000).
However, about 33% of its proteins remain unassigned. This is
partly because experimental results on protein function in M.
pneumoniae are relatively limited (Finch and Mitchell, 1992;
Pollack et al., 1997; Razin et al., 1998). Nucleotide metabolism is
of special interest because it is particularly amenable to
therapeutic intervention and any manipulation directly affects
cell reproduction. One of our aims is to make predictions about
resistance effects and the ways M. pneumoniae can escape from
drug treatment.

Here, we significantly extend the data set and analysis for
nucleotide metabolism presented earlier (Pfeiffer et al., 2000;
Schuster et al., 2002b) by including additional enzymes and
metabolites, discussing elementary modes and nutritional
requirements in detail, comparing the obtained pathways with
experimental data and combining the analysis with genome-
context methods (see above). A difficult problem in the pathway
Table 2
Reactions included in the model of purine metabolism

EC number Reaction

2.7.1.11/40, 2.7.2.3 ATP+Pyruvate b=ADP+PEP b

dATP+Pyruvate=dADP+PEP
dGTP+Pyruvate=dGDP+PEP
GTP+Pyruvate=GDP+PEP

2.7.4.3 ATP+dAMP=ADP+dADP
ATP+AMP=ADP+ADP

1.17.4.1 Thioredoxin+ADP=dADP+Oxidized thior
GDP+Thioredoxin=dGDP+Oxidized thior

2.4.2.8 AMP+PPi=Adenine+PRPP
GMP+PPi=Guanine+PRPP
IMP+PPi=Hypoxanthine+PRPP
XMP+PPi=Xanthine+PRPP

2.4.2.7 AMP+PPi=Adenine+PRPP
GMP+PPi=Guanine+PRPP

2.7.4.8 ATP+GMP=ADP+GDP
ATP+dGMP=ADP+dGDP

2.7.7.7 dATP+DNA=PPi+DNA
dGTP+DNA=PPi+DNA

2.7.7.6 ATP+RNA=PPi+RNA
GTP+RNA=PPi+RNA

2.4.2.4 Deoxyinosine+Pi=Hypoxanthine+2-Deox
Deoxyguanosine+Pi=Guanine+2-Deoxy-R
Deoxyadenosine+Pi=Adenine+2-Deoxy-R

2.4.2.1 Deoxyinosine+Pi=Hypoxanthine+2-Deox
Deoxyguanosine+Pi=Guanine+2-Deoxy-R
Deoxyadenosine+Pi=Adenine+2-Deoxy-R
Adenosine+Pi=Adenine+R1P
Guanosine+Pi=Guanine+R1P
Inosine+Pi=Hypoxanthine+R1P
Xanthosine+Pi=Xanthine+R1P

Same source of information as in Table 1. Bold symbols indicate internal metabolite
a Gene names are given according to Swissprot classification. The suffices “_MY
b By way of example, we here indicate pyruvate and phosphoenolpyruvate (corres

other metabolites.
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analysis of larger networks is that of combinatorial explosion of
pathways (Mavrovouniotis et al., 1990; Dandekar et al., 2003).
To cope with this problem, decomposing the metabolic network
is appropriate. We use the method of decomposition presented
earlier (Schuster et al., 2002b). In addition, for convenience and
better correspondence with common biochemical classification,
the network derived from the decomposition procedure is split
into two parts — the subsystems of purine and pyrimidine
metabolism.

2. Material and methods

We use the concept of elementary modes (Schuster and
Hilgetag, 1994; Heinrich and Schuster, 1996; Schuster et al.,
2000, 2002a,b). These are flux distributions that cannot be
decomposed into two simpler flux distributions at steady state.

The starting point is provided by information stored in the
freely accessible KEGG database (http://www.genome.ad.jp/
kegg/). These are essentially two data sets: one with all enzyme
genes identified in M. pneumoniae and one containing all EC
numbers with the corresponding reactions. The list of annotated
genes was cross-checked with data available from “The M.
pneumoniae Genome Project” (http://www.zmbh.uni-heidelberg.
de/M_pneumoniae/genome/Results.html). The data on the
Reversibility Gene a
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REV PGK
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REV ACKA
REV KAD
REV

edoxin+H2O REV RIR1/2
edoxin+H2O REV
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REV
REV
REV APT
REV
REV KGUA
REV
IRREV DPO3A/B
IRREV DPO3(X)
IRREV RPOA/B
IRREV RPOC

y-R1P REV TYPH
1P REV
1P REV
y-R1P REV DEOD
1P REV
1P REV

REV
REV
REV
REV

s.
CPN” are omitted.
ponding to pyruvate kinase, EC 2.7.1.40). The other glycolytic kinases involve
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reversibility of enzymatic reactions were retrieved from the EMP
database (http://www.empproject.com/). Following the informa-
tion from the above-mentioned databases, several enzymes are
taken to have broad substrate specificity. For example, in the case
of hypoxanthine–guanine phosphoribosyltransferase (EC
2.4.2.8), four different reactions are considered.

All metabolites and metabolic reactions are shown in Tables 1
and 2. An important issue in Metabolic Pathway Analysis is how
to define external and internal metabolites. The latter are balanced
at steady state by the reactions included in the model, while
external metabolites are assumed to be buffered by inexhaustible
reservoirs (Heinrich and Schuster, 1996; Schuster et al., 2000).
Note that the term “steady state” refers to the concentrations, that
is, mole numbers per volume, so that such a state is (nearly)
maintained even in the growth phase of bacteria. Metabolites
known to be nutrients or excreted products, as well as substances
available in large excess, were here defined to be external. There
are not much experimental data on the composition of growth
media ofM. pneumoniae orM. genitalium due to the difficulty of
their in vitro cultivation. In case information was not available, we
assume thatM. pneumoniae has similar properties as the majority
of Mycoplasma species or consider two different hypothetical
cases (see Section 3.2). The main sources of information are the
reviews by Rodwell (1983), Pollack et al. (1997), Razin et al.
(1998) and Finch and Mitchell (1992).

We then applied the decomposition method proposed in
Schuster et al. (2002b). In this method, all internal metabolites
participating in more then a threshold number of reactions are
Fig. 1. Scheme of pyrimidine metabolism of M. pneumoniae. Metabolites in rectang
products. Metabolites in rounded boxes were set to external status in the decomposi
reversible reactions. Thick arrows indicate five exemplifying elementary modes, no
(dashed) given in Table 3. Choice and representation of these modes are arbitrary a
modes, only one arrow in each bimolecular reaction is shown. Modes 3 and 4 diffe
enzymes (see text and Tables 1 and 3). Abbreviations: Ox-Thiored, oxidized thioredo
the manuscript.
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operationally set to external status. These metabolites form the
boundaries of the obtained subnetworks. Here, we use a value of
four for the threshold. This results in 19 subsystems for M.
pneumoniae with one of them being nucleotide metabolism
(Schuster et al., 2002a,b). The resulting nucleotide subnetwork
can be decomposed into two parts, pyrimidine and purine
metabolisms.

The pyrimidine network (Fig. 1) includes all enzyme
activities that were predicted from the genome and are relevant
for this network. In addition we have included uridine
phosphorylase (EC 2.4.2.3), deoxycytidine kinase (EC
2.7.1.74) and nucleoside-diphosphate kinase activity (EC
2.7.4.6). The former two were detected biochemically (Pollack,
2002) but not yet in the genome sequence. The latter was
detected neither way, but there is an evidence that its function
can be replaced by the glycolytic kinases, 6-phosphofructoki-
nase (EC 2.7.1.11), phosphoglycerate kinase (EC 2.7.2.3), and
pyruvate kinase (EC 2.7.1.40) (Pollack et al., 2002). It was
found by biochemical assays that these enzymes can, in M.
pneumoniae and a number of other Mycoplasma species, op-
erate not only with ATP and ADP but with a large number of
NTPs and NDPs (Pollack et al., 2002). As 6-phosphofructoki-
nase consumes NTP while phosphoglycerate kinase and
pyruvate kinase produce NTP, an interconversion of all NTPs
is feasible, thus effectively carrying out the function of
nucleoside-diphosphate kinase. Therefore, in Table 1, that
kinase activity is denoted by the EC numbers EC 2.7.1.11,
2.7.2.3, and 2.7.1.40 of glycolytic kinases. In the conversion
ular boxes are a priori external metabolites, that are, initial substrates and final
tion procedure. All other metabolites are internal. Bidirectional arrows indicate
tably the modes 3 and 4 (dash–dotted arrows), 10 (dotted), 18 (solid) and 19
nd are not related to their importance. For simplicity's sake, in the elementary
r in that the reaction from uracil to deoxyuridine is catalyzed by two different
xin; Thiored, reduced thioredoxin. For further abbreviations, see list at the top of
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between ribonucleotide diphosphates and desoxy-ribonucleo-
tide diphosphates, the thioredoxin system is involved (Ben-
Menachem et al., 1997). In total, the system contains 28
enzyme-catalyzed reactions.

In Fig. 2, the scheme of purine metabolism in M.
pneumoniae is shown. Again, the metabolic system contains a
Fig. 2. Scheme of purine metabolism of M. pneumoniae, consisting of four
subnetworks (A–C). The networks for adenine and guanine nucleotides are
represented by one scheme (A), using “R” as a symbol for purines. However, in
scenario a), conversions are only possible among adenine nucleotides and,
separately, among guanine nucleotides. Metabolites in rectangular boxes are a
priori external metabolites. Metabolites in rounded boxes were set to external
status in the decomposition procedure. All other metabolites are internal.
Bidirectional arrows indicate reversible reactions. Thick arrows indicate 14
exemplifying elementary modes, notably: A) the modes 3–6 and 17–20 (dashed
arrows) 13,14, 27, 28 (solid); B) a mode leading from xanthosine to XMP
(dotted); C) a mode leading from inosine to IMP (dash–dotted). Choice and
representation of these modes are arbitrary. For simplicity's sake, in the
elementary modes, only one arrow in each bimolecular reaction is shown. When
more than one mode number is attached to a path of thick arrows, the modes
differ in that some reactions are catalyzed by more than one enzyme (see text and
Tables 2 and 4). Abbreviations: Ox-Thiored, oxidized thioredoxin; (d)RM(D,T)
P, (deoxy)purine mono(di,tri)phosphate; Thiored, reduced thioredoxin. For
further abbreviations, see list at the top of the manuscript.
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nucleoside-diphosphate kinase activity (Pollack et al., 2002) in
addition to the annotated enzymes. The network includes 30
reactions.

The elementary modes were calculated for these two
subsystems by the program METATOOL (Pfeiffer et al.,
1999; von Kamp and Schuster, 2006) (for the current version
see http://pinguin.biologie.uni-jena.de/bioinformatik). The
obtained results were compared with experimental data to
locate obvious gaps in the metabolic network. Then we would
fill these with additional enzymes or additional reactions of
multifunctional enzymes already present in the system. As for
additional enzymes, we tried, in the first place, to use enzymes
that had been found in other Mycoplasma species. In many
situations, however, filling a pathway gap is possible in more
than one way. We applied the criterion that the minimum
possible number of new enzymes is added. This approach is
based on the general principle of Ockham's razor, saying that
the simplest solution is most likely to be the correct one (cf.
Forster, 1999).

Resulting from the decomposition technique (Schuster et al.,
2002b), most nucleoside phosphates such as ATP, ADP, dATP
etc. are external metabolites. However, then it is impossible to
trace, for example, the routes that go through ATP and dATP to
RNA and DNA, respectively. Thus, we declared the nucleoside
phosphates as external metabolites (that is, as sources or sinks
with buffered concentrations) in all reactions in which they act
as phosphate donors and as internal metabolites (which need to
be balanced at steady state) whenever they are intermediates in
the synthesis of RNA or DNA. That approach is similar to the
treatment of “currency metabolites” by Ma and Zeng (2003).
Currency metabolites are carriers for transferring certain
functional groups (e.g. phosphate).

We also utilized comparative genome and gene expression
analyses in an attempt at filling predicted gaps in nucleotide
metabolism. In particular, functional associations between
proteins were predicted by analyzing gene co-expression and
the genomic context of genes across genomes, using the
STRING server (von Mering et al., 2005) version 4. STRING
integrates and combines evidence from several computational
methods that analyze evolutionary signals across 110 com-
pletely sequenced genomes to predict functional associations
between proteins — that is the involvement of proteins in the
same biochemical pathway or cellular process. A combined list
of 30 genes1 encoding enzymes (or enzyme subunits) from both
pathways was used as queries in STRING, using the ‘protein
mode’. We searched for genes that (i) are located in direct
1 Query genes are: KPYK_MYCPN (2.7.1.40), KAD_MYCPN (2.7.4.3),
RIR2_MYCPN (1.17.4.1), RIR1_MYCPN (1.17.4.1), HPRT_MYCPN
(2.4.2.8) , APT_MYCPN (2.4.2.7) , KGUA_MYCPN (2.7.4.8) ,
DP3B_MYCPN (2.7.7.7), Y007_MYCPN (2.7.7.7), DPO3_MYCPN
(2.7.7.7), DP3A_MYCPN (2.7.7.7), Y315_MYCPN (2.7.7.7), Y360_MYCPN
(2.7.7.7), DP3X_MYCPN (2.7.7.7), RPOE_MYCPN (2.7.7.6), RPOA_
MYCPN (2.7.7.6), RPOC_MYCPN (2.7.7.6), RPOB_MYCPN (2.7.7.6),
TYPH_MYCPN (2.4.2.4), DEOD_MYCPN (2.4.2.1), KCY_MYCPN
(2.7.4.14), URK_MYCPN (2.7.1.48), CDD_MYCPN (3.5.4.5), KTHY_
MYCPN (2.7.4.9), TYSY_MYCPN (2.1.1.74), PGK_MYCPN (2.7.2.3),
PTA_MYCPN (2.7.2.1), K6PF_MYCPN (2.7.1.11), KITH_MYCPN
(2.7.1.21), UPP_MYCPN (2.4.2.9).
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genomic neighborhood of the queries, (ii) participate in con-
served gene neighborhood clusters with these, (iii) are fused to
these in genomes other thanM. pneumoniae, (iv) show common
presence and absence with these across genomes, (v) or have
been shown to be co-expressed with these in DNA microarray
experiments performed in other genera than Mycoplasma (the
underlying methods are reviewed in, e.g., Huynen et al., 2000;
von Mering et al., 2005). Conservation of co-expression
strengthens the inferred functional linkage for method (v).
Methods (i)−(v) were recently benchmarked independently and
combined using an integrated probabilistic approach (von
Mering et al., 2005). We used genes retrieved with a combined
STRING score of N400 in an additional search round in
STRING, in order to obtain a protein functional association
network of depth 2, which has 154 nodes and 4000 edges.

3. Results

3.1. Pyrimidine metabolism

The pyrimidine network (Fig. 1) gives rise to 45 elementary
modes. There are 20 modes leading to DNA and RNA synthesis
(Table 3), 7 cycles and 18 modes representing a transformation of
bases into each other. The first group of elementarymodes is most
interesting since they reflect growth media requirements of M.
pneumoniae. In Fig. 1, five arbitrarily chosen elementary modes
are depicted. It can be seen that elementary modes may overlap
each other (e.g. modes 18 and 19). The double arrows in Table 3
indicate reactions that are catalyzed by two enzymes each. For
example, the reaction deoxyuridine +Pi=uracil+2-deoxy-R1P is
catalyzed both by thymidine phosphorylase (EC 2.4.2.4) and by
purine-nucleoside phosphorylase (EC 2.4.2.1) (see Table 1).
Accordingly, elementary modes 3 and 4, which only differ in
these enzymes, are grouped together in Table 3 and Fig. 1.
Table 3
Elementary modes leading to DNA/RNA synthesis in the pyrimidine metabolic
system

1. Uracil→UMP→UDP→UTP→RNA
2. Uracil→Uridine→UMP→UDP→UTP→RNA
3./4. Uracil⇒Deoxyuridine→dUMP→dUDP→UDP→UTP→RNA
5./6. Uracil⇒Deoxyuridine→dUMP→dTMP→dTDP→dTTP→DNA
7. Uracil→UMP→UDP→dUDP→dUMP→dTMP→dTDP→dTTP→DNA
8. Uracil→Uridine→UMP→UDP→dUDP→dUMP→dTMP→dTDP→
dTTP→DNA

9. Cytidine→CMP→CDP→CTP→RNA
10. Cytidine→Uridine→UMP→UDP→UTP→RNA
11. Cytidine→CMP→CDP→dCDP→dCTP→DNA
12. Cytidine→Uridine→UMP→UDP→dUDP→dUMP→dTMP→dTDP→
dTTP→DNA

13./14.Thymine→Thymidine⇒dTMP→dTMP→dTDP→dTTP→DNA
15./16.Thymine→Thymidine⇒dTMP→dTMP→dUMP→dUDP→UDP→
UTP→RNA

17. Deoxycytidine→Deoxyuridine→dUMP→dUDP→UDP→UTP→RNA
18. Deoxycytidine→dCMP→dCDP→dCTP→DNA
19. Deoxycytidine→dCMP→dCDP→CDP→CTP→RNA
20. Deoxycytidine→Deoxyuridine→dUMP→dTMP→dTDP→dTTP→DNA

Modes are grouped according to initial substrate. The double-arrow indicates
reactions catalyzed by two enzymes.
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Eight modes leading to RNA and DNA via triphosphates
start with uracil. Four of these go via UTP and four, via dTDP.
For reasons of clarity, only one example mode starting from
uracil is depicted in Fig. 1. Four modes originate from cytidine
and produce CTP, UTP, dCTP and dTTP, respectively.
Deoxycytidine is analogous to cytidine in the number of
modes and final products. Thymine gives four modes. Two
generate dTTP and two others lead to dUTP. The production of
UTP and dTTP (eight modes each with four of them starting
with uracil) is more redundant than that of CTP and dCTP (two
modes each).

The system is capable of using cytidine or deoxycytidine as a
single source for production of all pyrimidine nucleotides and
deoxynucleotides. Thus, for M. pneumoniae, cytidine is
sufficient as a sole source of pyrimidines. This finding is in
good agreement with empirical data (Finch and Mitchell, 1992;
Pollack et al., 1997). In contrast, uracil would not have the
capability of providing CTP and dCTP (despite the higher
number of elementary modes starting from it) if the list of
relevant enzymes was complete. However, uracil has been
found experimentally to be a sufficient precursor for pyrimi-
dines in other Mycoplasma species (Finch and Mitchell, 1992).
There is a possible connection between uracil and (d)CTP via
the reverse reaction of cytidine deaminase (EC 3.5.4.5).
However, it has been shown that this reverse reaction is very
unlikely to proceed in vivo (Cohen and Wolfenden, 1971).
Thus, we declared cytidine deaminase as irreversible in our
model, which makes (d)CTP synthesis inaccessible from uracil.
Rather, the solution to this inconsistency appears to reside in
CTP synthase, which is not included in our list because it has
not yet been found in the genome (see below).

Thymine can be transformed to dTTP and UMP. Though we
have not found any references about synthesizing UTP from
thymine in mycoplasmas, the reaction of thymidylate synthase
(2.1.1.45) is indicated as reversible in the EMP database, which
opens a pathway from thymine to UTP.

Our results show that modes number 13 and 14 (Table 3) can
be critical for dTTP production since a faster growth (at least in
the host) is possible if dTTP is produced directly from thymine
instead of producing it via UMP. This is only possible if there is
a direct import of necessary precursors from the host cell —
which is probably the case. Thus, dTTP production via modes
13/14 can limit the growth rate even under optimal conditions.

Another interesting point is that the concentration of dUTP
has always to be kept low in the cell since otherwise dUTP
instead of dTTP is incorporated into the DNA. This is usually
done by dUTP diphosphohydrolase (EC 3.6.1.23) as it was
observed for Mycoplasma mycoides (Neale et al., 1983). So far,
there is no specific dUTP diphosphohydrolase known in M.
pneumoniae (Williams and Pollack, 1988). Since some enzymes
in mycoplasmas can have very broad specificities (Pollack et al.,
2002), we speculate that thymidine phosphorylase (EC 2.4.2.4)
may have a high affinity for dUTP and can, thus, keep its
concentration low, taking into account that dCTP deaminase and
dUTPase are both missing in M. pneumoniae. A proof of this
suggestion requires experimental study of the corresponding
enzyme activity.
ome context methods for functional genomics of Mycoplasma pneumoniae
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The obtained network agrees in many points with a general
model of mycoplasma pyrimidine metabolism (Finch and
Mitchell, 1992) except the experimentally observed sufficiency
of uracil as a source of pyrimidines. In order to obtain such
functionality, we have included CTP synthase (EC 6.3.4.2) as a
putative enzyme for M. pneumoniae because it is present in
other mycoplasmas (Chambaud et al., 2001). This activity
opens pathways from uracil to CTP via amination of UTP
(Finch and Mitchell, 1992). In our simulation, including CTP
synthase increases the number of elementary modes to 57 (not
shown). Interestingly, the addition of that reaction opens routes
to CTP from thymine along with uracil. Hence, thymine as well
as uracil would be capable of serving as the single source of
pyrimidines if CTP synthase (EC 6.3.4.2) was present.

3.2. Purine metabolism

The network of purine metabolism gives rise to 56
elementary modes (Fig. 2 and Table 4). 28 modes lead from
various precursors to RNA and DNA. The remaining elementary
modes represent the conversion of precursors into each other.
The reaction set consists of four separate subsystems, which are
dependent on different bases: adenine, guanine, xanthine and
hypoxanthine. The former two lead to DNA and RNA synthesis.
The latter two produce only the corresponding monophosphate
nucleotides.

In Fig. 2, 14 arbitrarily chosen elementary modes are
depicted. The elementary modes of the purine metabolism are
redundant (see Table 4). The high redundancy arises because
some reactions are “degenerate”. The double arrows in Table 4
again indicate reactions that are catalyzed by two enzymes each.
For example, the route connecting deoxyadenosine and RNA
involves two reactions catalyzed by two enzymes each. Thus,
there are four combinations of these reactions, which corre-
spond to the four elementary modes 3–6. Moreover, there are
four modes starting from dGMP and dAMP. However, it is
unlikely that the latter modes are of physiological importance.

The guanine and adenine networks are not connected with
each other. That would make them both necessary for growth.
Table 4
Elementary modes leading to DNA/RNA synthesis in the purine metabolic
system

1. dAMP→dADP→dATP→DNA
2. dAMP→dADP→ADP→ATP→RNA

3.–6. Deoxyadenosine⇒Adenine⇒AMP→ADP→ATP→RNA
7.–10. Deoxyadenosine⇒Adenine⇒AMP→ADP→dADP→dATP→DNA

11./12. Adenosine→Adenine⇒AMP→ADP→ATP→RNA
13./14. Adenosine→Adenine⇒AMP→ADP→dADP→dATP→DNA

15. dGMP→dGDP→dGTP→DNA
16. dGMP→dGDP→GDP→GTP→RNA

17.–20. Deoxyguanosine⇒Guanine⇒GMP→GDP→GTP→RNA
21.–24. Deoxyguanosine⇒Guanine⇒GMP→GDP→dGDP→dGTP→DNA

25./26. Guanosine→Guanine⇒GMP→GDP→GTP→RNA
27./28. Guanosine→Guanine⇒GMP→GDP→dGDP→dGTP→DNA

Modes are grouped according to initial substrate. The double-arrow indicates
reactions catalyzed by two enzymes.
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From experiment, it is known that differentMycoplasma species
have different purine requirements. While guanine is a sufficient
precursor of all purine nucleotides in M. mycoides, adenine is
required in addition in M. capricolum (Rodwell, 1983; Finch
and Mitchell, 1992). For M. pneumoniae (and M. genitalium),
the requirements are unknown. Here, we analyze two different
scenarios: a) M. pneumoniae has the same requirements as M.
capricolum, b) it shows the same requirements as M. mycoides.
As the two species used for comparison are related very closely
to each other, it is difficult to decide from reconstructed
phylogenetic trees to which of the two speciesM. pneumoniae is
related more closely (Pettersson et al., 1996; Rawadi et al.,
1998). From the fact that M. pneumoniae has a very small
genome, one may conclude that its metabolism resembles more
closely to M. capricolum because the latter appears not to
harbour any connection between the adenine and guanine
networks.

In scenario a), we can leave the purine network as it is. In
scenario b), we need to add at least three enzymes in order to
open the necessary routes. We have chosen, according to the
Ockham's razor principle, adenylosuccinate synthetase (EC
6.3.4.4), adenylosuccinate lyase (EC 4.3.2.2), and GMP
reductase (EC 1.7.1.7) as candidates to fill the gaps. These
enzymes had been found inM. mycoides (Westberg et al., 2004),
Acheloplasma species and Spiroplasma floricola (Finch and
Mitchell, 1992). Other possible sets of enzymes are larger or less
likely inMycoplasma species. For example, another possible but
larger set consists of the following activities: GMP synthase (EC
6.3.5.2), IMP dehydrogenase (EC 1.1.1.205), adenylosuccinate
synthetase (EC 6.3.4.4), adenylosuccinate lyase (EC 4.3.2.2),
which were found in M. penetrans (Sasaki et al., 2002). The
chosen set of activities would allow M. pneumoniae to use a
pathway fromGMP to AMP via IMP that is present in the above-
mentioned species such as M. mycoides. The total number of
elementary modes in that system is 65 (not shown). The chosen
reactions not only provide the desired conversion of guanine to
ATP and dATP but in addition join the inosine subnetwork to the
rest of the purine network. A new pair of elementary modes to
ATP and dATP would arise for each of the following precursors:
inosine, deoxyinosine, guanosine and deoxyguanosine. That
means that there would be two pathways from hypoxanthine to
ATP and dATP, which is in accordance with the known
nutritional requirements of mycoplasmas (Finch and Mitchell,
1992).

In scenario a), the two smaller subsystems may lead to
accumulation of IMP and XMP (Fig. 2B,C). Such “isolated”
reaction networks might explain the poor growth of mycoplas-
mas in rich growth media, when some nutrients turn out to be
toxic (Razin et al., 1998). However, there may be hitherto
unknown enzymatic activities, which utilize these metabolites,
as in the second hypothesis put forward above for scenario b).

3.3. Search for hidden enzyme activities by genomic context
methods

Our analysis suggested that some additional enzyme
activities important for nucleotide metabolism might still be
ome context methods for functional genomics of Mycoplasma pneumoniae

http://dx.doi.org/10.1016/j.gene.2007.02.033


8 M. Pachkov et al. / Gene xx (2007) xxx–xxx

ARTICLE IN PRESS
hidden in the M. pneumoniae genome sequence. Context-based
methods, for instance examining the genome context, can
predict functional associations between the known members of
a biochemical pathway and previously overlooked enzymes.
Here we analyzed the M. pneumoniae nucleotide metabolism
using these methods, i.e. by making use of the STRING server
(von Mering et al., 2003, 2005).

Unexpectedly, the resulting functional association network
(Fig. 3) revealed relatively few connections within or between
proteins of the purine or pyrimidine metabolism — many
enzymes are linked to large protein clusters involved in general
cellular processes such as cell growth or protein biosynthesis.
Fig. 3. Functional association network of purine and pyrimidine metabolism. The
experimentally inferred co-expression. Poorly characterized proteins, which are predi
represent candidates for ‘missing’ enzymes. Edge colors indicate the presumable b
regulatory associations; yellow = associations with general processes such as protein b
linked during first iteration; light grey = genes linked during second iteration; white =
“_MYCPN”. Edge lengths are arbitrary. For a total number of eight genes, no function
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Altogether, eight proteins are singletons, in other words there is
no genomic or expression evidence for a functional association.
Usually, metabolic enzymes form extensive clusters that largely
agree with the respective metabolic pathways (Van Noort et al.,
2003; von Mering et al., 2003). We believe that the loose
clustering observed here may reflect the central role of both
purine or pyrimidine metabolism in cell growth and/or the
existence of short, independent pathways that interconnect
distinctly depending on the biochemical context. Nevertheless,
when collapsing the largest clusters of associated proteins into
single nodes (e.g. ‘protein synthesis’; the resulting network has
56 nodes and 102 edges), we found that several of the remaining
protein network was derived from the genomic context of genes, and from
cted to be functionally linked to members of purine and pyrimidine metabolism,
asis for functional association: red = functionally associated enzymes; green =
iosynthesis; blue = unknown. Node colors: red = query genes; dark grey = genes
collapsed nodes. Swissprot identifiers are used as gene names, omitting the suffix
al relationships were observed; these ‘singletons’ were removed from the figure.

ome context methods for functional genomics of Mycoplasma pneumoniae
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non-singleton proteins can indeed be functionally associated
using STRING. Apart from known members of purine or
pyrimidine metabolism, we observed several poorly character-
ized proteins in the remaining functional association network.
Such poorly characterized proteins, which are associated with
members of pyrimidine and purine metabolism, represent
promising candidates for the missing enzymes. For instance,
hypoxanthine guanine phosphoribosyltransferase (HPRT) is
strongly associated to the poorly characterized Y084 (STRING
score N800; prediction (a)), encoding a predicted ATPase of the
PP-loop superfamily with a possible metabolic role. Further-
more, ENGA and ERA are putative GTPases assumed to be
involved in cell growth and/or ribosome biogenesis (both are
associated to known enzymes of purine and pyrimidine
metabolism with scores N800 and N400, respectively).
Nevertheless, their physiological roles are still tentative, and
metabolic functions cannot be excluded (predictions (b)/(c)).
Poorly characterized proteins linked to DPO3 are also
candidates for the missing enzymes — for example, Y369
(score N650) was already predicted to be related to dihydroxy-
acetone kinase (predictions (d)/(e)). Last but not least, NRDI
which is predicted to be tightly associated with RIR1 and RIR2
(scores N900), may be involved in ribonucleotide reduction or
in another enzymatic activity of purine metabolism, putatively
GMP reductase activity (prediction (f)).

4. Discussion

Here, we have established a network model of the nucleotide
metabolism of M. pneumoniae. This has been obtained in an
automated way as a subsystem of a larger part ofM. pneumoniae
metabolism, by a decomposition method suggested earlier
(Schuster et al., 2002b). It is an interesting result that a decom-
position method based on purely theoretical arguments gives rise
to subsystems that are in agreement with biological experience,
such as nucleotidemetabolism. For this network, we computed the
elementary modes (pathways) and conducted a genomic context
search on the STRING server for finding missing enzymes.

To fill pathway gaps, we used the principle of Ockham's razor,
that is, we used the simplest solution in that we inserted the
smallest number of enzymes possible. Of course, a comprehen-
sive analysis should include an extended set of hypotheses and
evaluate these in parallel. However, this increases the number of
possibilities in a combinatorial manner so that we have tested only
two possible extensions in the case of the purine network and one
extension of the pyrimidine network, for reasons of space.

Our elementary modes analysis shows that cytidine is a
sufficient precursor for the production of all pyrimidine
nucleotides while less clear assertions could be made regarding
the other bases. For the likely case that also uracil is a sufficient
pyrimidine precursor, we suggest CTP synthase (EC 6.3.4.2) to be
active. We have analyzed two different scenarios depending on
whether adenine is required as a substrate byM. pneumoniae. If it
is required (as it is in M. capricolum), then the known enzymes
are sufficient for reconstructing the purine metabolism network.
Cytidine (or uracil), adenine and guanine would in that case be
absolute requirements for cell growth.M. pneumoniae must take
Please cite this article as: Pachkov, M. et al. Use of pathway analysis and gen
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them up from the host and utilize in nucleotide metabolism. The
synthesis of nucleotide triphosphates from these precursors is
similar to the salvage pathways in higher organisms (cf. Schuster
and Kenanov, 2005).

For the case that adenine is not required in the medium (like
in M. mycoides), we have suggested a putative minimal set of
enzymes to fill gaps in the network. These are adenylosuccinate
synthetase (6.3.4.4), adenylosuccinate lyase (4.3.2.2) and GMP
reductase (1.7.1.7). While the corresponding genes have not yet
been found in the genome of M. pneumoniae, they have been
found by biochemical assays in other Mycoplasma species.
Also, it could be a case of non-orthologous gene displacement
(Koonin et al., 1996), which is difficult to resolve. From the
genomic context analysis carried out with STRING, it follows
that a candidate for GMP reductase is the protein NRDI.
However, as no indication for the other two enzymes could be
found by the STRING analysis and M. pneumoniae has a very
small genome, the more likely case is that it does not harbour
these enzymes and does require adenine.

To further examine our conclusions, experiments on growth
requirements for M. pneumoniae are desirable. The experimen-
tal data used in our work are not M. pneumoniae specific
throughout and a final validation of our conclusions requires
further research on M. pneumoniae metabolism.

As mentioned in the Introduction, other methods for
reconstructing metabolisms have been proposed, such as
“PathoLogic” (Green and Karp, 2004; Romero et al., 2004).
Those methods include an automated comparison with sequence
and pathway data for other organisms and a Bayesian approach.
Our method based on elementary modes (Schuster et al., 2002a)
and genome context (Von Mering et al., 2005) has strengths and
weaknesses in relation to the other methods. Advantages are that
the stoichiometric and thermodynamic feasibility of pathways is
tested and that the method is very transparent and easy to
implement. A weakness is that information from other species is
included “manually” rather than in an automated way. This,
however, has the advantage that expert knowledge about, for
example, taxonomy can be taken into account more easily. ForM.
pneumoniae, it is sensible to preferably use information from
otherMycoplasma species rather than from more distant species.
Genome context analysis, on the other hand, also incorporates
information from more distant taxa for function prediction. A
strength of the Bayesian method is that probabilities for the
candidate enzymes to show the desired functions can be
calculated. In future work, it would be interesting and worthwile
combining various methods.

The correct description of the adenine nucleotide phosphates
in the model meets with difficulties. ATP, for example, is both a
donor of the phosphate moiety and should, in this function, be
treated as external. On the other hand, it is also a precursor of
DNA and RNA and, hence, needs to be treated as internal.
Following Ma and Zeng (2003), we chose to consider both
internal and an external ATP pools. A theoretical justification
for this way of description is, however, outstanding.

As mentioned in the Introduction, one of the goals of our
analysis is the prediction of resistance effects in drug therapy. In
this context, it is worth noting that M. pneumoniae does not
ome context methods for functional genomics of Mycoplasma pneumoniae
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involve any “exotic” enzymes that would allow it to escape from
treatment. Standard antibiotics againstM. pneumoniae infections
(mostly pneumonias) are tetracycline and erythromycin, both
interferingwith ribosomal protein synthesis (Clyde, 1993).On the
basis of our model we can conclude that pyrimidine metabolism
shows lower plasticity than purine metabolism and, thus, appear
to be more appropriate as a drug target. The synthesis of CTP and
dCTP possesses the lowest redundancy among the investigated
pathways, which makes it most vulnerable for drugs.

The study confirms the known fact that nucleotide
metabolism in M. pneumoniae is limited, and has in fact
fewer enzymes than the human host. On the other hand there are
no clearM. pneumoniae specific enzymes evident in this part of
the metabolic map which are not present in the human host.
Nevertheless, M. pneumoniae specific enzyme domain differ-
ences would allow targeting drugs towards M. pneumoniae
nucleotide metabolism as already shown for its protein
translation by standard therapies. In severe cases (immuno-
compromised patients) a M. pneumoniae infection could in
principle be treated by nucleotide analogs, as is already used for
antiviral treatment (Keam et al., 2004). Further, other enzymes
directly interfering with nucleotide metabolism may be utilized,
as M. pneumoniae has less enzymatic abilities to counter-
balance their impairment than the human host. Furthermore, the
interconversion of purines and the salvage pathways seems to
be weak points of the M. pneumoniae metabolism that can be
targeted pharmacologically as has been shown to work in
Cryptosporidium parvum (Umejiego et al., 2004).

This study exemplifies for M. pneumoniae that the
combination of genome context and network analyses allows
one to examine and delineate nucleotide metabolism in
pathogens including growth requirements and drug targets.
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