
Computational Biology and Chemistry xxx (2015) xxx–xxx

G Model
CBAC 6447 No. of Pages 7
Research article

A combined systems and structural modeling approach repositions
antibiotics for Mycoplasma genitalium

Denis Kazakiewicza,b,c,1, Jonathan R. Karrd,e,1,**, Karol M. Langnerf,2,
Dariusz Plewczynskia,g,h,*
aCenter for Innovative Research, Medical University of Białystok, Białystok 15-089, Poland
bCenter for Statistics, Universiteit Hasselt, Hasselt BE3500, Belgium
c Interuniversity Institute for Biostatistics and Statistical Bioinformatics, Hasselt BE3500, Belgium
dDepartment of Genetics & Genomic Sciences, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA
eGraduate Program in Biophysics, Stanford University, Stanford, CA 94305, USA
fDepartment of Molecular Physiology & Biological Physics, University of Virginia, Charlottesville, VA 22908, USA
gCentre of New Technologies, University of Warsaw, Warsaw 02-097, Poland
h The Jackson Laboratory for Genomic Medicine, Farmington, CT 06030, USA

A R T I C L E I N F O

Article history:
Received 4 March 2015
Received in revised form 5 May 2015
Accepted 24 July 2015
Available online xxx

Keywords:
Systems biology
Metabolic modeling
Homology modeling
Drug repositioning
Mycoplasma genitalium
Thymidylate kinase

A B S T R A C T

Bacteria are increasingly resistant to existing antibiotics, which target a narrow range of pathways. New
methods are needed to identify targets, including repositioning targets among distantly related species.
We developed a novel combination of systems and structural modeling and bioinformatics to reposition
known antibiotics and targets to new species. We applied this approach to Mycoplasma genitalium, a
common cause of urethritis. First, we used quantitative metabolic modeling to identify enzymes whose
expression affects the cellular growth rate. Second, we searched the literature for inhibitors of homologs
of the most fragile enzymes. Next, we used sequence alignment to assess that the binding site is shared by
M. genitalium, but not by humans. Lastly, we used molecular docking to verify that the reported inhibitors
preferentially interact with M. genitalium proteins over their human homologs. Thymidylate kinase was
the top predicted target and piperidinylthymines were the top compounds. Further work is needed to
experimentally validate piperidinylthymines. In summary, combined systems and structural modeling is
a powerful tool for drug repositioning.
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1. Introduction

Mycoplasma genitalium is a gram-positive bacterium and an
important sexually transmitted pathogen (Weinstein and Stiles,
2012; Cazanave et al., 2012; Citti and Blanchard, 2013; Manhart,
2013; Taylor-Robinson, 2014). It infects 1–3% of all individuals, is
the second most common cause of non-gonococcal urethritis in
men, and is an increasingly common cause of cervicitis,
endometritis, and pelvic inflammatory disease in women (Man-
hart, 2013). M. genitalium infection has also been associated with
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adverse sequelae including infertility, ectopic pregnancy, preterm
birth, and cancer (Manhart, 2013; Zarei et al., 2013).

M. genitalium infection is typically treated with macrolides
such as azithromycin, fluoroquinolones such as moxifloxacin,
and tetracyclines such as doxycycline (Taylor-Robinson, 2014).
However, clinicians have recently reported resistance as high as
40% in some regions (Salado-Rasmussen and Jensen, 2014).
This has been attributed to target mutation and gene transfer
(Taylor-Robinson, 2014). Macrolide and fluoroquinolone resistance
has primarily been attributed to mutations to the central loop of
the 23S rRNA V domain (Jensen et al., 2008) and to DNA
topoisomerase genes gyrA and parC (Shimada et al., 2010),
respectively. Tetracycline resistance in the closely related species
Mycoplasma hominis has been shown to be due to acquisition of
tetM, which dissociates tetracycline from ribosomes (Dégrange
et al., 2008; Dönhöfer et al., 2012). However, the mechanism of M.
genitalium tetracycline resistance has not yet been determined
(Cazanave et al., 2012).
stems and structural modeling approach repositions antibiotics for
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New anti-Mycoplasma targets and drugs are urgently needed to
combat the emerging resistance. Unfortunately, few pharmaceuti-
cal companies are engaged in antibacterial development (Cole,
2014; Nambiar et al., 2014; Harbarth et al., 2015) and the
development rate of new molecular entities has declined by 20%
in recent years (Pammolli et al., 2011; Khanna, 2012). One
promising way to develop new anti-Mycoplasma drugs is to
reposition existing antibiotics which have already been proven
effective against other distantly related bacteria. This repositioning
strategy takes advantage of prior knowledge and human toxicity
studies. New computational methods are needed to identify
potential repositioning candidates to increase the productivity of
the drug development pipeline (Rosales-Hernández and Correa-
Basurto, 2015).

Systems models which explicitly represent individual drug
targets have great potential to improve drug target identification
(Chan et al., 2010; Duran-Frigola et al., 2013) including reposition-
ing targets from distantly related species. Chavali et al. (2012) have
extensively reviewed the existing systems modeling approaches to
drug discovery. Previously, Raman et al. (2008) combined
qualitative metabolic modeling with structural modeling to
identify potential new druggable Mycobacterium tuberculosis
targets. Shen et al. (2010) expanded this method to include virtual
drug screening and applied their methodology to Escherichia coli
and Staphylococcus aureus. Kim et al. (2011) and Folger et al. (2011)
have used the same metabolic modeling methodology to suggest
new Vibrio vulnificus and anti-cancer targets, respectively.

These systems modeling approaches have not been broadly
adopted for drug discovery in part because it has not been possible
to build comprehensive quantitative systems models. Recently,
systems biologists have developed several new integrative
modeling methods, which have enabled unprecedented new
models including the first whole-cell model of M. genitalium,
which accounts for the function of every annotated gene product
(Karr et al., 2012). These new systems modeling approaches have
not yet been used to reposition drugs.

Our goal was to identify potential new anti-Mycoplasma
therapeutics by repositioning existing drugs from related species.
Toward this goal, we developed a novel combination of quantita-
tive systems modeling, structural modeling, and bioinformatics to
reposition established antibiotics and targets to new species based
on the rationale that effective drug targets are fragile nodes which
are unique to bacteria and selectively inhibited by small molecules.
First, we used a quantitative systems metabolic model which
incorporates kinetic constraints to predict the effect of inhibiting
each M. genitalium protein. Second, we performed a literature
search to identify selective inhibitors of homologs of the most
fragile enzymes. Third, we used multiple sequence alignment to
preliminarily assess that M. genitalium shares the reported
inhibitor binding sites, but humans do not. Fourth, we used
structural modeling to verify that the reported inhibitors
preferentially bind M. genitalium proteins over their human
homologs. Our approach improves over prior combined systems
and structural modeling approaches to drug discovery by focusing
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on repositioning and by using a quantitative metabolic model
which incorporates kinetic constraints. This enabled us to identify
the most fragile enzymes and allowed us to focus our subsequent
bioinformatic and structural analyses on high quality targets,
thereby minimizing the computational cost of virtual drug
screening.

2. Materials and methods

We developed a novel combination of systems modeling,
bioinformatics, and structural modeling to identify potential new
M. genitalium targets and drugs by repositioning established
antibiotics and targets from distantly related bacteria. Our
approach was based on the rationale that effective drug targets
are fragile nodes which are not shared with humans and selectively
inhibited by small inhibitors (Fig. 1). First, we used systems
modeling to identify fragile nodes. Second, we used literature
searches to identify fragile nodes whose homologs have known
inhibitors. Lastly, we used sequence analysis and structural
modeling to identify fragile nodes with conserved inhibitor
binding sites.

2.1. Systems metabolic modeling to identify fragile nodes

We used a kinetically constrained FBA model of M. genitalium
metabolism to identify the metabolic enzymes which have the
most control over the cellular growth rate. We chose to use a
kinetically-constrained FBA model because kinetic constraints
have been shown to improve the accuracy of metabolic flux and
growth rate predictions across experimental conditions (Adadi
et al., 2012). The model was originally developed as the metabolic
sub-model of a more comprehensive whole-cell model (Karr et al.,
2012).

The model is a flux balance analysis (FBA) model (Orth et al.,
2010) with additional flux constraints equal to the product of the
enzyme copy numbers and enzyme turnover rates. The protein
copy numbers were predicted from the observed mRNA expression
(Weiner et al., 2003), total protein mass (Morowitz et al.,1962), and
the N-end rule (Bachmair et al., 1986) as described in Karr et al.
(2012). The turnover rates were curated from the BRENDA (Chang
et al., 2015) and SABIO-RK (Wittig et al., 2012) databases and
several primary research articles (see Karr et al., 2012 Table S3O).
The kinetic constraints are similar to those of MOMENT (Adadi
et al., 2012), except that the protein expression values are not free
variables, but rather are derived from RNA expression measure-
ments and sub-models of translation and protein degradation.

The metabolic model represents 146 of 525 genes,104 enzymes,
568 metabolites, and 645 reactions including 57, 67, and
102 kinetically constrained enzymes, genes, and reactions,
respectively. We used the metabolic sub-model of version 1.1 of
the M. genitalium whole-cell model (Karr et al., 2015).

For each gene, we used the metabolic model to calculate the
expression level at which the predicted growth rate is 50% of that
of the wild type strain (EC50; Code S1–2; Table S1). We used this
TmkBioinformatics
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 the inhibitor binding site is conserved among bacteria and not shared with humans.
oss bacteria and more energetically favorable than its human homolog. Thymidylate
redicted anti-Mycoplasma compounds.
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Table 1
Predicted protein expression levels at which growth is 50% of that of the wild type
strain (EC50) for the most growth-sensitive proteins. See Table S1 for a complete list
of predicted EC50 values.

Symbol Name Locus EC50 (Rel)

Tmk Thymidylate kinase MG006 0.5000
MetK S-adenosylmethionine synthetase MG047 0.1771
AckA Acetate kinase MG357 0.0753
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analysis to narrow our drug target search to the top scoring genes.
We chose to focus on fractional rather than full growth inhibition,
which has been used by many previous metabolic modeling drug
discovery studies (Raman et al., 2008; Shen et al., 2010; Kim et al.,
2011; Suthers et al., 2009), for several reasons. First, we wanted to
use a metric which could reduce the number of targets subjected to
further bioinformatics and structural analyses. The majority of
M. genitalium’s metabolic genes are already known to be essential
from both experimental (Glass et al., 2006) and computational
(Karr et al., 2012) studies. Consequently, filtering out non-essential
genes would not significantly narrow the search for effective drug
candidates and, furthermore, it could reject good targets whose
expression is critical to fast growth. In contrast, a partial inhibition
metric could reduce the list of potential drug targets. Second,
focusing on partial inhibition enables us to quantitatively rather
than qualitatively assess the impact of each metabolic gene on
growth. It enables us to assess the degree to which each protein
must be inhibited to achieve the same effect on the growth rate.
This analysis provides more information than essentiality and can
be used to both filter and rank drug targets. Third, we believe that
focusing on partial inhibition could lead to more robust antibiotics
because this partial inhibition analysis recognizes the fact that
growth is a non-linear function of protein activity. Specifically, this
partial inhibition analysis identifies targets whose inhibition will
significantly decrease the growth rate even at minimal drug levels.
In contrast, focusing only on essentiality could suggest targets
which must be fully inhibited to significantly reduce the growth
rate. Fourth, focusing on partial inhibition leads to targets which
can be inhibited by small drug concentrations, minimizing
potential off target deleterious effects.

2.2. Literature search for lead inhibitor compounds

We performed literature searches for selective inhibitors of
homologs of the top scoring genes using PubMed (National Center
for Biotechnology Information, 2015) and Google Scholar (Google,
2015). We used this literature analysis to further narrow our drug
target search.

2.3. Sequence analysis of inhibitor binding site conservation

We increased our confidence in our candidate drugs and targets
by verifying that the reported inhibitor binding sites are conserved
among bacteria and divergent with humans. This was based on the
rationale that conserved sites among bacteria suggest that the
inhibitor would likely inhibit the M. genitalium protein and that
conserved binding sites with humans could cause adverse effects
on human tissue. We obtained the reported inhibitor binding sites
from the previously described literature search. We then
performed multiple sequence alignment of the candidate
M. genitalium drug targets, their bacterial homologs with known
inhibitors, and their human homologs. We performed this using T-
Coffee version 11.00.8cbe486 (Magis et al., 2014) with the default
settings. We inspected the sequence alignment to verify that the
reported binding sites are conserved among bacteria and divergent
with humans.

2.4. Structural analysis of binding site conservation and energetics

We performed structural modeling to verify that the inhibitor
binding sites are conserved between M. genitalium and the other
species in which the inhibitors were reported. We used BLASTp to
identify template structures from the PDB for each M. genitalium
protein and its bacterial and human homologs. We then used
MODELLER (Webb and Sali, 2014) to perform homology modeling
to construct structural models of each protein. We assessed the
Please cite this article in press as: D. Kazakiewicz, et al., A combined sy
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quality of the predicted structures by inspecting the predicted
dihedral angle distributions. We then superimposed the structures
of the candidate M. genitalium targets and their bacterial homologs
and inspected the conservation of the reported inhibitor binding
sites. We also used AutoDock Vina (Trott and Olson, 2010) to
perform molecular docking between the M. genitalium proteins
and their human homologs and the reported inhibitors to predict
the free energies of the protein-inhibitor interactions.

3. Results

3.1. Systems metabolic modeling to identify fragile nodes

We used the quantitative metabolic model to predict the
enzyme expression levels at which the growth rate is 50% of that of
the wild type strain (EC50). Table 1 lists the predicted EC50 values of
the three most fragile genes. Table S1 lists all of the predicted EC50

values. Thymidylate kinase (tmk, MG006) was predicted to be the
most fragile gene. The model predicted that 50% inhibition of Tmk
is sufficient to decrease the growth rate by 50%, whereas
S-adenosylmethionine synthetase (metK, MG047), and acetate
kinase (ackA, MG357) must be inhibited by 83% and 92%,
respectively, to decrease the growth rate by the same amount.
This suggests that Tmk, followed by MetK and AckA are potentially
effective drug targets because even partial inhibition is sufficient
to substantially diminish bacterial growth. Furthermore,
Fig. S1 illustrates that the growth rate is sensitive to Tmk at all
doses and sensitive to AckA at low doses. Based on this analysis, we
decided to focus the remainder of our study on these three drug
targets.

3.2. Literature search for lead inhibitor compounds

We conducted literature searches for specific inhibitors of
homologs of the three most promising targets Tmk, MetK, and
AckA. We found that Martínez-Botella et al. (2012, 2013) reported
that piperidinylthymines inhibit gram-positive bacterial Tmk.
Martínez-Botella et al. (2012) also reported the positions of the
Tmk piperidinylthymine binding site. Furthermore, we found that
Keating et al. (2012) reported that piperidinylthymines exhibited
activity in an in vivo mouse model of S. aureus MRSA252 infection
and that Martínez-Botella et al. (2013) reported that piperidi-
nylthymines are moderately and weakly active against gram-
negative and human Tmk, respectively. This analysis suggests that
piperidinylthymines are good potential lead anti-Mycoplasma
compounds.

We were unable to identify selective inhibitors for MetK.
Consequently, we chose to exclude MetK from further bioinfor-
matic and structural analyses. We found that there is already a
known natural antibiotic, allicin, which inhibits the acetyl-CoA
synthesis pathway which contains AckA (Focke et al., 1990). Allicin
is produced by garlic and has broad-spectrum antibacterial activity
as well as antifungal, antiparasitic, antiviral activity. Consequently,
because there is already a known and safe antibiotic for AckA, we
also chose to exclude AckA from further analysis.
stems and structural modeling approach repositions antibiotics for
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Table 2
Predicted interaction energies of seven piperidinylthymine compounds with M.
genitalium, S. aureus and H. sapiens Tmk.

Predicted interaction energy (kcal mol�1)

PDB Ligand ID M. genitalium S. aureus H. sapiens

32E �12.2 �10.8 �10.4
32K �14.8 �12.4 �13.0
0YB �12.1 �11.3 �10.6
31Z �12.2 �10.9 �11.1
T05 �12.2 �11.1 �11.2
16T �11.8 �11.1 �10.9
13Y �11.7 �10.3 �10.9

4 D. Kazakiewicz et al. / Computational Biology and Chemistry xxx (2015) xxx–xxx

G Model
CBAC 6447 No. of Pages 7
3.3. Sequence analysis of inhibitor binding site conservation

We performed multiple sequence alignment of M. genitalium
(UniProt ID: P47252), S. aureus (UniProt ID: Q2G230), and Homo
sapiens (UniProt ID: P23919) as well as the gram-negative
bacterium E. coli (UnitProt ID: P0A720) Tmk to preliminarily
assess the interaction energies of piperidinylthymines with M.
genitalium Tmk. As illustrated in Fig. 2, the reported Tmk inhibitor
binding sites Arg53, Phe70, Arg74, Ser101, and Gln105 (Martínez-
Botella et al., 2012) are all conserved between M. genitalium and S.
aureus, suggesting that piperidinylthymines bind M. genitalium
Tmk. The sequence alignment also showed that Arg53 and
Gln105 are not conserved with human Tmk and that Ser101 is
weakly conserved with human Tmk. This suggests that piper-
idinylthymines preferentially bind M. genitalium over human Tmk,
increasing our confidence that piperidinylthymines are good
potential lead anti-Mycoplasma compounds.

3.4. Structural analysis of binding site conservation and energetics

We constructed a 3-dimensional structural model of M.
genitalium Tmk to more thoroughly verify that the inhibitor
binding site is conserved and to evaluate the energetics of its
interactions with piperidinylthymines. We used BLASTp to search
the PDB database for similar (E-value < 10�10 and identity >35%)
high-resolution (<1.67 Å) experimentally determined protein
structures. This identified four S. aureus Tmk structures with the
same primary sequence: PDB IDs 4HLC, 4MQB, 4QG7, and 4QGG. Of
these four structures, we chose 4QGG because it had the highest
quality refinement, as indicated by the fractional difference
between the Rfree and R values. This structure has E-value = 10�28

and 36% identity with M. genitalium Tmk, 1.62 Å resolution,
R = 0.209 and Rfree-R = 6.2% (Kawatkar et al., 2014). We used
MODELLER to construct a 3-dimensional structural model of M.
genitalium Tmk based on this template and the M. genitalium Tmk
amino acid sequence (Structure S1). The RMSD value between the
predicted and template structures was 0.23 Å. We further assessed
the quality of the predicted structure by inspecting its dihedral
angle distribution (Fig. S2). This analysis showed that the majority
of the predicted dihedral angles fall within the most energetically
Fig. 2. Multiple sequence alignment of M. genitalium,S. aureus, E. coli, and H. sapiens Tm
according to S. aureus Tmk; Martinez-Botella et al., 2012) is conserved among bacteria
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favorable regions, suggesting that the predicted structure is
physically realistic.

We superimposed the M. genitalium and S. aureus Tmk
structures (Fig. S3a) to rigorously evaluate the conservation of
the inhibitor binding site. This showed that the inhibitor binding
pocket (Fig. S3b), including the reported binding residues Arg53,
Phe70, Arg74, Ser101, and Gln105 (Martínez-Botella et al., 2012),
and the global structure, including the a-helices and b-strands, are
well-conserved between S. aureus and M. genitalium Tmk. Only one
loop (top-left of Fig. S3a) differs significantly between the proteins,
and this non-conserved loop likely does not interfere with
piperidinylthymine binding because it is distant from the
piperidinylthymine binding site and does not affect the global
structure as indicated by the high overall structural similarity. This
analysis gave us further confidence that piperidinylthymines
inhibit M. genitalium Tmk.

We used AutoDock Vina version 1.1.2 to perform molecular
docking of piperidinylthymines with the predicted M. genitalium
Tmk structure and with the observed S. aureus MRSA252 (PDB ID:
4HLD) and H. sapiens (PDB ID: 2XX3) Tmk structures (Structures
S2-22). We performed docking with flexibility for all residues
located within 4 Å of the reported S. aureus binding site. S. aureus
binding site-residue distances were evaluated using 4HLD. M.
genitalium and H. sapiens binding site-residue distances were
evaluated by first using PyMOL (Schrödinger, LLC, 2015) to align
their structures to 4HLD. All analyses were based on the predicted
interaction energy of the first mode of each protein-compound
pair.
k shows that the reported inhibitor binding site (highlighted residues numbering
 and divergent from H. sapiens.

stems and structural modeling approach repositions antibiotics for
0.1016/j.compbiolchem.2015.07.007
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We examined the seven piperidinylthymine compounds with
experimentally determined structures contained within the PDB
ligand database (Shin and Cho, 2005) which also have low reported
S. aureus 50% inhibitory concentrations (IC50). We curated IC50

values from Martínez-Botella et al. (2012), Keating et al. (2012),
Martínez-Botella et al. (2013), and Kawatkar et al. (2014). Table 2
lists the predicted interaction energies of each of the seven
compounds with M. genitalium, S. aureus, and H. sapiens Tmk. This
analysis shows that all seven compounds interact more energeti-
cally favorably by 0.8–1.8 kcal mol�1 (1.3–3.0 RT) with M. geni-
talium than with human Tmk, suggesting that at least at sub-
saturating concentrations, piperidinylthymines could selectively
disrupt bacterial metabolism. Furthermore, the analysis shows
that 32E is likely the most M. genitalium-selective compounds
because it has the largest free energy difference between M.
genitalium and human Tmk. Furthermore, Kawatkar et al. (2014)
have shown that 32E inhibits S. aureus Tmk almost as strongly as
0YB and is equally selective for S. aureus over human Tmk as 0YB.

4. Discussion

We have developed a novel approach to drug repositioning that
combines systems and structural modeling and bioinformatics.
Our approach integrates multiple complementary sources of
biological and chemical information to successively increase our
confidence in the predicted targets and compounds. First, we used
a kinetically constrained FBA metabolic model to identify the most
fragile metabolic enzymes whose partial inhibition is sufficient to
significantly decrease the cellular growth rate. We then performed
literature searches for known selective inhibitors of the most
fragile enzymes Tmk, MetK, and AckA. This identified piperidi-
nylthymines as potential lead anti-Mycoplasma compounds. Third,
we analyzed the M. genitalium Tmk sequence to verify that M.
genitalium Tmk contains the reported piperidinylthymine binding
site. Next, we used homology modeling to construct a structural
model of M. genitalium Tmk. Finally, we used molecular docking to
predict the interaction energies of several piperidinylthymine
compounds with M. genitalium and human Tmk.

Taken together, we presented several computational analyses,
which suggest that piperidinylthymines are good lead anti-
Mycoplasma compounds: we predicted that M. genitalium Tmk
inhibition strongly decreases the cellular growth rate, that M.
genitalium Tmk contains the same reported piperidinylthymine
binding site as S. aureus, and that piperidinylthymines preferen-
tially bind M. genitalium over human Tmk.

Tmk is an essential metabolic enzyme, which phosphorylates
dTMP, producing dTDP Cui et al. (2013), an important step in dTTP
synthesis for DNA replication. Several reports have suggested that
Tmk is a promising antibacterial target for multiple micro-
organisms including M. tuberculosis (Vanheusden et al., 2002),
Pseudomonas aeruginosa (Choi et al., 2012), and Bacillus anthracis
(Byun et al., 2008). In addition, in vivo mouse studies suggest that
piperidinylthymines could be effective human drugs (Keating et al.,
2012).

Going forward, in vivo M. genitalium infection studies must be
conducted to confirm that piperidinylthymines are safe and
effective anti-Mycoplasma antibiotics. Chemical process engineer-
ing will also be needed to make piperidinylthymine synthesis cost-
effective and, in turn, affordable for patients.

Our combined systems and structural modeling approach
quickly predicts the efficacy of previously described targets and
compounds in new species without expensive, time-consuming
wet lab experiments. This contrasts with most prior in silico drug
discovery approaches, which have focused on identifying entirely
new targets and drugs. Our approach is particularly useful for
repositioning established antibiotics to new species. In this study,
Please cite this article in press as: D. Kazakiewicz, et al., A combined sy
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we focused on determining whether piperidinylthymines which
have already been described as affective anti-Staphylococcus
antibiotics, can effectively inhibit M. genitalium, which contains
a homolog of the piperidinylthymine target, but which has
undergone dramatic genome reduction and target mutation since
divergence from its common ancestor with S. aureus.

Our approach improves over earlier combined systems and
structural modeling approaches to drug discovery proposed by
Raman et al. (2008), Shen et al. (2010), and Kim et al. (2011) by
using a kinetically constrained metabolic model. This enabled us to
quantitatively assess the impact of partially inhibiting each
metabolic enzyme and identify the most fragile enzymes. In turn,
this allowed us to focus our structural modeling on a small set of
high quality metabolic targets, reducing the computational cost of
homology modeling and molecular docking. This approach is
broadly applicable to other microorganisms.

We chose to use a kinetically constrained FBA model which
combines enzyme kinetic measurements with protein expression
predictions because kinetic constraints been shown to improve the
accuracy of metabolic flux and growth rate predictions across
experimental conditions (Adadi et al., 2012), and because we
believe these predictions would be further improved with
additional RNA and protein expression data and models. The
kinetically constrained FBA model is similar to MOMENT (Adadi
et al., 2012), except that the protein expression values are not free
variables, but rather are determined by RNA expression data and
translation and protein degradation sub-models. Our approach
could also be used with any systems model including other types of
constraint-based models such as E-flux (Colijn et al., 2009), GIMME
(Becker and Palsson, 2008), iFBA (Covert et al., 2008), iMAT (Zur
et al., 2010), MOMENT (Adadi et al., 2012), PROM (Chandrasekaran
and Price, 2010), and rFBA (Covert et al., 2004), as well as ordinary
differential equation, partial differential equation, logical, and
hybrid models. Machado and Herrgård have extensively reviewed
the numerous available types of constraint-based models
(Machado and Herrgård, 2014). Going forward, we believe our
approach would be improved by the use of detailed whole-cell
models which represent every gene and cellular function and
molecular species (Karr et al., 2012).

Although our approach has several advantages over prior
methods, it also has some limitations. It depends on a FBA-based
metabolic model, which cannot fully describe cellular metabolism.
FBA does not predict unique flux distributions, cannot predict
metabolite concentrations, and cannot account for dynamics in the
cellular composition. Our approach requires previously described
inhibitors from other organisms, precluding its application to de
novo target and lead compound discovery. This limitation could be
overcome through the use of large-scale virtual screening as in
Shen et al. (2010). Our approach requires previously observed
protein structures for homologous proteins. In addition, our
approach cannot accurately predict drug safety or efficacy.
Consequently, it must be coupled with in vitro and in vivo
experimental validation. Furthermore, our systems and structural
models are not yet completely accurate. For example, structural
modeling predicts that 32 K would inhibit S. aureus Tmk more
strongly than 0YB. However, the IC50 and MIC values of 32 K are
higher than that of 32 E (Martínez-Botella et al., 2012; Kawatkar
et al., 2014). Lastly, our approach could be improved by considering
the cost of chemical synthesis.

Going forward, we plan to strengthen our pipeline with
additional complementary absorption, distribution, metabolism,
excretion, and toxicity (ADMET) analyses. Statistical quantitative
structure-activity relationship (QSAR) models, proteome-wide
molecular docking, and chemoinformatics are needed to predict
potential adverse off-target non-homologous binding. Merlot
(2010), Xie et al. (2011), Merino et al. (2010), and Schmidt et al.
stems and structural modeling approach repositions antibiotics for
.1016/j.compbiolchem.2015.07.007
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(2014) have extensively reviewed the existing methods for
predicting off-target binding. We also plan to focus on improving
the quality and expanding the scope of systems models, which are
one of the key bottlenecks to all in silico approaches to drug
discovery. In addition, we plan to standardize our integrative
systems modeling approach to enable pharmaceutical researchers
to take more advantage of the latest developments in systems
modeling.

5. Conclusion

In summary, in combination with structural modeling and
bioinformatics, systems modeling can be a powerful drug
discovery tool. As other researchers have shown, this combined
strategy can be used to discover new targets and lead compounds.
In addition, as we have demonstrated, it can also be used to
reposition established drugs to new species. In this study, we
extrapolated the effect of piperidinylthymines from S. aureus to the
distantly related M. genitalium. We envision that this repositioning
approach could also be used to repurpose anti-cancer treatments
between cancers. Looking forward, we believe that broader
systems models, including whole-cell models, combined with
more functionally predictive structural models will facilitate de
novo target and drug discovery.
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