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Abstract
The emergence of systems biology has reemphasized the advantages of understanding biological
processes with a global perspective. One biological process amenable to global approaches is
microbial metabolism. This review describes a model system that contributes to the goals of
systems biology by experimentally defining metabolic integration found in a bacterial cell and
thus providing data needed for implementation and interpretation of systems approaches. We have
taken a largely unbiased in vivo approach centered on thiamine biosynthesis to identify new
metabolic components and connections and explore uncharacterized paradigms of the integration
amongst them. This article summarizes recent results from this approach that include the
identification of the function of unknown genes, connections between cofactors biosynthesis and
thiamine biosynthesis, and how metabolites from one biosynthetic pathway can be used in
thiamine biosynthesis.

From single genes to complex systems: the need to unravel metabolic
integration

The interest in understanding microbial metabolism has a long history. In the early years of
bacterial genetics, it was proposed that the phenotypes of microbial mutants could facilitate
the identification of the function of individual genes. The idea that mutants lacking a
particular enzyme could be identified by phenotypic analysis and provide information about
the missing reaction was particularly attractive. For instance, if a mutant that required
exogenous histidine for growth lacked one of the biochemical activities required for the
synthesis of histidine, one could learn a great deal about the relevant gene or protein.
Through the decades these types of analyses have contributed to a valuable, if incomplete,
catalog of pathways and processes present in microbial cells. Strains in which a mutant
phenotype could not be explained by the loss of a single biochemical activity were noted in
these early studies, but rarely characterized further. In fact, the characterization of such
mutants was not feasible without the technical advances (e.g. PCR, sequencing, etc.) that
now facilitate the rapid identification of a mutation.

The advent of global approaches to probe metabolism has partially displaced the one-gene,
one-function approach to piecing together metabolism. Progress in transcriptional profiling,
computational biology, metabolomics and other ‘-omics’ approaches has allowed scientists
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to obtain global snapshots of specific features of the metabolic network. While these
approaches are increasing our understanding of the metabolic system as a whole, in vivo
genetic analysis remains a crucial component of efforts to define new functions and
unexpected paradigms that can then be incorporated into and validate the global approaches.

This article focuses on the use of thiamine biosynthesis in Salmonella enterica as a model
system to expand our understanding of the metabolic network in the cell (Box 1). The topics
discussed here highlight the benefits of using this pathway to uncover, (i) function of
uncharacterized genes, (ii) unpredicted metabolic connections, and (iii) inherent potential for
robustness in the metabolic network. Several characteristics of this metabolic pathway have
made it ideal as a model system for this purpose [1]. Below we detail some recent findings
and explore how this approach has provided unpredicted results that increase knowledge of
bacterial metabolism and are distinct from those obtained through other efforts.

Box 1

Thiamine is an essential cofactor

Thiamine was the first vitamin to be discovered and was isolated in 1932 from yeast [52].
This vitamin is an essential component of the human diet and a deficiency in humans
causes the disease Beri-beri. Thiamine can synthesized de novo by bacteria, archaea,
yeast and plants. The synthesis of thiamine involves the separate formation of a thiazole
moiety (4-methyl-5-β-hydroxyethylthiazole phosphate [THX-P]) and a pyrmidine motiey
(4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate [HMP-PP]). In bacteria,
these two moieties are combined to form thiamine monophosphate by thiamine
phosphate synthase. The active form of the cofactor, thiamine pyrophosphate (TPP) is
then generated by a single phosphorylation catalyzed by thiamine monophosphate kinase
[53]. A schematic of the thiamine biosynthetic pathway from S. enterica is shown in
Figure 1.

TPP is a key cofactor for several enzymes in central carbon metabolism, including
transketolase, α-ketoglutarate dehydrogenase, pyruvate dehydrogenase, and acetolactate
synthase. The role of thiamine involves the stabilization of acyl carbanion intermediates
through dissociation of the proton at C2 of the thiazolium ring [54].

Recent studies have identified other forms of thiamine that do not function as cofactors in
the cell. Thiamine triphosphate has been identified in Escherichai coli [55] and rat brain
cells where it was found to activate chloride channels [56] and be a phosphate donor in
the phosphorylation of a synaptic protein [57]. The synthesis of thiamine triphosphate is
performed in the mitochondira of rat brain cells and is driven by energy from the
respiratory chain [58]. Additionally, adenylated thiamine pyrophosphate has been
identified in E. coli and found to act as a signal molecule in response to carbon starvation
[59].

Metabolic integration is a component of systems biology
The field of systems biology seeks to integrate data generated by decades of experimental
(often focused) studies using mathematical approaches that describe a biological process as
a complex system. Several recent reviews describe the approaches and technologies inherent
in these approaches [2–6]. One prominent effort in systems biology is the design and
implementation of mathematical models to predict the metabolic capacity of an organism
from genome content. Such models strive to predict the full capacity of a system based on
knowledge of the components and connections within the system. Because of the breadth of
organisms involved, these predictions often rely extensively on sequence similarity to
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experimentally defined systems. Thus, experimental data are often the components that limit
the ability of the mathematical models to fully and realistically predict the capacity of a
system. Current network reconstructions and analysis used in the creation of the
mathematical models cannot be used to identify unknown metabolic reactions or
connections [7]. For this reason elucidation of components and connections and the rules
that govern their interactions by experimental approaches are essential to facilitate
continuing application of mathematical models to metabolism. In vivo analysis in microbial
systems provides a powerful way to dissect metabolic integration and thus assist in
identifying the metabolic information that is needed for mathematical models to be more
complete.

Metabolic integration can be defined as the connections between biochemical processes and
pathways mediated by metabolites. Efforts to dissect metabolic integration start with the
premise that beyond the enzymatic framework of metabolism, there is a network of
interactions mediated by metabolites. Further, it is argued that these interactions contribute
to the robustness responsible for adapting to perturbations caused by temporary and/or
subtle environmental changes. This inherent network robustness is distinct from the
evolutionary changes required to generate a new pathway or to adapt to a constant
environmental stress. A complete understanding of metabolic integration will require
knowledge of the roles and concentrations of each metabolite in the cell. This understanding
will allow modeling approaches to reach their potential in describing metabolism.

The potential of a systems approach for exploiting metabolism is emphasized by the fact that
the mathematical model of metabolism in Escherichia coli has been used to address a
variety of basic and practical applications (reviewed in Ref. [8]). The model has been used
for in silico strain design for optimized production of desired products for industrial use,
such as amino acids [9], lycopene [10] ethanol [11] and hydrogen [12]. Additionally, the use
of this model allowed for the quantitative interpretation of the physiology of both wild-type
and genetically perturbed E. coli strains [13]. Thus, despite the fact that only a subset of the
functions encoded by the E. coli genome are included, this model has allowed useful
observations and generated significant metabolic data [8]. While a full understanding of
metabolism as a complex system is far from complete, progress to date emphasizes the
potential of systems approaches that will be achieved as our understanding of the
components and connections continues to increase.

Thiamine biosynthesis provides one model system to dissect metabolic
integration

Thiamine biosynthesis in Salmonella enterica has served as a model system for biosynthetic
pathways that can be exploited to probe metabolic integration in vivo. The use of this system
is predicated on the fact that growth phenotypes provide a means to assess the function of
the complete system. When caused by a single lesion, a mutant phenotype can be used to
dissect the biochemistry underpinning this behavior. This analysis in turn provides
information about how the reactions affected by the mutation are integrated in the metabolic
network of the wild-type cell, hence broadening our understanding of the system [1].

Thiamine biosynthesis has two characteristics that make it a productive model for analysis
of metabolic integration. First, thiamine is an essential nutrient and growth in the absence of
exogenous thiamine implies endogenous synthesis is occurring. This truism allows
conclusions about the adjustments that can be made in the metabolic network to compensate
for a perturbation. Second, the carbon flux required to generate the quantity of thiamine
required for growth is low. Thus, this system is sensitive enough to detect slight changes in
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metabolic flux - an important feature of the system needed to assess inherent or generated
robustness.

Conditional requirements provide a portal for dissecting metabolic
integration

Figure 1 is a schematic representation of thiamine biosynthesis. Salmonella enterica strains
completely lacking glutamine phosphoribosylpyrophosphate (PRPP) amidotransferase (EC
2.4.2.14), the product of the purF gene, generate sufficient thiamine for growth under
specific conditions [14,15]. The conditional requirement for thiamine provides a means to
identify mutations that increase or decrease accumulation of phosphoribosylamine (PRA),
the product of PurF. Characterization of such mutations has been a powerful strategy to
identify proteins and processes that affect the synthesis of PRA and/or the efficiency of the
subsequent biosynthetic steps. In the absence of PurF, flux to thiamine synthesis is
constrained in such a way that under some growth conditions, inherent alternative synthesis
of PRA is sufficient for growth, but only if the remaining enzymatic steps function at
optimal efficiency. In a sense, thiamine synthesis in a purF mutant is at a tipping point, any
increase in synthesis or accumulation of PRA facilitates synthesis, and a change that
compromises any of the subsequent biosynthetic steps prevents growth. Characterization of
mutations that impact the thiamine biosynthetic process positively or negatively has
identified numerous interactions between thiamine synthesis and other areas in metabolism.
In some cases the mechanism of the connection is understood, whereas in others
investigation is ongoing (Box 2).

Box 2

Loci that indirectly impact thiamine biosynthesis

In the past 15 years lesions in numerous loci have been isolated through their positive or
negative affects on thiamine biosynthesis. In some cases the affected loci were of known
function and a model could be proposed to describe the mechanism of integration
between the relevant locus and thiamine synthesis. In other cases the loci were partially
or completely uncharacterized. In these cases, the impact of mutations in these loci on
thiamine synthesis provided a tool to pursue the functional role of these gene products in
the context of the metabolic network. In all cases, the loci were identified by exploiting a
conditional requirement for thiamine that is generated by a lack of the PurF enzyme. On
gluconate minimal medium supplemented with adenine, a purF mutant does grow,
indicating that there is endogenous synthesis of phosphoribosylamine (PRA) that is
sufficient for thiamine synthesis in the absence of PurF. Mutations that eliminate this
thiamine-independent growth but are not in known thiamine biosynthetic enzymes can be
identified (Table 1). By contrast, the same purF mutant strain fails to grow in the absence
of thiamine if the carbon source is glucose. Mutations that allow thiamine-independent
growth in this situation have modified the metabolic network to increase the flux to
thiamine formation (Table 1). Each of these classes of mutations have been characterized
and continue to be characterized to elucidate the mechanism of integration with thiamine
synthesis and the functional role of the relevant gene product. Together these analyses
have expanded our knowledge of the metabolic network anchored in thiamine
biosynthesis.

Increased accumulation of PRA identifies new metabolic links
Evidence that residual PRA is formed in the absence of PurF was obtained by blocking the
branchpoint enzyme PurE (Figure 1). In a purF purE double mutant thiamine is not required
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for growth [15]. This result demonstrated that there was endogenous generation of PRA and
it was sufficient for thiamine synthesis if its diversion to purine biosynthesis (via
aminoimidazole ribotide [AIR]) was prevented. Introduction of a block in the oxidative
pentose phosphate (OPP) pathway prevented this growth and allowed the conclusion that
residual PRA was derived from the ribose-5-P (R5P) intermediate of this pathway [15,16].
Thus, selections for mutations that allowed new PRA synthesis were subsequently
preformed in a purF gnd double mutant (gnd encodes 6-phosphogluconate dehydrogenase).

Non-enzymatic PRA formation can be physiologically relevant
Recent results have shown that the non-enzymatic formation of PRA can be significant for
growth under some conditions. With ribose as a carbon source in minimal medium [17,18], a
purF gnd strain produces sufficient PRA for thiamine biosynthesis. Subsequent results
supported the conclusion that a combination of the 50 mM ammonia present in the medium
and the elevated level of R5P caused by ribose catabolism allowed non-enzymatic synthesis
of PRA sufficient for thiamine synthesis [19]. These experiments led to a phenotype
diagnostic for non-enzymatic PRA synthesis that has been used to identify the mechanism of
growth suppression in a number of mutants (Figure 1b, Table 1).

The conditional thiamine auxotrophy in derivatives of purF mutant strains offered the means
to identify connections to thiamine biosynthesis using suppressor analysis. Mutations that
restore growth in the absence of thiamine might be expected to either uncover functional
redundancy with PurF, or alter the metabolic network in a way that satisfies the thiamine
requirement some other way. The data have shown that thiamine-independent growth was
restored most often by changes in metabolite distribution rather than uncovering functional
redundancy. This finding was informative as the system was constrained such that one
pathway could not be crippled to restore another. Rather, a balance had to be met that
provided sufficient function of each of the pathways involved to allow growth (Box 3). The
examples uncovered and described below suggest that the equilibrium of the metabolic
system can be set in several ways depending on the specific set of requirements for growth.
This finding raises the question of what the selection for the ‘normal’ equilibrium setting is.
In other words, is there more than one set-point that can result in equally fit organisms? Or
does altering pathway flux diminish fitness in a way not apparent in the laboratory setting?
Mutations in these analyses might represent natural variants that exist in nature and thus
reflect potential flux balances that can arise. While a phenotypic change might only be
detectable when a mutation has caused altered flux, the situation represents the potential for
dissecting the metabolite cross-talk that can occur in natural organisms or settings not yet
described.

Box 3

Positive selections for loss-of-function mutations

Mutations that restored thiamine synthesis in a purF mutant strain often did so by causing
reduction or loss of activity of a relevant gene product (Table 1). This result was
surprising as an altered gene product with a new or enhanced activity would be expected
to generate a gain-of-function phenotype. Further analyses showed that thiamine
biosynthesis provides a system to identify ways to satisfy a metabolic need by altering
the production capacity of an enzyme or pathway. This system allowed selections of
mutations that constrained flux through various pathways. These mutations resulted in
variants with reduced activity that allowed accumulation of the relevant metabolites for
re-routing, while maintaining enough activity to produce a necessary product. While
there is no obvious way to predict the positive effect a decrease in activity will have, this
finding illustrates an additional benefit from an unbiased genetic approach. After the
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target of a positive selection is identified, the selection can be exploited to study the
structure and function of the key, possibly essential, enzyme in the cellular setting.

Protein variants with decreased activity have been isolated in metabolic pathways
through their ability to restore growth in a various selections. Variants of threonine
dehydratase (EC 4.3.1.19), IlvA [51], PRPP synthetase (EC 2.4.2.14), PrsA [19],
phosphoribosyl-anthranilate isomerase (EC 5.3.1.24) and indole-3-glycerol-phosphate
synthase (EC 4.1.1.48; TrpC) [21] were isolated with positive selections that demanded
restoration of growth. In some cases the specific activity of the enzymes was decreased
45-fold [19].

Studies addressing metabolic integration with in vivo approaches identified two instances
where restoration of growth was caused by global changes in regulation that could not be
anticipated and were too complex to dissect easily. A mutant allele of the essential gene
gyrA, which encodes part of the DNA gyrase complex, was identified by a positive
selection for metabolic function. Further analysis showed that the variant protein resulted
in reduced negative supercoiling [69] and changed expression of almost every gene
tested. No single gene could be identified as the cause of the phenotype. Additionally, a
S506F variant of RNA polymerase sigma factor RpoD restored thiamine synthesis in a
specific purF mutant background [70]. Analysis of this variant RpoD showed that is had
been previously described in the class of ppGpp-independent mutants [71]. We
confirmed that other members of this class of rpoD mutants have altered transcription on
a global level and restored PurF-independent thiamine synthesis in specific situations.
These findings have provided a means of positive selection that can be utilized by
researchers interested in dissecting the role of ppGpp and/or supercoiling in gene
regulation.

Metabolites can be diverted and used for PRA synthesis
In vivo suppressor analysis allowed the identification of flux changes in two different
pathways that caused diversion of metabolites to be used for PurF-independent PRA
formation. The trpC gene encodes the bifunctional enzyme N-(5′-
phosphoribosyl)anthranilate (PR-anthranilate) isomerase (EC 5.3.1.24) and indole-3-
glycerol-phosphate synthase (EC 4.1.1.48) required for tryptophan biosynthesis. Alleles of
trpC that compromise the enzymatic activity of TrpC allow PurF-independent PRA
synthesis (Figure 1b). In such a strain, PRA synthesis is non-enzymatic and results from the
accumulation of PR-anthranilate, the substrate of TrpC, which breaks down to R5P and
anthranilate [20, 21]. The increased levels R5P combine with ammonium in the medium to
generate sufficient PRA for thiamine biosynthesis [19, 21].

A similar mechanism for PRA formation was a consequence of alleles of prsA, the gene
encoding phosphoribosylpyrophosphate synthetase (PrsA, EC 2.4.2.14). PrsA is an essential
enzyme that uses R5P and ATP to form PRPP, that is subsequently used in the de novo
synthesis of purines, pyrimidines, histidine, tryptophan and nicotinamide coenzymes [22].
The relevant suppressing alleles resulted in variants of PrsA with reduced activity.
Consequently, the level of R5P increased, and was used for the non-enzymatic formation of
PRA when ammonium was present [19].

Further, in a yjgF mutant strain (see below), the PurF-independent PRA formation requires
the presence of TrpD, bifunctional glutamine amidotransferase and anthranilate
phosphoribosyltransferase (EC 4.1.1.48, 2.4.2.18) [23]. In the absence of YjgF, PRA is not
being generated by a non-enzymatic mechanism [19]. The current model for the function of
YjgF to explain this result is described below.
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Indirect effects on thiamine synthesis lead to new insights into genes of
unknown function

The work described above involved primarily pathways and gene products that had been
previously characterized and showed them to be integrated with thiamine synthesis.
However, the thiamine system has been equally productive in identifying the function of
gene products whose physiological role was unknown.

Compromised thiamine synthesis results from defects in [Fe-S] metabolism
A number of loci with unassigned function were identified involving lesions that resulted in
a unique thiamine requirement. Unlike lesions in characterized biosynthetic genes that
disrupt one of the two biosynthetic branches, these mutations caused a requirement for either
thiamine or both the HMP and THZ moieties. This result indicated that these single lesions
led to defects in two distinct pathways (Figure 1a). Further analysis showed that these
requirements were suppressed by anaerobic growth and that a lesion in either gshA or the isc
operon produced similar phenotypes. Based on the known role of the latter two loci, it was
hypothesized that the new loci (apbC, apbE, rseC, etc) were involved in some aspect of [Fe-
S] cluster metabolism. Biochemical data in support of this prediction have been reported
[24–30]. Subsequent to the identification of ApbC as a protein that was involved in [Fe-S]
cluster metabolism in S. enterica, researchers identified ApbC homologs in multiple
organisms (including eukaryotes). Studies with several of these proteins, in addition to
ApbC, have led to the in vitro functional characterization of the ApbC/Nbp35 family of
proteins as [Fe-S] cluster carriers [27, 31–34]. Similarly, RseC was shown to be involved in
the re-reduction of the [Fe-S] cluster in the redox-sensitive transcriptional activator SoxR,
confirming a role for this protein in [Fe-S] cluster metabolism [35]. Thus the phenotypic
analysis of indirect effects led to a general functional assignment for several previously
uncharacterized genes and made significant contributions to the field of [Fe-S] cluster
metabolism that were distinct from those generated by the researchers focused on this field.
In vivo phenotypes continue to inform the efforts in the biochemical characterization of
these and other proteins connected with these findings.

Biochemical insights gleaned from in vivo connections
The assignment of apbC, apbE, rseC and yggX genes to the general function of [Fe-S]
cluster metabolism provided information on one half of an integrated network. The next
question was how the disruption of [Fe-S] metabolism compromised not one, but two
branches of thiamine synthesis. Nutritional studies led to the suggestion that the target in the
THZ branch was ThiH [26]. This prediction has been verified by the finding that ThiH is a
member of the SAM radical superfamily of proteins, characterized by oxygen-labile [Fe-S]
clusters [36,37]. The target in the HMP branch was more problematic as a single gene
product (ThiC) had been implicated in the conversion of AIR to HMP. ThiC does not have a
canonical [Fe-S] binding motif and had been reported not to have an [FeS] cluster [38].
Encouraged by strong in vivo data, ThiC was purified anoxically and found to be active for
the conversion of AIR to HMP [39,40]. Analysis of this protein showed that ThiC contains a
[4Fe-4S] cluster essential for activity, and that interaction with S-adenosylmethionine
(AdoMet) generates a novel backbone radical presumed to be on a histidine residue [41].
Based on these and additional studies, ThiC was suggested to define a new class in the
AdoMet radical superfamily of proteins [39,41]. Significantly, results from the in vivo
studies predicted integration between [Fe-S] cluster metabolism and ThiH-ThiC before the
relevant proteins were considered to be cluster-containing proteins based on other
precedents. The fact that each of these proteins has now been found to have the biochemical
and physical properties predicted based simply on phenotypic analysis and genetic logic
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provides a powerful proof of concept and emphasizes a benefit of the approach to studying
metabolism that we favor.

Identification of a broadly conserved gene of unknown function by its impact on thiamine
synthesis

The only insertional mutations that allow the thiamine-independent growth of a purF gnd
double mutant are lesions in yjgF [42]. This gene is a founding member of the YjgF/
YER057c/UK114 family of proteins that is conserved in genomes from microbes to human
[43]. Multiple high-resolution structures of this protein have been published and homologs
have been implicated in diverse cellular processes [43–49]. However, thus far no unifying in
vitro biochemical activity has been defined for this protein. Based on several studies it has
been proposed that YjgF is involved in eliminating toxic metabolites of the keto-acid class
[50,51] and it was suggested that a yjgF mutant has a metabolite profile that is distinct from
a wild-type strain. This model is supported by in vivo work and two structural studies
documenting the binding of keto-acid metabolites to YjgF homologs [43,44,50,51].
Additionally, the loss of YjgF results in PurF-independent PRA formation. It has been
shown that TrpD (bifunctional glutamine amidotransferase/anthranilate
phosphoribosyltransferase [EC 4.1.1.48, 2.4.2.18]) is both necessary and sufficient for this
formation from as yet unknown substrates. It has been hypothesized that a metabolite
accumulating in a yjgF mutant is one of the substrates [23].

yjgF forms a node for expansion of the metabolic interactions with thiamine synthesis
Beyond the involvement of YjgF function in PRA formation, loss of this protein results in
multiple metabolic defects that can be dissected in the effort to understand its biochemical
function. Strains lacking YjgF fail to grow on pyruvate, are sensitive to serine, and have
reduced specific activity of transaminase b [42,50]. Each of these phenotypes reflect distinct
consequences caused by the absence of YjgF function. These findings provide a functional
(phenotypic) context for future analyses of the cellular role of YjgF that was not generated
by structural studies. The broad conservation of YjgF across the three domains of life
indicates that it is a key component of one or more cellular processes. Perhaps more than
any results to date, the identification of this protein from a simple screen for metabolic
redundancy emphasizes the potential for new knowledge that comes from general, in vivo
genetic studies on cellular metabolism and physiology.

Concluding remarks
The model system described herein provides a largely unbiased approach that can be taken
to identify unanticipated metabolic connections and provide a functional context for genes
of unknown function. Other, more global approaches can identify potential connections and
functions in the cell based on clustering algorithms, sequence similarity and precedent.
However an in vivo approach, such as that described herein, can identify relevant (although
often subtle) metabolic connections in the cell. Significantly, the connections will be found
based on their impact on cellular function, not the quantitative level of flux change. In many
cases the connections would not be predicted by current techniques dependent on precedent,
because they will represent new paradigms.

Ultimately this model system, and others like it (Box 4) provide a means to generate insights
into metabolic network structure and robustness, allowing us to address relevant new
questions about metabolic integration. Significantly, this approach identifies new directions
of discovery and often provides a new perspective to consider previous results. The data
generated from these studies contribute to the base of knowledge needed to increase the
rigor and realism of the mathematical models of metabolism and cell function. As this model

Koenigsknecht and Downs Page 8

Trends Microbiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and others continue to evolve and improve, we come closer to the goal of understanding
metabolism at a level that will allow metabolic systems to be productively manipulated.

Box 4

Other nodes are needed to study metabolic integration

A full understanding of metabolism in a microbial cell will require both high-throughput
and focused approaches. Continued study of the model system described here will
provide additional metabolic connections that can be anchored in the thiamine
biosynthetic pathway. To achieve a complete understanding of the integrated system of
metabolism it would be valuable to have similar studies initiated at additional metabolic
nodes. Such an approach by multiple investigators will define numerous sub-networks
and ultimately uncover the intersections between these networks that together define the
integrated system.

The biosynthetic pathway for pantothenate (Figure I) shares several characteristics with
that of thiamine and defines a model system to study a distinct metabolic sub-network
that will contribute to our understanding of metabolic integration. Pantothenate is an
essential vitamin that is used in the synthesis of coenzyme A (CoA). Previous research
determined that eliminating ketopantoate reductase (PanE, EC 1.1.1.169) resulted in an
eightfold reduction in CoA levels [72]. A low level of keto-pantothenate is synthesized in
this strain by a promiscuous activity of acetohydroxy acid isomeroreductase (IlvC, EC
1.1.1.86). Significantly, a panE mutant grows on minimal medium. This fact indicates
that ~10% of the normal levels of CoA are sufficient for growth under these conditions.
As might be expected, the lower CoA levels make this strain more sensitive to
perturbations of the system that affect CoA metabolism. Thus, the panE mutant is a
conditional pantothenate auxotroph that can be exploited with suppressor analysis to
probe metabolic integration, much like the strategy that has been successful with the
thiamine system.
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Figure 1. The joint thiamine-purine biosynthesis pathway
(a) Schematic representation of the purine-thiamine biosynthetic pathways in S. enterica.
Relevant gene products are noted above the step they catalyze. Not all steps are shown. (b)
Schematic representation of the mechanisms for PRA formation that are distinct from PurF.
(i) The non-enzymatic breakdown of PR-anthranilate to anthranilate and R5P allows for the
non-enzymatic formation of PRA [21]. (ii) High levels of R5P generated when ribose is the
sole carbon source allows for non-enzymatic formation of PRA [19]. (iii) R5P can be
diverted for non-enzymatic PRA formation when PrsA activity is reduced [19]. (iv) TrpD
(bifunctional glutamine amidotransferase/anthranilate phosphoribosyltransferase) is
necessary and sufficient for PRA formation in the absence of YjgF [23]. (v) The
contribution of R5P from the OPP pathway allows weak non-enzymatic formation of PRA
[15]. Abbreviations: AIR, aminoimidazole ribotide; Cys, cysteine; DXP, 1-deoxyxylulose-5-
phosphate; Gln, glutamine; HMP-PP, 4-amino-5-hydroxymethyl-2-methylpyrimidine-
pyrophosphate; OPP, oxidative pentose phosphate pathway; PRA, phosphoribosylamine;
PRPP, phosphoribosylpyrophosphate; R5P, ribose-5-phosphate THZ-P, thiazole phosphate;
TrpD, bifunctional glutamine amidotransferase/anthranilate phosphoribosyltransferase; Tyr,
tyrosine.
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Figure I. The pantothenate biosynthesis pathway
A schematic representation of the pantothenate biosynthetic pathway in S. enterica.
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