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How Bioinformatic Tools Guide Experiments To Resolve the
Chaos of Apparently Unlimited Metabolic Variation
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Hexuronic acids, oxidation products of common sugars, are widespread
in eukaryotic cells. Galacturonic acid is the main carbohydrate component of pectin
found in plant cell walls and glucuronic acid is a component of proteoglycans in animals. However, despite their importance as carbohydrate substrates, metabolism of
hexuronic acids has long remained a poorly studied corner of the bacterial metabolic map. In the current issue of Journal of Bacteriology, Bouvier and coworkers
present a detailed analysis of genes involved in hexuronate utilization in various
proteobacteria and report the veriﬁcation of their bioinformatics predictions by carefully designed experiments (J. T. Bouvier et al., J Bacteriol 201:e00431-18, 2019, https://
doi.org/10.1128/JB.00431-18). This study provides a solid basis for understanding hexuronate metabolism and its regulation in other bacterial phyla.
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B

etween 2000 and 2011, a series of comparative genomics papers were published
from Michael Gelfand’s group with Dmitry Rodionov as ﬁrst author. Some of these
papers were the starting point for almost 100 comparative genomics papers that
included supporting experimental veriﬁcation in collaboration with other groups (reviewed in reference 1). Topics covered included carbohydrate utilization pathways and
their regulation in various microorganisms (for some examples, see references 2 to 7).
One of the ﬁrst papers in the series that focused on hexuronate metabolism was
followed 11 years later by a more detailed account from the Ozoline group of the
transcription factors that control these pathways (8, 9). Given the similarity of that topic
to the current paper by Bouvier et al. (10), what makes the current paper worthy of
special comment?
The aim of many research projects is to identify the physiological roles of genes of
unknown function. Fragments of information are often available, but there are critical
gaps in our knowledge often because key genes appear to be missing or have been
incorrectly annotated. Various bioinformatics tools provide reliable predictions to guide
experimental veriﬁcation. The current paper is a tour de force showing how intelligent
use of bioinformatics predictions can—and should— be substantiated by detailed
experimental analysis. However, it also illustrates our time-honored experience that
every research project reveals further unanswered questions.
Most microbiology and biochemistry university courses include basic accounts of
glycolysis, the citric acid cycle, and how bacteria selectively metabolize glucose in
preference to lactose. Roles of LacI and Crp are often mentioned but are soon forgotten
by students once they have passed their examination. Few courses include analysis of
ribose, rhamnose, or galactose metabolism, let alone glucuronic or galacturonic acids,
despite their importance in cell structure and function. In the metabolomics era,
metabolism is out of vogue. Galacturonic acid is the main carbohydrate component of
pectin found in plant cell walls, and glucuronic acid is a component of proteoglycans
in animals; both compounds are components of hemicellulose in plant cell walls.
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Nevertheless, until recently little was known about how they are metabolized in
bacteria other than Escherichia coli and Bacillus subtilis. At the start of this project,
hexuronic acids were known to be metabolized essentially by two different pathways.
In E. coli and B. subtilis, they are imported by the major facilitator superfamily protein
ExuT and converted by the isomerase pathway via 2-keto-3-deoxy-D-gluconate to
glyceraldehyde-3-phosphate. In contrast, in various genera of proteobacteria, such as
Agrobacterium, Bradyrhizobium, Burkholderia, Polaromonas, and Pseudomonas, hexuronates are imported by proteins of the tripartite ATP-independent periplasmic (TRAP)
transporter family, UxuPQM (11, 12). In Agrobacterium tumefaciens, hexuronates are
then metabolized by an oxidative pathway in which the key intermediate is 5-keto-4deoxy-D-galactarate (KDG) and the ﬁnal product is 2-ketoglutarate (13, 14). The second
step in the production of KDG requires one of two ring-opening lactone isomerases, Gli
or Gci. These two enzymes were identiﬁed and characterized experimentally by Andberg and colleagues in Finland (14) and the Almo and Gerlt groups in the United States
(15).
The starting point for the current project was the realization that although most of
the genes, including uxuPQM, required for the hexuronate oxidative pathway are
present in annotated genomes of Pseudomonaceae, Burkholderiaceae, and Comomonadaceae, the expected D-lactaro-1,5-lactone ring-opening enzyme (lactonase) gene
appeared to be missing. Bioinformatics analysis of genes colocalized with uxuPQM
revealed genes for two candidate lactonases, UxuL and UxuF, which are unrelated to Gli
and Gci. A screen of other bacteria revealed that they are consistently colocalized with
genes for hexuronic acid metabolism. Genes for four putative UxuF orthologues and
two UxuL orthologues were cloned and overexpressed. Kinetic analysis of the puriﬁed
proteins conﬁrmed their lactone isomerase functions. The catalytic efﬁciency of the
UxuL lactonase was higher with glucarolactone than with galactarolactone; the converse was true for UxuF. Both of the newly identiﬁed lactonases are members of protein
families that require a divalent metal ion, usually Ca2⫹, for activity. The lactonase
activity of UxuL from Ralstonia pickettii was shown to be inhibited by EDTA but was far
more active with Zn2⫹ than with Ca2⫹ as the divalent metal ion.
The genome context analysis also revealed the presence of a gene for a novel
transcription factor, GguR, in four families investigated. GguR is only distantly related to
the E. coli glucuronate and fructuronate regulators, ExuR and UxuR, and its gene is
almost invariably located with genes for aldarate catabolism rather than with genes for
hexuronic acid metabolism. Two copies of gguR were found in several genomes from
the Pseudomonas, Burkholderia, and Halomonas lineages. Phylogenetic trees of these
proteins revealed two divergent branches, which suggested their early emergence via
lineage-speciﬁc gene duplication. A highly conserved palindromic sequence was conﬁrmed experimentally to be the binding site for GguR from Burkholderiaceae, Comamonadaceae, and Pseudomonadaceae, but a different binding sequence was found in
the Halomonadaceae family. These consensus sequences were used to construct the
GguR regulons; this conﬁrmed that the dominant role for GguR is to control aldarate
metabolism. The dissociation constant for GguR in the regulatory regions of some of its
operons was slightly high, 50 to 100 M. However, binding was disrupted by 150 M
KDG but not by D-glucuronate, D-galacturonate, D-glucarate, or meso-galactarate. Genes
predicted to be regulated by GguR were shown by quantitative reverse transcriptionPCR (RT-PCR) to be induced 57- to 6,000-fold during growth in the presence of
D-glucarate compared with growth with glucose as carbon source. The conclusion
drawn is that GguR is a global regulator of aldarate metabolism.
Some of the operons predicted to be required for hexuronate or aldarate metabolism lacked a GguR binding site but included genes for other novel transcription factors.
They included two proteins, UdhR and GudR, that are related to LacI, and the LysR
family regulator, GulR. Palindromic DNA-binding sites for UdhR and GudR were deduced.
Orthologues of the two known hexuronate transporters ExuT and UxuPQM were
identiﬁed in 35 other genomes studied. In most cases they were components of the
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GguR or GulR regulons. The GguR regulons in Halomonas and two Pseudomonas species
include genes for a novel tripartite tricarboxylate (TTT) family transporter, TctABC. As
these genes often cluster with aldarate dehydrogenase genes, TctABC was proposed to
be required for aldarate uptake. One of these proteins was screened by differential
scanning ﬂuorometry against a 189-compound library that included all variants of 3- to
6-carbon aldonic, aldaric, and uronic acids. Only D-glucarate bound signiﬁcantly.
A cynic might dismiss the most recent paper from the Rodionov group as yet
another story about “same pathway, different organism” and question the value of the
bioinformatics guesswork on which it is based. The point of this commentary is to
highlight that such superﬁcial analysis fails to equip the reader with tools that might
solve their own problems of why attempts to exploit bacteria for particular applications
are unsuccessful. The genomics era has long since invalidated the quip that “what is
true of E. coli is also true of an elephant.” Indeed, what is true of one strain of E. coli is
often not even true for another strain. This paper demonstrates how bioinformatics can
be used to design laboratory experiments targeted to bring order out of the chaos of
apparently unlimited metabolic variation and its associated regulatory networks.

