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ABSTRACT: We describe a general integrated bioinfor-
matic and experimental strategy to discover the in vitro
enzymatic activities and in vivo functions (metabolic
pathways) of uncharacterized enzymes discovered in
microbial genome projects using the ligand specificities
of the solute binding proteins (SBPs) for ABC trans-
porters. Using differential scanning fluorimetry, we
determined that the SBP for an ABC transporter encoded
by the genome of Mycobacterium smegmatis is stabilized by
D-threitol. Using sequence similarity networks and genome
neighborhood networks to guide selection of target
proteins for pathway enzymes, we applied both in vitro
and in vivo experimental approaches to discover novel
pathways for catabolism of D-threitol, L-threitol, and
erythritol.

With advances in sequencing technologies, the rate of
discovery of novel proteins greatly exceeds the rate at

which their functions can be established. A large fraction of
proteins discovered in genome projects are misannotated
because their functions are automatically assigned based on
sequence homology. To solve this problem, large-scale
approaches for functional assignment are needed. We recently
described the use of sequence similarity networks (SSNs) and
genome neighborhood networks (GNNs) to facilitate the
assignment of functions to >85% of the members of the proline
racemase superfamily.1 SSNs allow large-scale visualization of
sequence-function relationships in protein families and, with
annotation information from the UniProt and other databases,
identification of orthologous groups within the families. GNNs
allow large-scale visualization of the genome contexts of
isofunctional families, thereby facilitating identification of the
components of metabolic pathways, including transport systems
and transcriptional regulators as well as enzymes.
We also have demonstrated that the discovery of novel

metabolic pathways can be guided by high-throughput ligand
screening for the solute binding proteins (SBPs) of transport
systems.2 The substrates for catabolic pathways often are
transported into cells using SBPs to deliver substrates to the
permease components of transporters. Because genes encoding
transport systems often are clustered with the genes encoding the

catabolic pathway for the transported ligand, identifying the
specificity of the SBP facilitates identification of the catabolic
pathway. Here, we describe the use of these strategies to facilitate
the discovery of novel catabolic pathways for all three tetritols, D-
threitol, L-threitol, and erythritol, in Mycobacterium smegmatis
mc2155 (Figure 1).

The catabolic pathways for tetritols are not well-character-
ized.3−5 The pathway for erythritol in Brucella abortus, which
colonizes the placenta of cattle and sheep, was described
recently;6 the pathway is a virulence factor responsible for fetal
abortions.7,8 Erythritol is phosphorylated by EryA to yield L-
erythritol-4P9 that is converted to D-erythrose-4P, an inter-
mediate of the pentose phosphate pathway by a dehydrogenase
(EryB) and three isomerases (EryC, TpiA, RpiB; Figure 1D).10
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Figure 1. Tetritol catabolic pathways. (A) D-threitol catabolism in M.
smegmatis; (B) erythritol catabolism in M. smegmatis; (C) L-threitol
catabolism in M. smegmatis. Identifiers for the newly characterized
enzymes in these pathways are summarized in Table S5; the relative
locations of their genes are summarized in Figure 2. (D) Erythritol
catabolism in B. abortis.10
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Because its genome does not encode orthologues of these
enzymes, M. smegmatis mc2155 cannot utilize this pathway for
erythritol catabolism.
Discovery of the pathways for all three tetritols inM. smegmatis

mc2155 was enabled by the ligand screen of SBPs for a large
number of ABC transporters using differential scanning
fluorimetry (DSF).2 The screen identified two SBPs from M.
smegmatis that (1) share 85% sequence identity, (2) are encoded
by proximal genes, and (3) are stabilized by polyols (Figure S1).
D-Threitol and xylitol stabilize MSMEG_3599 (ThpA, UniProt
ID A0QYB5, PF134070, ΔT = 13−14.7 °C; see Table S5 for a
summary of names and functions of SBPs/enzymes assigned in
this study); xylitol, L-sorbitol, and L-sorbose stabilize
MSMEG_3598 (XypA, UniProt ID A0QYB3, PF13407, ΔT =
12.6−13.6 °C). Structures for ThpA with D-threitol (PDB
4RSM) and for XypAwith xylitol (PDB 4RS3) reveal a conserved
polyol-binding site (Figure S2), except for the exchange of a Gln
at residue 167 in ThpA for a Gly in XypA. The Gly produces a
larger cavity that may explain the preference of XypA for the
longer five- and six-carbon ligands.
The genome neighborhood of xypA and thpA (Figure 2A,

Locus I) was examined to discover catabolic enzymes for their
ligands. Four dehydrogenases are encoded by genes proximal to
those encoding the SBPs. Based on their genome proximity, three
of the dehydrogenases (MSMEG_3603, MSEG3604, and
MSMEG_3605) may be encoded in one transcriptional unit;
the gene for the fourth (MSEMG_3607) is divergently

transcribed. Activities for oxidation of several polyols could be
measured for three of the dehydrogenases (Table S6;
MSMEG_3603 did not express as a soluble protein).
MSMEG_3607 (DthD, UniProt ID A0QYC2, Pfam family
PF00106) catalyzes the efficient oxidation of D-threitol (kcat/Km=
1.3× 104M−1 s−1) that stabilizes ThpA, an SBP encoded in Locus
I; this suggests that D-threitol is imported by ThpA before DthD
catalyzes the first step in its catabolism. DthD does not catalyze
the oxidation of the polyol ligands that stabilize XypA or the five-
and six-carbon polyol ligands that stabilize ThpA. The specificity
of DthD provides support for D-threitol as the physiological
ligand for ThpA (and vide inf ra); the studies described here focus
on discovery of the catabolic pathways for tetritols, including D-
threitol, enabled by the ligand specificity of ThpA.
The suggested presence of a pathway for D-threitol catabolism

prompted us to investigate whetherM. smegmatis can utilize other
tetritols. Immediate growth with D-threitol and erythritol was
observed for wild-type M. smegmatis; growth with L-threitol was
observed after a lag of nearly 60 h (Figure S3).
The genes that encode the catabolic pathways for all three

tetritols are not proximal in the genome (vide inf ra), so they
cannot be identified by inspection. Therefore, we used iterative
analyses of SSNs and GNNs to identify the enzymes in the
catabolic pathways for all three tetritols. Our discovery of the
tetritol catabolic pathways provides a useful example of how
large-scale analyses of protein sequence and genome context data
can be used to discover novel metabolic pathways.
Initially we focused on D-threitol catabolism and generated

SSNs and GNNs to identify the enzymes that catalyze the steps
that follow DthD. First, the EFI-EST web tool (http://efi.igb.
illinois.edu/efi-est/) was used to generate the SSN for the 2000
closest homologues of DthD in the UniProt database (Figure
3A).11 Homologues in the SSN (highlighted in red in Figure 3A)
include (1) an experimentally verified D-erythrulose reductase
(Q8JIS3) from chicken liver that shares 37% identity to DthD;5

and (2) an experimentally verified L-xylulose reductase from M.
smegmatis (MSMEG_3262; UniProt ID A0QXD6; PDB 4EGF)
that shares 44% identity to DthD.12 These homologues of DthD

Figure 2.Genome neighborhoods that encode catabolic pathways for D-
threitol, L-threitol, and erythritol. (A) Locus I (D-threitol transporter):
the D-threitol transporter (msmeg_3599, thpA) and D-threitol dehydro-
genase (msmeg_3607, dthD) are highlighted in red. (B) Locus II (D-
erythrulose kinase): the D-eythrulose kinase (msmeg_3271, derK), D-
erythrulose-4P isomerase (msmeg_3272, derI1), erythritol/L-threitol
dehydrogenase (msmeg_3265, eltD), and the erythritol/L-threitol solute
binding protein (msmeg_3266, eltP) are highlighted in red. (C) Locus III
(L-erythrulose kinase): L-erythrulose kinase (msmeg_6788, lerK), L-
erythrulose-4P epimerase (msmeg_6785, lerI), and D-erythrulose-4P
isomerase (msmeg_6787, derI2) are highlighted in red. Abbreviation:
DH, dehydrogenase.

Figure 3. (A)SSN for the closest 2000 homologues of MSMEG_3607
(alignment score 60, 50% identity, 100% rep node network, singletons
omitted). The nodes for characterized homologues are colored red, and
the target enzyme is colored in blue. (B) GNN for the SSN cluster boxed
in blue that allows the identification of D-erythrulose kinase and D-
erythrulose-5P isomerase (PF02733, PF02734, and PF02502, respec-
tively) in the catabolic pathway for D-threitol (co-occurrence frequencies
are labeled in the blue spoke).
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also catalyze the oxidation of alditols/reduction of ketoses. The
alignment score (a measure of sequence similarity) used to
generate the SSN in Figure 3A segregates the substrate
specificities of homologues into different clusters, thereby
identifying orthologues encoded by genomes of different species
that may participate in the same pathways (see Materials and
Methods in the Supporting Information for a detailed description
of the procedures used to generate this and other SSNs as well as
GNNs; these procedures are also described in refs 1 and 11).
Next, the EFI-GNT web tool (http://efi.igb.illinois.edu/efi-

gnt/)was used to generate theGNN for the sequences in the SSN
cluster that contains DthD inM. smegmatis and its orthologues in
other species (Figure 3B); in this analysis the proteins encoded by
the genes in a ±10 window relative to the genes encoding DthD
and its orthologues are collected and partitioned into Pfam
families. In the complete GNN provided by EFI-GNT, clusters
are provided for the Pfam families of genome proximal enzymes,
transport systems, and transcriptional regulators; the GNN in
Figure 3B includes only the Pfam families for enzymes.
Genes that encode both subunits for dihydroxyacetone kinase

(DaK1, PF02733 and DaK2, PF02734) co-occur with those
encoding the sequences in the DthD SSN query cluster with a
frequency of 70%, suggesting a role for a member of the
dihydroxyacetone kinase family in the catabolism of D-threitol.
However, the genome neighborhood of dthD in M. smegmatis
(Figure 2A, Locus I) does not include genes for members of the
DaK subunit families. Therefore, the SSN for the DaK1 family
(PF02733) was generated (Figure S4) to identify members inM.
smegmatis. Two proteins sharing 50% sequence identity were
identified, MSMEG_3271 and MSMEG_6788. In vitro enzy-
matic assays established that MSMEG_3271 (DerK, UniProt ID
A0QXE4) is a kinase specific for D-erythrulose and produces D-
erythrulose-4P (kcat/Km = 6.3 × 105 M−1 s−1, Table S6);
MSMEG_6788 (LerK, UniProt ID A0R758) is a promiscuous
kinase that has a preference for L-erythrulose and produces L-
erythrulose-4P (kcat/Km = 6.0 × 105 M−1 s−1, Table S6). The
genome neighborhoods of derK and lerK are shown in Figure 2B
(Locus II) and Figure 2C (Locus III), respectively. Thus, the
synergistic use of the SSN for DthD and its orthologues to query
their genome contexts using the EFI-GNT web tool allowed
identification of two additional genome neighborhoods in M.
smegmatis that encode enzymes in catabolic pathways for D-
threitol and erythritol (Locus II, Figure 2B) as well as L-threitol
(Locus III, Figure 2C).
The GNN in Figure 3B also identifies members of the

LacAB_RpiB family (PF02502) whose genes co-occur with those
encoding the sequences in the DthD SSN query cluster with a
frequency of 40%. The gene encoding one member of this family
is annotated as ribose-5P isomerase (MSMEG_3272, UniProt ID
A0QXE5, PF02502) and is proximal to the gene encoding DerK
(Figure 2B, Locus II); we determined that MSMEG_3272
catalyzes the isomerization of D-erythrulose-4P to D-erythrose-4P
(DerI1; Figure S6). The gene encoding a second member
(MSMEG_6787, UniProt ID A0R757, 72% sequence identity to
MSMEG_3272,) also is annotated as ribose-5P isomerase and is
encoded proximal to LerK, the L-erythrulose kinase (Figure 2C,
Locus III); we determined that MSMEG_6787 (DerI2) also
catalyzes the D-erythrulose-4P isomerase reaction (Figure S6).
Again, the synergistic use of the SSN for DthD and its
orthologues with the EFI-GNT web tool identified additional
enzymes in the catabolic pathways for D-threitol and erythritol
(Locus II, Figure 2B) as well as L-threitol (Locus III, Figure 2C).

With the experimentally verified in vitro activities of DthD,
DerK, and DerI1 (D-threitol dehydrogenase, D-erythrulose
kinase, and D-erythrulose-4P isomerase, respectively), an in
vitro pathway can be proposed for the conversion of D-threitol to
D-erythrose-4P, an intermediate in the pentose phosphate
pathway (Figure 1A). In support of the physiological roles of
the D-threitol binding SBP (ThpA) and the proposed pathway,
transcript levels were measured by qRT-PCR for thpA, dthD,
derK, derI1, and derI2 in cells grown with D-threitol or glycerol;
the genes were upregulated 4−25-fold during growth on D-
threitol relative to growth on glycerol (Figure S7). To confirm
that the SBP and enzymes are involved in catabolism of D-threitol,
their genes were independently deleted. With the exceptions of
the derI1 and derI2 single mutants, the mutant strains were
defective for growth with D-threitol (Figure S8A). When the
genes encoding both erythrulose-4P isomerases were deleted
(derI1 and derI2), the strain could not utilize D-threitol.
Because orthologues of DthD (Figure 3B) are encoded by

genes proximal to those that encode DerK and DerI in other
organisms, the SSN/GNN synergy permitted their identification
(Figure 2A, Loci II and III) inM. smegmatis. This demonstration
of the utility of the coupled use of SSNs and GNNs to identify
complete metabolic pathways is further exemplified by the
identification of the catabolic pathways for L-threitol and
erythritol.
Because the gene cluster (Figure 2C, Locus III) that encodes

LerK also encodes a DerI2, we hypothesized that Locus III is
involved in L-threitol or erythritol metabolism. The protein
annotated as triose phosphate isomerase (MSMEG_6785,
UniProt ID A0R756, PF00121) catalyzes the conversion of L-
erythrulose-4P to D-erythrulose-4P (LerI, Figure S6). Thus, the
enzymes encoded by Locus III convert L-erythrulose to D-
erythrose-4P. LerI is a member of PF00121, the triose phosphate
isomerase family (Figure S9B). Thus, this analysis reveals that not
all members of this family catalyze the well-studied 1,2-proton-
transfer reaction that interconverts D-glyceraldhyde-3P and
dihydroxyacetone phosphate in glycolysis, i.e., the active site
structure can be modified to catalyze a 1,1-proton-transfer
reaction using the homologous L-erythrulose-4P/D-erythrulose-
4P substrate/product.
The source of the L-erythrulose substrate for LerK was

determined by investigating the proteins encoded by additional
genes in all three loci. Locus II (Figure 2B) includes a gene
annotated to encode an arabinitol-phosphate dehydrogenase
(EltD, MSMEG_3265, UniProt ID A0QXD8, PF08240 and
PF00107). EltD catalyzes the oxidation of tetritols and pentitols
(Table S6), including erythritol and L-threitol with values of kcat/
Km = 5.6 × 103 and 6.2 × 103 M−1 s−1, respectively.
EltD oxidizes erythritol to D-erythrulose (Figure S10A), which

then can enter the D-erythrulose kinase pathway established for D-
threitol catabolism (Figure 1B). In support of this assignment,
transcripts for the genes in Locus II were upregulated 8−38-fold
during growth on erythritol compared to growth on glycerol
(Figure S7B); also deletionmutants of these genes were defective
for growth with erythritol (Figure S8B). Thus, we conclude that
the catabolism of erythritol by M. smegmatis proceeds via this
pathway (Figure 1B).
EltD also catalyzes the oxidation of L-threitol to L-erythrulose

(Figure S10B,C) to provide L-erythrulose for the pathway
encoded by Locus III (Figure 2C). In a strain (HH001) adapted
for immediate growth on L-threitol (seeMaterials andMethods in
Supporting Information and Figure S2B for strain details),
transcripts of eltD in Locus II are upregulated 13-fold during L-
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threitol growth, and transcripts of all Locus III genes are
constitutively elevated compared to wild-type levels (Figure
S7D). Deletion of eltD or any catabolic genes in Locus III results
in loss of the ability of HH001 to grow with L-threitol (Figure
S8C). We conclude that the pathway in Figure 1C is the catabolic
pathway for L-threitol, although the conditions required for
expression of Locus III genes in wild-type M. smegmatis are
unknown.
Transcripts for a third ABC SBP (MSMEG_3266, UniProt ID

A0QXD9, PF01547), encoded by a gene proximal to the gene
encoding EltD (Figure 2B, Locus II), are upregulated when M.
smegmatis is grown with erythritol or when HH001 is grown with
L-threitol. When msmeg_3266 is deleted from the wild-type or
HH001 strains, the resulting strains are defective for erythritol or
L-threitol growth (Figures S8BC). Therefore, MSMEG_3266
(EltP) is predicted to be the SBP for transport of erythritol and L-
threitol (recall that ThpA is the SBP for transport of D-threitol).
Erythritol and L-threitol then are catabolized according to the
pathways described above (Figure 1). With these in vitro and in
vivo data, four pathways for tetritol catabolism now are known: D-
threitol in M. smegmatis (Figure 1A); erythritol in M. smegmatis
(Figure 1B); L-threitol in M. smegmatis (Figure 1C); and
erythritol in B. abortus10 (Figure 1D).
Considering their central roles in these pathways, erythritol

kinase (Brucella-like erythritol catabolism), erythritol/L-threitol
dehydrogenase (Mycobacterium-like erythritol catabolism), D-
threitol dehydrogenase (D-threitol catabolism), erythritol/L-
threitol dehydrogenase, and L-erythrulose-4P epimerase (L-
threitol catabolism) can be used as pathway markers.
Homologues were identified in their SSNs and used to explore
the species distribution of the pathways (Figure S11). Two
erythritol pathways exist in mutual exclusion (Figure S11A). The
erythritol kinase pathway from Brucella is present primarily in the
Rhizobiales; the erythritol dehydrogenase pathway is present in
Actinobacteria, Firmicutes, and some β- and γ-Proteobacteria
(Burkholderiales, Serratia, Yersinia, and Providencia). The D-
threitol pathway often coexists with either of the erythritol
catabolic pathways (Figure S11A). However, the complete L-
threitol catabolic pathway is found only in a few strains
(Mycobacterium smegmatis mc2 155, Gracilibacillus halophilus
YIM-C55.5, Asaia platycodi SF2.1, Rubelimicrobium mesophilus
DSM 19309, Halomonas sp. BJGMM-B45, Dorea sp. 5-2, and
Clostridium sp. KLE 1755) (Figure S11B).
We have described a strategy for metabolic pathway discovery

using synergistic bioinformatic analyses (SSNs and GNNs) and
experimental approaches (high-throughput DSF for SBPs, in vitro
enzymology, and in vivo phenotypes, genetics, and transcript
analyses). Because functionally linked proteins often are encoded
in gene clusters, the integrated SSN/GNN approach is a powerful
method for visualizing protein families and gene clustering to
predict metabolic pathways. Indeed, this approach allowed us to
identify a genomically dispersed but functionally interconnected
network for utilization of all three tetritols in M. smegmatis. We
expect that this strategy is generally applicable to discover novel
enzymes in novel microbial metabolic pathways.
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