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Sulfoquinovose (SQ; 6-deoxy-6-sulfoglucose) is the polar head group
of the plant sulfolipid SQ-diacylglycerol, and SQ comprises a major
proportion of the organosulfur in nature, where it is degraded by
bacteria. A first degradation pathway for SQ has been demonstrated
recently, a “sulfoglycolytic” pathway, in addition to the classical gly-
colytic (Embden–Meyerhof) pathway in Escherichia coli K-12; half
of the carbon of SQ is abstracted as dihydroxyacetonephosphate
(DHAP) and used for growth, whereas a C3-organosulfonate, 2,3-
dihydroxypropane sulfonate (DHPS), is excreted. The environmental
isolate Pseudomonas putida SQ1 is also able to use SQ for growth,
and excretes a different C3-organosulfonate, 3-sulfolactate (SL). In
this study, we revealed the catabolic pathway for SQ in P. putida
SQ1 through differential proteomics and transcriptional analyses, by
in vitro reconstitution of the complete pathway by five heterolo-
gously produced enzymes, and by identification of all four organo-
sulfonate intermediates. The pathway follows a reaction sequence
analogous to the Entner–Doudoroff pathway for glucose-6-phos-
phate: It involves an NAD+-dependent SQ dehydrogenase, 6-deoxy-
6-sulfogluconolactone (SGL) lactonase, 6-deoxy-6-sulfogluconate (SG)
dehydratase, and 2-keto-3,6-dideoxy-6-sulfogluconate (KDSG) aldol-
ase. The aldolase reaction yields pyruvate, which supports growth of
P. putida, and 3-sulfolactaldehyde (SLA), which is oxidized to SL by
an NAD(P)+-dependent SLA dehydrogenase. All five enzymes are
encoded in a single gene cluster that includes, for example, genes
for transport and regulation. Homologous gene clusters were found
in genomes of other P. putida strains, in other gamma-Proteobacte-
ria, and in beta- and alpha-Proteobacteria, for example, in genomes
of Enterobacteria, Vibrio, and Halomonas species, and in typical soil
bacteria, such as Burkholderia, Herbaspirillum, and Rhizobium.
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Sulfoquinovose (SQ; 6-deoxy-6-sulfoglucose) is the polar head
group of the plant sulfolipids sulfoquinovosyl diacylglycerols

(SQDGs), which were discovered more than 60 y ago (1). The
sulfolipids are located in the photosynthetic (thylakoid) mem-
branes of all higher plants, mosses, ferns, and algae, as well as in
most photosynthetic bacteria. They are also present in some non-
photosynthetic bacteria, and SQ is in the surface layer of some
archaea (2–4). SQ is continuously degraded in all environments
where SQ is produced, or it would enrich in these environments.
The complete degradation of SQ to, ultimately, CO2, concomitant
with a recycling of the bound sulfur in the form of inorganic sulfate,
is dominated by microbes (e.g., by soil bacteria) (2, 5–9). However,
a more detailed exploration of SQ-degrading microbes, of their
SQ-degradation pathways, and of the enzymes and genes involved
has only recently been initiated (10–12). The common view on SQ
degradation is based on the consideration that SQ is a structural
analog of glucose-6-phosphate (GP) (10) and, hence, that SQ
degradation may proceed in analogy to the Embden–Meyerhof
(glycolysis) pathway, or by analogy to the Entner–Doudoroff
pathway or the pentose–phosphate (phosphoketolase) pathway.
We recently discovered that Enterobacterium Escherichia coli

K-12 is able to use SQ for growth (12). E. coli K-12 catalyzes a
glycolytic breakdown of SQ, that is, “sulfoglycolysis” in addition to

“normal” glycolysis. Sulfoglycolysis (EcoCyc pathway PWY-7446)
involves three newly discovered intermediates, 6-deoxy-6-
sulfofructose (SF), 6-deoxy-6-sulfofructose-1-phosphate (SFP), and
3-sulfolactaldehyde (SLA), and it is catalyzed by four newly discov-
ered enzymes, SQ isomerase, SF kinase, SFP aldolase, and SLA
reductase (12). The reactions yield dihydroxyacetone phosphate
(DHAP), which supports energy conservation and growth of E. coli,
and the C3-organosulfonate SLA as an analog of glyceraldehyde-
3-phosphate (GAP). The SLA is reduced to 2,3-dihydroxypropane
sulfonate (DHPS) by the SLA reductase, and the DHPS is ex-
creted (12). Hence, E. coli K-12 can use only half of the carbon in
SQ and is not able to catalyze a desulfonation reaction, whereas
other bacteria can degrade DHPS [or the 3-sulfolactate (SL)
formed from SQ, as discussed below] completely, including desulfo-
nation and release of sulfate, via defined pathways (MetaCyc pathway
PWY-6616) (13–15). Thus, the sulfur cycle for SQ can be closed
within bacterial communities (11, 12 and cf. 5, 7).
Several Pseudomonas strains that can use SQ for growth have

been isolated from soil (8, 9), and the excretion of another
C3-organosulfonate, SL, instead of DHPS or sulfate, has been
reported (9, 10). We also isolated an SQ-utilizing member of the
genus Pseudomonas, Pseudomonas putida strain SQ1, from a
freshwater sediment (Lake Constance, Germany). This strain also
excretes stoichiometric amounts of SL during growth with SQ, but
not DHPS or sulfate (11). In addition, we found high activity of
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an NAD+-dependent SQ dehydrogenase in cell-free extracts of
P. putida SQ1 cells (12). Thus, we had experimental access to a
second catabolic pathway for SQ, in addition to sulfoglycolysis in
E. coli K-12, apparently via an initial oxidation of SQ this time.
Most pseudomonads use glucose exclusively via the Entner–

Doudoroff pathway enzymes and do not encode fructose-6-phos-
phate kinase for glycolytic breakdown of glucose (e.g., the well-
studied isolate of P. putida, strain KT2440) (16–20). Its major
cytosolic pathway for glucose (Fig. 1A) is relevant as an analogy to
a possible SQ degradation pathway: Glucose is taken up into the
cell and phosphorylated to GP, the analog of SQ (compare Fig. 1
A and B). Then, GP is oxidized by an NAD(P)+-dependent GP
dehydrogenase to 6-phosphogluconolactone (PGL), and the PGL
is hydrolyzed to 6-phosphogluconate (PG), the PG is dehydrated
to 2-keto-3-deoxy-6-phosphogluconate (KDPG), and the KDPG is
cleaved into pyruvate and GAP (Fig. 1A). The five enzymes [i.e.,
glucose kinase (Glk), GP dehydrogenase (Zwf), PGL lactonase
(Pgl), PG dehydratase (Edd), and KDPG aldolase (Eda)] are
encoded in a single gene cluster (not shown; refer to ref. 20),
which is highly conserved in P. putida species, and also in P. putida
strain SQ1 (21). Even though it is conceivable that the classical
Entner–Doudoroff pathway enzymes for GP might also catalyze
the analogous reactions for the substrate SQ (Fig. 1B), the well-
studied P. putida strains KT2440 and F1, for example, are unable
to grow with SQ, in contrast to strain SQ1 (11).

For this study, we had SQ available as a substrate through
chemical synthesis (11) and the analytical chemistry established
for detection of SQ, its sulfosugar and C3-intermediates, and thus
its enzyme activities (12), and we established a draft-genome se-
quence of strain SQ1 for proteomics (21), which set the stage for an
exploration of its SQ degradation pathway. Here, we demonstrate
that P. putida SQ1 uses SQ via what we term the “Sulfo–Entner–
Doudoroff” pathway, in addition to the classical Entner–Doudoroff
pathway for glucose, via five newly discovered enzymes and genes,
and via three newly identified organosulfur intermediates.

Results
Inducible NAD+-Dependent SQ Dehydrogenase Activity and Conversion
of SQ to SL in Cell-Free Extracts of SQ-Grown Cells. The NAD+-
dependent SQ dehydrogenase activity was inducibly and highly
produced during growth with SQ. The specific activity determined
in cell-free extracts (soluble protein fraction) of SQ-grown cells
(633 ± 18 mU/mg of protein) was more than 90-fold higher than
the specific activity determined in extracts of glucose- or succinate-
grown cells (each <7 mU/mg of protein), as determined in a pho-
tometrical assay by formation of the coproduct NADH (recorded
at 365 nm). For comparison, GP caused similar high NAD+-
dependent dehydrogenase activity in extracts of glucose-grown cells
(576± 19 mU/mg of protein), and this activity was 12-fold decreased
in extracts of SQ-grown cells (45 ± 1 mU/mg of protein) and 25-fold
decreased in succinate-grown cells (24 ± 7 mU/mg of protein). When

Fig. 1. Core enzyme reactions of the classical Entner–Doudoroff pathway for GP in Pseudomonas species in comparison to the newly discovered Entner–
Doudoroff-type pathway for SQ, with its corresponding genes in Pseudomonas putida SQ1. (A) The cytosolic part of the Entner–Doudoroff pathway for
glucose (19) is an alternative to classical glycolysis and generates two molecules of pyruvate from GP via PGL, PG, and KDPG, which are cleaved to pyruvate
and GAP; the GAP is converted to pyruvate, as indicated. (B) Entner–Doudoroff pathway for SQ, which is a structural analog of GP, involves analogous enzyme
reactions and the intermediates SGL, SG, and KDSG, which are cleaved to pyruvate and SLA, as demonstrated in this study. The pyruvate is used for growth,
and the SLA is oxidized to SL, which is excreted. (C) Identified genes for the five core enzymes of the Entner–Doudoroff pathway for SQ (color-coded in B) are
encoded in one gene cluster in P. putida SQ1, together with predicted genes for transport, for regulation, and presumably for funneling of other SQ de-
rivatives into the pathway (main text). Note that the gene identifiers in this figure refer to IMG locus tags in the IMG annotation of the draft genome se-
quence of P. putida SQ1 (IMG Project ID Gp0039102) and that gene functions are specified according to their original IMG annotation in this figure.
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NADP+ was used as an electron acceptor, the SQ dehydrogenase
activity was only 4% of the SQ dehydrogenase activity with
NAD+, whereas the GP dehydrogenase activity was 60% of the GP
dehydrogenase activity with NAD+. We concluded that an inducible
SQ dehydrogenase in SQ-grown cells had a strong preference for
NAD+ and was poor at catalyzing a reaction with GP as a substrate,
and that, vice versa, the NAD(P)+-dependent GP dehydrogenase in
glucose-grown cells was poor at catalyzing a reaction with SQ.
The SQ dehydrogenase reaction in soluble protein fractions of

SQ-grown cells was followed by HPLC-MS analysis, when sam-
ples were taken at intervals from reactions with SQ and NAD+ in
excess (Fig. 2). The chromatograms confirmed a complete dis-
appearance of SQ during the reaction. In addition, formation of
four sulfonated intermediates was detected, as indicated by four
novel peaks with different retention times, molecular masses,
and MS/MS fragmentation patterns, which, however, all exhibited
fragment ions that are characteristic of organosulfonates (diagnostic
ions from a loss of the sulfonate group, m/z = 81; Figs. S1 and S2).
One of the novel peaks represented SL, as identified by an identical
retention time, molecular mass, and MS/MS fragmentation in
comparison to authentic SL standard. The three other peaks
exhibited molecular masses and MS/MS fragmentation patterns
(Fig. S1) that corresponded to 6-deoxy-6-sulfogluconolactone
(SGL), 6-deoxy-6-sulfogluconate (SG), and 2-keto-3,6-dideoxy-
6-sulfogluconate (KDSG), respectively, as transient intermediates
(structures are shown in Fig. 1B). In comparison, in reactions
under the same conditions with extracts of glucose-grown cells,
only a minor disappearance of SQ, concomitant with formation
of trace amounts of SGL and SG, but no formation of KDSG
and SL, was detectable by HPLC-MS. These observations sug-
gested that all enzymes for oxidation of SQ to SGL, followed by
lactone hydrolysis of SGL to SG, dehydration of SG to KDSG,
and cleavage of KDSG to the C3-intermediate SL (Fig. 1B), were
active in extracts of SQ-grown cells. Further, these enzymes
appeared to be inducibly produced.

Identification of a Gene Cluster for SQ Degradation in P. putida SQ1.
We compared the proteome of P. putida SQ1 during growth with
SQ or glucose by 2D-PAGE, and all prominent SQ-specific protein

spots were identified by peptide fingerprinting (PF)-MS (Fig. 3A).
In addition, non–gel-based, total-proteome analyses of SQ- and
glucose-grown cells were performed (Fig. 3B). As described in the
following section, the proteomic data strongly suggested that one
gene cluster (shown in Fig. 1C) is involved in SQ-degradation in
P. putida SQ1. Interestingly, such a gene cluster is not encoded in
the genomes of P. putida strains KT2440, F1, and W619, which
cannot grow with SQ (12, 21).
Four of the most prominent protein spots found exclusively on

the 2D gels of SQ-grown cells (Fig. 3A) identified four predicted
genes in the same gene cluster (on the same contig) in the draft
genome sequence of strain SQ1: [Integrated Microbial Genomes
(IMG) locus tags] PpSQ1_00088, 00090, 00100, and 00094 (in
the following sections, the IMG locus tag prefix PpSQ1_0 is
omitted). The total proteome analysis confirmed and expanded
on these results, in that two other loci in the gene cluster were
also identified by proteins that also appeared to be highly abun-
dant specifically in SQ-grown cells. These additional loci were
0089 and 0091 (Fig. 3B). In contrast, strong expression of the
well-known enzyme homologs for the Entner–Doudoroff pathway
for glucose (well known in other Pseudomonas species) was de-
tected for glucose-grown cells, but not for SQ-grown cells, of
P. putida SQ1 (Fig. 3B).
The newly identified gene cluster (Fig. 1C) encodes five candi-

date enzymes for the proposed Entner–Doudoroff pathway for SQ
(Fig. 1B), and all five candidates were detected in the proteomic
approach, specifically in SQ-grown cells (Fig. 3 A and B): two
candidates for NAD(P)+-dependent SQ or SLA dehydrogenases,
respectively; that is, 0090, a predicted short-chain alcohol de-
hydrogenase, and 0088, a predicted succinate semialdehyde de-
hydrogenase. Further, one candidate each (Figs. 1C and 3 A and B)
for a lactonase (0091, predicted gluconolactonase), dehydratase
(0089, predicted phosphogluconate dehydrogenase), and aldolase
(0100, predicted 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase)
was identified. The other predicted genes in the cluster (Fig. 1C)
might encode for transport (uptake of SQ and export of SL),
regulation, and funneling of other SQ metabolites into the pathway
(Discussion).

Fig. 2. Complete disappearance of SQ in cell-free extract of SQ-grown P. putida SQ1 cells concomitant with a transient formation of metabolites SGL, SG, and
KDSG, and formation of the end-product SL. The reaction in soluble protein extract (soluble protein fraction) was started by addition of NAD+ (not shown)
and followed in samples that were taken at intervals and analyzed by HPLC-MS; the time points of sampling are indicated. The total-ion chromatograms (TICs)
recorded in the negative-ion mode from the MS/MS fragmentation of the quasi-molecular ions ([M-H]−) of SQ, SGL, SG, and KDSG, as well as SL, are shown.
Note that SGL and KDSG were each observed as [M-H]− ions of identical mass (m/z = 241) but that the compounds eluted at different HPLC retention times, as
indicated for t = 5 min. Discussion of the MS/MS fragmentation of the metabolites SGL, SG, and KDSG, as well as SL, is provided in SI Materials and Methods.
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Transcriptional analyses (RT-PCR) (Fig. 3C) of the whole
13-gene cluster (Fig. 1C) confirmed that all of these genes were
inducibly, and strongly, transcribed during growth with SQ, but
not during growth with glucose. In addition, we constructed an
insertion mutant via homologous recombination in gene 0090
(for SQ dehydrogenase, as discussed below) in P. putida SQ1,
and the mutant strain did grow with glucose but had lost the
ability to grow with SQ (Fig. S3).

Recombinant Expression of the SQ and SLA Dehydrogenase Candidates
and Activities of the Purified Enzymes. The two identified dehydro-
genase candidates of the SQ-gene cluster, 0090 and 0088, were
cloned and heterologously overexpressed in E. coli, and the pro-
teins were purified (SI Materials and Methods and Fig. S4); for
comparison, the GP dehydrogenase of strain SQ1 (3570, Zwf-1;
Fig. 3B) was also produced recombinantly and purified (Fig. S4).
Only one dehydrogenase candidate, the predicted short-chain
alcohol-dehydrogenase 0090, catalyzed an NAD+-dependent re-
action with SQ, and this reaction produced SGL from SQ (as
discussed below). In the photometrical assay, recombinant SQ
dehydrogenase 0090 exhibited a much higher catalytic efficiency
(kcat/Km) with NAD+ than with NADP+ as an electron acceptor
(Table 1). Further, SQ dehydrogenase 0090 exhibited no activity
with GP as a substrate and with both cosubstrates tested, NAD+

and NADP+, under the same assay conditions. For comparison, the
recombinant GP dehydrogenase 3570 (Zwf-1) exhibited similar
high catalytic efficiency with GP and NADP+, as well as NAD+, as
a cosubstrate (Table 1), but no significant activity was detectable
with SQ as a substrate and both cosubstrates tested; notably, the
additional presence of SQ did not inhibit its activity with GP. The
pH optimum for the SQ dehydrogenase reaction was between
8 and 9. Thus, we demonstrated that gene 0090 of the SQ-gene
cluster encodes for an NAD+-dependent SQ dehydrogenase, which
is poor at catalyzing a reaction with GP. In addition, we confirmed
that NAD(P)+-dependent GP dehydrogenase 3570 of the Entner–
Doudoroff pathway is poor at catalyzing a reaction with SQ.
The second identified dehydrogenase of the SQ gene cluster, the

annotated succinate semialdehyde dehydrogenase 0088 (Fig. 1C),
turned out to catalyze the NAD(P)+-dependent oxidation of SLA
to SL, which was thus the last reaction of the proposed pathway
(Fig. 1B): The enzyme exhibited high activity with SLA and both
NAD+ and NADP+, but no activity with SQ (or GP) in the pho-
tometrical assay, and the product of the SLA reaction was SL, as
confirmed by HPLC-MS (as discussed below). Notably, SLA as a
substrate had to be generated enzymatically, either through a re-
action of recombinant SLA reductase (YihU) of E. coli K-12 in
reverse with DHPS and NAD+ (12) or directly from SQ by an in
vitro reconstitution of the complete SQ pathway (as discussed
below); therefore, we could not determine the kinetic param-
eters for the SLA dehydrogenase reaction. The enzyme did not
catalyze a reverse reaction with SL and NADH when tested, which
is a common observation for aldehyde dehydrogenases. Further,
the enzyme exhibited high activity with succinate semialdehyde,
with both NADP+ and NAD+ (Table 1).

In Vitro Reconstitution of an Entner–Doudoroff Pathway for SQ. The
identified candidate lactonase (0091), dehydratase (0089), and al-
dolase (0100) genes for SQ degradation were also heterologously
expressed in E. coli, and the proteins were purified (Fig. S4). The
five proteins were added sequentially to a reaction mixture with
SQ, and after each reaction step, samples were taken for HPLC-
MS analysis, as illustrated in Fig. 4.
The SQ dehydrogenase 0090 produced SGL from SQ (Fig. 4 A

and B), as indicated by the formation of a peak with a matching
mass of the molecular ([M-H]−) ion and MS/MS fragmentation
(Fig. S1A); the same peak was observed during the reactions with
cell-free extracts of SQ-grown P. putida cells (Fig. 2). A second
minor peak that also appeared represented SG, as identified by a

Fig. 3. Results of proteomic and transcriptional analyses indicating the in-
volvement of a single SQ-degradation gene cluster in P. putida SQ1. A schematic
representation of the gene cluster is illustrated in Fig. 1C. (A) Soluble proteins in
SQ- and glucose-grown cells were separated by 2D-PAGE, and all prominent
protein spots on the gels from SQ-grown cells that suggested inducibly produced
proteins were identified by peptide PF-MS. The genes identified are indicated
next to each protein spot (i.e., their locus tag number in the IMG annotation),
with all genes located within the gene cluster labeled in red (0088–0090 and
0100); labeled in black are two prominent spots that identified genes considered
unlikely to be involved in SQ degradation directly (0897, a translation elongation
factor gene, and 4549, a gene for an ATP-binding cassette (ABC)-transport
periplasmic binding protein). (B) Extract of the results of the total proteome
(Orbitrap-MS) analyses of SQ-grown cells (blue bars) and glucose-grown cells
(gray bars), illustrating the detected strong expression of proteins encodedwithin
the newly identified gene cluster specifically during growth with SQ (0088–0091,
0094, and 0100), but not during growth with glucose. For comparison, the strong
expression of enzymes of the Entner–Doudoroff pathway detected specifically
during growth with glucose, but not during growth with SQ, is shown (Edd, Glk,
Zwf-1, and Eda), as well as the expression level of enzymes for a further con-
version of GAP and pyruvate (Gap and AceE) and of two constitutively produced
proteins (SucC and AtpD) for each growth condition. (C) Differential transcrip-
tional analysis (RT-PCR) of all genes encoded within the newly identified gene
cluster (Fig. 1C), which indicated their strong and inducible transcription specifi-
cally during growth with SQ, but not during growth with glucose. A constitu-
tively expressed gene (3160, for citrate synthase) served as a positive control, and
the negative control was a PCR assay without RT (RNA) to confirm the absence of
DNA contamination in the RNA preparations used. Each result in A–C was rep-
licated with material from an independent growth experiment.
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matching mass of the [M-H]− ion and MS/MS fragmentation (Fig.
S1B); hence, the lactone hydrolyzed spontaneously to SG. After
addition of the predicted SGL lactonase 0091, the peak for SGL
had disappeared completely and the peak for SG had further in-
creased (Fig. 4 B and C). Thus, we confirmed that 0091 catalyzes
a conversion of SGL to SG (Fig. 1C). Next, the predicted SG
dehydratase 0089 was added, which resulted in an intermediate
(Fig. 4 C and D) that was identified as KDSG by a peak with a
different retention time but identical molecular mass as SGL

(compare Figs. 2 and 4), as well as matching MS/MS fragmenta-
tion that was different from the MS/MS fragmentation of SGL
(compare Fig. S1 A and C); the same peak was observed during
the reactions with cell-free extracts of SQ-grown P. putida cells
(Fig. 2). Correspondingly, the peak for SG had decreased (Fig. 4 C
and D). Thus, 0089 is a dehydratase that converts SG to KDSG
(Fig. 1C). After addition of the predicted aldolase 0100, the
KDSG peak had decreased and SLA had formed (Fig. 4 D and E),
as identified by comparison with SLA standard that had been

Table 1. Kinetic parameters determined for recombinant dehydrogenases from P. putida SQ1

Enzyme Substrate Km, mM Vmax, μmol·min−1·mg−1 kcat, s
−1 kcat/Km, 10

3 s−1·M−1

SQ dehydrogenase
(PpSQ1_00090)

SQ with NAD+ 0.5 ± 0.1 62.8 ± 2.0 33.8 67.6
SQ with NADP+ 2.4 ± 0.1 2.7 ± 0.1 1.4 0.6

GP dehydrogenase
(Zwf-1) (PpSQ1_03570)

GP with NAD+ 1.3 ± 0.6 21.4 ± 3.1 21.1 16.2
GP with NADP+ 0.6 ± 0.3 12.8 ± 1.8 12.6 21.0

SLA dehydrogenase
(PpSQ1_00088)

SSA* with NAD+ 0.14 ± 0.02 12.6 ± 0.4 11.8 84.2
SSA* with NADP+ 0.14 ± 0.02 12.2 ± 0.4 11.4 81.4

SSA, succinate semialdehyde.
*There was no SLA available as a substrate in the defined concentration (main text).

Fig. 4. In vitro reconstitution of the Entner–Doudoroff pathway for SQ. The transformation of SQ to SGL, SG, KDSG, and SLA, and of SLA to SL, by successive
addition of recombinantly produced pathway enzymes was followed by HPLC-MS. The initial substrate concentrations were 2 mM SQ and 3 mM NAD+, and
50 μg·mL−1 of each enzyme was added. (A) Sample of SQ in reaction buffer (t = 0 min). (B) Sample taken 45 min after addition of SQ-dehydrogenase (gene
PpSQ1_00090) (t = 45 min). (C) Sample taken 45 min after addition of SGL-lactonase (gene 0091) (t = 90 min). (D) Sample taken 45 min after addition of SG-
dehydratase (gene 0089) (t = 135 min). (E) Sample taken 45 min after addition of KDSG-aldolase (gene 0100) (t = 180 min). (F) Sample taken 45 min after
addition of SLA-dehydrogenase (gene 0088) and 2 mM NAD+ (t = 225 min). The TICs recorded in the negative-ion mode from the MS/MS fragmentation of the
quasi-molecular ions ([M-H]−) of SQ, SG, SGL, and KDSG, as well as SLA and SL, are shown; note that SGL and KDSG were each observed as [M-H]− ions of
identical mass (m/z = 241) but that the compounds eluted at different HPLC retention times, as indicated in the duplicated panels for TIC MS2 of m/z = 241.
Pyruvate, as the second product of the KDSG-aldolase reaction (Fig. 1), could not be detected under the HPLC-MS conditions we used but was confirmed by
other analytical methods.
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generated enzymatically from DHPS (as discussed above). In ad-
dition, the existence of pyruvate after the aldolase reaction was
confirmed through a positive lactate dehydrogenase reaction and
by HPLC cochromatography with authentic pyruvate standard.
Thus, we demonstrated that protein 0100 is an aldolase that cleaves
KDSG to SLA and pyruvate (Fig. 1C). Finally, with the addition of
the last enzyme of the SQ pathway, SLA dehydrogenase 0088, the
SLA peak had disappeared completely and SL had formed (Fig.
4 E and F).
We also tested SG dehydratase 0089 and KDSG aldolase 0100

under the same reaction conditions for their potential activity with
the analogous substrates of the classical Entner–Doudoroff path-
way, PG and KDPG (Fig. 1A), respectively, which are commer-
cially available. No substrate turnover and product formation
could be detected in the HPLC-MS assay (not shown); hence,
these enzymes of the SQ pathway in P. putida SQ1 also appeared
to be highly specific for the sulfonated substrate, as is SQ
dehydrogenase.

Discussion
SQ is one of the most abundant organosulfur compounds in the
biosphere, following glutathione, Cys, and Met, and the global
production of SQ is estimated at 10 gigatons per year (2, 22).
Although the biosynthesis of SQ and SQDG in plants, algae,
cyanobacteria, and archaea has been studied in considerable detail
(e.g., 23, 24), much less is known about the degradation reactions
and the recycling of the carbon and sulfur bound in SQ and
SQDG. The lipid can easily be hydrolyzed by plant acyl-hydrolases,
which liberate SQ-glycerol (1), and glucosidases can liberate SQ in
the next step (25); however, it is still unclear whether higher plants
are capable of splitting the carbon/sulfur bond in SQ at significant
rates. Indeed, inorganic sulfate is the predominant source of sulfur
for growth of plants and algae, for example, and plant growth can
become sulfur/sulfate-limited, for example, in soils that are sulfur-
deficient due to intensive agriculture and to the effective measures
to reduce sulfur emissions to the atmosphere in recent years (26,
27); phytoplankton growth in freshwater environments can also
become sulfate/sulfur-limited (28). The recycling of the sulfur
bound in SQ is catalyzed by heterotrophic bacteria, which can
easily be enriched from soil (5, 7–9), and involves the degradation
intermediates DHPS and SL, but no release of sulfate, if SQ-uti-
lizing bacteria are grown in pure culture (10–12). Later work
demonstrated that SQ can be degraded completely by two-member
bacterial communities, that is, by a primary degrader with transient
release of SL or DHPS and a secondary degrader with release of
sulfate (11, 12). Pathways for the degradation of DHPS and SL,
including desulfonation, have been described (13, 15, 29) where,
briefly, DHPS is oxidized to SL and the SL is mineralized via one
of three known pathways and desulfonative enzymes [i.e., SL sul-
folyase (SuyAB; EC 4.4.1.24), sulfoacetaldehyde acetyltransferase
(Xsc; EC 2.3.3.15), cysteate sulfolyase (CuyA; EC 4.4.1.25)].
However, details on the pathways, enzymes, and genes for the
conversion of SQ to DHPS and SL were missing. A first pathway,
sulfoglycolysis leading to DHPS, was found in E. coli K-12, and
this pathway seems to be widespread in Enterobacteria (12). A
second pathway, leading to SL, in a typical soil and freshwater
bacterium, an isolate of P. putida, has been revealed in this study.
Strain SQ1 is able to access half of the carbon atoms of SQ for

its heterotrophic aerobic growth through abstraction of a non-
sulfonated C3-unit in the form of pyruvate, whereas the C3-orga-
nosulfonate half of the substrate is not dissimilated but excreted in
the form of SL (Fig. 1 A and B). Four organosulfonate inter-
mediates were detected (SGL, SG, KDSG, and SLA), and five
corresponding enzymes were identified [NAD+-dependent SQ
dehydrogenase, SGL lactonase, SG dehydratase, KDSG aldolase,
and NAD(P)+-dependent SLA dehydrogenase]. Hence, this pri-
mary degradation pathway for SQ in P. putida SQ1 follows a

catabolic route that resembles an Entner–Doudoroff pathway for
SQ (Fig. 1 A and B), as was obviously suspected previously (10).
It is striking that the enzymes that catalyze the analogous re-

actions in either the SQ or GP Entner–Doudoroff pathway in
P. putida SQ1 are encoded and regulated in different gene
clusters (operons), as is the case with sulfoglycolysis and classical
glycolysis in E. coli K-12 (12). It is even more surprising that most
of these enzymes belong to different enzyme families. Only SG
dehydratase and PG dehydratase belong to the same protein
family [dihydroxy-acid/6-phosphogluconate dehydratases; Clus-
ter of Orthologous Groups (COG) 0129]. SQ dehydrogenase
(0090) belongs to the NAD(P)+-dependent short-chain alcohol
dehydrogenase family (COG1028), and thus to a different family
than typical GP 1-dehydrogenases (COG0364). Further, the
SGL lactonase (0091) is a sugar lactone hydrolase family protein
(COG3386), whereas PGL lactonase is an archetypal glucosamine-
6-phosphate isomerase/6-phosphogluconolactonase family protein
(COG0363). The KDSG aldolase (0100) is a 2-keto-3-deoxy-
rhamnonate aldolase family protein (COG3836), and is most
similar to 2,4-dihydroxyhept-2-ene-1,7-dioic acid/4-hydroxy-2-oxo-
valerate aldolases of aromatic-ring cleavage pathways, whereas the
KDPG aldolase is an archetypal KDPG/4-hydroxy-2-oxoglutarate
aldolase family protein (COG0800). These phylogenetic differ-
ences are reflected in the observed substrate specificities of the
enzymes of the SQ pathway, as far as tested in this study. It remains
unclear which factors are responsible for the enzymes’ specificity
for 6-deoxy-6-sulfo- (monoanionic) over 6-phospho-substituted
(dianionic) substrate analogs, and thus for their recruitment into
the pathway, but these questions can now be addressed.
The newly identified SQ degradation gene cluster of P. putida

SQ1 also contains other genes that are likely to be involved in
SQ utilization. Gene 0097 is predicted to encode a sulfite/small
organosulfonate exporter (TauE; PF01925) (30, 31), and this gene
was cotranscribed during growth with SQ (Fig. 3C). Hence, gene
0097 most likely encodes for an inducible SL exporter. Gene 0094
is predicted to encode an alpha-glucosidase (COG1501; family 31
glycosyl hydrolase), and this gene was also cotranscribed (Fig. 3C)
and highly coexpressed (Fig. 3 A and B), specifically during growth
with SQ. Hence, we predict that gene 0094 encodes for hydrolysis
of SQ-glyceride (e.g., for utilization of the whole sulfolipid SQDG
as a growth substrate). Further, gene 0092 was cotranscribed (Fig.
3C) and is predicted to encode an aldose epimerase (COG2017),
most likely for catalysis of the equilibrium of alpha- and beta-
anomers of SQ; such function would imply that the SQ Entner–
Doudoroff pathway is anomer-specific. Finally, SQ transport
might be encoded by the cotranscribed (Fig. 3C) predicted
sodium/solute symporter (SSS) family transporter gene (0094) or
by the predicted galactonate major facilitator superfamily (MFS)
transporter gene (0098); the outer membrane porin (OMP) gene
(0093) may be involved in degradation of SQDG.
Thirty genome sequences of P. putida strains are available for

genome-wide comparisons within the IMG search platform (as
of April 2015), and in three of these genomes, syntenic SQ gene
clusters were found, as illustrated in Fig. 5 (in P. putida strains
H8234, OUS82, and SJ3). Putative SQ-degradation gene clusters
with homologs for the core genes identified in P. putida SQ1
were found in other gamma-Proteobacteria, and in beta- and
alpha-Proteobacteria, but as differently assembled (nonsyntenic)
gene clusters, as illustrated in Fig. 5. For some of these clusters, a
corresponding SLA dehydrogenase candidate gene (indicated in
red in Fig. 5) was not found; however, the predicted SL exporter
(TauE; gene 0097 in strain SQ1) and alpha-glucosidase gene
(0094) appeared to be conserved in most of these candidate SQ-
gene clusters (indicated in gray in Fig. 5). Such gene clusters were
found in genomes of species of (gamma-Proteobacteria) Vibrio,
Aeromonas, and Enterobacteria (Serratia, Plesiomonas, Hafnia,
Leminorella, andEdwardsiella); of (beta-Proteobacteria) Burkholderia,
Janthinobacterium, and Herbaspirillum; and of (alpha-Proteobacteria)
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Rhizobium, Ensifer,Microvirga, Salinarimonas, and Acidocella (Fig. 5).
Interestingly, some of these strains are isolated gut symbionts (e.g.,
the Enterobacteria strains Hafnia alvei ATCC51873, Leminorella
grimontii DSM5078, Serratia sp. Ag2) and/or potential pathogens
(e.g., Vibrio, Plesiomonas, Halomonas), whereas other strains
represent typical marine- or saline-associated bacteria (e.g.,
Halomonas, Salinarimonas) and typical freshwater-, soil-, and
plant rhizosphere-associated bacteria (e.g., Rhizobium, Ensifer,
Herbaspirillum, Microvirga). Whether these isolated strains are
indeed able to use SQ for growth, and whether utilization of SQ
is indeed a relevant trait in the habitats from which these strains
originated, needs to be addressed.
The use of either the glycolysis (Embden–Meyerhof) or Entner–

Doudoroff pathway by microbes for the utilization of glucose as a
growth substrate illustrates a direct connection between an organ-
ism’s environment and the thermodynamic and biochemical prop-
erties of the metabolic pathway it employs (32). We speculate that
the same holds true for the two newly discovered analogous path-
ways for SQ, i.e., for sulfoglycolysis in E. coli K-12, which excretes
SLA in its reduced form (as DHPS), and for the SQ Entner–
Doudoroff pathway in P. putida SQ1, which excretes SLA in its
oxidized form (as SL). In glycolysis, glucose is phosphorylated
twice and cleaved into two molecules of GAP, whereas in the

Entner–Doudoroff pathway, glucose is phosphorylated only once
and oxidized to KDPG and the KDPG is cleaved to one pyruvate
and one GAP. In the further reactions from GAP to pyruvate, two
molecules of ATP per molecule of GAP can be conserved (as
indicated in Fig. 1A), and, accordingly, microbes seem to prefer
either the glycolysis (Embden–Meyerhof) or Entner–Doudoroff
pathway for the utilization of glucose as a function of their ener-
getic situation. Although energy-deprived, fermentative anaerobes
predominantly depend on the higher ATP yield of the glycolysis
pathway, the Entner–Doudoroff pathway is common among ob-
ligate aerobes and facultative anaerobes (18, 32). Furthermore,
the fermentative organisms need to invest pyruvate-carbon as an
electron acceptor (e.g., for excreting lactate as a fermentation
product), whereas in respiring organisms, the reducing equivalents
(NADH) from GP oxidation in the Entner–Doudoroff pathway
and from dissimilation of pyruvate to CO2 can be preserved as
(additional) ATP via proton-motive force and ATPase. In con-
trast, life is ascetic for microbes that use SQ as a growth substrate
via the SQ Entner–Doudoroff pathway concomitant with the
excretion of SL, compared with utilization of glucose by the
classical Entner–Doudoroff pathway. First, there is pyruvate
and SLA produced from KDSG, not pyruvate and GAP as with
KDPG; hence, no ATP can be produced by substrate-level phos-
phorylation of GAP (Fig. 1A). Accordingly, the proteomic data for
P. putida SQ1 suggested that GAP dehydrogenase was strongly
down-regulated in SQ-grown cells but highly produced in glucose-
grown cells, whereas pyruvate dehydrogenase was highly produced
for both (Fig. 3B). Second, there is only half of the carbon to re-
spire from SQ, in form of one pyruvate. However, additional re-
ducing equivalents (NADH) are gained from the last reaction of
the SQ pathway in P. putida SQ1, from the oxidation of SLA to SL
as catalyzed by the SLA dehydrogenase (Fig. 1B). Hence, the SQ
Entner–Doudoroff pathway, inclusive of the SLA dehydrogenase
reaction in P. putida SQ1, is represented by the equation

SQ+ 2 NAD+ → pyruvate+ SL+ 2 NADH+ 2 H+.

In the sulfoglycolytic pathway, there is DHAP and SLA produced
from cleavage of SFP (12) rather than DHAP and GAP, as with
fructose-1,6-bisphosphate in glycolysis, and the substrate-level
phosphorylation of the one DHAP (via GAP to pyruvate) allows
for conservation of ATP. In addition, the reduction of SLA to
DHPS, as catalyzed by the NADH-dependent SLA reductase in
E. coli K-12, regenerates the electron acceptor NAD+ that is
needed for conversion of the DHAP via GAP to pyruvate (Fig. 1A),
so that the overall equation of sulfoglycolysis inclusive of the SLA
reductase reaction in E. coli K-12 is

SQ+ADP+Pi → pyruvate+DHPS+ATP.

We therefore suspect that the SQ Entner–Doudoroff pathway
might be preferred among SQ-utilizing microbes with respiratory
energy metabolism, whereas SQ-utilizing fermentative anaerobes
might depend on the direct ATP yield of the sulfoglycolytic path-
way and on the SLA reductase reaction as an additional electron-
accepting step that aids in the overall fermentation.

Materials and Methods
A detailed version of the materials and methods used in this study can be
found in SI Materials and Methods. P. putida SQ1 (DSM 100120) (11) was
cultivated in mineral salts medium at pH 7.2 (33) at 30 °C in the dark, with
SQ, glucose, or succinate as the sole carbon and energy source. SQ was
synthesized chemically and identified by NMR and MS (11). Whole-genome
shotgun sequencing of strain SQ1 was performed under contract by GATC
Biotech using the Illumina HiSeq2000 platform and a 100-bp paired-end li-
brary; trimming, mapping, and de novo assembly of the unmapped raw
reads were performed at the Genomics Center of the University of Konstanz
(21). The genome annotation was performed within the Joint Genome In-
stitute’s IMG analysis system (34), and the annotation (http://img.jgi.doe.gov;

Fig. 5. Illustration of the SQ-degradation gene cluster in P. putida SQ1 with its
five identified core genes (A) and of homologous, predicted SQ-degradation
gene clusters found in genomes of other P. putida, other gamma-Proteobacteria
(B), and in beta- and alpha-Proteobacteria (C and D, respectively). Homologous
gene clusters in bacterial genomes were retrieved from the Joint Genome In-
stitute’s IMG database by the Gene Cassette Search tool and the Gene Neigh-
borhood viewer. Shown are gene clusters that contain gene homologs for at
least four of the five core enzymes of the SQ Entner–Doudoroff pathway (genes
are indicated by color coding). Also, candidate genes for SL export and for a
predicted SQ-glyceride (SQG) alpha-glucosidase (main text) were frequently
found to be conserved within these homolog clusters (gene symbols in gray).
Note that other candidate genes in the clusters are not specified in this figure
(gene symbols in white); for example, more variable genes were predicted for
outer membrane porins, other transporters, or regulation (Fig. 1C).
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IMG Project ID Gp0039102) was used to build a local Mascot database (35) for
PF-MS at the Proteomics Facility of the University of Konstanz. Two-dimensional
PAGE was performed using Bio-Rad’s ReadyStrip immobilized pH gradient sys-
tem (36). For RT-PCR assays (primer sequences; Table S1), the E.Z.N.A Bacterial
RNA preparation kit (Omega Bio-Tek) was used, and for complementary cDNA
synthesis, the Maxima reverse transcriptase kit (Fermentas) was used; Taq
polymerase (Fermentas) was used for subsequent PCR assays (37). For insertional
mutagenesis via homologous recombination, an internal 500-bp sequence of
gene 0090 cloned into vector PCR2.1 (Invitrogen) was used; the construct was
introduced by electroporation, and mutants were selected on kanamycin LB-
agar plates. For heterologous expression, the complete genes were amplified by
PCR (primer sequences; Table S2) and cloned into a pET100 vector containing an
N-terminal His-tag with the help of the Champion pET100 directional TOPO
expression kit (Invitrogen); the proteins were purified using nickel-nitrilotri-
acetic acid columns (12). The standard enzyme reaction mixture was 2 mM SQ in

50 mM Tris·HCl buffer (pH 7.5), plus 3 mM NAD(P)+ and the corresponding
enzymes (10–60 μg·mL−1 each). SQ, SGL, SG, KDSG, SLA, SL, GP, PGL, PG, KDPG,
and GAP were separated using hydrophilic interaction liquid chromatography
and detected by electrospray ionization-MS (12).
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