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ABSTRACT The alginate-producing bacterium Pseudomonas fluorescens utilizes the
Entner-Doudoroff (ED) and pentose phosphate (PP) pathways to metabolize fructose,
since the upper part of its Embden-Meyerhof-Parnas pathway is defective. Our previ-
ous study indicated that perturbation of the central carbon metabolism by diminish-
ing glucose-6-phosphate dehydrogenase activity could lead to sugar phosphate
stress when P. fluorescens was cultivated on fructose. In the present study, we dem-
onstrate that PFLU2693, annotated as a haloacid dehalogenase-like enzyme, is a new
sugar phosphate phosphatase, now designated Spp, which is able to dephosphory-
late a range of phosphate substrates, including glucose 6-phosphate and fructose
6-phosphate, in vitro. The effect of spp overexpression on growth and alginate pro-
duction was investigated using both the wild type and several mutant strains. The
results obtained suggested that sugar phosphate accumulation caused diminished
growth in some of the mutant strains, since this was partially relieved by spp overex-
pression. On the other hand, overexpression of spp in fructose-grown alginate-producing
strains negatively affected both growth and alginate production. The latter implies
that Spp dephosphorylates the sugar phosphates, thus depleting the pool of these
important metabolites. Deletion of the spp gene did not affect growth of the wild-
type strain on fructose, but the gene could not be deleted in the alginate-producing
strain. This indicates that Spp is essential for relieving the cells of sugar phosphate
stress in P. fluorescens actively producing alginate.

IMPORTANCE In enteric bacteria, the sugar phosphate phosphatase YigL is known
to play an important role in combating stress caused by sugar phosphate accumula-
tion. In this study, we identified a sugar phosphate phosphatase, designated Spp, in
Pseudomonas fluorescens. Spp utilizes glucose 6-phosphate, fructose 6-phosphate,
and ribose 5-phosphate as substrates, and overexpression of the gene had a positive
effect on growth in P. fluorescens mutants experiencing sugar phosphate stress. The
gene was localized downstream of gnd and zwf-2, which encode enzymes involved
in the pentose phosphate and Entner-Doudoroff pathways. Genes encoding Spp ho-
mologues were identified in similar genetic contexts in some bacteria belonging to
several phylogenetically diverse families, suggesting similar functions.

KEYWORDS Pseudomonas fluorescens, alginate biosynthesis, sugar phosphate stress
response, phosphatase, PFLU2693, YigL, sugar phosphate phosphatase

Pseudomonas central carbon metabolism has been well studied during recent de-
cades (1–3). Unlike Escherichia coli, which utilizes the phosphotransferase system

type G (PtsG) as the major glucose transporter (4), most pseudomonads import glucose
through an active transport system (5). In contrast, fructose transport is mediated by
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the phosphoenolpyruvate (PEP)-dependent phosphotransferase system in these organ-
isms. Pseudomonas species lack the 6-phosphofructokinase gene required for glycolysis,
and glucose is converted to glyceraldehyde-3-phosphate (GAP) and pyruvate (Pyr) via
the Entner-Doudoroff (ED) pathway. In addition, several studies have already shown
that fructose is mainly metabolized through the ED route by converting fructose-1,6-
bisphosphate (FBP) to fructose-6-phosphate (F6P) and then to glucose-6-phosphate
(G6P) (1, 6) (Fig. 1).

Alginate is a polysaccharide with a wide variety of industrial and medical applica-
tions, and it is composed of variable ratios of �-D-mannuronic acid (M) and �-L-
guluronic acid (G). Two genera of bacteria, Pseudomonas and Azotobacter, are capable
of producing alginate. Alginate biosynthesis uses F6P as a precursor to generate
GDP-mannuronic acid, which then is polymerized, transported through the periplasm,
and secreted through the AlgE porin in the outer membrane (7, 8).

Pseudomonas fluorescens strain Pf201 is a nonpathogenic mutant strain that was
developed in our group by random mutagenesis of the wild-type strain NCIMB10525
and studied as a stable alginate producer (9). In our recent study focusing on the role
of genes involved in central carbon metabolism of Pf201 on alginate production (10),
it was hypothesized that the observed growth deficiencies of the glucose-6-phosphate
dehydrogenase (G6PD) (encoded by zwf-1 and zwf-2) mutants of the NCIMB10525
strain grown on fructose resulted from accumulation of hexose phosphates (G6P and
F6P) causing sugar phosphate stress. It was shown that the growth defect was less
severe in a zwf-1 mutant of an alginate-producing strain, possibly because alginate
production may drain away a portion of the excessive sugar phosphates (10). This
hypothesis motivated our current study to investigate any possible sugar phosphate
stress response in Pf201 further.

FIG 1 Glucose and fructose metabolic pathways in P. fluorescens. Abbreviations: G6P, glucose-6-phosphate; 6PGA,
6-phosphogluconate; 2KGP, 2-keto-6-phosphogluconate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; F6P, fructose-6-
phosphate; FBP, fructose-1,6-bisphosphate; F1P, fructose-1-phosphate; GAP, glyceraldehyde-3-phosphate; Pyr, pyruvate;
DPGA, 1,3-diphosphoglycerate; 3PGA, 3-phosphoglycerate; 2PGA, 2-phosphoglycerate; PEP, phosphoenolpyruvate; OA,
oxaloacetate; Mal, malate; Gad, gluconate dehydrogenase; Gcd, glucose dehydrogenase; Kgk, 2-ketogluconate kinase; Gnk,
gluconokinase; Glk, glucokinase; Kgr, 2-KGP reductase; Gnd, 6PGA dehydrogenase; Zwf1-2, G6P dehydrogenases; Pgi,
phosphoglucose isomerase; Pgl, 6-phosphogluconolaktonase: Edd, 6PGA dehydratase; Eda, KDPG aldolase; 1Fpk, 1-phos-
phofructokinase; Fdp, fructose-1,6-bisphosphatase; Fda, fructose-1,6-bisphosphate aldolase. Figure abridged from refer-
ence 10.
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A sugar phosphate stress response has been studied in E. coli and Salmonella (11, 12)
using the nonmetabolizable glucose analog �-methyl glucoside (�MG), which is taken
up efficiently by PtsG and represses cell growth. Recently, Papenfort et al. provided
strong evidence that the phosphatase YigL in Salmonella enterica serovar Typhimurium
is needed for dephosphorylation of accumulated hexose phosphate prior to efflux by
an unidentified efflux pump (11). Sugar phosphate stress is still not well understood,
but current evidence indicates that accumulation of sugar phosphates leads to deple-
tion of other carbon metabolites or phosphorus (13–16). Sugar phosphatases might
then be used to alleviate this problem. However, this creates a futile cycle of phos-
phorylation and dephosphorylation, and E. coli utilizes phosphatases as an immediate
response, while the more lasting solution is to downregulate sugar uptake and phos-
phorylation (15).

YigL belongs to the vast superfamily of haloacid dehalogenase (HAD)-like hydro-
lases. Characterized enzymes belonging to this superfamily function as haloacid deha-
logenases, phosphonatases, phosphatases, and �-phosphoglucomutases (17). In spite
of very low full-length sequence similarity within the family, three motifs are highly
conserved: motif 1 (D-D-[T/V][L/V]) contains an absolutely conserved aspartate contrib-
uting to the nucleophile attack on the substrate phosphate group, resulting in forma-
tion of a covalent intermediate; motif 2 (S/T) consists of serine or threonine residues
binding the substrate phosphoryl group; and finally, motif 3 (K-D) contains a strictly
conserved lysine residue followed at some distance by a conserved aspartate (18).

In the present study, we sought to investigate the hypothesized sugar phosphate
stress and potential sugar phosphatase involvement in response to such a stress in P.
fluorescens. We identified a putative HAD-like hydrolase enzyme in P. fluorescens with
some homology to YigL from S. Typhimurium. The enzyme showed sugar phosphatase
activity in vitro, and the effect of overexpression and inactivation of its gene on growth
and alginate production of P. fluorescens was studied further.

RESULTS
G6PDH mutants accumulate increased amounts of G6P and F6P. In our earlier

study (19), we found that mutant NCIMB10525Δzwf-1�zwf-2, which does not produce
any active G6PD enzymes, hardly grew on fructose. The effect was less severe in the
single mutant NCIMB10525Δzwf-1. For alginate-producing strains it was found that
strain Pf201ΔalgC�zwf-1::TnKB60 grew more slowly than its parent, Pf201ΔalgC::TnKB60,
but the difference was less pronounced than that between the corresponding non-
alginate-producing strains NCIMB10525 and NCIMB10525Δzwf-1. We suggested that
the observed growth defect was partly due to accumulation of G6P or F6P and that
alginate production would drain away some of these hexose phosphates, thus dimin-
ishing the stress (19).

A first step toward validating this hypothesis would be to show that the G6PDH
mutants accumulate more hexose phosphates than the wild-type strain. Since the zwf-1
zwf-2 double mutant displayed the most severe growth defect in the wild-type back-
ground, an in-frame deletion of zwf-2 was constructed in the alginate-producing strain
Pf201ΔalgC�zwf-1::TnKB60. Since it proved to be impossible to delete zwf-1 from the
alginate-producing strain Pf201, the mutants were made in a derivative where algC has
been deleted, and then a new copy controlled by the inducible Pm-G5 promoter was
delivered by the transposon TnKB60 (10). AlgC is necessary for alginate biosynthesis,
and these genetic manipulations provided strains that produce small amounts of
alginate in the absence of the inducer m-toluate and large amounts of alginate when
the Pm-G5 promoter is induced.

The zwf-2 deletion is an in-frame deletion designed to avoid any polar effects on
expression of the downstream genes. Strain Pf201ΔalgC�zwf-1�zwf-2::TnKB60 was
complemented with transposon TnSM1 containing zwf-2 under the control of the
Pm-G5-promoter. As expected, the complemented strain, Pf201ΔalgC�zwf-1�zwf-
2::TnKB60::TnSM1, grew similarly to Pf201ΔalgC�zwf-1::TnKB60 (results not shown).
TnSM1 has previously been shown to complement the growth defects in strain
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NCIMB10525Δzwf-1�zwf-2 (10). This indicates that the observed phenotype is not
caused by a polar effect on any genes downstream of zwf-2.

For sugar phosphate quantification, the wild-type strain NCIMB10525, the alginate-
producing strain Pf201ΔalgC::TnKB60, and zwf-1 zwf-2 double mutants of these two
strains were cultivated for 24 h in DEF3 containing fructose as the carbon source. The
cells were harvested and the intracellular levels of G6P and F6P were measured as
described in Materials and Methods. The results showed that the wild-type strain
contained about twice as much G6P and F6P as the alginate-producing control strain.
However, the mutants lacking glucose 6-phosphate dehydrogenase enzymes contained
20 times more of these hexose-phosphates than the control strains (Table 1).

Identification of a putative hexose phosphate phosphatase gene in P. fluore-
scens. Since these data supported our hypothesis that P. fluorescens experiences sugar
phosphate stress, it seemed plausible that the bacterium encodes an enzyme that
could relieve such stress. The amino acid sequence of S. enterica YigL (GenBank
accession number AAL22806.1) was used in a BLAST search against the translated P.
fluorescens SBW25 genome sequence. The best hit was the translated PFLU2693
(accession number CAY48924.1), displaying 28% identity and 46% similarity over the
full length of S. enterica YigL. The PFLU2693 protein possesses all three motifs that are
conserved in the HAD-like hydrolase superfamily (not shown) (18). The protein is also
the closest P. fluorescens SBW25 relative to two other E. coli proteins, YidA and YbiV,
both known to be active on sugar phosphates (20). These proteins all belong to the COF
subfamily (IPR000150) of the HAD-like hydrolase superfamily that is supposed to also
include sugar phosphate phosphatases. Based on this and the experimental results
detailed below, we designated the gene spp, for sugar phosphate phosphatase. Inter-
estingly, spp is located downstream of gnd and zwf-2, both of which encode enzymes
involved in the pentose phosphate (PP) pathway (1). The reading frames of gnd and
zwf-2 overlap, as do those of zwf-2 and spp, indicating that all three genes belong to
one operon.

Spp homologs in other bacterial species. To assess how widespread this protein
is in nature, the amino acid sequence of Spp was compared to that of proteins in the
nonredundant protein sequence database (NCBI). The best hits were, as expected,
against other strains of the genus Pseudomonas that belong to the gammaproteobac-
teria. However, nearly all proteins with full-length homology were identified in bacteria
of the P. fluorescens and P. syringae groups. No full-length homologs were detected
within the P. aeruginosa group, and only P. putida strain MC4-5222 and P. oryzihabitans,
of the P. putida group, encoded Spp homologs. The genomic context was checked for
the best hit for each species encoding a full-length Spp homolog, and in all cases the
putative spp gene was preceded by gnd and zwf genes.

A new BLAST search was then performed excluding all bacteria belonging to the
genus Pseudomonas. The 100 best hits all displayed an identity between 39% and 56%
over at least 95% of the Spp amino acid sequence (Fig. 2). Interestingly, the bacteria
harboring genes encoding Spp homologs belonged to several different genera of
Proteobacteria, Cyanobacteria, and Actinobacteria, and the most represented group was

TABLE 1 Quantification of G6P and F6P in P. fluorescens strainsa

Strainb

Level [�g/OD600 (SD)] of:

G6P F6P

NCIMB10525 0.027 (0.007) 5.6 (2.0)
NCIMB10525Δzwf-1 �zwf-2 0.55 (0.043) 93 (2.4)
NCIMB10525Δzwf-1 �zwf-2::TnRH1 0.43 (0.031) 72 (13)
Pf201ΔalgC::TnKB60 0.005 (0.000) 1.8 (0.6)
Pf201ΔalgC�zwf-1�zwf-2::TnKB60 0.25 (0.018) 54 (15)
Pf201ΔalgC�zwf-1�zwf-2::TnKB60::TnRH1 0.172 (0.018) 39 (4.3)
aThe strains were cultivated for 24 h in DEF3 medium containing fructose as the sole carbon source, as well
as m-toluate and triclosan.

bspp and algC are expressed from Pm-G5 promoters in TnRH1 and TnKB60, respectively.
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the alphaproteobacteria. For all identified alpha- and gammaproteobacteria and cya-
nobacteria, and some of the betaproteobacteria and actinomycetes, the spp homolog
was located in gene clusters together with other genes belonging to the ED or PP
pathway. zwf and gnd genes were found in most of these clusters (Fig. 2).

Analyses of the in vitro activity of the Spp protein. In order to be able to verify
the hypothesis that spp encodes a hexose phosphate phosphatase, it was necessary
to express and purify the encoded protein. Expression vector pSM12, encoding a
C-terminally His-tagged Spp, was constructed as described in Materials and Methods
and introduced into E. coli RV308, and the resulting strain was used for protein
production. The purified protein was analyzed by SDS-PAGE, and a protein band with
the expected mass for Spp (29.9 kDa) was identified (Fig. 3a). This band was also
detected on a Western blot using antibodies against the His tag (not shown). The
purified protein displayed phosphatase activity when p-nitrophenyl phosphate (pNPP)
was used as the substrate (not shown).

As described above, our hypothesis was that the growth defect of NCIMB10525Δzwf-
1�zwf-2 was caused by the observed accumulation of G6P and/or F6P (10), and we
wanted to assess the activity of Spp on those substrates. The purified enzyme was

FIG 2 Gene contexts of Spp (COF) homolog-encoding genes. The 100 proteins most similar to the full-length amino acid sequence of Spp
(COF family protein) were identified by a BLAST search (34) against GenBank. The genus Pseudomonas was excluded from the search. The
gene contexts from representatives of each genus are displayed using standard gene names. Genes encoding enzymes involved in the
ED or PP pathway are shown as colored boxes.
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incubated with G6P and F6P separately, and the release of phosphate was monitored
by taking samples from the reaction mixtures and terminating the reaction by addition
of malachite green reagent (MGR). For F6P, Km was determined to be 0.7 mM, kcat was
9.6 s�1, and the specificity coefficient, kcat/Km, was 13,000 s�1 M�1. The corresponding
values for G6P were 1.8 mM, 11.4 s�1, and 6,400 s�1 M�1, respectively, indicating that
F6P is a preferred substrate compared to G6P. The R2 value for the lines used to
determine Km and Vmax was 0.99 in both cases. These numbers are in a range similar to
that found for E. coli HAD phosphatases (20). These results confirmed our hypothesis
that spp encodes a sugar phosphate phosphatase.

In E. coli, several phosphatases of the same family have been shown to accept a
range of substrates (20). Given that spp is found in the same operon as two genes
encoding enzymes in the PP pathway, we tested R5P and 6PG, both of which are
metabolites in this pathway. We also tested P5P, which is a derivative of R5P and a good
substrate for E. coli YigL (20), and, finally, AMP, which is a fairly unrelated compound.
The results show that at a substrate concentration of 0.1 mM, the reaction rate was
highest for R5P (Fig. 3b). The initial reaction rate for P5P was only 4% of that of R5P,
while the activity on 6PG and AMP was hardly above the noise level (21, 22). Still, the
in vitro data indicated that Spp could relieve the cell from stress caused by accumulated
F6P and G6P.

The effect of spp overexpression on growth and alginate production. F6P is
utilized for production of the alginate precursor GDP-mannuronic acid (Fig. 1), and
therefore alginate production competes with the central carbon metabolism for this
vital metabolite (23, 24). As a consequence, alginate-producing P. fluorescens strains
usually reach a lower cell density than nonproducers due to F6P drainage for alginate
biosynthesis (19, 25). Overproduction of a hexose phosphate phosphatase would also
be expected to have a negative effect on growth, since it would introduce a futile cycle
and deplete the cell of important metabolites. An F6P phosphatase thus would be
expected to compete for F6P with pathways for both central metabolism and alginate
biosynthesis (Fig. 1). If Spp has hexose phosphate phosphatase activity in vivo, then
overexpression of the gene would be expected to result in weaker growth and lower
alginate production.

spp was cloned on a transposon vector where its expression is controlled by the
inducible Pm-G5 promoter; the transposon was designated TnRH1. The transposon
vector was transferred to strain NCIMB10525 and its alginate-producing derivatives
Pf201 and Pf201ΔalgC::TnKB60. The resulting strains were cultivated in DEF3 medium
containing fructose as a carbon source, where growth and, when applicable, alginate
production were measured (Fig. 4). Both growth and alginate production in Pf201
and Pf201ΔalgC::TnKB60 were negatively affected by overproduction of Spp. Similar
results were obtained for several independent transposon insertion strains (data

FIG 3 Purification and substrate specificities of Spp. (a) SDS-PAGE of purified Spp displaying a dominant
protein band (lane 1) and protein standard (lane 2). The arrows mark the standard protein bands with
the approximate sizes 35 and 27 kDa. (b) The phosphatase activity was measured using 0.1 mM ribose
5-phosphate (R5P), F6P, G6P, pyridoxal 5-phosphate (P5P), 6-phosphogluconate (6PG), and AMP as
substrates. Samples from the reaction mixture (see Materials and Methods for details) were taken at
different time points, and released Pi was quantified using MGR. The values represent the means from
three different experiments, and standard deviations are indicated using error bars.
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not shown). These results show that Spp expressed from transposon TnRH1 caused
the phenotype expected for hexose phosphate phosphatase overexpression in an
alginate producer. However, overexpression of spp did not affect growth of the
wild-type strain NCIMB10525 (Fig. 4).

Inactivation of spp does not influence growth of wild-type P. fluorescens. The
nonmetabolizable glucose analog �-methyl-glucoside (�-MG) is taken up by a glucose
transporter in E. coli and Salmonella and then converted to �-MG-6-phosphate (�-
MG6P) (4). This compound accumulates in the cytoplasm and can hamper bacterial
growth (26). Papenfort et al. showed that loss of YigL in E. coli grown on �-MG plates
resulted in growth deficiency because of the inability to dephosphorylate �-MG6P and
promote sugar efflux, while this mutant was able to survive on glucose (11). In order to
investigate how essential Spp is for P. fluorescens growth, we decided to inactivate the
corresponding gene. A plasmid containing a mutated version of spp with an in-frame
deletion, as well as some sequences flanking this gene, was constructed and used
to create strain NCIMB10525Δspp by double homologous recombination, leading to
an in-frame deletion of an internal part of spp. When the recombinant strain was
cultivated in DEF3 with fructose, it grew similarly to the wild-type strain (data not
shown). Therefore, the Spp phosphatase is not essential for growth of the non-
alginate-producing strain on fructose. However, after several attempts, we did not
succeed in inactivating spp in either of the two alginate-producing strains, Pf201 and
Pf201ΔalgC::TnKB60.

The effect of spp overexpression on G6PD mutants grown on fructose. If the
decreased growth rates observed in the G6PDH mutants result from hexose phosphate
stress, overexpression of spp would be expected to ease the problem. Accordingly,
the transposon vector pRH1, encoding Spp, was transferred to NCIMB10525Δzwf-1,
NCIMB10525Δzwf-1�zwf-2, Pf201ΔalgC�zwf-1::TnKB60, Pf201ΔalgC�zwf-1, and Δzwf-2::
TnKB60, and recombinant strains containing TnRH1 were isolated. These strains were
then cultivated in DEF3 medium containing fructose and m-toluate (to induce spp
expression), as were the corresponding strains without TnRH1.

Overexpression of spp from TnRH1 in strain Pf201ΔalgC�zwf-1::TnKB60 yielded
results similar to those for Pf201ΔalgC::TnKB60; both growth and alginate produc-
tion were negatively affected (Fig. 5a and c). However, the long lag phase ob-
served for NCIMB10525Δzwf-1 grown on fructose was not observed when strain
NCIMB10525Δzwf-1::TnRH1 was monitored (Fig. 5a), indicating a positive effect of
additional Spp in the non-alginate-producing zwf-1 mutant.

It is noteworthy that the negative effect of zwf-1 deletion on growth was less pro-
nounced for the alginate-producing strain, which grew better than strain NCIMB10525Δzwf-1.
The same was seen for the zwf-1 zwf-2 double mutants (Fig. 5b). However, no double
mutant reached an optical density at 600 nm (OD600) above 1, not even when spp was

FIG 4 Effect of Spp overproduction from TnRH1 on growth (a) and alginate production (b) in P.
fluorescens. Strains included NCIMB10525 (e in panel a; alginate deficient), NCIMB10525::TnRH1 (� in
panel a; alginate deficient), Pf201 (� in panel a; horizontal stripes in panel b), Pf201::TnRH1 (} in panel
a; solid blue bar in panel b), Pf201ΔalgC::TnKB60 (Œ in panel a; diagonal stripes in panel b), and
Pf201ΔalgC::TnKB60::TnRH1 (� in panel a; solid red bar in panel b). The growth values represent the
means from at least two independent biological replicates, and standard deviations are indicated using
error bars.
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overexpressed. Expression of spp from TnRH1 further resulted in significantly higher
alginate production in Pf201ΔalgC�zwf-1�zwf-2::TnKB60::TnRH1 than in strain
Pf201ΔalgC�zwf-1�zwf-2::TnKB60 (Fig. 5c). When G6P and F6P were measured in the
zwf-1 zwf-2 double mutants, the strains overexpressing spp were shown to contain
somewhat less of these hexose phosphates than the corresponding strains without
TnRH1 (Table 1). Still, the amount was far above that determined for the control strains.
The obtained results suggest that accumulation of hexose phosphates is one of the
reasons for the observed growth defects in the G6PDH mutant strains, since overex-
pression of spp from transposon TnRH1 had a positive effect in the strains assumed to
suffer from such stress.

DISCUSSION

In a previous study (19), we found that the non-alginate-producing P. fluorescens
zwf-1 zwf-2 double mutant grown on fructose exhibited a severe growth defect. In the
zwf-1 single mutant, the growth defect was less pronounced, likely because the PP
pathway still operates in the normal direction and provides part of the metabolites
needed for growth (Fig. 1). We postulated that one of the reasons for this growth
impairment is the result of G6P accumulation, based on the observation that alginate-
producing zwf-1 mutants grew relatively better. Quantification of G6P and F6P has
proven that these mutants do accumulate far more G6P and F6P than the wild-type
strain (Table 1). We have further shown that a previously uncharacterized YigL-like
protein encoded by PFLU2693 is able to dephosphorylate R5P, G6P, and F6P in vitro
(Fig. 3). This protein was designated Spp.

The growth profile of the wild-type-based spp deletion mutant grown on fructose
showed no difference compared to that of the wild-type strain (data not shown).
However, we were not able to inactivate spp in alginate-producing strains. Alginate-
producing cells have a higher fructose uptake rate, and the metabolite flow toward F6P
is increased (6, 24). It is feasible that we were unable to delete spp from the alginate-

FIG 5 Effect of Spp overproduction from TnRH1 on growth and alginate production of P. fluorescens
glucose 6-phosphate dehydrogenase mutants cultivated on fructose. (a and b) Growth profiles. The
Δzwf-1�zwf-2 double mutants were plotted in panel b using a different scale due to poorer growth. (c)
Alginate production of the Pf201 derivatives. Symbols and colors: NCIMB10525Δzwf-1 (black, { and }),
NCIMB10525Δzwf-1�zwf-2 (green, �), Pf201ΔalgC::TnKB60 (red, e and �), Pf201ΔalgC�zwf-1::TnKB60
(blue, o and Œ), Pf201ΔalgC�zwf-1�zwf-2::TnKB60 (purple, Œ and �). Strains without TnRH1 are
displayed with open symbols and hatched lines and bars, and the corresponding strains containing
TnRH1 are displayed using filled symbols and bars and solid lines. The presented data are averages from
three biological replicates, and standard deviations are indicated using error bars.
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producing strains because the increased flow to F6P might cause temporary sugar
phosphate imbalances that are detrimental to the cells. Furthermore, spp overexpres-
sion in the alginate-producing strain negatively affected growth and alginate produc-
tion, while it did not influence the growth profile of the non-alginate-producing strain
(Fig. 4). This might be explained using the observation that compared to the wild-type
strain, the alginate-producing strain Pf201 grows more slowly (Fig. 4a). spp overexpres-
sion creates a futile cycle of phosphorylation-dephosphorylation that consumes ATP,
and for the alginate-producing strain where the situation already may be close to
critical, this leads to further reduction of growth. The situation is different in the wild
type, which does not produce alginate and probably has an energy surplus (24).
Therefore, this strain can cope with overexpression of spp, and an ATP drain due to the
futile cycle does not have any drastic effects on growth.

Moreover, alginate production may lower the pH of the medium, leading to a stress
response, and this makes the cell more vulnerable to additional stress (10). Similarly,
none of the E. coli HADs, including YigL, were essential for growth when the cells
experienced no sugar phosphate stress (11, 20). In contrast, E. coli �pgi �YigL was not
able to grow on glucose due to accumulation of G6P and lack of the phosphatase YigL
for aiding the stress response (11).

It would be expected that for mutants experiencing enhanced sugar phosphate
levels, alginate production may alleviate some of the stress, and both Pf201ΔalgC�zwf-
1::TnKB60 and Pf201ΔalgC�zwf-1�zwf-2::TnKB60 mutants grew somewhat better than
their non-alginate-producing counterparts (Fig. 5a and b). Overexpression of spp
resulted in diminished growth and alginate production for Pf201ΔalgC�zwf-1::TnKB60,
while it was positive for the other tested glucose dehydrogenase mutants. These data
indicate that as long as the alginate production and the native-level expression of Spp
are sufficient to maintain an acceptable concentration of sugar phosphates, overpro-
duction of Spp negatively influences both growth and alginate production, because it
dephosphorylates G6P and/or F6P and makes them unavailable for growth and alginate
production.

spp is located in the same operon as two genes, gnd and zwf-2, involved in the PP
pathway (Fig. 1). We found that genes encoding putative sugar phosphate phospha-
tases with significant homology to Spp are located in gene clusters encoding proteins
involved in the PP or ED pathway in many other bacteria. This indicates that utilization
of these pathways in some environments poses a risk of sugar phosphate imbalance.
Still, Spp homologs sharing more than 40% identity are found in only a limited number
of bacteria, even among those preferring the ED pathway to the standard Embden-
Meyerhof-Parnas pathway. This suggests either that sugar phosphate stress is not a
problem in these strains or that they encode sugar phosphate phosphatases that are
less similar to Spp.

Given that the spp homologs are found together with genes encoding enzymes
involved in the PP pathway, it is interesting that Spp was able to degrade all three
tested substrates that are components of this cycle. Recently, it was demonstrated that
sugar phosphatases can function as metabolite repair enzymes by removing rare, but
toxic, side products synthesized by core metabolic enzymes (21, 22). It is not unlikely
that Spp in P. fluorescens has other main substrates than the ones tested here.

YigL has been shown to be important for combating sugar phosphate stress in
enteric bacteria (11). Our data suggest that the Spp phosphatase of P. fluorescens, which
shares some homology with YigL, plays an important role in sugar phosphate balancing
when P. fluorescens experiences F6P/G6P accumulation. This further implicates that
sugar phosphate stress is a factor that should be considered when the carbon metab-
olism of a bacterium is engineered to obtain high-level production of a desired
compound.

MATERIALS AND METHODS
Strains, plasmids, and growth conditions. The bacterial strains and constructed plasmids used in

this study are described in Table 2. The E. coli strains S17.1 and S17.1 (�pir) were used as hosts for cloning
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and replication of suicide plasmids, while E. coli RV308 was used for protein production. E. coli strains
were routinely grown in L broth (LB) (10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl). P.
fluorescens strains (wild-type NCIMB10525 and derivatives) were cultivated at 225 rpm at 30°C in LB or
in DEF3 minimal medium supplemented with 20 g/liter of fructose (10). When required, antibiotics were
added at the following concentrations: triclosan (Tric), 25 �g/ml; apramycin (Am), 50 �g/ml; ampicillin
(Ap), 200 �g/ml; kanamycin (Km), 50 �g/ml; tetracycline (Tc), 15 �g/ml. To protect produced alginate
from degradation by lyases, protease enzymes (0.15 ml/liter of alkalase [2.4 liters] and neutrase [0.5
liters]) were added to alginate production media. Alginate production was quantified using alginate
lyases as described earlier (30). All alginate assays were performed in triplicates.

The expression level from a Pm promoter is dependent on the amount of inducer, allowing for a
fine-tuning of the expression level (32). When the Pm-G5 promoter was used to express genes in P.
fluorescens, the promoter usually was induced by adding 0.25 mM m-toluate. However, in an initial
experiment, strain NCIMB10525Δzwf-1�zwf-2::TnRH1 was cultivated using different concentrations of
m-toluate, and 0.05 mM m-toluate was found to give the best growth improvement result (data not
shown). It is probable that too-high expression levels are detrimental to the cell (see Results and
Discussion). This inducer concentration was subsequently used in all growth experiments involving
TnRH1. Conjugation between E. coli and P. fluorescens strains was accomplished on L agar (L broth
containing 15 g/liter agar), and selection of transconjugants and homologous recombination procedures
was performed as described earlier (30).

Quantification of G6P and F6P in P. fluorescens. Single colonies from freshly inoculated plates
were transferred to LB containing triclosan and cultivated for 18 h. Two hundred microliters of these cells
was transferred to 20 ml DEF3 medium containing fructose, triclosan, and 0.05 mM m-toluate in 125-ml
flat-bottom flasks and cultivated for 24 h. The OD600 was recorded, and a culture volume corresponding

TABLE 2 Bacterial strains and plasmids used in this study

Strain or plasmid Characteristic(s)
Reference or
source

Strains
E. coli

DH5� Cloning host Life Technologies
S17.1 RP4 2-Tc::Mu-km::Tn7 pro res mod� 27
S17.1 (�pir) �pir recA thi pro hsdR-M� RP4 2-Tc::Mu-km::Tn7 TpRSMR 28
RV308 Expression host ATCC 31608
NCIMB10525 Nonmucoid wild type; Tricr NCIMB
NCIMB10525Δzwf-1 zwf-1 in-frame deletion mutant of NCIMB10525; Tricr 10
NCIMB10525Δzwf-1 �zwf-2 zwf-2 in-frame deletion mutant of NCIMB10525Δzwf-1; Tricr 19
NCIMB10525Δspp spp in-frame deletion mutant of NCIMB10525; Tricr This study
NCIMB10525Δzwf-1::TnRH1 Derivative of NCIMB10525Δzwf-1 in which spp was overexpressed by

inserting the transposon from pRH1; Amr, Tricr

This study

NCIMB10525Δzwf-1�zwf-2::TnRH1 Derivative of NCIMB10525Δzwf-1�zwf-2 in which spp was overexpressed
by inserting the transposon from pRH1; Amr, Tricr

This study

Pf201 Mucoid mutant derived from NCIMB10525 9
Pf201ΔalgC::TnKB60 Pf201ΔalgC with transposon insertion from pKB60 (containing algC

controlled by Pm-G5); Kmr, Tricr

29

Pf201ΔalgC�zwf-1::TnKB60 zwf-1 in-frame deletion mutant of Pf201ΔalgC::TnKB60; Kmr, Tricr 10
Pf201ΔalgC�zwf-1�zwf-2::TnKB60 zwf-2 in-frame deletion mutant of Pf201ΔalgC�zwf-1::TnKB60; Kmr, Tricr This study
Pf201::TnRH1 Derivative of Pf201 in which spp was overexpressed by inserting the

transposon from pRH1; Amr, Tricr

This study

Pf201ΔalgC�zwf-1�zwf-2::TnKB60::TnRH1 Derivative of Pf201ΔalgC �zwf-1�zwf-2::TnKB60 in which spp was
overexpressed by inserting the transposon from pRH1; Amr, Tricr

This study

Pf201ΔalgC�zwf-1::TnKB60::TnRH1 Derivative of Pf201ΔalgC�zwf-1::TnKB60 in which spp was overexpressed
by inserting the transposon from pRH1; Amr, Tricr

This study

Plasmids
pMG48 RK2-based gene replacement vector; Apr, Tcr 30
pYQ1 Transposon delivery vector resistant to apramycin; Amr 10
pMM8 Suicide gene replacement vector containing Δzwf-2; Apr, Tcr 10
pSM10 Derivative of pMG48 in which 2.1-kb DNA fragment containing spp with

an in-frame deletion was inserted; Apr, Tcr

This study

pSM1 Derivative of pYQ1 where zwf-2 is controlled by Pm-G5; Amr 10
pRH1 Derivative of pYQ1 in which a 0.917-kb NdeI-NotI PCR DNA fragment

encoding spp was inserted so that spp is controlled by Pm-G5; Amr

This study

pMV3 RK2-based inducible expression vector; Apr 31
pSM11 Derivative of NdeI-NotI-restricted pMV3 where a 0.917-kb NdeI-NotI

DNA fragment from pRH1containing spp was inserted; Apr

This study

pSM12 Derivative of pSM11 where a His tag coding sequence was fused to the
3= end of the spp gene; Apr

This study
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to 3 OD units was centrifuged to harvest the cells. For alginate-producing cells, the cultures were diluted
five times with 0.2 M NaCl in order to obtain alginate-free cell pellets. The cells were resuspended in 100
�l H2O, and 50 �l cold 25% HClO4 was added immediately. The cells were then subjected to three
freeze-thaw cycles in liquid nitrogen before cell debris were removed by centrifugation at 15,600 � g for
5 min at 4°C. The pH was adjusted with 40 �l 3 M K2CO3. If needed, more K2CO3 was added to obtain
a final pH between 7 and 8. Precipitated KClO4 was removed by centrifugation at 5,000 � g for 5 min
at 4°C. The supernatant was incubated at �20°C for 15 min and centrifuged again for 2 min at 9,200 �
g and 4°C. Finally, the supernatant was filtered using an Amicon Ultra-0.5 centrifugal filter unit (Millipore).
The supernatant was aliquoted and stored at �20°C. G6P and F6P were quantified using the high-
sensitivity glucose-6-phosphate assay kit and the fructose-6-phosphate assay kit, respectively (both from
Sigma-Aldrich), using the recommended procedure. Between 0.25 and 15 �l supernatant was applied in
the assays in order to keep the measurements within the linear range of the assay. Three separate
colonies were inoculated for each strain, while the assays were performed in duplicate. Standard
deviation is given as the deviation found between the biological replicates.

Construction of plasmids and strains. All routine DNA standard techniques and cloning methods
were performed as detailed previously (29). All amplified DNA fragments were confirmed by DNA
sequencing.

Determination of substrate specificities of Spp necessitated production of a His-tagged version of the
protein in E. coli. The gene was first cloned into the protein expression vector pMV3, generating pSM11.
In order to remove the gene stop codon and sequence gap placed before His tag in this plasmid, a
0.916-kb PCR fragment of pSM11 containing the His tag and some downstream regions was obtained.
This was then fused to an 8.2-kb SbfI-AflII-restricted DNA fragment from pSM11 using the Gibson
assembly kit (New England BioLabs). The resulting plasmid, pSM12, was confirmed by DNA sequencing
and transformed into E. coli RV308.

In order to inactivate spp, 456 nucleotides were removed in-frame from the spp gene by using two
PCR primer pairs (F1/R1 and F2/R2) and the P. fluorescens genome as the template. Primer F2 and R1
contained complementary sequences; therefore, the two generated PCR products could be annealed and
used as the template for the third PCR by using F1 and R2 primers. The final PCR product (2.18 kb) was
first cloned into pCR-Blunt II-TOPO vector (Zero Blunt TOPO PCR cloning kit; Invitrogen) according to the
manufacturer’s instructions and then subcloned into the gene replacement vector pMG48. The new
plasmid was designated pSM10 and utilized to inactivate spp by homologous recombination as de-
scribed earlier (30).

In this study, we used the inducible Pm promoter and Pm promoter derivatives to control gene
expression.

Heterologous expression and purification of Spp-His. E. coli RV308 (pSM12) was cultivated in 100
ml LB, and production of Spp-His was induced by addition of m-toluate (0.25 mM) after 2 h. The cells
were harvested after 8 h by centrifugation at 13,000 � g for 10 min. The pellet was resuspended in 10
ml binding buffer (HEPES) (50 mM, pH 7.4), NaCl (0.5 M), and imidazole (30 mM) and disrupted by
sonication. Cell debris was removed by centrifugation at 30,000 � g for 30 min, followed by filtration of
the supernatant using a 0.22-�m filter. The enzyme was then purified on a HisTrap HP column (GE
Healthcare Life Sciences) utilizing a 0.03 to 0.5 M imidazole gradient (in a buffer that otherwise was the
same as that for binding) for elution. The enzyme was eluted at approximately 0.1 M imidazole. An
aliquot of 0.9 �g of the purified Spp protein was electrophoretically separated on SDS-polyacrylamide
gels according to Laemmli (33) and then subjected to Western blot analysis as described previously (19).

Measurements of Spp phosphatase activity. To investigate the phosphatase activity of Spp,
general phosphatase activity and substrate specificity assays were carried out according to Kuznetsova
et al. (17). In the general assay, p-nitrophenyl phosphate (pNPP) was used as a substrate. Ten microliters
of the purified Spp protein fraction was mixed with a 90-�l reaction mixture (4 mM pNPP, 50 mM HEPES
K [pH 7.5], and initially 5 mM MgSO4 and 0.5 mM MnCl2) and incubated for 10 min at room temperature.
The optimal Mg2� concentration was subsequently found to be 2.5 mM, while addition of Mn2�

decreased the reaction rate both without and in combination with Mg2�. Addition of 50 mM NaCl also
decreased activity.

Substrate specificity was assayed using the malachite green phosphate assay kit (Sigma-Aldrich)
using glucose 6-phosphate (G6P), fructose 6-phosphate (F6P), ribose 5-phosphate (R5P), pyridoxal
5-phosphate (P5P), 6-phospho gluconate (6PG), and AMP as substrates. Purified Spp protein was added
to the reaction mixture (0.1 mM substrate, 50 mM HEPES K [pH 7.5], 2.5 mM MgCl2) and incubated at
room temperature. At set time points, samples (80 �l) were transferred to 96-well plates containing 20
�l malachite green reagent (MGR). The intervals between each time point varied from 15 s to 3 min
depending on the specific activity on the various substrates. OD620 was measured after 30 min and
compared to the measurements of phosphate standards belonging to the kit. For determination of the
kinetic constants for F6P and G6P, substrate concentrations were varied from 0.05 to 2 mM. All enzyme
reactions were performed in triplicates.

Bioinformatics. The P. fluorescens SBW25 complete genome is found in GenBank (www.ncbi
.nlm.nih.gov) (accession no. NC_012660.1). Protein BLAST searches were accomplished using BLASTP
2.2.30 on the nonredundant protein database in GenBank.
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