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Despite the importance of the oxidative pentose phosphate (PP) pathway as a major source of reducing
power and metabolic intermediates for biosynthetic processes, almost no direct genetic or biochemical evidence
is available for Bacillus subtilis. Using a combination of knockout mutations in known and putative genes of the
oxidative PP pathway and *C-labeling experiments, we demonstrated that ygjl encodes the NADP™*-dependent
6-P-gluconate dehydrogenase, as was hypothesized previously from sequence similarities. Moreover, Yqjl was
the predominant isoenzyme during glucose and gluconate catabolism, and its role in the oxidative PP pathway
could not be played by either of two homologues, GntZ and YqeC. This conclusion is in contrast to the generally
held view that GntZ is the relevant isoform; hence, we propose a new designation for ygjI, gnd4, the monocistronic
gene encoding the principal 6-P-gluconate dehydrogenase. Although we demonstrated the NAD*-dependent 6-P-
gluconate dehydrogenase activity of GntZ, gntZ mutants exhibited no detectable phenotype on glucose, and GntZ did
not contribute to PP pathway fluxes during growth on glucose. Since gntZ mutants grew normally on gluconate, the
functional role of GntZ remains obscure, as does the role of the third homologue, YqeC. Knockout of the glucose-6-P
dehydrogenase-encoding zwf gene was primarily compensated for by increased glycolytic fluxes, but about 5% of the

catabolic flux was rerouted through the gluconate bypass with glucose dehydrogenase as the key enzyme.

The carbon-rearranging transaldolase and transketolase re-
actions in the nonoxidative branch of the pentose phosphate
(PP) pathway constitute the exclusive route for catabolism of
pentoses. During growth on hexoses, the PP pathway becomes
a major source of pentose phosphates for nucleotide biosyn-
thesis and of the anabolic redox cofactor NADPH, the reduc-
ing equivalent for biosynthesis reactions (21, 22). For this pur-
pose, two consecutive NADP"-dependent dehydrogenase
reactions convert glucose-6-P into ribulose-5-P in the oxidative
branch of the PP pathway. Because of its important role in
central metabolism, the PP pathway has been investigated in
great biochemical and genetic detail (18, 19), and more re-
cently it has also been investigated from a metabolic systems
perspective (5, 26, 41) in the gram-negative model bacterium
Escherichia coli.

The PP pathway in the gram-positive model bacterium Ba-
cillus subtilis, in contrast, has received very little attention, and
most evidence has been indirectly inferred by comparison to E.
coli (17). In particular, no biochemical data are available on
the enzymes of the oxidative PP pathway, glucose-6-P dehy-
drogenase and 6-P-gluconate dehydrogenase, and there is no
genetic evidence for the gene(s) encoding the 6-P-gluconate
dehydrogenase. Based on sequence similarity, the distal gntZ
gene of the gluconate operon was classified as a 6-P-gluconate
dehydrogenase gene (38). Despite the presence of three ho-
mologues in the genome (35) and the homology-based sugges-
tion that B. subtilis contains two 6-P-gluconate dehydrogenases
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with different cofactor specificities (47), gntZ has been consid-
ered the relevant gene (4, 35). Additionally, a P-gluconolacto-
nase may be involved in the oxidative PP pathway of B. subtilis,
but no gene is known to date and the reaction may also pro-
ceed by spontaneous hydrolysis (30) (Fig. 1).

In recent years, there has been a resurgence of interest in the
oxidative PP pathway that has been driven largely by the ability
to estimate the metabolic flux through this pathway from novel
3C-labeling experiments (8, 40, 49, 50). For glucose-grown B.
subtilis, such flux analyses have revealed highly variable fluxes
through the oxidative PP pathway, ranging from an almost
complete absence during slow growth under nitrogen limita-
tion (12) or when glucose and intermediates of the tricarbox-
ylic acid cycle are cometabolized (11) to PP pathway fluxes that
may exceed the glycolytic flux under phosphate limitation (12)
or in certain riboflavin-producing strains (42). Generally, the
flux through the PP pathway does not appear to be regulated
by the cellular demand for NADPH and/or pentoses in B.
subtilis but rather is determined by the kinetic properties of the
enzymes at the glucose-6-P branch point (11), as has been
shown for Corynebacterium glutamicum (33, 34). During stan-
dard batch growth in minimal medium, around 30 to 40% of
the consumed glucose is catabolized through the oxidative PP
pathway flux in B. subtilis (52), which is more than the amount
catabolized in E. coli (16) or other bacilli (9).

To identify the physiological function of enzymes in the
oxidative PP pathway, we constructed B. subtilis knockout mu-
tants with mutations in the zwf gene encoding the glucose-6-P
dehydrogenase and in three homologues of the 6-P-gluconate
dehydrogenase gene (gntZ, ygjI, and ygeC). In addition to phys-
iological characterization and in vitro enzyme assays, meta-
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FIG. 1. Oxidative PP pathway and related reactions of B. subtilis.
Relevant genes are indicated in black boxes. At least six more genes
show significant similarity to gdh (35).

bolic flux ratio analysis by gas chromatography (GC)-mass
spectrometry (MS) was used to determine the in vivo role of
these enzymes by quantifying the ratio of glycolysis to oxidative
PP pathway flux at the glucose-6-P branch point by performing
[1-"*C]glucose experiments (15).

MATERIALS AND METHODS

Bacterial strains, growth conditions, and media. The B. subtilis wild-type
strain used, a close relative of strain 168, and mutants derived from it are listed
in Table 1. Chromosomal genes were inactivated by replacement with neomycin
(27) and spectinomycin resistance cassettes (23) or by using the integrative vector
PMUTIN that bears an erythromycin resistance marker (48). Both zwf and ygjI
were removed from the start codon to the stop codon, and bp 45 to 1391 of the
gntZ open reading frame (bp 1 to 1404) was removed. For all physiological and
13C-labeling experiments, frozen stocks were used to inoculate 5 ml of Luria-
Bertani broth (24) that contained neomycin (final concentration, 5 mg liter '),
spectinomycin (final concentration, 100 mg liter "), or erythromycin (final con-
centration, 0.5 mg liter '). After 8 h of shaking at 37°C, 250-p.l portions of
precultures were used to inoculate 50-ml portions of M9 minimal medium (24)
with 10 g of glucose liter ! in 500-ml baffled shake flasks. After about 12 h, 250
w1 was withdrawn from each flask and used to inoculate 50 ml of M9 medium
with 5 g of glucose liter ™! for an actual growth experiment. All cultures were
incubated at 37°C on a gyratory shaker at 250 rpm. For '*C-labeling experiments,
glucose was added as the 1-'*C-labeled isotope isomer (Euriso-Top, Gif-sur-
Yvette, France). Leucine and methionine were each added to M9 medium
cultures at a final concentration of 50 mg liter !,

Analytical techniques. Cell growth was monitored by measuring the optical
density with a Klett-Summerson colorimeter (Bel-Art, Pequannock, N.J.) with a
green filter (520 to 580 nm). The glucose and acetate concentrations in the
culture supernatant were determined enzymatically with commercially available
kits (Beckman, Palo Alto, Calif.), and the acetoin concentrations were deter-
mined by GC analysis by using a Carbowax MD-10 column (Macherey-Nagel).
Specific consumption and production rates were calculated as described previ-
ously (44) by using an experimentally determined correlation curve for cellular
dry weight and Klett units.
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To prepare crude cell extracts for the 6-P-gluconate dehydrogenase activity
assay, cultures were grown in 50 ml of either M9 or VY medium containing 25 g
of veal infusion broth liter™!, 5 g of yeast extract liter™!, and 15 g of glucose
liter %, Cultures were centrifuged at 3,500 X g for 10 min, washed once with
0.9% (wt/vol) NaCl-10 mM MgSO,, and frozen for future use or resuspended in
assay buffer containing 100 mM triethanolamine (pH 7.6), 4 mM MgCl,, 4 mM
phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol (3). Cells were disrupted
by passage through a French press (SLM Aminco, SLM Instruments) and cen-
trifuged at 14,000 X g and 4°C for 30 min. In vitro 6-P-gluconate dehydrogenase
activity in the crude cell extracts was assayed within 1 h at a 1:10 dilution.
Background activity was determined at 340 nm for a few minutes after addition
of either NAD* or NADP* (¢ = 6.2 mM ™' cm™?) to a final concentration of 1
mM. The reaction assay then was started with 6-P-gluconate at a final concen-
tration of 1 mM and was monitored for at least 3 min. The protein concentrations
in the samples were determined colorimetrically (Beckman).

Determination of metabolic flux ratios. Culture aliquots (2 ml) were harvested
at about 200 Klett units (equivalent to an optical density at 600 nm of 1.5 to 2.0)
by centrifugation at 14,500 X g for 5 min, washed at least twice with double-
distilled H,O, and hydrolyzed in 1.5 ml of 6 M HCI at 105°C for 24 h in sealed
microtubes. The hydrolysate was dried at 60°C and derivatized for 1 h at 85°C in
a solution containing 50 pl of dimethylformamide and 50 pl of N-(tert-
butyldimethylsilyl)-N-methyl-trifluoroacetamide (15). Derivatized amino acids
were measured with a series 8000 GC combined with an MD 800 mass spec-
trometer (Fisons Instruments, Beverly, Mass.) as described previously (15). The
mass distributions in the amino acids were corrected for naturally occurring
stable isotopes to obtain the mass distribution vectors (MDV), which, in turn,
were used for metabolic flux ratio analysis to determine the split ratio between
the fluxes through glycolysis and the PP pathway at the glucose-6-P branch point
(15, 52). In particular, the following equation was used to determined the frac-
tion (f) of serine derived through the PP pathway (15):

f=1-2- Serine(;_3; — MDV(c.c.q) o
MDV c.c.sicy = MDV ey

where MDV c.c.cy and MDV ¢ 13, are the mass distributions of natural and
3-13C-labeled C; fragments, respectively, and Serine(y 3) is the MDYV of the C;
backbone of serine. Since MDYV are vectors, f represents the least-squares solu-
tion. To correct for the nonproportional withdrawal of '3C label in dihydroxy-
acetone-P for the biosynthesis of phosphatidylglycerol, Serine(; 3, in equation 1
was replaced by the MDYV of the triose-P pool [Triose-P 3] estimated by using
the following equation:

vy - Glycerol(;_s + v, - Serine;_3

Triose — Py = — 2)
where v, is the flux from dihydroxyacetone-P to glycerol (in this case exclusively
for phosphatidylglycerol biosynthesis) and v, is the flux from glyceraldehyde-3-P
to 1,3-di-P-glycerate. At a growth rate of 0.4 h™! and a biomass yield of 0.3 g/g
(as seen for the zwf gntZ mutant), v, is only about 2% of v, (10). This correction
is more important for METAFoR analysis of organisms that secrete glycerol into
the medium.

RESULTS

Knockout of glucose-6-P dehydrogenase. As the first enzyme
of the oxidative PP pathway, the zwf-encoded 6-P-glucose de-

TABLE 1. B. subtilis strains used in this study

Reference or

Strain Relevant genotype source

1012 wild type leuA8 metB5 39

1012 zwf leuA8 metB5 zwf::spc This study
1012 gntZ leuA8 metB5 gntZ::spc This study
1012 zwf gntZ leuA8 metB5 zwf::neo gntZ::spc This study
1012 ygjl leuA8 metBS5 yqjl::neo This study
1012 ygjI* leuAS metB5 yqjl::neo; adapted to grow on glucose as the sole carbon source This study
1012 ygjl gntZ leuA8 metBS5 yqjl::neo gntZ::spc This study
1012 yqjI* gntZ leuAS metB5 yqjl::neo gntZ::spc; adapted to grow on glucose as the sole carbon source This study
168 ygeC trpC2 ygeC::pMUTIN S. Aymerich
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FIG. 2. Maximum specific growth rates (A) and fractions of serine
derived through the PP pathway (B) for wild-type B. subtilis and its
isogenic zwf and zwf gntK mutants during growth on glucose. After
correction for the labeling pattern in glycerol, the percentages of serine
derived through the PP pathway were 32%, 8%, and 4% = 1%,
respectively. The growth rate error bars indicate the deviations based
on duplicate experiments. The flux ratio error bars indicate the exper-
imental measurement errors based on a single analysis, assuming that
there was a standard error of 1% in the MS signals.

hydrogenase plays a pivotal role in the branching between
glycolysis and the PP pathway during glucose catabolism. To
quantify the intracellular carbon flux distribution in the ab-
sence of a functional oxidative PP pathway, we deleted zwf in
B. subtilis wild-type 1012 by partial replacement with a specti-
nomycin resistance cassette; successful deletion was verified by
the complete absence of in vitro 6-P-glucose dehydrogenase
activity (data not shown). Since analysis of the surrounding
chromosomal sequence indicated that zwf is monocistronic,
polar effects of the deletion are unlikely. Similar to the results
obtained for E. coli (41), the maximum specific growth rate of
the zwf mutant was about 35% lower than that of the parent on
glucose (Fig. 2A).

The metabolic impact of the mutation was then detected by
metabolic flux ratio analysis by GC-MS (15) with batch cul-
tures grown on 100% [1-'*C]glucose. This isotopic tracer is
optimally suited to determine the flux splitting between glyco-
lysis and the oxidative PP pathway (7, 16); glycolytic break-
down of [1-*C]glucose yields 50% unlabeled triose-P and 50%
[3-"*C]triose-P, while catabolism via the oxidative PP pathway
yields unlabeled trioses exclusively, because the label is lost as
CO, in the P-gluconate dehydrogenase reaction. Specifically,
we determined the split ratio between glycolysis and the PP
pathway from the fractional labeling of serine (15), whose C; is
derived from the C; of the triose-P pool (32). A value of 0%
serine derived through the PP pathway corresponded to 100%
catabolic flux through glycolysis, as was expected for the zwf
mutant. The relative oxidative PP pathway flux in the mutant,
however, was 9% serine derived through the PP pathway, com-
pared to 33% serine in the parent (Fig. 2B). Since no glucose-
6-P dehydrogenase isoenzymes or zwf homologues are known
and since no in vitro activity was detected in mutant extracts
(data not shown), this residual flux could potentially be cata-
lyzed by the direct oxidation of glucose to gluconate via the
gdh-encoded glucose dehydrogenase or homologues of this
enzyme (Fig. 1) (17, 29, 35). To test this possibility, we blocked
the potential bypass by introducing a gluconate kinase (gntK)
mutation. In the zwf gntK double mutant, the glycolysis-to-PP
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TABLE 2. Mass distributions in serine and glycerol of whole-cell
hydrolysates from wild-type B. subtilis and the zwf gntK mutant
during growth on [1-"*C]glucose

Relative mass distribution”

Compound
my m, m; m3

Wild-type strain

Serine 0.663 0.333 0.003 0.001

Glycerol 0.532 0.470 0.003 0.000
zwf gntK mutant

Serine 0.518 0.471 0.012 0.000

Glycerol 0.368 0.625 0.007 0.000

“The m, isotope isomer consists exclusively of '>C, and the subscripts in the
other isotope isomers indicate the numbers of '*C atoms.

pathway split ratio was further reduced to 5% * 1%, revealing
the small but not negligible contribution of the gluconate by-
pass to glucose catabolism in the zwf mutant.

The calculated remaining fraction of about 5% serine de-
rived through the PP pathway in the zwf gntK mutant was based
on a higher fraction of unlabeled serine than was expected
from exclusive breakdown of [1-*C]glucose via glycolysis (15).
Unexpectedly, MS analysis of glycerol, another triose-3-P-de-
rived compound in the total-cell hydrolysates, revealed a
higher fraction of '*C label than the fraction in serine (Table
2). Since glycerol is synthesized from dihydroxyacetone-P and
serine is synthesized from glyceraldehyde-3-P, the two triose-
3-P pools were apparently not fully equilibrated via the rapid
triose-3-P isomerase reaction. Because the exchange of trioses
via isomerase is a rapid reaction, this is not overly surprising
because the net glycolytic flux is from dihydroxyacetone-P to
glycerol-3-P. As a consequence, the PP pathway contribution
to serine synthesis was slightly overestimated because glycoly-
sis produces [3-'*C]dihydroxyacetone-P and unlabeled glycer-
aldehyde-3-P from [1-'*C]glucose. To correct for the small
withdrawal of [3-'*C]dihydroxyacetone-P for glycerol biosyn-
thesis that was not seen in serine, we considered the net carbon
fluxes from dihydroxyacetone-P to glycerol-3-P and from glyc-
eraldehyde-3-P into glycolysis. Since glycerol-3-P is required
only for the biosynthesis of phosphatidylglycerol in B. subtilis
(14, 43), this biosynthetic flux was very small (10), and the
corrected values for serine derived through the PP pathway
were only 1% lower than the values shown in Fig. 2B. The
remaining small, but not negligible fraction of 4% serine de-
rived through the PP pathway in the zwf gntK mutant may thus
be explained by (i) minor secretion of glycerol into the medium
and/or (ii) the gluconate bypass if another, GntK-independent
kinase phosphorylates gluconate.

Knockout of 6-P-gluconate dehydrogenase. In contrast to
the first reaction of the oxidative PP pathway, the second major
reaction, catalyzed by 6-P-gluconate dehydrogenase, cannot be
bypassed via the gluconate pathway. The major isoform of this
enzyme is generally considered to be encoded by gntZ, the
distal gene in the catabolic gluconate operon that is weakly
induced in the presence of glucose (4, 35, 51). A second ho-
mologue is encoded by the monocistronic ygjl gene that is
adjacent to zwf. Based on sequence homology, YqjI has been
suggested to encode an NADP"-dependent 6-P-gluconate de-
hydrogenase (47), but this function is not generally recognized
(4, 35, 45). To identify the catabolic roles of both homologues,
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FIG. 3. Maximum specific growth rates (A) and (glycerol-cor-
rected) fractions of serine derived through the PP pathway (B) for
wild-type B. subtilis and 6-P-gluconate dehydrogenase mutants. The
growth rate error bars indicate the deviations based on duplicate ex-
periments. The flux ratio error bars indicate the experimental mea-
surement error based on a single analysis, assuming that there was a
standard error of 1% in the MS signals. Asterisks indicate ygj/ mutants
that were adapted for growth on glucose alone.

we grew single gntZ and ygjl mutants in minimal medium with
glucose as the sole carbon source. While the gntZ mutant had
no detectable physiological phenotype (Fig. 3A), the maximum
specific growth rate of the ygjl mutant was significantly lower
than that of the parent (Fig. 3A), suggesting that Yqjl is the
major isoenzyme of the 6-P-gluconate dehydrogenase in B.
subtilis. When it was first cultivated in minimal medium with
glucose, the ygjl mutant exhibited an unusually long lag phase
(at least 24 h), and this lag phase was seen again upon subcul-
tivation in complex media. On glucose plates, few ygjl clones
appeared after about 24 h, but we were unable to isolate stable
suppressor mutants. Thus, it appears that an adaptation (or an
unstable suppressor) is necessary to enable growth of the mu-
tant on glucose as the sole carbon source, and such adapted
ygjI cultures are indicated below with an asterisk.

Consistent with the growth phenotype, disruption of gntZ
had only a marginal effect on the flux partitioning at the glu-
cose-6-P branch point, but ygjI* cultures did not use the PP
pathway at all (Fig. 3B). Notably, both the maximum growth
rate and the glycolysis-to-PP pathway split ratio of the ygjl*
knockout were comparable to those of the zwf gntK complete
PP pathway knockout mutant (compare Fig. 2B and 3B);
hence, the undefined adaptation did not involve increased PP
pathway fluxes. Combining both mutations in the ygjI[* gntZ
double-knockout mutant had no further detectable impact on
either the phenotype or the PP pathway flux (Fig. 3), providing
further evidence for the conclusion that ygjI encodes the major
6-P-gluconate dehydrogenase during growth on glucose. Since
GntZ apparently has no function during growth on glucose, we
investigated the phenotype on gluconate plates. Like the re-
sults for growth on glucose, the gnfZ mutant and the glucose-
adapted ygj[* mutant were indistinguishable from the wild type.
The unadapted ygjl mutant, in contrast, formed only very small
colonies within 24 h, and there were no rapidly growing clones
such as those seen on glucose plates. This residual growth of a ygjl
mutant was independent of GntZ because the ygjl gntZ double
knockout was indistinguishable from the single ygjl deletion.
Thus, Yqjl is also the major 6-P-gluconate dehydrogenase isoen-
zyme during growth on gluconate. The slow growth of the ygjl
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gntZ mutant on gluconate may be explained either by catabolic
flux to riboses catalyzed by YqeC or by catabolic flux to glucose
via the reverse gluconate bypass (Fig. 1).

Next, we wondered whether both isoenzymes were differen-
tially expressed and to what extent they contributed to
NADPH generation, the major function of the oxidative PP
pathway. Therefore, we assayed 6-P-gluconate dehydrogenase
activity in crude cell extracts of B. subtilis mutants grown in
complex and minimal media (Fig. 4). Unlike most bacteria,
wild-type B. subtilis had a high activity with either NADP™ or
NAD™ as the electrons acceptor in complex media (Fig. 4A).
In minimal medium with glucose, however, the NAD "-depen-
dent activity was low (Fig. 4B). Under both conditions, knock-
out of gntZ and knockout of ygjl eliminated the NAD™- and
NADP*-dependent 6-P-gluconate dehydrogenase activities,
respectively. Thus, YqjI appears to be the exclusive NADPH-
producing isoform in B. subtilis, as was hypothesized previously
based on sequence comparison (47). While GntZ appears to be
the exclusive NADH-producing isoform in the wild type, the
significant NAD " -dependent 6-P-gluconate dehydrogenase ac-
tivity in the ygjl* gntZ double mutant in the presence of glu-
cose was probably related to YqeC (Fig. 4B). Although
NAD™-dependent activity was clearly present in the ygjl mu-
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FIG. 5. Alignment of N-terminal dinucleotide binding domains of putative 6-P-gluconate dehydrogenases. The GenBank accession numbers
are indicated in parentheses. Conserved residues at positions 33 and 34 are indicated by white type on a black background. Residues conserved
in at least 70% of the sequences in a class are indicated by shading. Asterisks indicate residues conserved in all three classes.

tant, it could not compensate for the ygjl mutation during
growth on glucose. The necessary adaptation of ygjl* cultures
was not related to altered regulation or activity of GntZ or
YqeC because the growth rates of ygjI* gntZ and ygjI* mutants
on glucose were identical (Fig. 3A) and the oxidative PP path-
way flux was virtually zero during growth on glucose (Fig. 3B).
Multispecies alignment of 6-P-gluconate dehydrogenases.
The presence of three 6-P-gluconate dehydrogenases with dif-
ferent cofactor specificities and hence potentially different
functions in the PP pathway of B. subtilis motivated us to
investigate the distribution of orthologues in microbes. A con-
served arginine residue (R-34 in YqjI) is generally necessary to
bind and stabilize the 2’-phosphate of NADP™ in the NADP*-
dependent 6-P-gluconate dehydrogenase homologues (1, 47).
In NAD *-dependent GntZ-like isoforms, this arginine residue
is replaced by a tyrosine (Fig. 5) that is specific for NAD™-
dependent isoforms (25). Among the presently available pro-
karyotic and eukaryotic protein sequences in the GenBank
database (2), only two other tyrosine-34 orthologues were
identified; they were found in Bacillus licheniformis and Ocean-
obacillus iheyensis, and the latter also contains a YqjI homo-
logue (Fig. 5). Unlike the findings for B. subtilis, we detected
only the NADP*-dependent 6-P-gluconate dehydrogenase ac-
tivity in crude cell extracts of O. iheyensis (data not shown).
B. subtilis YqeC is the prototype of a third class of less
conserved homologues (Fig. 5). In contrast to the YqjI and
GntZ classes, the conserved basic residue at position 33 is
replaced by an acidic aspartate. The YqeC homologues are
about one-third shorter than members of the other two classes,
and they appear to lack key residues for binding to the phos-
phate group of 6-P-gluconate at the C terminus. Mainly for this
reason, they were previously hypothesized to encode 3-hy-
droxyacid dehydrogenases (25, 47). More recently, however, it
was demonstrated that the YqeC orthologue of Methylobacillus
flagellatus is essential for the NAD "-dependent oxidation of

6-P-gluconate (6). Further evidence for the 6-P-gluconate de-
hydrogenase function of YqeC homologues comes from
Pseudomonas species, in which a 6-P-gluconate dehydrogenase
is active and neither Yqjl nor GntZ is present but YqeC
homologues are encoded in the genome (Table 3). B. subtilis
YqeC also probably has a 6-P-gluconate dehydrogenase func-
tion because 6-P-gluconate dehydrogenase activity was de-
tected in the ygjI* gntZ mutant during growth on glucose alone
but not in complex media (Fig. 4). The absence of PP pathway
flux in ygjI* cultures (Fig. 3B) demonstrates, however, that
YqeC does not participate in the PP pathway of B. subtilis
under the conditions tested here. This conclusion was con-
firmed by the lack of a detectable phenotype and an unaltered
glycolysis-to-PP pathway split ratio in a B. subtilis ygeC mutant
(data not shown).

DISCUSSION

The two major functions of the oxidative PP pathway are
considered to be supply of biosynthetic precursors and supply
of the anabolic redox cofactor NADPH (21). As in E. coli (41),
neither function was essential for B. subtilis during growth on
glucose because mutants with mutations in key enzymes with-
out oxidative PP pathway fluxes grew rapidly, although the
growth was about one-third slower than that of the parent.
Using isotopic tracer experiments, we demonstrated that gly-
colysis was the primary pathway for glucose catabolism in glu-
cose-6-P dehydrogenase mutants but that about 5% of the
catabolic flux was catalyzed through the gluconate bypass that
is typically found in pseudomonads (31). A similar in vivo flux
observation was made with E. coli zwf mutants (15, 41), al-
though in vitro gluconate bypass activities were described to be
below the level of detection in a related E. coli strain (53).
Knockout of the second major oxidative PP pathway enzyme,
6-P-gluconate dehydrogenase, was exclusively compensated for
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TABLE 3. Occurrence of B. subtilis Gnd, GntZ, and YqeC homologues with at least 40% identity in selected microorganisms”

Genbank accession no. of homologues

. Gram
Organism .
stain Gnd (Yqjl) Gntz YqeC
Bacillus subtilis + P80859 P12013 NP_390450
Bacillus halodurans + NP_243540
Bacillus cereus + NP_831990, NP_833111
Bacillus anthracis + NP_845715, NP_842729
Bacillus licheniformis® + JC2306
Oceanobacillus iheyensis + NP_691106 NP_694109
Lactobacillus plantarum + NP_785144 NP_784911
Lactococcus lactis + NP_266778 NP_268342
Streptomyces coelicolor + NP_625271 NP_628064, NP_630733
Staphylococcus aureus + NP_374625
Escherichia coli - NP_416533
Salmonella enterica serovar Typhimurium - NP_461026
Corynebacterium glutamicum - NP_600669
Corynebacterium diphtheriae - CAE49740

Pseudomonas putida -

NP_746169

“ The homologues were identified by Blast searches and were classified based on Clustal W alignments of the cofactor binding domains.
® The complete genome sequence was not available, and thus there may be additional homologues.

by flux rerouting through glycolysis, which is in contrast to what
happens in E. coli, in which the rerouting occurs to a large
extent via the Entner-Doudoroff pathway (28). In B. subtilis, we
could exclude the possibility that there was a functional Ent-
ner-Doudoroff pathway under the conditions investigated be-
cause we never observed [1-'*Clalanine in experiments with
[1-*C]glucose (15), even in the ygjl mutant. Although B. sub-
tilis contains a homologue of the second pathway enzyme,
2-keto-3-deoxygluconate-6-P aldolase (37), the absence of a
6-P-gluconate dehydratase homologue and our results suggest
that the pathway does not exist in B. subtilis.

Based on '*C-labeling data from isogenic knockouts, we
demonstrated that the major 6-P-gluconate dehydrogenase
isoenzyme is encoded by the ygjI gene in B. subtilis. This con-
clusion contrasts with the generally held perception of the
oxidative PP pathway in B. subtilis (4, 35, 45); hence, we pro-
pose a new designation for ygjI, gndA, the monocistronic gene
encoding the principal 6-P-gluconate dehydrogenase. For
growth on glucose, YqjlI was important, but an unidentified
adaptation permitted growth without an active oxidative PP
pathway. The second isoform, GntZ, could not substitute for a
knockout of ygjI, possibly because of different enzyme kinetics.
Although in vitro enzyme data demonstrated the presence of
GntZ on complex media, GntZ was seemingly not involved in
the necessary adaptation of ygjl* cultures for growth on glu-
cose because the oxidative PP pathway flux was at the level of
detection. Moreover, a double ygjl* gntZ mutant had essen-
tially the same phenotype as the ygjI* mutant. A role for the
third, ygeC-encoded 6-P-gluconate dehydrogenase is unlikely
because the PP pathway flux was at or below the detection limit
in ygjI* cultures. Confirming previous observations (20, 45),
GntZ was apparently not relevant even during gluconate ca-
tabolism because a gntZ mutant exhibited no phenotype and
GntZ could not substitute for a knockout of ygjI that severely
impaired growth on this substrate. Thus, the metabolic func-
tions of GntZ and YqeC remain obscure.

By using in vitro enzyme assays with crude cell extracts of B.
subtilis knockout mutants, the ygjl-encoded 6-P-gluconate de-
hydrogenase was shown to be NADP™" dependent, as was hy-

pothesized previously from sequence comparisons (47), while
the gntZ-encoded dehydrogenase was NAD™ dependent.
Gram-negative genomes usually encode a single NADP ™" -de-
pendent 6-P-gluconate dehydrogenase of the Gnd (or YqjI)
class (Table 3). Pseudomonads and some bacilli (Fig. 5) appear
to be an exception to this and rely exclusively on the truncated
YqeC class. From the sequence, the preferred YqeC cofactor
remains unclear because the acidic aspartate at position 33
favors binding of NAD ™, while the basic arginine at position 34
stabilizes the phosphate group of NADP™, assuming that the
same three-dimensional fold is adopted by the enzymes of the
three classes and that the positions of residues 33 and 34 are
the same in these proteins (Fig. 5). Indeed, the 6-P-gluconate
dehydrogenase of Pseudomonas fluorescens was shown to be
active with either NAD™ and NADP™ (46), and the described
NAD™"-dependent activity in Streptomyces and heterofermen-
tative lactic acid bacteria (13, 36) probably originated from the
YqeC homologue (Table 3). In contrast to pseudomonads,
gram-positive bacteria exhibit a much wider spectrum of com-
binations. While many gram-positive bacteria contain a mem-
ber of the NADP*-dependent Gnd (YqjI) class, most gram-
positive organisms contain a member of the truncated YqeC
class. At this time B. subtilis is unique because it contains a
homologue of all three classes. Here, we demonstrated NAD ™ -
and NADP *-dependent activities encoded by the gntZ and yqjI
genes of B. subtilis, respectively. Furthermore, the first evi-
dence that there is a ygeC-encoded NAD*-dependent activity
in B. subtilis comes from the significant residual 6-P-gluconate
dehydrogenase activity in the ygjI* gntZ mutant (Fig. 4B). In
principle, the coexistence of NAD™- and NADP"-dependent
isoenzymes would enable flexible adjustment of NADP™ or
NAD™ reduction in the PP pathway to the overall metabolic
requirement of the cell, a function that is performed in E. coli
by transhydrogenases (41) that have not been identified in B.
subtilis yet.
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