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The Bacillus subtilis gpsA gene was cloned by complementation of an Escherichia coli gpsA strain auxotrophic
for sn-glycerol 3-phosphate. The gene was sequenced and found to encode an NAD(P)H-dependent dihydroxy-
acetone phosphate reductase with a deduced molecular mass of 39.5 kDa. The deduced amino acid sequence
showed strong conservation with that of the E. coli homolog and to other procaryotic and eucaryotic dihy-
droxyacetone phosphate reductases. The physical location of gpsA4 on the B. subtilis chromosome was at about
200°. Disruption of the chromosomal gps4 gene yielded B. subtilis strains auxotrophic for glycerol, indicating
that the gps4 gene product is responsible for synthesis of the sn-glycerol 3-phosphate required for phospholipid
synthesis. We also found that transformation of the classical B. subtilis glycerol auxotrophs with a gpsA4-
containing genomic fragment yielded transformants that grew in the absence of glycerol. In agreement with
prior work, our attempts to determine the reductase activity in B. subtilis extracts were unsuccessful. However,
expression of the B. subtilis gpsA gene in E. coli gave reductase activity that was only slightly inhibited by
sn-glycerol 3-phosphate. Since the E. coli GpsA dihydroxyacetone phosphate reductase is very sensitive to
allosteric inhibition by sn-glycerol 3-phosphate, these results indicate that the B. subtilis gpsA-encoded reduc-
tase differs from that of E. coli. It seems that B. subtilis regulates sn-glycerol 3-phosphate synthesis at the level
of gene expression rather than through the E. coli mechanism of strong allosteric inhibition of an enzyme

produced in excess.

Our knowledge of lipid metabolism in Bacillus subtilis is
scant. Although this bacterium is often considered the para-
digm gram-positive organism, the mechanisms involved in lipid
biosynthesis have been little studied and much is argued by
analogy with Escherichia coli (11). A possible exception to
agreement with the E. coli paradigm was the synthesis of the
key phospholipid precursor, sn-glycerol 3-phosphate (G3P).
The lipid composition of B. subtilis suggested that G3P is a key
intermediate in the synthetic pathway, and in 1970 this premise
was confirmed by Mindich (25), who reported the isolation and
characterization of a mutant (Gly ™) that required supplemen-
tation with glycerol for growth. Starvation of Gly ™~ strains for
glycerol blocked phospholipid synthesis (26) in a manner sim-
ilar to that seen upon starvation of a class of E. coli G3P
auxotrophs called gpsA4 (5, 6, 10, 13). These E. coli mutants lack
the enzyme that catalyzes the NAD(P)H-dependent reduction
of dihydroxyacetone phosphate (DHAP) to G3P [NAD(P)H-
dependent DHAP reductase has also been called the biosyn-
thetic G3P dehydrogenase and G3P synthase]. Although the B.
subtilis Gly mutant had the phenotype expected of a gpsA
mutant, no conversion of DHAP to G3P could be detected in
extracts of either wild-type or mutant cells, thus raising the
possibility that G3P synthesis proceeded by a different mech-
anism in this organism. A possible alternative mechanism
would be the reduction of a glycolytic intermediate other than
DHAP, such as glyceraldehyde-3-phosphate or 3-phosphoglyc-
erate. Although the enzymatic defect of the Gly™ mutant was
unknown, this strain was used by Mindich (26) in pioneering
studies of coupling between phospholipid biosynthesis and the
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synthesis of fatty acids and membrane proteins. Later, Freese
and coworkers (15, 16, 28) used derivatives of the Gly ™ strain
(renamed Gol ™) to study effects of the balance between G3P
synthesis and catabolism on cell membrane integrity and
sporulation proficiency. These observations showed that a del-
icate balance between synthesis and catabolism of G3P was
necessary for growth and sporulation of B. subtilis.

In this paper we report that B. subtilis synthesizes G3P by a
pathway and enzyme analogous to those of E. coli, although
the enzyme activity is not regulated by the same mechanism
and is synthesized at levels below those detectable by the stan-
dard enzyme assay.

MATERIALS AND METHODS

Materials. Dihydroxyacetone phosphate, G3P, NADPH, ampicillin, chloram-
phenicol, and erythromycin were obtained from Sigma Chemical Co. Restriction
enzymes, DNA modifying enzymes and molecular weight markers (protein and
DNA) were purchased from Gibco BRL and used according to the supplier’s
recommendations. Amersham was the source of [a-*?P]dCTP (specific activity,
3,000 Ci/mmol) and **S-a-dATP (specific activity, 1,000 Ci/mmol). ICN was the
supplier of [**S]methionine (specific activity, 1,139 Ci/mmol).

Bacterial strains, plasmids, and phages. The bacterial strains, plasmids and
phages used are listed in Table 1. All E. coli strains were derivatives of strain
K-12, except for the E. coli B strain BL21(ADE3) used for overexpression studies.
Strains DHS5«,, JM109, and LE392 (30) were used as standard host strains for
transformation. All B. subtilis strains were derivatives of strain JH642, except
strain B42.

Media and bacterial growth. E. coli and B. subtilis strains were routinely grown
in Luria-Bertani (LB) broth (30). LB agar was used as the solid medium for E.
coli, and TBAB (Difco) containing 33 g of tryptose blood agar base (Difco) per
liter was used for the propagation of B. subtilis. The minimal medium used for E.
coli was M9 (24) supplemented with 0.4% glucose, 0.2% casein hydrolysate, 10
mM MgSO,, and 0.01% thiamine. Spizizen salts (1) with the appropriate sup-
plements (0.4% glucose, 0.2% casein hydrolysate, or 25 pg of the required
L-amino acids per ml, when needed) was used as the minimal medium for B.
subtilis. Glycerol and racemic G3P were used at final concentrations of 25 pg/ml
and 0.1%, respectively. Antibiotics were added to media as follows (in micro-
grams per milliliter): ampicillin, 100; chloramphenicol, 30 (for E. coli) and 5 or
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Relevant characteristic(s)* Source 0{,
plasmid reference’
E. coli
BB20-14  gpsA20 glpD phoA8 Laboratory stock
JA200 F* recA AtpE5 CGSC
B. subtilis
168 trpC2 Laboratory stock
JH642 trpC2 pheAl BGSC
B42 gly glpD ind 25
61106 gol metC trpC2 BGSC
1A476 met recA::ery BGSC
MBU1 JHO642 gpsA::Cm This work
MBU2 61006 recA::Ery This work
Plasmids
pHSG575 Cm" 34
pHB201 E. coli-B. subtilis shuttle vector BGSC
Cm" Ery*
pIM103 Integrative cloning vector Ap" J. Hoch
Cm"
pBADI18  E. coli expression vector Ap" J. Beckwith via
S. Maloy
pRMU15  pHGSS575 carrying a 6.7-kbp This work
EcoRI fragment from \pRM2,
Cm" gpsA™
pRMU45  Tnl000 insertion in pRMU1S, This work
gpsA”
pRMU62  Tnl000 insertion in pRMU1S, This work
gpsA mutant
pRMU108 637-bp HindIII-Accl fragment This work
from pRMU1S5 cloned into
pIM103, Ap" Cm"
pRMUI117 1.44-kbp EcoRI-BamHI fragment  This work
cloned in pGEM7z(+), Ap"
gpsA™
pRMUI121 1.56-kbp BamHI-Hincll fragment  This work
from pRMU1S5 cloned into
pHB201
pRMU127 1.5-kbp EcoRI-Xbal fragment This work
cloned into pBAD18, Ap" gpsA4
expression under arabinose
control
pRMU132 Filled Accl site in pRMU117, This work
Ap*
pRMU134 1.67-kbp Hincll fragment from This work
pRMUIS cloned in pBluescript
KSII(—) T7 promoter
pRMUI135 1.67-kbp Hincll fragment from This work
pRMUIS cloned in pBluescript
KSII lacZ promoter
pRMU136 1.44-kbp EcoRI-BamHI fragment  This work

from pRMU132 cloned into
pBluescript KSII(—)

“ Ap’, Cm', and Ery" denote resistance to ampicillin, chloramphenicol, and
erythromycin, respectively

» CGSC and BGSC denote strains obtained from the E. coli Genetic Stock
Center and the Bacillus Genetic Stock Center, respectively.

10 (for B. subtilis) (chromosomal cat insertion or plasmid, respectively); and
erythromycin, 1 (for B. subtilis). Bacterial growth was monitored by measuring
turbidity with a Klett-Summerson colorimeter (green filter) calibrated by deter-
mining the number of CFU per milliliter as a function of colorimeter units.
DNA methods. The B. subtilis 168 chromosomal DNA library in vector A\
charon 4A was previously described (14). Transducing lysates were prepared (2),
and lambda-mediated transductions were done as described previously (32). A
DNA was purified by Qiagen columns (Qiagen Inc., Chatsworth, Calif.) accord-
ing to the instructions of the supplier. Extraction of high-molecular-weight B.
subtilis DNA was done according to the method of Hoch (19). B. subtilis total
RNA was obtained by a whole-cell lysate method (4) from log-phase cultures
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grown in 2X yeast extract-tryptone medium supplemented with chloramphenicol
(5 pg/ml) and glycerol (25 pg/ml) when necessary. For manipulations of DNA
molecules standard methods were used (30). Large-scale plasmid preparations
were made by using Qiagen columns, and DNA fragment elution from agarose
gels was done with the Qiaex gel extraction kit. Southern and Northern (RNA)
blots were carried out according to the method of Sambrook et al. (30). DNA
probes were synthesized by using a random primer DNA labeling kit (Amer-
sham) and [a-**P]dCTP (3,000 Ci/mmol), purified by column chromatography
(Clontech, Palo Alto, Calif.), and detected by exposing the nylon membranes to
X-ray film or a PhosphoImager screen (Molecular Dynamics, Sunnyvale, Calif.).

Physical mapping of the B. subtilis gpsA gene was done by Southern hybrid-
ization on a membrane containing an ordered array of YAC clones carrying B.
subtilis DNA (the generous gift of V. Azevedo and S. D. Ehrlich) according to
standard protocols (3). Plasmids in which the insertion of TnZ000 abolished the
gpsA complementing activity were mapped by restriction digestion. Two such
plasmids were modified for DNA sequencing by digestion with Sa/I followed by
religation at low DNA concentrations. This resulted in deletion of one of the
ends of Tn/000 together with part of the insert in the plasmid and allowed the
use of a sequencing primer complementary to the Tn/000 terminal repeat (9).
DNA sequencing was done by the dideoxy chain termination method by using a
Sequenase version 2.0 kit (United States Biochemical Corp.). Custom-made
primers (synthesized at the Genetic Engineering Facility, University of Illinois at
Urbana-Champaign) were used for further sequencing of both strands of the
gpsA gene with Tag DNA polymerase cycle sequencing of plasmid DNA and an
Applied Biosystems 373 DNA sequencer and DNASTAR software.

Plasmid pRMU15 was constructed by ligation of a 6.7-kbp EcoRI fragment
from \pRM2 into EcoRI-digested pHGS575. A 1.67-kbp HincllI fragment from
pRMUI1S5 was cloned in both orientations into pBluescript KSII(—) digested with
Hincll to give plasmids pRMU134 and pRMUI135. Plasmid pRMU121 was
constructed by ligation of a 1.56-kbp BamHI-Hincll fragment from pRMU15
into the E. coli-B. subtilis shuttle vector pHB201 (29) digested with BamHI and
EcoRV. Plasmid pRMU117 was constructed by ligation of a 1.44-kbp fragment
containing gpsA4 and adjacent sequences obtained by PCR amplification from the
chromosome of B. subtilis into pPGEM7z(+). The primers used were 5'-TAGCG
GAATTCGGGGACATACTCTG-3" and 5'-CATTGGATCCCAAGACTTGG
GTG-3' (EcoRI and BamHI restriction sites were introduced at the positions
underlined). The fragment obtained was gel purified, digested with EcoRI and
BamHI, and ligated into EcoRI-BamHI-digested pGEM7z(+) to give plasmid
pRMU117.

Genetic methods. The chromosomal copy of gps4 was disrupted by first ligat-
ing a 637-bp Accl-HindIIl fragment of pRMUI1S5 into the integrative vector
pJM103 (12). The resulting plasmid, pRMU108, was transformed into E. coli
LE392 to obtain multimeric plasmids which were used to transform B. subtilis
JH642. Transformants resistant to chloramphenicol were selected on TBAB-
glycerol-chloramphenicol plates and subsequently scored for glycerol auxotrophy
by replica plating onto chloramphenicol-minimal salts medium with or without
glycerol. Competent B. subtilis cultures were obtained by the two-step method of
Dubnau and Davidoff-Abelson (12). Insertions of Tn/000 into plasmids were
isolated by bacterial conjugation as described by Guyer (17). E. coli JA200 was
transformed with pRMU15 and then mated with strain BB20-14. Colonies re-
sistant to both chloramphenicol and streptomycin were selected on LB plates
supplemented with 0.1% G3P, and their gps4 phenotypes were scored on min-
imal medium with or without G3P.

Expression analysis. Plasmid pRMU117 containing the B. subtilis gpsA gene
under T7 promoter control was transformed into E. coli BL21(ADE3). Induction
of the gene expression was done according to the method of Studier et al. (33).
Briefly, 2 ml of mid-log-phase cultures carrying the relevant plasmids were
induced by adding 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside). After 10
min, half of the culture was labeled by adding 5 pl of [>>S]methionine (specific
activity, 1,000 Ci/mmol; ICN) followed by an additional 10-min incubation. The
cells were harvested by centrifugation, washed twice with 10 mM Tris-HCI buffer
(pH 7.4), and stored frozen until analysis. The remaining half of each culture
received rifampin (200 pg/ml) to inhibit mRNA synthesis from the E. coli
chromosome, was incubated at 37°C with shaking for 1 h, and then was labeled
with [**S]methionine as described above. The labeled proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
detected by autoradiography or exposed to a PhosphoImager screen (Molecular
Dynamics).

NAD(P)H-dependent DHAP reductase assay. NAD(P)H-dependent DHAP
reductase (biosynthetic G3P dehydrogenase) activity was assayed at 25°C with a
Beckman DU64 spectrophotometer as previously described (13, 20). The assay
was performed in a total volume of 1 ml, which contained 0.1 M Tris-HCI buffer
(pH 7.4), 1 mM dithiothreitol, 1 mM DHAP, 0.1 mM NADPH, and up to 100 p.g
of cell extract protein. The assay was based on the DHAP-dependent oxidation
of NADPH and consisted of two stages. The background of NADPH oxidation
was first determined in reaction mixtures lacking DHAP. DHAP was then added,
and the reductase activity was measured. The assay was linear with protein
concentration and time. Inhibition by the G3P addition was determined by
adding increasing amounts of G3P to the assay and monitoring the rate of
NADPH oxidation. Cell extracts for enzymatic activity assays were grown in LB
medium to mid-log phase, collected by centrifugation, washed once with 20 mM
Tris-HCI buffer (pH 7.4), and lysed by passage through a French pressure cell.
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The lysate was clarified by centrifugation and stored frozen until assay. In other
experiments, membrane-bound NADPH oxidase activity was removed by ultra-
centifugation of cell extracts. The protein contents were determined by the
method of Bradford (7).

RESULTS

Cloning and mapping of a B. subtilis gene encoding
NAD(P)H-dependent DHAP reductase. To explore the mech-
anism of G3P synthesis in B. subtilis, we attempted to comple-
ment the defect of an E. coli gpsA strain. Our rationale was
that, given a single gene (or linked genes) that encoded the
G3P synthetic enzyme of this organism, expression of the
gene(s) in E. coli should bypass the gps4 mutation and allow
growth regardless of the glycolytic intermediate utilized by the
B. subtilis enzyme. A B. subtilis 168 chromosomal library in \
Charon 4A (the generous gift of J. Hoch) was used to infect E.
coli BB20-14, a strain unable to synthesize G3P because of a
mutant gpsA gene encoding an inactive NAD(P)H-dependent
DHAP reductase (5, 6). Strain BB20-14 is a X lysogen, and thus
complementation would involve homologous recombination
between a library phage and the resident A prophage. Several
colonies that gained the ability to grow on minimal medium
lacking G3P were isolated, purified, and then induced with
mitomycin C to obtain transducing lysates. The resulting ly-
sates transduced strain BB20-14 to protrotrophy at high fre-
quency. Clear plaque phages (A charon 4A lacks the \cI re-
pressor gene) from one of these lysates were plaque purified
and again tested for complementation. A phage clone isolated
in this way was denoted ApRM2. EcoRI digestion of A\pRM2
gave two DNA fragments with sizes of 1.5 and 6.7 kbp. Cloning
of the smaller EcoRI fragment into pBluescript KSII gave
recombinant plasmids that failed to complement strain BB20-
14. Several attempts to ligate the larger fragment into vectors
of high or medium copy number gave only unstable comple-
menting clones. After further growth, these clones accumu-
lated plasmids having large deletions of the insert DNA and
lost the ability to complement strain BB20-14. Finally, we
cloned the larger EcoRI fragment into pHSGS575, a low-copy-
number plasmid derived from pSC101 (34), to give plasmid
pRMUIS. This plasmid readily transformed BB20-14 to G3P
protrotrophy, showing that it contained an intact and func-
tional gene. The B. subtilis chromosomal DNA insert of
pRMU1S was stable in both strains BB20-14 and DH5«. The
physical location of the complementing gene within the insert
was then located by restriction mapping and Tn/000 mutagen-
esis (17). Several TnZ000 insertions that failed to complement
BB20-14 were mapped by restriction digests. A derivative of
one of these insertion plasmids, pRMU45, was used as tem-
plate for sequencing with a primer complementary to the
Tnl000 terminal inverted repeat (9). The sequence obtained
gave a deduced amino acid sequence similar to that of the
C-terminal end of the gpsA encoded NAD(P)H-dependent
DHAP reductase (biosynthetic G3P dehydrogenase) of E. coli.
Further DNA sequencing by primer walking resulted in a 2.2-
kbp DNA sequence which contained only two open reading
frames (ORFs) (Fig. 1) of significant length. Partial sequence
of the upstream ORF gave a deduced amino acid sequence
similar to that of GTP-binding protein from Mycobacterium
leprae (8; GenBank accession number U00021) and was not
further studied.

The downstream ORF (ORF2) was completely sequenced
on both strands and contained two possible translation initia-
tion sites at positions 778 and 970, the latter being that con-
sistent with sequence conservation with the E. coli GpsA pro-
tein. Preceding this ATG by 12 nucleotides we found a
potential weak B. subtilis ribosome binding site. ORF2 was
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FIG. 1. Physical map of B. subtilis chromosomal region encoding gpsA. The
longest solid line represents the 6.7-kbp EcoRI-EcoRI fragment cloned during
this study. The restriction map shows the most relevant restriction sites. R,
EcoRIL; S, Sall. N, Ncol; H, Hincll; A, Accl; B, BamHI; M, Milul; X, Xmalll; Ba,
Ball; P, Pstl. The location of the ORFs is indicated by open rectangles; ORF1
(partially sequenced) encodes a putative GTP-binding protein and gps4. The
direction of transcription is shown by arrow above the ORFs. Tnl000 insertions
that lack or retain complementation activity are displayed as open inverted and
solid triangles, respectively, and the DNA fragments that conferred Gly~ (Gol ™)
mutant strains with the ability to grow in the absence of glycerol (because of
recombinational rescue) are shown by the bars beneath the map (the full-length
EcoRI-EcoRI fragment also rescued the mutant).

1,037 nucleotides in length, ending at position 1815 with a
TAA codon. No obvious B. subtilis sigma A-type promoter
sequence was found upstream of the proposed start codon for
the ORF (Fig. 2). This finding and the close proximity between

CCAATTGTCGGAAATCTTCACTTGTGAATECGATGCTCOGCGAAGAACGCGTTATTGTCAGCAACGTGGCTGAACGACAA 80
GAGATGCTGTTGATACGTCATTTACTTACAACCAGCAGGAGTTTRTCATTGTCGATACTGCAGGTATGCGAAAAAAAGEG 160
AAAGTCTATGAAACGACTGAGAAGTATAGTGTACTGCGGRGCGCTAAAAGCGATTGACCGCTCAGAAGTCAGTGRCORTTET 240

8
16
24
32
40
48
56
64
72

GCTGGATGGCGAAGAAGGCATTATTGAACAGGACAAGCGTATCGCCGGTTATGCACACGAAGCGRGCAAGGCCGTCETCA 320

TCGTCGTAAACAAATGGGATGCTGTTRACAAAGATGAGAGCACGATGAAAGAATTTGAAGAAAATATTCGCGATCATTTT 400
CAATTTCTGGATTATGCGCCAATCCTATTTATGTCTGCCTTAACGAAAAAACGGATCCATACTCTGATGCCTRCGATTAT 480
CAAAGCTAGTGAAAATCATTCACTTCGAGTTCAAACAAACGTCTTAAATGATGTCATCATGGACGCTGTGGCAATGAATC 560
CGACACCGACTCATAACGGTTCTCGTTTGAAAATTTACTATGCGACTCAAGTGTCGGTAAAGCCACCAAGCTTCGTTGTG 640
TTTGTAAACGATCCGGAACTGATGCATTTYTCATACGAACGGTTTTTAGAAAACCGAATCAGAGACGCGTTCGGTTTTGA 720

GGGGACACCAATCAAAATATTTGCAAGAGCTAGAAAATAAAAAGGTGTGAATCAAACATGAAAAAAGTCACAATGCTTGG 800
K KV TMLG

AGCGGGGAGTTGGGGAACAGCACTGGCTTTAGTTCTAACTGATAATGGAAATGAAGTGTATGTGTAGGCTCACCGTGCAG 880
A G S WGETALALVYLTDNGNEVTCVYWAHRATD

80

88

ATTTAATTCATCAAATTAATGAGTTGCATGAAAACAAAGATTATTTGCCGAATGTTAAGCTGTCTACATCCATTAAAGGA 960
LT HQTINELHENKDYLPRNVYIKLSTSTI1IKSGEG

96

ACAACAGATATGAAAGAGGCTGTTTCAGACGCAGATGTCATTATCATTGCGGTCCCGACAAAAGCAATTCGGGAAGTECT 1040

TTDMKEAY SDADVY I T VAVYPTKATIREVWL

1041 GAGACAGGCTGTCCCTTTTATAACGAAAAAGGCAGTCTTTGTTCATGTCAGCAAGGGTATTGAGCCAGATTCACTTCTGE 1120
R QGAVPFI1ITKKAVYFVHYSK®SGIEPDSLLTR R

1121 GCATTTCTGAAATTATGGAAATTGAGCTCCCGAGTGATGTCAGAAGAGATATCGTTATCCTT TCCGGCCCGAGTCATRCE 1200
I $SE I METELPSDVRRDTIVYLSGPSHA

1201 GAAGAAGTAGGGCTGCGGCACGCCACAACTGTTACTGCATCTTCAAAGAGCATGAGGGCAGCAGAAGAGGTGCAGGATCT 1280
EEVYVE@LRHATTVTASSKSHMRAAETEVOCDIL

1281 ATTTATTAATCACAATTTTCGGGTGTACACAAATCCTGACATTATCGGAGTTGAAATCGGAGGGGCTTTAAAAAATATTA 1360
FINHNFRYYTNPDITIGVYETIGGALIKNTII

1361 TTGCCCTTGCTGCAGGAATTACAGATGGTTTAGGETACGGTCACAATGCCAAAGCTGCTTTGATTACACGCGGACTTGCC 1440
ALAAGTITDGLGYGDNAKA AALTILITRGLA

1441 GAAATCGCGAGACTCGGAACGAAAATGGGCGGAAATCCCTTGACRTTCTCTGGATTGACAGGAGTAGGCGATCTGATTGT 1520
E1T ARLGE&TKMGGEGENPLTFSGLTGEGVEDLI1V

1521  GACGTGCACAAGTGTTCATTCCAGAAACTGGCGTGCGGGCAATTTGCTCGGAAAAGGBTACAAGCTTGAAGATGTTCTTE 1600
TCTS VHSRNUWRAGNLLGSEGKSG GYIKLETDVLE

1601 AAGAGATGGGAATGGTAGTCGAAGGCGTCCGCACGACGAAAGCGGCTTATCAGCTTTCGAAGAAATATGATGTTAAAATG 1680
EMGMY VEGVYRTTIKAAYOQLSKTIKTYTDVKHM

168

CCGATTACAGAAGCTCTCCATCAGRTCCTATTCAACGGACAAAAAGTGGAAACCGCTGTTEAATCTTTAATGGCGAGAGG 1760

P I TEALUHOQVLFNGOQKVYETAYESLMARSGE

1761  GAAAACCCACGAGATGGAGGATTTRGTAAATACGTTTGAAAATCAAGTGAAGTAAAAGTGTCAATCAAATGGTGAATCGC 1840
K THEMEDLVYNTTFENI QYK -~

1841  ATATCTTAATTGAACGAAAGCCCGAAAAACAGAAGAACACCCAAGTCTTGGRATCTCCTGAAACATTTTGCCGATTTAGG 1920
1921 CAATAGAGGATGCATCTGTATGCCAAGTCGCATACTATAGCATCGAAGTCCAAGAGAGTGTTTCTTAAACGTGCAGGTGA 2000
2001 ATATAGTCAAGTTGACTGAAGCGAAGGTCCCCCTCTTTGCTTCAGTTTTTTTGTTCTATCAATGGATGGAAAATCTGGTT 2080
2081 GATCTTTTCCGGCGCTGTATATTAAAATATAATATAACGCTTATATCTTACATATCGGGGAGRCGCACGTCATTGAATCT 2160
2181 GGCATTGATGAAAATGTCGGTTTGCTCTAGGGTCCATGGGTCCTGATGTTTCTGRCCTGTAGCTTCCATCTATTTAAAGE 2240
2241 CGCTTT 2248

FIG. 2. Nucleotide and deduced amino acid sequence of B. subtilis gpsA. The
predicted amino acid sequence is shown below the DNA sequence. A putative
ribosomal binding site for gpsA is underlined and a putative translational start
site is shown in boldface type. The GenBank accession number is U32164.
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B subt KKV-———MLGAGSWGTALALVT——-DN CVARAD-I%]HQQ
Ecoli MNQRNAsMTvIlgagsg(vleraralzrTlLla- - -RrNGH VLWUWGHDPE-H[IATLER 46
Dros = - - - - - NWGSAIAKIVGANaA PE-FEKRVTMF YEEMIDGKKTEI 57
S.cerev VIGSGNWG[TIJTIAKVVAENCKGYPEVFAPIVOMWV/FEEEINGEK|LITET T 50
B subt L Nk DX L p|N[VE LIs[Ts 1k ¢ T T[DjM K[E A VIS[D A DIV[T T via[V P]T K A[DIR[EVL R QA V 92
Ecoli DRCINjAAF|LPDIY/PFPDTLHLES{D|LAT|A[LAAS RNI[LIVIVI[VP|SHVFGIEVLROQ[TK %
Dros T[H NVKYLKGH[%‘PNVVAVPDLVEAAKNILFV PlHQ F(IJP N F C K|Q|L L 107
s. cerev RiH/olnlv K GITILPDNLVANPDLIDSHDVIDIEVFNIIPIHQFLPRICS[QLEK 100
B subt B’FETKKAVFHVSKGIPDSLLSEME%LPSEVRRDIVV s H[A]E 142
E coli LMRPDARLIVIWATIRG|LIElAETG -[R[LLoDvaRlEaALGIDQ I PLaAv|T -] T FlA|K 144
Dros GR[IxPNaAlIATSLIKGFDRAEGGGIIDL[IIsHEITRHLEK IPcAl-[LiMc[ani|aln 156
S.cerev GHVDSHVRAISCLIKGIFEEVGAKGVQ-LLSSYITEELGIQCGA-[LSGlaNI|alT 148
B subt - - R H TSSMRA@EV@ ------- L INHNFRVYTNPD1183
E coli LAA prlalisn-lasltporrFlalppLolo------ - LlLtfHce R siF RV YS p|Fizl 186
Dros AE NFCEIEGCTDKY————GK ----- viRDLF|QANHFRVVVYVE|D|AD 197
S. cerev AQEHWSE AYHIPKDFRGEGKDVDHRVLEKA HR P viE[Hlv/s v 1 ElDlv & 198
Bsubt [GV GGALRKNLITIALA ITDGLG|Y[GDNAKAALITRGLAEIA[RLG|TRKM- -[g] 231
E coli vlQ Lle ¢ AlWlk nN{v]r a[1 ¢ ms|pclrlar|clalvalRTlan 1 TRGLAEMSIRLGIAAL - -|G| 234
Dros aAlveElvcle AL KN IV|alc claciF viD e LK L|c D N[T[K & aA[viz[rR L]c LlM|ElM I|R[F VD V F ¥ Plg| 247
S. cerev [T s{TlclecankN[vvlatleclalr vElc LalwleInlN alsla alt o rvIg LlGlE T 1{RIF[GOMF F P E 248
B subt GNIEL SL-TGVGDLIVTCTSVHSRNW—RAGNLLGKGYKLEDVLEMGM279
E coli ADlpA mlgIM - a|G[Lle p Lfv Li{T ¢ T/D N @ls R NIR - [R[FlciM M|L G MDVQSAOQIEK I|Glg 282
Dros SKLS F-EscleVlalpLI|TiTc[vyceRrRNRIRVSERFVTS|GRITIEDLERKEML N[GQ 296
S. cerev SREEITJYYQESA apririrclacerNvRvVvaARILMATSlcRlDAWECER EL L Nlglg 298
B subt vAAYQS@KYDKMPITEALHQVLFNQKVETVES[FIA G K 329
E coli y|r/N EVRELAHRFelVEMPITEETVIQvilvclalk NarERALTLLGRAR 332
Dros KLQ PPAEEVNYMLNKGLEDKFPLFTAIHKICTNQLKPKDLIDCI N H 346
S. cerev SAQGIL IITCRIEVHEWLETCGSVEDFPLFEAVYQIVYNNYPMKNLPDMIEEL 348
B subt TH[?EDVNTFENQVK. 346
Ecoli KDE[RSS ---------- H 339
Dros pEHMO T[L 353
S. cerev DLHED 353

FIG. 3. Sequence alignment of B. subtilis GpsA and homologous proteins. The deduced amino acid sequences were aligned with the multiple alignment (Clustal
method) feature of the DNASTAR software package. The numbers indicate positions in the amino acid sequences. Dashes within the sequences indicate gaps
introduced to give optimal alignments. Residues identical to B. subtilis GpsA are boxed. Designations (GenBank accession numbers in parentheses) are B. subt, B.
subtilis, (U32164); E. coli, E. coli GpsA (U00039); S. cerv, S. cerevisiae (Q00055); and Dros, Drosophila virilis (S31790).

the stop codon of the upstream ORF and the putative ribo-
some binding site of ORF2 suggested that the two ORFs are
cotranscribed. Subcloning of ORF2 (plus flanking sequences)
in both orientations into several E. coli and B. subtilis vectors
gave plasmids that complemented the E. coli gpsA mutant,
suggesting that expression in E. coli is due to a B. subtilis
sequence fortuitously acting as an E. coli promoter.

Sequence analysis of ORF2 predicted an encoded protein of
346 amino acid residues with a molecular mass of 36.5 kDa. A
GenBank search showed that the predicted amino acid se-
quence was similar to those of several (NAD(P)H-dependent
DHAP reductases (G3P dehydrogenases) of both prokaryotic
and eukaryotic origin (Fig. 3). The ORF2-encoded protein was
virtually identical in size to the E. coli GpsA protein, and the
two protein sequences could be readily aligned throughout
their lengths, with 41% identical residues (Fig. 3). It should be
noted that no GXGXXG ADP-binding fold is conserved
among the four reductases.

Gene disruption of ORF2 and recombinational repair of
classical glycerol auxotrophs. Gene disruption of the chromo-
somal copy of ORF2 was done by cloning a 637-bp Accl-
HindIII fragment from pRMU1S5 into the B. subtilis integrative
vector pJM103 (29). This plasmid (pRMU108) was trans-
formed into B. subtilis JH642, and chloramphenicol-resistant
colonies were selected on media containing glycerol. All trans-
formant colonies failed to grow in the absence of glycerol.
Growth of these auxotrophs was only weakly rescued by the
addition of high concentrations of G3P in place of glycerol.
This finding is consistent with prior reports by Freese and Oh
(15) and Lindgren and Rutberg (22, 23), who found that (un-
like E. coli) B. subtilis transports G3P poorly.

Transformation of a B. subtilis Gly~ (Gol ) mutant with

several DNA fragments (Fig. 1) excised from pRMUIS re-
sulted in strains that grew in medium lacking glycerol. A small
BamHI-Hincll fragment, which contained only ORF2 plus 521
bp of the flanking sequence, gave recombinational rescue of
the mutation (Fig. 1). Therefore, we conclude that the muta-
tion present in Mindich’s strain B42 (and in the Freese strain
61106) is an allele of the gene that we cloned by complemen-
tation of the E. coli gpsA mutant. These findings, together with
the ability of ORF2 to complement the E. coli gps4 mutant and
the sequence similarities, indicated that we had cloned the
NAD(P)H-dependent DHAP reductase (biosynthetic G3P de-
hydrogenase) of B. subtilis and that the encoded protein was
responsible for the production of the G3P required for phos-
pholipid synthesis. We propose that given the marked similar-
ity of the ORF2-encoded protein to the product of the E. coli
gpsA gene and the analogous role in metabolism, the gpsA
designation should replace the Gly~ (Gol ) nomenclature.
The location of the gps4 gene on the physical map of B. subtilis
was determined by Southern blotting with a mapping mem-
brane containing an ordered array of B. subtilis overlapping
DNA fragments cloned in a YAC vector (3). Two different
fragments from pRMU15 were used as probes, and both hy-
bridized to clones 15-6B and 11-501 of the ordered array, thus
giving a map position at about 200° on the B. subtilis chromo-
some (data not shown). This map position is consistent with a
prior transductional mapping of glycerol requiring mutants
(23).

Expression of the B. subtilis gpsA gene in E. coli. Analysis of
the product of the B. subtilis gpsA gene was performed by using
the T7 promoter expression system of Studier et al. (33). SDS-
PAGE of the [**S]methionine-labeled cell extracts showed ex-
pression of two proteins (Fig. 4). The larger of the two proteins
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FIG. 4. Expression of B. subtilis gpsA gene in E. coli BL21(ADE3). Cultures
harboring the following plasmids were induced with IPTG and pulse-labeled with
[>*S]methionine in the absence (lanes 1 to 3) or presence (lanes 4 to 6) of
rifampin. Lanes: 1 and 4, pPGEM7 vector plasmid; 2 and 5, plasmid pRMU117
carrying the intact gps4 gene; 3 and 6, plasmid pRMU132 carrying the frame-
shifted gpsA4. Samples were analyzed by SDS-PAGE. The positions of molecular
mass markers (in kilodaltons) are indicated at the left.

had an apparent molecular mass of 39.8 kDa, a value slightly
larger than that predicted from the DNA sequence. However,
the presence of the smaller protein (apparent molecular mass
of 36.3 kDa) suggested that a methionine codon internal to the
ORF might function as a second initiation codon. Since a
methionine codon with a plausible E. coli ribosomal binding
site was present at position 970 of the ORF (Fig. 2), the shorter
translation product seemed likely to be the product of an
aberrant initiation at this site. To test this possibility, a frame-
shift was introduced at position 944 by filling in of the unique
Accl site in the gpsA nucleotide sequence (Fig. 1 and 2). This
+2 frameshift should disrupt translation starting at position
778 and thus result in loss of the larger protein, and this was
the result observed (Fig. 4). The frame-shifted gps4 gene was
moved into pBluescript SKII(—) under the transcriptional con-
trol of the lacZ promoter to test if the shorter protein was
functional in complementation of the E. coli gpsA mutant.
Transformation of this construct (pRMU136) into BB20-14
failed to complement the G3P auxotrophy, indicating that the
shorter protein was nonfunctional, a result consistent with the
gpsA nucleotide sequence data and the protein sequence sim-
ilarities to other G3P dehydrogenases (Fig. 3).
NAD(P)H-dependent DHAP phosphate reductase activity in
B. subtilis and E. coli. The sequence similarities to known
NAD(P)H-dependent DHAP reductases strongly indicated
that the B. subtilis gpsA gene encoded an enzyme with the same
catalytic activity. However, no direct data supported this con-
clusion. We postulated that the failure to detect reductase
activity in B. subtilis could be due to very low levels of expres-
sion of the gene and/or to the presence of inhibitors of the
reaction in the cell extracts. To test the latter possibility we
assayed NADH-dependent DHAP reductase in cell extracts
from various E. coli strains including strains that expressed the
B. subtilis gpsA gene (Table 2). We also assayed B. subtilis 168.
In agreement with the findings of Mindich (25), we were un-
able to detect NADH-dependent DHAP reductase in extracts
of wild-type B. subtilis strains whereas activity was readily de-
tected in extracts of a wild-type E. coli strain in good quanti-
tative agreement with results reported previously. Mixtures of
the B. subtilis and E. coli cell extracts failed to inhibit the E. coli
activity, indicating that the presence of a reductase inhibitor in
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TABLE 2. DHAP reductase activities
Sp Act (U/
E. coli strain® Addition” mg of
protein)©

IM109 10.8
IM109 0.15 mM G3P 4.5
IM109 0.5 mM G3P 3.7
IM109 B. subtilis 168 9.4
BL21(ADE3) pGEM7 11.6
BL21(ADE3) pRMU117 14.7
BL21(ADE3) pRMU117 0.5 mM G3P 8.8
BL21(ADE3) pGEM?7 (+ rifampin) 2.8
BL21(ADE3) pRMU117 (+ rifampin) 113.0
BL21(ADE3) pRMU117 (+ rifampin) 0.5 mM G3P 102.8
BL21(ADE3) pRMU117 (+ rifampin)  B. subtilis 168 107.3
None B. subtilis 168 <0.1
BB20-14 <0.1
BB20-14 pRMU127 (+ fucose) <0.1
BB20-14 pRMU127 (+ arabinose) 12.8
BB20-14 pRMU127 (+ arabinose) 0.5 mM G3P 9.3
BB20-14 pRMU127 (+ arabinose) 1.2 mM G3P 8.9
BB20-14 pRMU15 6.0
BB20-14 pRMU15 0.5 mM G3P 4.7

“ The compounds indicated in parentheses were added to the growth media
(see Materials and Methods).

b Either G3P at the concentrations indicated or 0.06 mg of B. subtilis cell
extract protein was added to the assay.

¢ One unit equals 1 nmol of NADPH oxidized per min at 25°C.

B. subtilis cell extracts could be ruled out, unless the putative
inhibitor was somehow specific for the B. subtilis enzyme. To
test this possibility, we used expression in E. coli as a source of
the B. subtilis reductase activity. Expression of the B. subtilis
gpsA gene from a phage T7 promoter in E. coli BL21(ADE3)
gave a small increase in the levels reductase activity compared
with those in wild-type E. coli extracts (Table 2). However, if
the induced cells were treated with the E. coli RNA poly-
merase inhibitor rifampin following T7 polymerase synthesis,
we found specific activities 5- to sixfold higher than those in
wild-type E. coli extracts. (We attribute the effect of rifampin
to inhibition of E. coli chromosomal mRNA synthesis [Fig. 4]
which thus increased the number of ribosomes available to
translate the mRNA produced by the rifampin-insensitive T7
polymerase). The addition of 1 mM G3P produced only a small
decrease in the specific activity of these extracts whereas the
addition of 0.5 mM G3P to extracts of a wild-type E. coli strain
(JM109) produced a large inhibition of reductase activity (Ta-
ble 2). This latter decrease is explained by the known strong
allosteric inhibition of the endogenous E. coli enzyme (6, 13,
20) and demonstrated that the enzyme produced by the B.
subtilis gpsA gene was fundamentally different from the host
enzyme (Table 2). Since most of the activity in these extracts
was encoded by the B. subtilis gpsA gene, we mixed these
extracts with extracts of B. subtilis to test for the presence of a
specific inhibitor. No inhibition was observed (Table 2). We
also failed to detect any activity in B. subtilis cell extracts
following ultracentrifugation (although this treatment substan-
tially reduced the background activity) or ammonium sulfate
fractionation.

The B. subtilis gpsA gene was also expressed in E. coli from
the powerful araBAD promoter (18). Introduction of a plasmid
carrying this construct readily complemented the E. coli gpsA
mutation in the presence of arabinose but complemented
weakly (if at all) in the presence of the anti-inducer fucose.
Arabinose induction of the B. subtilis gpsA gene in the E. coli
gpsA strain gave reductase activity slightly higher than that in
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wild-type E. coli strains, whereas extracts of the strain lacking
the plasmid or grown with fucose (rather than arabinose) had
no detectable activity (Table 2). The induced activity was al-
most completely resistant to inhibition by G3P, as expected
from the results obtained upon expression from the T7 pro-
moter. Finally, transformation of B. subtilis MBU2, a recA
derivative of the gpsA (Gly ) strain 61106, with plasmid
pRMUI121 (a pHB201 derivative in which gps4 was part of a
transcriptional fusion with lacZ) restored growth in the ab-
sence of glycerol, but no enzyme activity could be detected in
cell extracts of these transformants.

DISCUSSION

In contrast to the current detailed information on the ana-
bolic and catabolic pathways of G3P metabolism in E. coli (10,
21), only the catabolic pathway has received significant study in
B. subtilis (22, 23, 27). Indeed the route of G3P synthesis in B.
subtilis was unclear, since no NAD(P)H-dependent DHAP re-
ductase activity could be detected in wild-type cells (25). Thus,
the enzymatic defect of mutant strains auxotrophic for glycerol
was unknown. Mindich (25) attempted numerous combina-
tions of cell extract preparation methods and assay conditions
to detect the enzyme but was unable to detect activity. It
therefore seemed possible that the immediate precursor of
G3P was a glycolytic intermediate other than DHAP or that
the glycerol auxotrophy of these strains was due to a defect in
G3P utilization rather than G3P synthesis. An example of the
latter possibility is a class of plsB mutants of E. coli (5, 6, 10)
which have a defective G3P acyltransferase with a Michaelis
constant 10-fold greater than that of wild-type strains. This
decreased G3P affinity engenders a requirement for an ele-
vated G3P pool (supplied by exogenous supplementation plus
blockage of G3P catabolism). We have now demonstrated that
the enzyme missing in the Mindich (25) glycerol auxotroph is
an NAD(P)H-dependent DHAP reductase and have renamed
the gene gpsA in concordance with E. coli. We have also failed
to detect the enzyme in B. subtilis cell extracts, and (since
enzyme inhibition can be ruled out) this situation seems likely
to be due to extremely low levels of the enzyme. It should be
noted that studies of various strains of E. coli suggest that a
reductase activity of only 1 to 2 U/mg of protein may allow
growth of this organism. Therefore, given the slower growth
and lower lipid content of B. subtilis, an activity of a few tenths
of a unit per milligram of protein (a value approaching the
signal-to-noise ratio of the assay) could support lipid biosyn-
thesis in B. subtilis. We assume that the low reductase levels
result from inefficient gene expression. The B. subtilis gpsA
gene seems very poorly transcribed since we have been unable
to detect a gpsA mRNA, using highly radioactive probes.
Translation of the gpgs4 mRNA may also be inefficient. The
codon usage of gpsA is characteristic of genes with low levels of
expression (31) and expression of the gene in E. coli is strongly
stimulated by inhibition of host mRNA synthesis (Table 2),
suggesting that the B. subtilis gpsA transcript may compete
poorly for ribosomes.

G3P inhibits the E. coli reductase by two mechanisms: (i)
binding to an allosteric site distinct from the active site and (ii)
by the simple product inhibition characteristic of enzymatic
reactions (13). The allosteric inhibition is much more efficient
than the product inhibition and is known to regulate the intra-
cellular G3P concentration. A mutant E. coli reductase refrac-
tory to allosteric inhibition remains sensitive to product inhi-
bition (13), and since this mutant enzyme has properties
similar to those of the B. subtilis reductase, we attribute the
weak G3P inhibition of the latter enzyme to simple product
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inhibition. A plausible rationale for low levels of gps4 expres-
sion in B. subtilis is that because of the lack of allosteric inhi-
bition, the NAD(P)H-dependent DHAP reductase levels must
be closely regulated.

High-level production of the B. subtilis reductase would pro-
duce G3P and induce G3P catabolism, resulting in a wasteful
cycle of oxidation-reduction. A block in G3P catabolism would
avoid this cycle, but accumulation of large G3P pools is known
to result in abnormal septation and inhibition of sporulation
(15, 16, 28). The decreased sporulation efficiency suggests that
this process requires strict coordination between cell mem-
brane phospholipid biosynthesis and cell wall synthesis. More-
over, accumulation of G3P in a mutant defective in G3P ca-
tabolism led to membrane collapse, abnormal septation, and
inhibition of sporulation. Thus, the Bacillus organism’s life
cycle seems to require close regulation of G3P levels.

E. coli avoids a futile cycle of G3P synthesis-degradation by
maintaining a low intracellular G3P concentration through ef-
ficient allosteric inhibition of the reductase by its product, G3P
(6, 13, 20). Thus, the pool is kept sufficiently low that the
degradative enzymes are not induced, while consumption of
G3P by phospholipid synthesis partially relieves inhibition of
the enzyme, thereby restoring the G3P pool. The validity of
this model is strongly supported by the isolation of gps4 mu-
tants insensitive to allosteric inhibition (6, 13) which accumu-
late elevated intracellular G3P pools (6). In contrast, B. subtilis
must regulate the G3P pool by another means. This organism
seems to have chosen the option of expressing only minimal
levels of the G3P synthetic enzyme. Given the importance of
G3P pools in B. subtilis metabolism, it seems surprising that
allosteric inhibition does not occur. Perhaps G3P acts as a
regulatory ligand of gpsA4 transcription, a possibility that seems
worthy of experimental testing.
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