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Lipoic acid is an essential cofactor required for the function of key metabolic pathways in most organisms.
We report the characterization of a Bacillus subtilis mutant obtained by disruption of the lipA (yutB) gene, which
encodes lipoyl synthase (LipA), the enzyme that catalyzes the final step in the de novo biosynthesis of this
cofactor. The function of lip4 was inferred from the results of genetic and physiological experiments, and this
study investigated its role in B. subtilis fatty acid metabolism. Interrupting lipoate-dependent reactions strongly
inhibits growth in minimal medium, impairing the generation of branched-chain fatty acids and leading to
accumulation of copious amounts of straight-chain saturated fatty acids in B. subtilis membranes. Although
depletion of LipA induces the expression of the A5 desaturase, controlled by a two-component system that
senses changes in membrane properties, the synthesis of unsaturated fatty acids is insufficient to support
growth in the absence of precursors for branched-chain fatty acids. However, unsaturated fatty acids generated
by deregulated overexpression of the A5 desaturase functionally replaces lipoic acid-dependent synthesis of
branched-chain fatty acids. Furthermore, we show that the cold-sensitive phenotype of a B. subtilis strain

deficient in A5 desaturase is suppressed by isoleucine only if LipA is present.

Lipoic acid (LA; 6,8-thioctic acid or 1,2-dithiolane-3-pen-
tanoic acid) is a sulfur-containing cofactor required for the
function of several key enzymes involved in oxidative and
single-carbon metabolism, including pyruvate dehydrogenase,
2-oxoglutarate dehydrogenase, branched-chain 2-oxoacid dehy-
drogenase (BCKADH), acetoin dehydrogenase, and the glycine
cleavage system (10). Lipoate-requiring complexes typically con-
tain three protein subunits, E1, E2, and E3. LA is linked through
an amide bond to lysine residues in the E2 subunits (42) and
acts as a swinging arm, transferring covalently attached reac-
tion intermediates among the active sites of the enzyme com-
plexes (40).

Although the general role of LA as a bound cofactor has
been known for decades, the mechanisms by which LA is
synthesized and becomes linked to its cognate proteins in dif-
ferent organisms continue to be elucidated. The reactions
whereby LA-modified proteins are produced are best under-
stood in Escherichia coli. In this organism, lipoylation is medi-
ated by two separate enzymes, lipoyl protein ligase A (LplA)
and octanoyl-acyl carrier protein-protein transferase (LipB)
(30, 31). While LplA uses exogenous LA, LipB transfers en-
dogenous octanoic acid to the target proteins (19). These oc-
tanoylated domains are then converted into lipoylated deriva-
tives by the S-adenosyl-L-methionine-dependent enzyme lipoyl
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synthase (LipA), which catalyzes the insertion of sulfur atoms
into the carbon-6 and -8 positions of the corresponding fatty
acids (29). This process bypasses the requirement for an exog-
enous supply of LA.

In contrast to the wealth of knowledge available on LA
synthesis and utilization in E. coli, the existing information
about these pathways in gram-positive bacteria is scarce. It has
been found that Listeria monocytogenes mutants defective in
proteins homologous to the E. coli LplA enzymes are unable to
scavenge exogenous LA for modification of lipoyl domains (22,
23, 38). However, L. monocytogenes is a natural lipoate auxo-
troph since it does not encode the enzymes necessary for li-
poate biosynthesis (15, 55). Bacillus subtilis synthesizes LA, but
the biosynthesis, attachment, and function of this essential
nutrient in this model gram-positive organism have not yet
been studied in detail (50). Analysis of the genome sequence of
B. subtilis (25) revealed that it contains an open reading frame,
yutB, encoding a protein with a high degree of homology to E.
coli LipA and two open reading frames encoding proteins
slightly similar to LplA, while no LipB homolog was detected.

LA is a critical cofactor of BCKADH, the enzyme involved
in the formation of the primer carbons for the initiation of
branched-chain fatty acid (BCFA) synthesis (21). Early work
indicated that a bfmB mutant of B. subtilis, defective in both
BCKADH and pyruvate dehydrogenase, requires short-
branched-chain carboxilic acids for growth (56). However,
in our hands, this mutant presented a high percentage of
reversion, precluding its use in the study of lipid metabo-
lism. Since BCFAs are the dominant acyl chains found in
membrane phospholipids of B. subtilis, the goal of this study
was to employ a genetic approach to investigate the role of
yutB in the physiology of this organism, in particular in fatty
acid metabolism. In addition, we provide compelling evi-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description and/or relevant characteristics® fgfl;C;l?;
B. subtilis strains

AKP3 JH642 amyE::Pdes-lacZ 2

AM100 JH642 desK::Km" PKm-desR This study
EL104 JH642 lipA::PxilA-lipA Cm" This study
JH642 trpC2 pheAl Laboratory stock
LC7 JH642 des::Km" 4

NMO3 JH642 lipA::PxilA-lipA Sp* This study
NMO04 NMO3 amyE::Pdes-lacZ This study
NMO7 EL104 desK::Km" PKm-desR This study
NM47 EL104 des::Km" This study

E. coli strains

DH5a supE44 thi-1 AlacU169 ($680lacZAM1S) endAl recAl hsdR17 gyrA96 relAl Laboratory stock
trp-6 cysT329:lac NinmP"?%”
TM131 mpsL lipA150::Tn1000dKn IplA148::Tn10dTc Km" Tc* 30
TM136 1psL lipB182::Tn1000dKn IplA148::Tnl0dTc Km" Tc’ 30
Plasmids
pIM116 Integrative vector to construct transcriptional fusions to lacZ; integrates at the 39
amyE locus of B. subtilis; Cm"
pBluescript II SK(+) E. coli cloning vector; Amp” Stratagene
pGES49 Integrative vector containing Pxyl4 and xylR 45
pAR11 Contains Pdes cloned into the EcoRI-BamHI sites of pJM116 2
pdes913KAN des::Km" cloned into pBluescript IT SK(+) 2
pELI11 lipA cloned under control of Pxyl4 in pGES49 This study
pEL10 lipA cloned into the HindIII-HinclI sites of pBluescript IT SK(+) This study
pCm::Sp Antibiotic switching vector 52

¢ Cm'", Km', Sp*, Tc", and Amp* denote resistance to chloramphenicol, kanamycin, spectinomycin, tetracycline, and ampicillin, respectively.

dence showing that A5 unsaturated fatty acids (UFA), the
products of the B. subtilis desaturase, can fully replace the
function of BCFAs. Furthermore, we demonstrate that UFA
are essential to provide cryoprotective properties in strains
depleted of LipA. This work reports the first characteriza-
tion of a gram-positive mutant deficient in LA synthesis and
its use to study the interplay between BCFAs and UFA
metabolism.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in the present
study are listed in Table 1. E. coli and B. subtilis strains were routinely grown in
Luria-Bertani (LB) broth (44). Spizizen salts (51), supplemented with 0.5%
glucose, 0.01% each tryptophan and phenylalanine, and trace elements (16),
were used as the minimal medium for B. subtilis. This medium was designated
MM. Different supplements, including 0.5 mM pr-a-LA, 10 mM sodium acetate,
10 mM succinic acid, and 0.1 mM (each) BCFA precursors (isobutyric acid,
isovaleric acid, and 2-methylbutiric acid), were added as needed. MM supple-
mented with the combination of succinate and acetate was designated MM-SA,
and when MM-SA was supplemented with BCFA precursors, it was named
MM-SAB. For the experiments involving /ipA expression under the control of the
xylose-inducible promoter (Pxyl4), 0.5% glycerol was used as a carbon source
instead of glucose. Xylose (0.01%) was added when required. Antibiotics were
added to media at the following concentrations: ampicillin, 100 pg ml~'; chlor-
amphenicol, 5 ug ml~!; kanamycin, 5 pg ml~'; and spectinomycin, 50 ug ml~".

Genetic techniques. E. coli competent cells were transformed with supercoiled
plasmid DNA by the calcium chloride procedure (44). Transformation of B.
subtilis was carried out by the method of Dubnau and Davidoff-Abelson (13).
The amy phenotype was assayed, with colonies grown for 48 h on LB starch
plates, by flooding the plates with 1% I,-KI solution (46). amy™ colonies pro-
duced a clear halo, while amy colonies gave no halo.

Plasmids and strain construction. In all cases, DNA fragments were obtained
by PCR using the oligonucleotides listed in Table 2. Chromosomal DNA from
strain JH642 was used as the template. The yusB conditional mutant was con-

structed as follows. A 430-bp fragment corresponding to the 5’ region of the yutB
gene without its promoter was obtained by PCR amplification using the oligo-
nucleotides yutBup and yutBdw (Table 2). The fragment was cloned into the
HindIII and Sall sites of vector pGES49 (45), which allows expression of the yutB
gene under the control of Pxyl4. The resulting plasmid was named pEL11. This
construct was then integrated by a single-crossover event at the yutB locus of
JH642, yielding strain EL104. For E. coli complementation analysis, a 954-bp
fragment containing the yusB gene of B. subtilis was PCR amplified with oligo-
nucleotides yutBup and yutBfill (Table 2). The fragment was cloned into the
HindIII and HinclI sites of pBluescriptll SK(+). The resulting plasmid was
named pEL10 and was used to transform the E. coli lipA IplA strain TM131 (30).
Strain EL104 was transformed with vector pCm::Sp (52) to exchange the chlor-
amphenicol resistance cassette present in the yutB locus for a spectinomycin
resistance cassette. The transformed strain was named NMO03. To construct a
yutB conditional mutant containing a transcriptional fusion of lacZ to the pro-
moter region of the desaturase gene (Pdes-lacZ), strain NM03 was transformed
with pAR11 linearized with Scal (2), yielding strain NM04. Strain AM100 was
constructed by transformation of JH642 with chromosomal DNA of AKP20 (2)
and selection of the amy™ transformants. A derivative of strain EL104 that
overexpresses the desaturase gene constitutively was obtained by transformation
with chromosomal DNA of strain AM100. This strain was named NMO07.

Strain NM47 was obtained by transformation of strain EL104 with plasmid
pdes913KAN (2), previously linearized with Scal.

TABLE 2. Oligonucleotide primers
Sequence (5'-3")*

Primer name

TTGAGaAgcTTGGATATTGGAGATGATG

yutBdw .. .. TGCGagTCGacCGGACAGTTTCC
yutHind . ... CGTGTaAGCTTCGATTTTATGATATAATTC
yutBam.. ..ATTAGGaTccATTCGGGCTTTCTGAG

yutBfill cgCCAGtTaAcCTGGCGTTTTGG

“ Lowercase letters indicate variations with respect to the wild-type B. subtilis
sequence. Restriction sites are underlined.
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FIG. 1. Growth of a yutB mutant on minimal medium. Strains
JH642 (yurB ") and EL104 (yutB) were streaked onto MM plates with

the supplements indicated in the figure. The plates were incubated for
24 h at 37°C.

B-Galactosidase assays. B. subtilis strains harboring the Pdes-lacZ fusion were
grown overnight in MM-SAB. The cells were collected by centrifugation and
diluted in MM-SA, with or without the addition of 0.01 mM 2-methylbutiric acid.
Samples were taken at 1-h intervals after resuspension and assayed for B-galac-
tosidase activity as described previously (27). The specific activity was expressed
in Miller units (28). The results shown are the averages of results from three
independent experiments.

Fatty acid analysis. To determine the fatty acid composition, cells were grown
at 37°C in MM-SA with the addition of each BCFA precursor or LA. The
cultures were harvested in stationary phase. Total cellular fatty acids were ex-
tracted by the method of Bligh and Dyer (6). The fatty acid methyl esters were
prepared by transesterification of glycerolipids with 0.5 M sodium methoxide in
methanol (9) and then analyzed in a PerkinElmer TurboMass gas chromato-
graph-mass spectrometer with a capillary column (30 m by 0.25 mm in diameter;
Varian) of 100% dimethyl polysiloxane (PE-1; PerkinElmer). Helium at 1 ml
min~ ! was used as the carrier gas, and the column temperature was programmed
to rise by 4°C min~! from 165 to 275°C. The saturated fatty acids (SFA) and
UFA used as reference compounds were obtained from Sigma Chemical Co.

To determine the in vivo desaturase activities of B. subtilis strains, cells were
grown overnight at 37°C in MM-SAB and then resuspended in MM-SA supple-
mented with isovalerate, with the addition of 2-methylbutyrate where indicated.
Two-milliliter samples were labeled with 0.2 wCi of ["*C]palmitate for 6 h.
Following incubation, the labeled fatty acids were extracted and methyl esters
were prepared as described above. Each sample was fractionated by argentation-
thin-layer chromatography, as described previously (1). The spots of the different
fatty acids were quantified by ImageQuant 5.2.

Immunoblot analysis. Strains JH642 (yuzB*) and EL104 (yutB) were grown
overnight in MM-SAB at 37°C. Cells were resuspended in fresh MM-SAB or
MM with the addition of 0.01% xylose or 0.5 mM LA. A 1-ml aliquot of each
culture was harvested after 22 h of growth. The samples were centrifuged, and
the pellets were washed with buffer (20 mM Tris-HCI [pH 8.0], 150 mM NacCl).
The pellets were then resuspended in 180 pl of lysis buffer (50 mM Tris-HCI [pH
8.0], 10 uM phenylmethylsulfonyl fluoride) per unit of optical density at 600 nm
(ODgp). Resuspended cells were disrupted by incubation with lysozyme (100
pg/ml) for 15 min at 37°C, followed by 5 min of boiling in the presence of loading
buffer. Each sample was fractionated by sodium dodecyl sulfate gel electrophore-
sis in an 8% acrylamide gel. Proteins were electroeluted onto a nitrocellulose
membrane and detected using anti-LA rabbit antibody and a secondary anti-
rabbit immunoglobulin G antibody conjugated to alkaline phosphatase. The
blots were scanned, and the intensity of the bands was quantified by Image-
Quant 5.2.

RESULTS

Depletion of YutB. A BLAST search of the SubtiList data-
base (32) using the amino acid sequence of the E. coli LA
synthase (LipA) detected a gene of B. subtilis, yutB, encoding
a homologous polypeptide of 298 amino acid residues with a
molecular mass of 33,766 Da, classified as a possible LA syn-
thase. Comparison of the deduced amino acid sequence of the
B. subtilis YutB protein with the sequence of E. coli LipA
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FIG. 2. Effects of the addition of different supplements on the
growth of the yustB mutant. Strain EL104 (yutB) was grown overnight
in MM-SAB. Cells were resuspended in MM alone (closed circles);
MM with the addition of acetate and succinate (closed triangles),
acetate and BCFA precursors (open circles), or succinate and BCFA
precursors (open triangles); or MM-SAB (closed squares). Samples
were taken every 2 h, and the ODg,, was measured.

rendered values of 52% identity and 67% similarity. Several
stretches of conserved residues that may be important for the
function of the YutB enzyme were found. A conserved Cys
motif, CXXXCXXC, was found at positions 67 to 74 in the
YutB protein. This motif is common among radical S-adeno-
syl-L-methionine enzymes and is thought to bind an Fe-S cen-
ter involved in 5’-deoxyadenosyl radical generation (17, 29,
43). A second Cys motif, CXXXXCXXXXXC, which is unique
to LA synthases and is involved in the coordination of the
second [4Fe-4S] cluster present in these enzymes (7), was lo-
cated at positions 40 to 51 in YutB.

The yutB gene has not been considered to be essential based
on the results of systematic genomewide inactivation of B.
subtilis genes (24) in a study performed using a standard lab-
oratory rich medium, LB medium. As LA auxotrophy would be
in evidence only in minimal medium, to perform this study we
constructed a conditional mutant, EL104, which expressed
yutB under the control of Pxyl4. This mutant was able to grow
in MM in the presence of xylose, and removal of the inducer
resulted in no growth, indicating that yutB was indeed essential
(Fig. 1). Moreover, EL104 grew as well as wild-type B. subtilis
in MM containing LA (Fig. 1), demonstrating that it is able to
transfer the exogenously provided cofactor to the apoproteins,
although it would be unable to synthesize it.

During vegetative growth, B. subtilis expresses at least three
E2 apoproteins that require lipoylation for activity, namely,
pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, and
BCKADH. If indeed YutB is involved in LA synthesis, the
growth of EL104 in MM should also be rescued by the addition
of the metabolites that yield the products of the lipoylated
enzymes, i.e., acetate, succinate, and BCFA precursors, bypass-
ing the lipoylation requirement. As shown in Fig. 2, EL104
needs the addition of both acetate and BCFA precursors to
MM to restore growth, indicating that pyruvate dehydrogenase
and BCKADH are not functional in this strain. It should be
noted that the addition of succinate is not required to comple-
ment the growth of EL104 in MM, in agreement with previous
reports that succinate is dispensable for the growth of B. sub-
tilis in minimal medium supplemented with glucose (14).

Lipoylation of proteins in a YutB-depleted strain. To deter-
mine if the E2 apoproteins of the dehydrogenase complexes
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FIG. 3. Immunoblot with anti-LA antibody. JH642 (yutB") and
EL104 (yutB) cells were grown overnight in MM-SAB. Cells were
resuspended in fresh MM-SAB (lanes 1 and 4) or MM with the addi-
tion of xylose (lanes 2 and 5) or LA (lanes 3 and 6). Cells were
harvested after 22 h of growth and treated as described in Materials
and Methods. The upper band corresponds to the pyruvate dehydro-
genase and 2-oxoglutarate dehydrogenase E2 subunits. The lower
band presumably corresponds to the E2 subunit of BCKADH. WT,
wild type; MWM, molecular size marker.

have been lipoylated in the yutB mutant EL104, we analyzed
cell extracts using antiserum specific for lipoylated proteins. By
Western blotting, two major bands with apparent masses of 60
and 52 kDa were detected in samples from the wild-type strain,
JH642, growing in three different media (Fig. 3, lanes 1 to 3).
The same pattern was observed when EL104 was grown in MM
supplemented with xylose (Fig. 3, lane 5) or LA (Fig. 3, lane 6).
However, almost no reaction was observed when cell extracts
of EL104 were obtained from cultures grown in MM-SAB (Fig.
3, lane 4). These results indicate that the growth defect of this
strain in MM is due to the absence of lipoylation of essential
apoproteins.

The B. subtilis yutB gene encodes a functional lipoyl synthase
enzyme. Complementation experiments were used to confirm
the prediction that yutB encodes a functional LipA-like lipoyl
synthase. E. coli strains harboring both a /ip4 mutation and a
IplA mutation fail to synthesize LA and are unable to grow
even in the presence of exogenous lipoate since it cannot be
attached to the apoproteins (30). Therefore, growth of a lip4
IplA double mutant in M9 minimal medium can only be res-
cued by supplementation with acetate and succinate (30) (Fig.
4). Transformation of strain TM131 (/ipA4 IplA) or TM136 (lipB
IplA) with plasmid pEL10, expressing yutB, showed that E. coli
lipA IplA was complemented by yutB expression (Fig. 4) but
that the lipB IplA strain was not (data not shown). Thus, based
on the molecular characteristics of the yutB gene, the growth
phenotype and protein lipoylation pattern of the yutB mutant,
and the ability of yutB to complement the lipA but not the lipB
defect, we have designated this gene /lipA4 in concordance with
E. coli nomenclature.

Membrane fatty acid alterations in the /ip4A mutant. Iso- and
anteiso-BCFAs are the dominant components of B. subtilis
membranes (21). The primer carbons for the synthesis of
these fatty acids are isobutyryl coenzyme A (isobutyryl-CoA),
isovaleryl-CoA, and 2-methylbutyryl-CoA, which in turn are
derived from the branched-chain amino acids valine, leucine,
and isoleucine, respectively (20, 33). The enzyme that catalyzes
the formation of acyl-CoA primers from the branched-chain
a-keto acids is the BCKADH complex, which requires LA as a
coenzyme (34).

Due to the lipoate requirement of the BCKADH complex,
we expected the fatty acid composition of EL104 to be altered
by depletion of LipA. In fact, at 37°C, even-numbered straight-
chain SFA largely predominated in the /ipA mutant while
BCFAs were the major fatty acid species in the wild-type strain
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FIG. 4. B. subtilis yutB gene complementation of an E. coli strain
deficient in lipoate synthesis and utilization. E. coli TM131 (lipA IplA)
was transformed with either the empty vector bearing the lacZ induc-
ible promoter (pKS) or the same vector expressing B. subtilis yutB
under the control of PlacZ (pEL10). The strains were inoculated into
M9 minimal medium containing IPTG (isopropyl-B-D-thiogalactopyr-
anoside; black bars) or the same medium supplemented with acetate
and succinate (gray bars). The ODy, values of the cultures were
determined after 24 h of growth at 37°C. The results shown are the
averages of results from three independent experiments.
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(Table 3; see also Table S1 in the supplemental material). In
agreement with the findings of previous studies (56, 57), we
observed that the addition of each of the short-BCFA precur-
sors increased the proportion of the corresponding BCFA.
However, the total fatty acid composition of EL104 mem-
branes became similar to that of wild-type membranes only
when the medium was supplemented with LA, indicating that
lipoate-dependent metabolism is essential for normal BCFA
biosynthesis. Despite these membrane alterations, analysis of
bacterial growth in MM-SA supplemented with any one of the
BCFA precursors showed that all of them were able to
support the growth of the lipA strain. However, 2-methyl-
butyrate, the precursor of anteiso-BCFAs, was slightly more
effective in stimulating the growth of /ipA mutants than
isobutyrate or isovalerate, which are used as primers for
iso-BCFA biosynthesis (data not shown).

Expression and activity of the lipid desaturase in a lip4
mutant. Previous work has revealed that the DesK-DesR two-
component system regulates the expression of the des gene
coding for the AS-acyl-lipid desaturase from B. subtilis (2). It is
believed that a decrease in membrane fluidity activates the
DesK-DesR transducing cascade, which results in synthesis of
the desaturase and desaturation of membrane phospholipids
(26). Transcription of des is tightly regulated by temperature:
although des mRNA is barely detected in cells growing in rich
medium at 37°C, its production is dramatically induced upon a
temperature downshift (3). However, the des gene is also de-
repressed at 37°C when the supply of isoleucine is limited,
leading to a decrease in the synthesis of anteiso-BCFAs (11).
This is probably because these fatty acids share with UFA the
ability to decrease the transition temperature of membrane
phospholipids to maintain the appropriate fluidity.

As the amount of anteiso-BCFAs is dramatically decreased
in a lipA strain deprived of LA (Table 3), we wished to deter-
mine whether the /ipA mutation has some effects on des tran-
scription and on fatty acid desaturation. To this end, we used
strains AKP3 (lipA™) and NMO04 (lipA), which contain a fusion
of the lacZ gene to the des promoter integrated ectopically at
the nonessential amyE locus. These strains were grown in ei-
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TABLE 3. Fatty acid compositions of total membrane lipid extracts from B. subtilis strains JH642 (lipA™) and EL104 (lipA)

% of total fatty acid in the form of:

Iso-BCFA/anteiso- (Iso-BCFA + straight-

Strain Supplement® Straight-chain Even-numbered Odd-numbered . BCFA ratio chgin fatty acid){
fatty acids iso-BCFAs iso-BCFAs Anteiso-BCFAs anteiso-BCFA ratio

JH642 IBU 12.95 28.84 23.87 33.65 1.57 1.95

IVAL 14.84 7.17 40.01 37.20 1.27 1.67

2-MB 23.88 3.12 12.51 60.10 0.26 0.66

LA 19.57 14.96 23.41 41.65 0.92 1.39
EL104 IBU 63.32 14.84 10.47 11.04 2.29 8.03

IVAL 60.39 6.18 23.01 10.16 2.87 8.82

2-MB 59.55 7.15 9.25 23.69 0.69 3.20

LA 7.41 10.72 35.18 46.62 0.98 1.14

“ Cells were grown at 37°C in MM-SA supplemented with isobutyrate (IBU), isovalerate (IVAL), 2-methylbutyrate (2-MB), or LA.

ther MM-SA or MM-SA supplemented with 2-methylbutyrate.
As shown in Fig. SA, the activity of the des promoter in the lipA
strain NM04 reaches induction levels about fourfold higher
than the levels found in strain AKP3. The expression of the
des-lacZ fusion was repressed in both strains after supplemen-
tation with 2-methylbutyrate (Fig. 5A), supporting previous
evidence that transcription of des is regulated by the order of
membrane lipids.

We also tested the desaturase activities of strains NM04 and
AKP3 growing at 37°C in MM-SA supplemented with isovaler-
ate by labeling the cells with radioactive palmitate and assaying
the conversion of this fatty acid to cis-hexadecenoic acid (Fig.
5B). In agreement with the results of the transcriptional ex-
periments (Fig. 5A), the levels of desaturation of exogenously
added palmitate were about threefold higher in strain NM04
than in strain AKP3 (Fig. 5C, bars 1 and 3). As expected, the
addition of 2-methylbutyrate decreases ['*C]palmitate desatu-
ration in both strains (Fig. 5C, bars 2 and 4).

Although depletion of LipA induces the expression of the

desaturase at 37°C (Fig. SA), the UFA synthesized by the lipA4
strain did not improve the growth of this strain in the absence
of BCFA precursors (Fig. 2). This may be because the amount
of UFA synthesized is not sufficient to decrease the phase
transition of membrane lipids or because the branching of fatty
acids has an essential function other than disrupting the pack-
ing of the phospholipid acyl chains. To distinguish between
these two possibilities, we constructed strain NM07, a deriva-
tive of EL104, which lacks DesK and overexpresses the tran-
scriptional activator DesR, resulting in constitutive overpro-
duction of the desaturase (2). At 37°C, a strain with such
characteristics contains an unusually high proportion of mem-
brane UFA, which reach values near 13% of total fatty acids,
representing levels about sixfold higher than those found in the
wild-type strain (4). When NM07 is grown in MM-SA, a con-
dition under which EL104 does not grow (Fig. 2, closed trian-
gles), it reaches an OD, similar to that of EL104 grown in the
presence of acetate, succinate, and BCFA precursors (compare
Fig. 2, closed squares, with Fig. 6, closed triangles). Moreover,

A 250 — - - B 1 2 3 4 C 1w
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2
1
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FIG. 5. lipA depletion stimulates transcription and activity of the desaturase. (A) Effect of lip4 mutation on des-lacZ expression. AKP3 (lipA™
Pdes-lacZ) and NMO4 (lipA Pdes-lacZ) cells were grown overnight at 37°C in MM-SAB and resuspended in MM-SA (gray bars) or MM-SA with
the addition of 2-methylbutyric acid (black bars). -Galactosidase activities of samples taken after 6 h of growth are shown. The results presented
are the averages of results from three independent experiments. MU, Miller units. (B) Argentation-thin-layer chromatography analysis of fatty acid
methyl esters. AKP3 (lipA™") and NM04 (lipA) were grown overnight in MM-SAB at 37°C. Cells were then resuspended in MM-SA supplemented
with isovalerate (lanes 1 and 3) or with the addition of isovalerate and 2-methylbutyrate (lanes 2 and 4) and exposed to 0.2 pCi of [1-'*C]palmitate.
After 6 h of incubation at 37°C, lipids were extracted and transesterified and the resulting methyl esters were analyzed as described in Materials
and Methods. About 8,000 cpm of radioactivity was loaded into all lanes. The final positions of UFA and SFA are indicated to the left.
(C) Percentages of UFA synthesis. The radioactivity levels of the spots of the UFA and SFA shown in panel B were quantified by ImageQuant
5.2. Results are expressed as percentages of the total methyl esters recovered. The numbers below the bars correspond to the lane numbers

indicated in panel B.
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FIG. 6. Effect of des overexpression on the growth of the lip4
mutant. Strain NMO7 (lipA desK::Km PKm-desR, where Km indicates
a kanamycin resistance cassette) was grown overnight in MM-SAB.
Cells were resuspended in fresh MM (circles), MM-SA (triangles), or
MM-SAB (squares). Samples were taken at different times, and the
ODg, Wwas measured.

strain NMO7 reached ODy, values about twofold higher than
EL104 after 12 h of growth in MM-SAB at 37°C (compare Fig.
2 and Fig. 6, closed squares). These results clearly indicate that
UFA are able to fully complement the BCFA deficiency of
LipA-depleted strains. It follows that the main role of BCFAs
at 37°C is to maintain optimal fluidity for normal cell growth.

Cold sensitivity of des mutants in the absence of lipoylation.
It has been reported previously that isoleucine is essential for
a B. subtilis des mutant to survive cold shock (54). This pro-
tective effect seems to be based on the function of this amino
acid as a precursor in the biosynthesis of anteiso-BCFAs. In-
terestingly, branched-chain amino acids, especially isoleucine,
seem to have a key regulatory role in adaptation to a wide
range of nutritional environments by different mechanisms, in
both gram-positive and gram-negative bacteria (for a review,
see reference 49). Therefore, it was of interest to test if iso-
leucine suppresses the cold-sensitive phenotype of a des mu-
tant by using a yet unknown regulatory mechanism(s) together
with the well-established role of this amino acid as a precursor
of anteiso-BCFAs. To asses this possibility, we constructed a
des derivative of EL104, strain NM47. This strain is unable to
synthesize anteiso-BCFAs due to the absence of lipoylation of
the BCKADH complex and cannot desaturate fatty acids ow-
ing to des mutation (1). Therefore, if the major role of isoleu-
cine in the B. subtilis cold shock response is to prime the
synthesis of anteiso-BCFAs, a des lipA mutant should be un-
able to grow at 15°C even in the presence of this amino acid.
However, if isoleucine has an additional role in cold adapta-
tion, partial restoration of the growth would be observed.
Thus, we analyzed the growth at 15°C of NM47 (des lipA), LC7
(des), EL104 (lipA), and JH642 (des™ lipA™") in MM-SA sup-
plemented with 0.1 mM isovalerate, 0.1 mM isobutyrate, 0.05
mM 2-methylbutyrate, and 0.05 mM isoleucine. Growth of
NM47 was almost completely inhibited at 15°C, despite the
presence of isoleucine, while EL104 and LC7 were able to
grow at this temperature, although at a reduced rate compared
to a wild-type strain (Fig. 7). Increasing concentrations of
isoleucine, ranging from 0.05 to 0.75 mM, failed to confer a
cold resistance phenotype on NM47 (data not shown). These
data, combined with the observation that NM47 grew normally
at 37°C in the above-described medium (data not shown),
allowed us to conclude that the suppressor effect of isoleucine
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FIG. 7. Cold sensitivity of a des lipA double mutant. Cells were
grown overnight at 37°C in MM-SA supplemented with 0.1 mM isobu-
tyric acid, 0.1 mM isovaleric acid, 0.05 mM 2-methylbutyric acid, and
0.05 mM isoleucine and were then resuspended in the same medium
and grown at 37°C until early exponential phase, when cultures were
transferred to 15°C. Samples were taken, and the ODj,, was measured.
Closed circles, JH642 (des™ lipA™); open circles, LC7 (des); closed
triangles, EL104 (lipA); open triangles, NM47 (des lipA).

on the cold sensitivity of des mutants is almost entirely due to
its role as a precursor of anteiso-BCFAs.

DISCUSSION

Although a large body of information concerning LA bio-
synthesis and utilization has been accumulated over the years
(for a review, see reference 10), these pathways in gram-posi-
tive organisms have not been elucidated completely. A recent
report suggested that LipA (YutB) of B. subtilis is involved in
competence development, functioning as a transcriptional reg-
ulator of comE (36). For these reasons and due to our interest
in fatty acid biosynthesis, we began the present study in which
we obtained genetic and physiological data demonstrating that
lipA is an essential B. subtilis gene coding for LipA, the enzyme
responsible for the sulfur insertion step of LA biosynthesis.
The genetic evidence is based on results from experiments
showing that the B. subtilis lipA gene can complement the
growth of E. coli lipA IplA double mutants but not of lipB
mutants. In agreement with the complementation data, the
growth of lipA strains can be restored by supplementation with
either LA or the metabolites that yield the products of the
lipoylated enzymes, pyruvate dehydrogenase and BCKADH.

Extensive work using B. subtilis as a model gram-positive
organism has shown that the acyl-CoA esters with three to
five carbons are synthesized by oxidative decarboxylation of
branched-chain keto acids by the LA-dependent enzyme
BCKADH (34). Three genes, bfmBAA, bfmBAB, and
bfmBB, encode the Ela, E1B8 and E2 components of this
complex, respectively (53). They form part of the bkd gene
cluster (12), which also contains a gene, Ipd, encoding a
putative E3 subunit that is distinct from the one associated
with the pyruvate dehydrogenase complex. However, an al-
ternative pathway to generate the precursors for BCFA syn-
thesis, involving a branched-chain a-keto acid decarboxylase,
was proposed previously (37). It was suggested that this
enzyme is a free form of the dehydrogenase (Ela) of the
BCKADH complex (53) that would catalyze the synthesis of short
carboxylic acyl-CoA esters that in turn would be used for the
initiation of BCFA elongation, by condensation with malonyl-
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acyl carrier protein (21). The findings of the present study rule
out the physiological significance of this hypothetical pathway
in B. subtilis since we have demonstrated that in the absence of
enzyme lipoylation, which should not affect Ela activity, the
synthesis of BCFAs is dramatically decreased. More impor-
tantly, the lipA mutant was unable to grow in minimal medium
unless the medium was supplemented with short-branched-
chain carboxylic acids. Thus, we conclude that the lipoate-
dependent BCKADH complex is the major pathway respon-
sible for providing the precursors for BCFA biosynthesis in B.
subtilis. This may not be the case for other gram-positive or-
ganisms, since in an L. monocytogenes strain deficient in pro-
tein lipoylation the synthesis of BCFAs is not completely abol-
ished, indicating that a compensatory pathway is functioning
(22).

The branched-chain acyl-CoA esters are introduced into
the fatty acid biosynthetic pathway at the initiation step by
two FabH isozymes, named FabHA and FabHB (8). These
enzymes catalyze the condensation of the acyl-CoA esters with
malonyl-acyl carrier protein to form the first B-ketoacyl inter-
mediate in the type II fatty acid synthase (8). While the single
E. coli FabH has a high degree of specificity for acetyl-CoA
(18), the FabH enzymes from B. subtilis are less active with this
substrate and readily utilize branched-chain acyl-CoA primers
(8). Here, we found that in the absence of lipoylated metabolic
enzymes, including BCKADH, the lipA4 strain EL104 growing
in defined medium supplemented with any one of the BCFA
precursors produced copious amounts of even-numbered
straight-chain SFA. This result contrasts with the one observed
for L. monocytogenes BCKADH mutants, which contain an
increased proportion of even-numbered BCFAs only when
grown in medium without the addition of BCFA precursors (5,
57). LA supplementation of the lip4 mutant could substantially
restore the BCFA profile observed in wild-type strains. Thus,
when the availability of branched-chain acyl-CoA primers is
restricted by LipA depletion, B. subtilis FabHA and/or FabHB
can efficiently utilize straight-chain acyl-CoA primers, such as
acetyl-CoA or butyryl-CoA, to prime fatty acid synthesis.
Even though the B. subtilis genome contains an operon
(mmgABCDE) encoding enzymes homologous to that involved in
the synthesis of butyryl-CoA (395), it is unlikely that this com-
pound is being used for fatty acid biosynthesis since, as dem-
onstrated by Choi et al. (8), both FabH isoenzymes have much
higher affinity for acetyl-CoA than for butyryl-CoA. In sum-
mary, our findings strongly indicate that at 37°C the supply of
precursors, rather than the substrate specificity of the FabH
isozymes, is the most significant factor in determining the com-
position of fatty acids produced by the B. subtilis fatty acid
synthase.

It was shown previously that in B. subtilis a two-component
system composed of a membrane-associated sensor histidine
kinase, DesK, and a response regulator, DesR, controls the
expression of the des gene coding for the A5 desaturase (2). We
proposed that DesK could assume different signaling states in
response to changes in membrane fluidity (26). A kinase dom-
inant state of DesK predominates upon an increase of the
packing of membrane lipids. This increase can be accom-
plished either under cold shock conditions or at the optimal
growth temperature, 37°C, by restricting the supply of isoleu-
cine, which reduces the amount of anteiso-BCFASs in mem-
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brane phospholipids (2, 11). Here, we show that the dramatic
inhibition of fatty acid branching produced by LipA depletion
from cells growing at 37°C (Table 3) leads to transcriptional
induction of the des gene to levels fourfold higher than those
observed in lipA™ strains growing in an isoleucine-free me-
dium. These transcriptional data give further support to the
hypothesis that DesK senses membrane fluidity, since the
membrane lipids of /ipA-deficient cells contain a much higher
proportion of high-melting-point fatty acids than those of cells
expressing LipA. As shown in Fig. 2, the UFA synthesized by
lipA cells in the absence of supplementation with BCFA pre-
cursors cannot overcome BCFA deficiency in the absence of
lipoylation. However, this BCFA precursor auxotrophy of lipA4
mutants was easily abolished by overexpression of the DesR
transcription factor, which leads to overproduction of UFA.
These results mean that UFA can fulfill the role of BCFAs in
cell growth and that regulation of the expression of the B.
subtilis desaturase by the two-component system DesK-DesR
is designed to fine-tune membrane fluidity rather than to sub-
stitute for the role of fatty acid branching.

The des gene from B. subtilis is induced severalfold by cold
shock, although this organism can grow without UFA at low
temperatures in rich medium (1). However, a B. subtilis des
deletion mutation underlies a dramatic reduction of viability
during cold shock in the absence of exogenous isoleucine (54).
It has been suggested that this cold sensitivity is because the
desaturase provides a backup mechanism to survive at low
temperatures in the absence of an isoleucine-dependent switch
of the branching pattern, from iso- to anteiso-BCFAs. How-
ever, this proposal does not rule out another role of isoleucine
in the survival of des mutants under cold shock conditions,
since this model is based on results from experiments per-
formed in the absence of the amino acid (54). It is well docu-
mented that branched-chain amino acids play a key regulatory
role in bacterial adaptation (12, 47, 48). Interestingly, the ex-
istence of a novel regulatory small RNA in B. subtilis, BsrF,
whose transcription is activated by the global regulator CodY
only in the presence of GTP and branched-chain amino acids,
has been reported recently. Notably, of the three branched-
chain amino acids, isoleucine was found to be the most potent
activator of BsrF transcription (41). Here, we show that a des
lipA double mutant growing in medium supplemented with
acetate and BCFA precursors is viable at 37°C but is unable to
survive after a shift from 37 to 15°C, even in the presence of
isoleucine. Therefore, our data provide direct evidence that
the major role of exogenous isoleucine in allowing B. subtilis
des mutants to withstand cold shock is to stimulate an increase
in the anteiso-BCFA content of the membranes. In addition,
the results of our experiments directly demonstrate that UFA
are essential to provide cryoprotective properties to a B. sub-
tilis strain defective in lipoylation of BCKADH for membrane
adaptation during cold shock.
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