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Lipoic acid is a covalently bound disulfide-containing cofactor required for function of the pyruvate dehy-
drogenase, a-ketoglutarate dehydrogenase, and glycine cleavage enzyme complexes of Escherichia coli. Recently
we described the isolation of the Ipl4 locus, the first gene known to encode a lipoyl-protein ligase for the
attachment of lipoyl groups to lipoate-dependent apoenzymes (T. W. Morris, K. E. Reed, and J. E. Cronan, Jr.,
J. Biol. Chem. 269:16091-16100, 1994). Here, we report an unexpected redundancy between the functions of
IplA and lipB, a gene previously identified as a putative lipoate biosynthetic locus. First, analysis of /pl4 null
mutants revealed the existence of a second lipoyl ligase enzyme. We found that /pl4 null mutants displayed no
growth defects unless combined with lip4 (lipoate synthesis) or lipB mutations and that overexpression of
wild-type LplA suppressed lipB null mutations. Assays of growth, transport, lipoyl-protein content, and
apoprotein modification demonstrated that [pl4 encoded a ligase for the incorporation of exogenously supplied
lipoate, whereas lipB was required for function of the second lipoyl ligase, which utilizes lipoyl groups
generated via endogenous (lipA-mediated) biosynthesis. The lipB-dependent ligase was further shown to cause
the accumulation of aberrantly modified octanoyl-proteins in lipoate-deficient cells. Lipoate uptake assays of
strains that overproduced lipoate-accepting apoproteins also demonstrated coupling between transport and
the subsequent ligation of lipoate to apoprotein by the LplA enzyme. Although mutations in two genes (fadD
and fadL) involved in fatty acid failed to affect lipoate utilization, disruption of the smp gene severely decreased
lipoate utilization. DNA sequencing of the previously identified sir! selenolipoate resistance mutation (K. E.
Reed, T. W. Morris, and J. E. Cronan, Jr., Proc. Natl. Acad. Sci. USA 91:3720-3724, 1994) showed this mutation
(now called IpiA1) to be a G76S substitution in the LplA ligase. When compared with the wild-type allele, the
cloned Ipl41 allele conferred a threefold increase in the ability to discriminate against the selenium-containing

analog. These results support a two-pathway/two-ligase model of lipoate metabolism in E. coli.

The disulfide-containing cofactor (R)-(+)-lipoic acid (6,8-
thioctic acid or 1,2-dithiolane-3-pentanoic acid) is an extremely
widely distributed protein bound cofactor which is essential for
activity of a variety of enzyme complexes that catalyze oxida-
tive decarboxylations. Escherichia coli cells express three such
lipoate-dependent multienzyme complexes, including the well-
studied pyruvate and a-ketoglutarate dehydrogenases (9, 26)
as well as the recently identified glycine cleavage enzyme (35,
39). The functional form of lipoate is attached by amide link-
age to a single specific lysyl residue within the lipoate-accept-
ing domains of the E2p subunit of pyruvate dehydrogenase, the
E20 subunit of a-ketoglutarate dehydrogenase, and the H-
protein subunit of the glycine cleavage complex. The redox-
active disulfide bond of lipoylated proteins functions as a co-
valently bound carrier of reaction intermediates between
successive active sites within these large multisubunit enzyme
complexes. Highly specific lipoyl-protein ligases are thus re-
quired to attach lipoate to the appropriate lysyl residues of the
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lipoate dependent enzymes. We have recently described the
IplA gene of E. coli, which encodes lipoate-protein ligase A
(LplA), the first lipoyl ligase gene and enzyme to be isolated
and studied in detail (20). As reported here, analysis of pl4
null mutants has focused renewed attention on poorly under-
stood aspects of lipoate metabolism and revealed that lipoate
uptake, ligation of lipoyl groups to apoproteins, and lipoate
synthesis are interconnected processes.

Although many organisms are capable of synthesizing li-
poate, the biosynthetic pathway has not been fully described in
any system. In E. coli, labeling experiments (40, 41) have im-
plicated octanoic acid, 8-thiooctanoic acid, and 6-thiooctanoic
acid as lipoate precursors, while molecular genetic and feeding
studies (30, 39) have demonstrated that the /ip4 gene product
is required for the as yet undefined insertion of sulfur into
octanoate to form lipoate. While the /lipA gene is required for
de novo lipoate synthesis, the activity of the LipA protein has
not been demonstrated in vitro. Sequence similarities between
the LipA proteins of E. coli, Saccharomyces cerevisiae, and
Pelobacter carbinolicus (24, 30, 36) and the BioB biotin syn-
thetases of E. coli, S. cerevisiae, and Bacillus sphaericus (23, 25,
42) suggest that the mechanisms of sulfur insertion into lipoate
and biotin are closely related. A second E. coli gene of un-
known function (/ipB) was isolated during selection for mu-
tants defective in lipoate synthesis (39). Strains with null mu-
tations in /ipB continue to synthesize lipoyl groups, however,
and instead display a 10-fold reduction in the accumulation of
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TABLE 1. Bacterial strains used

Strain Genotype Plasmid(s) present };ffseors?cc:
JK1 rpsL 30
KER176 rpsL lipA150::Tn1000dKn 30
KER184 rpsL lipB182::Tn1000dKn 30
KER264 rpsL IplAI(sirl) 31
KER282 rpsL IplA1(slrl) thr::Tnl0 This study
KER296 rpsL lipA150::Tn1000dKn fadE 30
KER310 rpsL lipA150::Tn1000dKn lipB175Tn10dTc 30
KER316 rpsL IplA1(slrl) thr::Tnl0 recA::kan This study
KER332 serA25 lipA150::Tn1000dKn lysA thi-1 This study
TVB57 rpsL A(recA-srl) Tc® 38
TVB129 rpsL lipA150::Tn1000dKn fadL::Tnl0 This study
JC10240 Hfr(PO 45) recA56 srl::Tnl0 the ilv rpsE CGSC*
LS7072 fadR fadD zea::Tnl0 17
JC7623 thr-1 leu-6 proA2 his-4 thi-1 argE3 lacYl galK2 ara-14 xyl-5 mtl-1 tsx-33 15

1psL31 supE37 recB21 recC22 sbcB15 sbcC201

TM125 rpsL lipA150::Tn1000dKn fadD zea::Tnl0 This study
TM131 1psL lipA150::Tn1000dKn IplA148::Tnl10dTc fadE 20

T™132 rpsL lipA150::Tn1000dKn IplA329::Tn10dTc fadE 20

T™M134 rpsL IplA148::Tnl0dTc 20

TM135 rpsL [plA329::Tn10dTc 20

TM136 rpsL lipB182::Tn1000dKn IplA148::Tn10dTc This study
T™M137 rpsL lipB182::Tn1000dKn Ipl4329::Tn10dTc This study
TM140 rpsL lipA150::Tnl000dKn pKR56, pMS421 20

TM141 rpsL lipA150::Tn1000dKn pKK223, pMS421 20

T™174 rpsL lipB175Tnl10dTc pKR56, pMS421 This study
TM175 rpsL lipB175Tn10dTc pMR16, pMS421 This study
T™M176 rpsL lipA150::Tnl000dKn pKR56, pMS421 This study
T™M177 rpsL lipA150::Tnl000dKn pMRI16, pMS421 This study
TM178 1psL lipA150::Tn1000dKn lipB175Tnl0dTc pKR56, pMS421 This study
T™179 rpsL lipA150::Tn1000dKn lipB175Tn10dTc pMRI16, pMS421 This study
TM199 rpsL lipA150::Tn1000dKn IplA148:: Tnl0dTc fadE pTM69, pMS421 This study
T™M229 thr-1 leu-6 proA2 his-4 thi-1 argE3 lacY1 galK2 ara-14 xyl-5 mtl-1 tsx-33 This study

rpsL31 supE37 recB21 recC22 sbcB15 sbcC201 Asmp::Q0Cm

T™M231 rpsL lipA150::Tn1000dKn Asmp::Q0Cm This study
T™M232 rpsL Asmp::Q0Cm This study
TM233 rpsL lipA150::Tnl000dKn Asmp::Q0Cm Hfr(PO 45) recA56 srl::Tnl10 This study
TM245 rpsL pGS331 This study
TM246 rpsL lipA150::Tnl000dKn pGS331 This study
T™M247 rpsL lipB182::Tn1000dKn pGS331 This study
T™M248 rpsL IplA148::Tnl10dTc pGS331 This study
TM249 1psL lipA150::Tn1000dKn IplA148::Tnl10dTc fadE pGS331 This study
TM250 rpsL lipB182::Tn1000dKn IplA148::Tn10dTc pGS331 This study
TM251 rpsL lipA150::Tn1000dKn lipB175Tn10dTc pGS331 This study
TM254 rpsL lipB182::Tn1000dKn pTM61-4 This study
TM255 rpsL lipA150::Tn1000dKn IplA148::Tnl0dTc fadE pKR112 This study
TM274 rpsL lipA150::Tnl1000dKn IpiA148::Tnl0dTc fadE pKR123, pMS421 This study
TM300 serA25 lipA150::Tn1000dKn lysA thi-1 IplA148::Tn10dTc This study
148 rpsL lipA150::Tnl000dKn IpiA148::Tnl10dTc 20

329 rpsL lipA150::Tn1000dKn IplA329::Tn10dTc 20

“ CGSC, E. coli Genetic Stock Center, Yale University, New Haven, Conn.

protein-bound lipoyl groups (30). Thus, /lipB appeared to be
involved in the ligation of lipoyl groups to apoproteins, but the
partial nature of the lipB defect suggested that some other
gene(s) must encode a lipoyl ligase enzyme. Indeed, the pl4
gene encoding such a ligase has been cloned and used to
overexpress and purify the LplA lipoyl ligase enzyme (20).
Characterization of the nutritional and biochemical defects of
strains with Ipl4 null mutations has subsequently revealed an
unexpected redundancy between the functions of the Ipl4 and
lipB genes. This conclusion was confirmed by measurements of
lipoate transport, lipoate utilization, and lipoyl-protein synthe-
sis in various mutant strains. We propose a two-pathway-plus-
two-ligase model of lipoate metabolism to explain these re-
sults.

MATERIALS AND METHODS

Bacterial strains and media. Most strains used in this work (Table 1) were
derived from strain JK1, a prototrophic strain of E. coli K-12 from the laboratory
of J. Konisky. Strain constructions utilizing bacteriophage P1vir transductional
crosses were carried out by conventional methods (18). References for previously
described strains are given in Table 1. Novel strains were constructed as follows.
Strain KER176 was transduced to tetracycline resistance by a P1 lysate of
LS7072, and transductants were screened for growth on oleate and acetate as
carbon sources. One candidate which grew on acetate but failed to grow on
oleate was saved as strain TM125 (fadD zea::Tnl0). The tetracycline resistance
markers of strains 148 and 329 were transduced into strain KER184 to give
strains TM136 and TM137, respectively. Strain KER184 was also transformed
with the appropriate plasmids (as indicated in Table 1) to give strains TM174,
TM175, TM247, and TM254. Strain KER176 was transformed with the appro-
priate plasmids to give strains TM176, TM177, and TM246. Strain KER310 was
transformed with the appropriate plasmids to give strains TM178, TM179, and
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TM251. Strain TM131 was transformed with the appropriate plasmids to give
strains TM199, TM249, TM255, and TM274. Strains JK1, TM134, and TM136
were transformed with plasmid pGS331 to give strains TM245, TM248, and
TM250, respectively.

To generate a chromosomal disruption of the smp gene, plasmid pTM77 was
linearized with PstI and used to transform strain JC7623 to chloramphenicol
resistance. An ampicillin-sensitive and chloramphenicol-resistant transformant
was saved as strain TM229 (Asmp::Q0Cm). A P1 lysate of strain TM229 was then
used to transfer the Asmp::(0Cm allele into strains KER176 and JKI1 to yield
strains TM231 and TM232, respectively. Strain TM231 was then mated with
JC10240, and exconjugants were selected on rich broth plates supplemented with
acetate, succinate, tetracycline, chloramphenicol, and kanamycin. These excon-
jugants were screened for sensitivity to UV light, and one sensitive isolate was
saved as strain TM233 (recA srl::Tnl0). Strain KER332 was transduced to tet-
racycline resistance by a P1 lysate of strain TM134 to yield TM300. A P1 lysate
of strain LS5283 was used to transduce strain KER176 to tetracycline resistance,
thus yielding strain TVB129 (fadL::Tn10). A P1 lysate of strain CAG18442 (34)
was used to donate tetracycline resistance to strain KER264, and the resulting
strain (KER282) was then transduced to kanamycin resistance by a lysate from
strain GP150 to form the recA derivative KER316.

The culture medium was rich broth (5) or minimal salts medium E (4) sup-
plemented with 0.4% glucose and, as needed, pL-a-lipoic acid (0.5 to 50,000
ng/ml; Sigma), 5 mM sodium acetate, 5 mM sodium succinate, 0.1% vitamin-free
casein hydrolysate (Difco), lysine (100 pg/ml), glycine (100 wg/ml), serine (100
pg/ml), thiamine (10 wg/ml), streptomycin (30 pg/ml), kanamycin (25 wg/ml),
tetracycline (3 to 10 pg/ml), ampicillin (100 wg/ml), spectinomycin (30 pg/ml),
and chloramphenicol (30 wg/ml). When used as primary carbon sources, acetate
and succinate were present in minimal E medium at 50 mM, while oleate was
present at 0.1% (wt/vol). Selenolipoic acid (1,2-diselenolane-3-pentanoic acid)
was synthesized as previously described (31) and added to minimal E glucose
medium at 10 to 4,000 ng/ml. Solid media contained 1.5% agar. All cultures were
grown at 37°C. Anaerobic growth experiments were carried out in GasPak
anaerobic jars (Becton Dickinson).

Plasmids and plasmid constructions. Plasmids pTM59, pTM61-1, pTM61-4,
pTM69, pKR56, pMS421, and pKK223-3 were described previously (20). Plas-
mid pKR112 carries the /ipB gene under control of the tac promoter (30).
Plasmids pKR123 and pKR124 carry the IplA1 gene from the chromosome of
strain KER264 as a 1.25-kb Hpal fragment inserted into the Stul site of pMTL20
(3), thus placing the [pl41 gene under control of the lac promoter (pKR123) or
in the opposite orientation (pKR124). Plasmid pGS331 expresses an 85-residue
recombinant lipoate-accepting domain under control of the fac promoter (1).
Plasmid pMS421 carries the lacl9 allele (8) and was used to modulate transcrip-
tion of various coresident plasmids as indicated in Table 1. A 2.6-kb BstYI-Accl
fragment of pTMS59 (carrying intact smp and IplA genes) was inserted between
the BamHI and Accl sites of pMTL22 (3) to form pTM74. A 371-bp Hpal
internal fragment of the smp gene was deleted from pTM74 and replaced with a
blunt-ended 3.7-kb BamHI fragment from pHP450Cm (27) to form pTM77.
Although the smp gene of pTM77 was thus disrupted as a result of this selectable
(chloramphenicol resistance) replacement, the adjacent Ipl4 gene remained in-
tact. This insertion into smp carried flanking transcription and translation ter-
mination signals, and the disrupted allele was designated Asmp::Q3Cm (Table 1).
A 1.65-kb AccI-BssHII fragment from pTM74 (carrying the intact smp gene) was
inserted into pMTL21 (3) to form plasmid pTM79.

Recombinant DNA methods. Plasmid DNA was isolated and manipulated by
standard procedures (33). DNA sequence was generated by automated sequenc-
ing using Taq polymerase and fluorescent dye-labeled terminators (28). Sequenc-
ing templates were double-stranded plasmids pKR123 and pKR124 and EcoRI-
BssHII, EcoRI-Nrul, Nrul-HindIIl, and BssHII-HindIII deletion derivatives of
pKR123. Oligonucleotides used for sequencing were the universal primer, re-
verse primer, primer 4 (5'-CCGGCATTCTCGCATCTG-3'), primer 5 (5'-GGC
CTCGGTTATGGCCTC-3'), and primer 6 (5'-AGCATATCTGCGCGGTAC-
3"). In experiments designed to detect any chromosomal genes homologous to
IplA, the 1.25-kb Hpal fragment of plasmid pTMS59 (containing the entire IplA
coding sequence) was 3?P labeled with a Multiprime kit (Amersham) and used to
probe the Kohara et al. (14) N miniset. This set of ordered phage M\ clones
spanning the entire E. coli chromosome was immobilized on a nitrocellulose
membrane (TaKaRa Biochemical). After hybridizations at low-stringency tem-
peratures (42, 40, and 37°C), positive clones were detected by autoradiography.

Bioassays of lipoyl-protein content. Bioassays of lipoyl-protein were similar to
previous assays (30). Briefly, cells were cultured in minimal E glucose medium
without lipoate and disrupted in a French press, and cleared lysates equivalent to
1 mg of protein were treated with 10% trichloroacetic acid. The resulting acid-
insoluble pellets were extracted twice with ethanol-ether (1:1, [vol/vol]) to re-
move residual noncovalently bound lipoate. Protein-bound lipoyl groups were
then released by acid-catalyzed hydrolysis. Duplicate dilutions of each acid hy-
drolysate were then assayed for lipoate by culturing the indicator strain KER176
in minimal E succinate medium (containing 0.1% vitamin-free casein hydroly-
sate) versus lipoate standards. The reported values are averaged from measure-
ments of at least two independent cultures for each strain assayed.

Lipoate-protein ligase assay. Lipoate-protein ligase activity was assayed in
vitro as described previously (20), using a heat-treated extract of TM178 as a
source of apoprotein for the incorporation of [*S]lipoic acid.
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Immunoblotting experiments. Strains to be analyzed by immunoblotting were
initially cultured in minimal E glucose medium supplemented with vitamin-free
casein hydrolysate, acetate plus succinate, and 0.5 ng of lipoate per ml. Each
culture was diluted 1:75 into two flasks of fresh medium containing acetate plus
succinate and either no lipoate or 5,000 ng of lipoate per ml and then grown
overnight to saturation. Washed cells were disrupted by sonication in 20 mM
Tris-HCI (pH 7.5) and centrifuged at 10,000 X g to remove solid material.
Volumes of each extract equivalent to 50 or 63 pg of total protein were separated
on sodium dodecyl sulfate (SDS)-10% acrylamide gels and electroblotted to a
polyvinylidene difluoride membrane (Immobilon-P; Millipore). After washing
and blocking, membranes were incubated with a 1:250 dilution of reconstituted
human serum from patients with primary biliary cirrhosis (PBC) (7). Cross-
reactive bands corresponding to the E2 subunits of the a-keto acid dehydroge-
nases were detected by incubation with a 1:500 dilution of goat anti-human
immunoglobulin G conjugated to horseradish peroxidase (F. specific; Sigma)
and reaction with the chromogenic peroxidase substrate 4-chloro-1-naphthol
(Pierce Chemical Co.).

In vitro octanoylation and lipoylation reactions. E2 apoproteins from a
cleared extract of strain TM250 were octanoylated or lipoylated by treatment
with purified LplA lipoate-protein ligase (20). Reaction mixtures contained 100
ng of TM250 extract, 20 mM Tris-HCI (pH 7.5), 1.5 mM ATP, 1.5 mM MgCl,,
0.3 mM dithiothreitol, 1.5 mM unlabeled lipoate or octanoate, and 1.3 pg of
LplA. After 30 min at 37°C, reactions were stopped by the addition of SDS
loading buffer, and 50 wg from each reaction was then analyzed by SDS-poly-
acrylamide gel electrophoresis (PAGE) and immunoblotting as described above.

Lipoate and octanoate uptake assays. Strains to be assayed were cultured,
washed, resuspended, and assayed for total [>S]lipoate uptake as described
previously (20). For assays of strains carrying plasmid pKR56 or pMR16, over-
production of acyl carrier protein (ACP)-E2p and ACP, respectively, was in-
duced by the addition of 1 mM isopropylthiogalactopyranoside (IPTG) for 1.5 h
prior to harvesting of cells for assay. As needed, the amount of [**S]lipoate
converted to [**S]lipoyl-protein was determined by pipetting samples from se-
lected time points directly into ice-cold 10% trichloroacetic acid. The resulting
protein pellets were washed twice with 3 ml of ethanol-ether (1:1 [vol/vol]) to
remove free lipoic acid and then suspended in 0.2 ml of 10% SDS. The deter-
gent-dissolved pellets were boiled and counted in 4 ml of Biosafe counting
scintillant (Amersham). Assays of octanoate uptake were carried out as de-
scribed for lipoate, using [1-'*Cloctanoic acid (55 mCi/mmol; American Radio-
labeled Chemicals, St. Louis, Mo.) at a concentration of 750 nM.

Radiolabeling of cultures. Strains were cultured overnight in minimal E glu-
cose medium with acetate plus succinate and diluted 1:100 into 1 ml of fresh
medium containing 0.03 to 0.7 wCi of [>>S]lipoate (55 to 440 mCi/mmol) or 3 to
5 Ci of [1-'*CJoctanoate (55 mCi/mmol). After growth to saturation (12 to 18
h), cells were precipitated with 10% trichloroacetic acid and washed with 1%
trichloroacetic or 100% acetone, and the resulting samples were boiled in dena-
turing SDS buffer and separated on SDS-10% acrylamide gels. Specifically
labeled [**S]lipoyl-proteins and ['“CJoctanoyl-proteins were visualized by fluoro-
autoradiography. [*>S]lipoate was synthesized and purified as described previ-
ously (31).

RESULTS

IplA and lipB define separate protein lipoylation pathways.
During the characterization of Ip/4 null mutants, we found
compelling evidence for a second protein lipoylation pathway
which did not require the /pl4 gene product. First, we noted
that previous in vivo labeling experiments with [**S]lipoic acid
and ["*CJoctanoic acid showed a low but reproducible accu-
mulation of specifically radiolabeled lipoylated and octano-
ylated E2 subunits by Ipl4 null mutants (20). Also, when inde-
pendently derived /pl4 null alleles (which were isolated in a
lipA strain [20]) were transduced into wild-type strains, the
resulting mutants demonstrated no growth defects on minimal
E glucose medium (Table 2), suggesting that these strains
possessed functional (therefore lipoylated) a-keto acid dehy-
drogenases. This was confirmed directly via bioassay of the
lipoyl-protein content of strain TM134 (Ipl4) and its wild-type
parent strain JK1. In four independent experiments, the aver-
age protein-bound lipoate content of JK1 was 20.8 ng/mg of
soluble protein, whereas that of TM134 was 25.6 ng/mg of
soluble protein. Thus, it was clear that TM134 contained an
alternative lipoyl ligase activity which functioned well even in
the absence of the [pl4 gene product. In contrast to wild-type
strains, however, /[pl4 null mutants TM134 and TM135 were
totally resistant (Table 2) to the growth-inhibiting effects of
selenolipoic acid, a selenium-containing analog of lipoic acid
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TABLE 2. Lipoate-related growth phenotypes of IplA,
lipA, and lipB mutants®

Phenotype
Null mutation(s) 1\:;[(];1}:1); N(?ds%pplem_er_lt Lipoate Selenoli-
(strain) gene a : ed to mini- (5-50,000 poate
mal E glucose ng/ml) (10-40,000
media ng/ml)
None (JK1) ++ ++ -
IplA (TM134-135) ++ ++ ++
lipA (KER176) - ++ -
lipB (KER184) +/— ++ -
IplA lipA (TM131-132) - - -
IplA lipB (TM136-137) - - -
lipB (TM254) IplA™ ++ ++ -

IplA lipA (TM255) lipB* - - -

@ Strains were cultured in minimal E glucose medium supplemented with
acetate plus succinate, and then dilute inocula were transferred to fresh media
containing supplements as indicated. Growth phenotypes were scored as ++ for
the rapid growth (~70-min doubling time) and high culture densities (optical
density at 600 nm of ~3.3) observed for strains with functional lipoylated en-
zymes, +/— for the very slow but detectable growth of /ipB null mutants on
unsupplemented solid media, and — for no detectable growth. Strain TM254
expressed the wild-type [pl4 gene under control of the fac promoter from plas-
mid pTM61-4, and strain TM255 expressed the wild-type lipB gene under control
of the fac promoter from plasmid pKR112.

(31). Moreover, we determined that [pl4 null mutations caused
growth defects only when transduced into strains which were
already mutant in either the /ipA or lipB gene. That is, wild-
type IplA function was required for the utilization of exogenous
lipoic acid only by strains which were also defective in the
endogenous synthesis of lipoylated enzymes (Table 2).

We further observed that the leaky growth phenotype of the
lipB null strain KER184 in the absence of lipoate supplemen-
tation was converted to a very tight growth phenotype in the
derivative lipB IplA double mutants, TM136 and TM137 (Table
2). Subsequent bioassays of strains KER184 (/ipB) and TM136
(lipB Ipl4) demonstrated that the low lipoyl-protein content of
the /ipB null mutant (3.2 ng/mg of protein) was further de-
pressed to undetectable levels (less than 0.1 ng/mg of protein)
in the lipB IplA double mutant. Thus, both the growth pheno-
types and lipoyl-protein assays of these strains suggested a
possible overlap in the functions of the /pl4 and lipB genes.
This hypothesis was addressed by testing if expression of each
of these wild-type genes from multicopy plasmids could sup-
press the growth defects conferred by null mutations in the
other gene. We expressed the /pl4 gene from the inducible tac
promoter of pTM61-4 in a lipB mutant host (KER184) and
found that the resulting strain (TM254) no longer displayed
any growth defects on minimal glucose medium. However,
expression of the lipB gene from the fac promoter of plasmid
pKR112 in a IplA lipA host failed to suppress the lipoate
utilization phenotype in the resulting strain, TM255, even in
the presence of extremely high concentrations (50,000 ng/ml)
of lipoate (Table 2).

We then tested if multicopy expression of /ipB from pKR112
would allow detection of the Ipl4-independent lipoylation ac-
tivity, using in vitro assays. Accordingly, plasmid pKR112 was
moved into the Ipl4 null strain TM134, which had previously
been shown to express no detectable lipoylation activity (19,
20). However, even upon IPTG induction of /ipB expression,
we were unable to detect any incorporation of [**S]lipoate by
freshly prepared and concentrated extracts of the plasmid-
bearing strain. Since these data suggested that some other
gene(s) may have been required for enhanced expression of
the lipB-dependent lipoylation activity, the Kohara et al. (14) A
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wild IipA lipB IipA
type lipA _lipB IplA IplA IplA _lipB
1 2 3 4 5 6 7 8 9 10 11 12 13 14

— 200 kD
— 97 kD

E2p - -
— 68 kD

E20-Lip\
- - | — —
p— —

E20-Oct’ = 43 kD

FIG. 1. Immunoblotting of E2p and E2o proteins with anti-PBC antiserum.
Extracts were from strains TM245 (lanes 1 and 2), TM246 (lanes 3 and 4),
TM247 (lanes 5 and 6), TM248 (lanes 7 and 8), TM249 (lanes 9 and 10), TM250
(lanes 11 and 12), and TM251 (lanes 13 and 14). Lanes 1, 3, 5, 7, 9, 12, and 13
were loaded were extracts from cells grown without lipoate, whereas lanes 2, 4,
6, 8, 10, 12, and 14 contained extracts from the same strains grown in the
presence of a saturating level (5,000 ng/ml) of lipoate. Cross-reacting proteins
were detected by incubation with secondary antibody (goat anti-human immu-
noglobulin G coupled to horseradish peroxidase) as described in Materials and
Methods. The octanoylated and lipoylated forms of the a-ketoglutarate dehy-
drogenase E20 protein are indicated as E20-Oct and E2o-Lip, respectively,
whereas both forms of the pyruvate dehydrogenase protein are indicated simply
as E2p.

miniset of the E. coli chromosome was probed to detect any A
clones with sequences homologous to the Ipl4 gene. However,
hybridizations with a 1.25-kb 3?P-labeled Hpal fragment of
pTMS59 (carrying the entire Ipl4 coding sequence) conducted
at extremely low stringencies (42 to 37°C) detected only the
Kohara phages (A674 and N675) known to carry the Ipl4 gene
(20).

Detection of the lipB dependent octanoylation-lipoylation
pathway. Several groups have shown that E. coli strains which
are rendered lipoate deficient (either by mutations in /ip4 or
by overexpression of lipoate-accepting apoproteins) accumu-
late significant levels of aberrantly modified octanoyl-proteins
in place of properly modified lipoyl-proteins (2, 6, 11). Since
our results had revealed the existence of two genetically dis-
tinct lipoylation pathways, we sought to determine which of
these pathways was responsible for this unusual modification in
lipoate-deficient strains. Accordingly, we used immunoblotting
with anti-lipoyl domain antibody to assess the modification
state of lipoate-accepting protein domains from strains bearing
various combinations of mutations in lipoate-related genes.

This assay was based on two previous observations. First,
sera from human patients with the autoimmune disease PBC
contain anti-PBC antibodies that cross-react strongly with li-
poylated and octanoylated E2 proteins of E. coli but fail to
react with unmodified E2 apoproteins (7). Second, the E2o0
subunit of the a-ketoglutarate dehydrogenase reproducibly mi-
grates faster upon SDS-PAGE when octanoylated than when
lipoylated (7, 20, 30). Thus, the banding pattern produced by
immunoblotting SDS-polyacrylamide gels of E. coli extracts
allowed us to assess the presence of lipoylated E2o protein (as
the slower-migrating species), octanoylated E20 protein (as
the faster-migrating species), and unmodified E20 apoprotein
(as the lack of cross-reactive E20 species). We extended this
analysis by determining the modification state of E20 from
extracts of cells grown either in the presence or in the absence
of saturating levels (5,000 ng/ml) of lipoate (Fig. 1). (It should
be noted that no exogenous octanoate was present in the
growth media, and thus the octanoyl groups attached to E2
proteins in these extracts were derived from endogenous syn-
thesis.)
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FIG. 2. In vitro lipoylation and octanoylation of E2 apoproteins. An E2
apoprotein-containing extract of strain TM250 was incubated with octanoate
(oct) plus ATP (lanes 1 and 3) or lipoate (lip) plus ATP (lanes 2 and 4) and
purified LplA enzyme (lanes 3 and 4) as described in Materials and Methods.
Following electrophoresis, the cross-reacting lipoylated and octanoylated E2
proteins were detected by immunoblotting with anti-PBC serum as shown in
Fig. 1.

As expected, strains TM245 (wild type) and TM248 (IplA)
accumulated exclusively lipoylated E2o regardless of the pres-
ence or absence of lipoate in the medium (Fig. 1, lanes 1, 2, 7,
and 8), whereas strain TM246 (lipA) accumulated octanoylated
E20 unless supplemented with lipoate, which gave fully lipo-
ylated E20 (lanes 3 and 4). Strain TM247 (lipB) accumulated
only slight amounts of octanoylated and lipoylated E2o in the
absence of lipoate but accumulated wild-type levels of lipo-
ylated E20 when grown with excess lipoate (lanes 5 and 6). The
low but detectable accumulation of lipoylated E2o0 by the lipB
mutant in the absence of exogenous lipoate was consistent with
previous measurements of lipoyl-protein content in /lipB strains
(30). We further observed that TM249 (lipA IplA) accumulated
no detectable lipoylated E20 and substantial octanoylated E2o
regardless of lipoate supplementation (lanes 9 and 10). In
contrast, strain TM250 (lipB IplA) accumulated only unmodi-
fied apoproteins, as indicated by the lack of cross-reactive E2
proteins in cells grown with or without lipoate (lanes 11 and
12). When grown in the absence of lipoate, strain TM251 (lip4
lipB) accumulated a low level of octanoylated E20, whereas
only lipoylated E20 was detected in cells grown with lipoate
(lanes 13 and 14).

To confirm that E2 apoproteins failed to cross-react with the
anti-PBC serum, purified LplA enzyme was used to attach
octanoate and lipoate to the apoproteins present in an extract
of strain TM250 (lipB Ipl4). After the in vitro modification
reactions, the resulting proteins were again analyzed by immu-
noblotting with anti-PBC serum. These results demonstrated
that nonreactive E2 apoproteins present in the TM250 extract
(Fig. 2, lanes 1 and 2) could be converted to the cross-reacting
octanoylated and lipoylated forms, respectively (Fig. 2, lanes 3
and 4). This experiment also verified the altered migration of
octanoylated versus lipoylated E20 subunits upon SDS-PAGE.
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FIG. 3. Lipoic acid uptake in wild-type and IplA strains. Lipoate was present
at 750 nM. Total [*S]lipoate uptake is plotted as picomoles per 0.2 ml of washed
cells (optical density at 600 nm of 3.0). (A) Total uptake by strains JK1 (wild
type; circles), KER176 (lipA; squares), and KER184 (lipB; triangles). (B) Total
uptake by strains TM134 (IplA; circles), TM131 (IplA lipA; squares), and TM136
(IplA lipB; triangles).

An alternative method was used to corroborate the results of
Fig. 1. Ali and Guest (1) showed that octanoylation or lipo-
ylation of a heat-stable 85-residue recombinant lipoate-accept-
ing protein (expressed from plasmid pGS331) causes altered
migration of the recombinant protein in nondenaturing poly-
acrylamide gels. Since each of the extracts analyzed in Fig. 1
also contained pGS331, heat-treated samples of these extracts
were also analyzed by 15% native PAGE. Coomassie blue and
silver stains of these native gels (data not shown) demonstrated
that the proportion of modified to unmodified recombinant
85-residue protein in these extracts was similar to the propor-
tions shown in Fig. 1 for the nonrecombinant E20 subunit.

Thus, the octanoylation of lipoate-accepting proteins by en-
dogenously synthesized octanoyl groups was primarily medi-
ated by the lipB-dependent pathway, although the LplA en-
zyme generated a low level of octanoylated protein when both
lipoate and a functional /ipB gene were absent (Fig. 1, lane 5).
Furthermore, the lack of cross-reactive E2 proteins in the lipB
IplA strain TM250 (Fig. 1, lanes 11 and 12), as well as the
absence of any octanoylated or lipoylated recombinant 85-
residue protein in this strain (not shown), indicated that nei-
ther octanoylation nor lipoylation occurred when both the
lipB-dependent and Ipl4-dependent pathways were inactivated
by null mutations.

Coupling of lipoate uptake to the Ipl4 lipoylation path. To
better define the pathway for utilization of exogenous lipoic
acid, we examined the kinetics of [**S]lipoate uptake by various
mutant strains. Previous direct comparisons of lipoate uptake
by strains JK1 (wild type) and its congenic derivative TM134
(IplA) demonstrated that uptake by whole cells did not require
the Ipl4 gene product (20). However, when strains bearing
different combinations of wild-type, lipA null, /ipB null, and
IplA null alleles were tested, it became clear that the Ipl4 gene
product did play a role in enhancing the level of lipoate uptake,
but only in lipoate-deficient cells. As shown in Fig. 3, the
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FIG. 4. Total versus protein-bound [*S]lipoate incorporation by /ip4 and
lipB null mutants. Uptake is plotted as picomoles per 0.2 ml of washed cells.
Lipoate was present at 750 nM. (A) Total (open squares) and protein-bound
(closed squares) incorporation by strain KER176 (lipA). (B) Total (open trian-
gles) and protein-bound (closed triangles) incorporation by strain KER184 (ipB).

lipoate-sufficient strains JK1 (wild type) and TM134 (Ipl4)
took up very similar and low levels of labeled lipoate. Trichlo-
roacetic acid precipitation of selected samples from JK1 and
TM134 then demonstrated that all of the [**S]lipoate was
present in the free (non-protein-bound) form (data not
shown). In contrast, the lipoate-deficient strains KER176
(lipA) and KER184 (lipB) incorporated two- and fourfold-
higher levels of lipoate, respectively, than the Lip™ strains JK1
and TM134 (Fig. 3A). This enhanced incorporation was not
observed when a lipA or lipB mutation was combined with the
IplA null allele (Fig. 3B), suggesting that the enhanced uptake
was due to the prior accumulation of unmodified lipoate-ac-
cepting apoproteins in /ipA and lipB cells.

This hypothesis was tested by comparing [**S]lipoate incor-
poration into total cell-bound radioactivity versus trichloroace-
tic acid-precipitable radioactivity. As shown in Fig. 4, virtually
all of the additional [**S]lipoate transported by lipA and lipB
null mutants was converted to covalently bound [**S]lipoyl-
protein. Because enhanced lipoate incorporation required the
wild-type IplA gene (Fig. 3), this observation confirmed that the
LplA enzyme also participated in coupling the transport of
lipoate to its subsequent attachment to apoprotein. An analo-
gous coupling hypothesis has been proposed in biotin metab-
olism to explain the observation that bir4 biotin ligase mutants
often exhibit decreased rates of biotin transport (2a).

This coupling effect was further explored by testing if over-
expression of a recombinant lipoate-accepting apoprotein
would similarly enhance the uptake of lipoic acid. Accordingly,
lipA, lipB, and lipA lipB null strains were transformed with
plasmids pKR56 (encoding a lipoate-accepting ACP-E2P fu-
sion protein [20]) or the control plasmid pMR16 (encoding
native ACP [29]). As shown in Fig. 5, assays of the resulting
strains showed a further large increase in the level of lipoate
transport that was dependent upon the presence of the E2p
lipoate-accepting domain (note that the vertical axis is ex-

J. BACTERIOL.

pKR56 pMR16
(ACP-E2p) (ACP)
300 300
B
280 A 280
260 260
2401 240
7 2207 220
2
S 2001 200
g
£ 1801 180
2 160 160
S
2 1401
= -
g 120
S 1001
=3
= 807
60
40 1
20 1
0 T ; 0 ; r
0 10 20 30 0 10 20 30

minutes minutes

FIG. 5. Effect of overexpressed lipoate-accepting fusion protein upon lipoate
uptake. Uptake is plotted as picomoles per 0.2 ml of washed cells. Lipoate was
present at 3.75 wM. (A) Total uptake by cells expressing the lipoate-accepting
ACP-E2p fusion protein from plasmid pKR56. Samples were from lip4 strain
TM176 (squares), lipB strain TM174 (triangles), and lipA lipB strain TM178
(circles). (B) Total uptake by strains expressing native (therefore non-lipoate-
accepting) ACP from the control plasmid pMR16. Samples were from /ipA4 strain
TM177 (squares), lipB strain TM175 (triangles), and lipA lipB strain TM179
(circles).

panded threefold relative to Fig. 3 and 4). Indeed, the rate of
lipoate uptake by the ACP-E2p-expressing strains declined
only slightly over the entire assay period, even at the highest
lipoate concentration tested (3.75 wM). The uptake data of
Fig. 5B also confirmed that lip4 and /lipB null mutants accu-
mulated considerable levels of unmodified E2 apoproteins
even without overexpression of recombinant lipoate acceptors.
Moreover, the relative amounts of lipoate incorporation shown
in Fig. 5B are consistent with the results of Fig. 1 regarding the
relative levels of apoproteins in lipA4, lipB, and lipA lipB null
strains. That is, since lipB strains synthesized little or no oc-
tanoylated proteins (Fig. 1, lanes 5 and 13), such strains accu-
mulated correspondingly higher levels of unmodified E2 ap-
oproteins. This relative increase in apoprotein resulted in a
twofold enhancement of lipoate uptake by lipB and lipB lipA
strains compared with /ip4 strains (Fig. 4 and Fig. 5A).

Incorporation of exogenous octanoic acid. Since the Ipl4
gene product also acts in the incorporation of exogenous oc-
tanoic acid (20), we examined the ACP-E2p-overexpressing
strain TM140 for enhanced uptake of ['*CJoctanoate. Al-
though the lipoate-accepting fusion did increase octanoate up-
take approximately 2-fold relative to the control strain TM141,
the rate of octanoate incorporation was 30- to 40-fold slower
than the rate of lipoate uptake for both strains. Furthermore,
a 333-fold molar excess of unlabeled octanoate resulted in an
8% decrease in the rate of [*S]lipoate uptake by strain
TM140, suggesting that octanoate acted as only a weak inhib-
itor of lipoate incorporation.

Lipoate utilization by fadD and fadL mutants. Because li-
poic acid is structurally similar to fatty acids, we determined if
two genes involved in fatty acid uptake also participate in
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FIG. 6. In vivo radiolabeling of lip4 and lipA fadD mutants with [>>S]lipoate
and ['*C]octanoate. Strains KER176 (lip4) and TM125 (lipA fadD) were cul-
tured in the presence of radiolabeled octanoate (oct) or lipoate (lip), and sam-
ples were analyzed by SDS-PAGE. Specifically radiolabeled proteins are the E2p
subunit from pyruvate dehydrogenase as well as the octanoylated (E20-oct) and
lipoylated (E2o-lip) forms of the E20 a-ketoglutarate dehydrogenase subunit.

lipoate uptake. Thus, fadD and fadL mutant alleles were trans-
duced into the lipoate-requiring strain KER176 (lip4), and the
resulting double mutants TM125 (lipA fadD) and TVBI129
(lipA fadL) were compared with the parent strain. When tested
on solid minimal E glucose medium, all three strains exhibited
identical responses to filter disks saturated with lipoate and/or
the growth-inhibiting analog selenolipoic acid. In liquid mini-
mal E succinate medium supplemented with 0.1% vitamin-free
casein hydrolysate, all three strains achieved 50% maximal
growth at 0.35 ng of lipoic acid per ml, demonstrating that
neither fadD (fatty acyl coenzyme A synthetase) or fadL (outer
membrane channel) mutations altered lipoate utilization. Ra-
diolabeling of KER176 and TM125 cultures with [**CJoctano-
ate and [*>S]lipoate verified that the fadD gene was not re-
quired for the efficient incorporation of exogenous lipoate or
octanoate onto E2 apoproteins (Fig. 6).

Lipoate utilization by Asmp::(Q2Cm null mutants. Previous
results (20) had revealed that the /pl4 gene is located imme-
diately downstream of the smp gene, which encodes a mem-
brane protein of unknown function (21, 22). Since this arrange-
ment suggested that the smp and Ipl4 genes may be
cotranscribed, a null allele of the smp gene was constructed
(see Materials and Methods) and tested for its effects on li-
poate utilization in various genetic backgrounds. Although no
growth defects were observed for the single mutant TM232
(smp), the double mutant TM231 (smp lipA) was clearly de-
fective in the utilization of lipoate for growth on solid minimal
E glucose and minimal E succinate media. While the lip4
parent strain KER176 required less than 0.5 ng of lipoate per
ml to achieve wild-type levels of growth, strains TM231 (smp
lipA) and TM233 (smp lipA recA) failed to form observable
colonies after 16 h on minimal E glucose plates with 0.5 to 50
ng of lipoate per ml. Even at very high lipoate levels (50,000
ng/ml), smp lipA double mutants formed markedly smaller
colonies than did lipA single mutants. However, smp lipA
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strains routinely generated large revertant colonies when
streaked for isolation in the presence of lipoate. Because these
suppressors appeared at such a high frequency, we were unable
to use liquid medium growth experiments to measure the ex-
tent of the lipoate utilization defect conferred by the smp null
allele. By streaking for isolation on solid media, however, var-
ious plasmid subclones of the smp and Ipl4 genes were tested
for complementation of the defect in strain TM233 (smp lipA
recA). These qualitative experiments revealed that plasmid
pTM79 (carrying only the wild-type smp gene) failed to restore
lipoate utilization, whereas plasmids pTM61-1 and pTM61-4
(carrying only the downstream /pl4 gene) restored growth to
wild-type levels when lipoate was provided in the medium.
These results suggested that smp was not required for lipoate
utilization and that disruption of the smp gene may have ex-
erted a polar effect upon expression of the adjacent Ipl4 gene.
Consistent with this interpretation, Ipl4 lipA double mutants
(having an intact smp gene adjacent to the disrupted Ipl4 gene)
displayed a stable lipoate utilization defect when grown on
either solid or liquid media.

Selenolipoic acid resistance in Ipl4 mutants. Recently, we
reported the isolation of a spontaneous point mutation (des-
ignated sirl) which conferred resistance to growth inhibition
caused by the selenium-containing analog selenolipoic acid
(31). Because this mutation mapped to 99.6 min and displayed
lipoate and selenolipoate incorporation defects which were
qualitatively similar to those of [pl4 null mutants, we examined
the possibility that slrl was allelic to IplA. Initially, we observed
that plasmid pTM69 (carrying the wild-type Ipl4 gene as a
1.25-kb Hpal fragment) restored selenolipoate sensitivity to
KER316 (slr] recA). Subsequently, the corresponding 1.25-kb
Hpal fragment from the chromosome of KER264 (slrl) was
cloned as plasmid pKR123. By complementation analysis of
strains TVB57 (recA) and KER316 (recA sirl) transformed
with pKR123 or pTM69, we found that both host strains were
approximately 100-fold less sensitive to selenolipoate when
they carried pKR123 than when they carried pTM69. Since this
result indicated that the s/r/ mutation was carried by pKR123,
the entire Ipl4 gene from this plasmid was sequenced on both
strands. We located a single GC-to-AT transition in the Ipl4
structural gene (at nucleotide 302 of the sequence reported in
reference 20), which resulted in the conversion of glycine 76 to
serine in the deduced LplA sequence. Thus, we have redesig-
nated the slrl mutation as Ipl41. The finding that the Ipl41
point mutation conferred selenolipoic acid resistance was also
consistent with our previous observations that [pl4 null mu-
tants incorporated no detectable [”*Se]selenolipoic acid (20)
and that transduction of independently derived /p/4 null mu-
tations into strain JK1 was sufficient to confer complete resis-
tance to selenolipoate by the resulting strains TM134 and
TM135 (Table 2).

As shown in Fig. 7, the glycine residue that is altered by the
IplA1 mutation is conserved in alignments of known (or sus-
pected) lipoate-protein and biotin-protein ligases. This conser-
vation suggests that glycine 76 may serve important structural
and/or functional roles in these enzymes. Since earlier work
showed that the Ipl41 allele caused a fourfold drop in lipoate
accumulation in vivo (31), we sought to determine if this mu-
tation also altered the substrate specificity of the lipoate ligase
enzyme. Accordingly, plasmids pTM69 (wild-type Ipl4) and
pKR123 (IplAI) were moved into the host strain TM131, which
carried null mutations in /ip4 and Ipl4. The resulting plasmid-
bearing strains were thus forced to utilize only exogenous li-
poate (as a result of the /ip4 null mutation) and expressed only
the IplA alleles carried by recombinant plasmids (as a result of
the Ipl4 null mutation present on the chromosome). A series of



8 MORRIS ET AL. J. BACTERIOL.

(IplAT)
Ser 76

}

IplA MEEDNVRLARRSS|IGIGGAVFHDLGNTCFTFMA
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FIG. 7. Sequence alignments of known and candidate cofactor-apoprotein ligases. Sequences are aligned around the conserved glycine residue which is altered by
the IplA1 (slr]) missense mutation. LplA is the E. coli lipoate-protein ligase A (20); LipB is a candidate E. coli lipoyl ligase (30); T.v. LipB is a partial sequence of a
putative LipB homolog from Thiobacillus versutus (37); BirA is the E. coli biotin ligase (12); and S.c. BirA is the biotin ligase of S. cerevisiae (3a).

growth experiments then determined the amount of selenoli-
poate which resulted in 50% growth inhibition of each strain at
five different concentrations of lipoate. These results were then
plotted as shown in Fig. 8. By measuring the slope of each plot,
we found that strain TM199 (expressing the wild-type IplA
gene) achieved 50% growth in the presence of a 5:1 molar ratio
of selenolipoate to lipoate. In contrast strain TM274 (express-
ing the I[plA1 allele) achieved 50% growth in the presence of a
15:1 molar ratio of selenolipoate to lipoate. Thus, the Ipl4]
strain was threefold better than the wild-type strain at discrim-
inating against selenolipoate in favor of lipoate.

Lipoylation of the glycine cleavage enzyme by LplA. Al-
though we had previously shown that the LplA ligase lipoylates
both the pyruvate and o-ketoglutarate dehydrogenase com-
plexes (20), radiolabeling experiments yielded inconclusive re-
sults regarding the ability of LplA to lipoylate the glycine
cleavage enzyme complex. Therefore, an alternative approach
was used to answer this question. Because the glycine cleavage
system provides the pathway for the synthesis of serine from
glycine, mutants blocked in serine biosynthesis (e.g., serA mu-
tants) require the glycine cleavage enzyme in order to use
glycine as a serine replacement. Consequently, serA lipA dou-
ble mutants require both exogenous lipoate and glycine if
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FIG. 8. In vivo substrate specificity of the wild-type and Ipl41-encoded li-
poate-protein ligases. Strains TM199 (expressing the IplA1 allele; squares) and
TM274 (expressing the wild-type Ipl4 allele; circles) were cultured in minimal E
succinate medium supplemented with 1 ng of lipoate per ml and 0.1% vitamin-
free casein hydrolysate. After overnight growth, cells were washed and resus-
pended at an optical density at 600 nm of 0.05 in fresh medium containing either
0.2, 1, 5, 25, or 125 ng of lipoate per ml as well as serial twofold dilutions of
selenolipoate (from 0.2 to 3,280 ng/ml). Cultures were then shaken at 37°C for 40
h, and final culture densities were measured. The ratio of selenolipoate to lipoate
which resulted in 50% of maximal growth at each concentration of lipoate was
then plotted. Each point was averaged from duplicate samples of at least two
independent experiments.

serine is not provided (39). Thus, the growth of strain KER332
(serA lipA) was compared with that of strain TM300 (serA lipA
IplA) by streaking cells on minimal E glucose medium supple-
mented with thiamine, methionine, lysine, acetate, succinate,
and either serine (100 pg/ml) or glycine (100 pg/ml), with or
without 5,000 ng of lipoic acid per ml. While both strains grew
well on serine, only strain KER322 was able to use glycine plus
lipoate as a serine replacement, indicating that the Ipl4 null
mutation in strain TM300 prevented lipoylation of the glycine
cleavage enzyme complex. We also performed this experiment
under anaerobic growth conditions (except that acetate and
succinate were not added to the media since anaerobic metab-
olism provides these metabolites even in the absence of li-
poate) and observed the same results. Thus, lipoylation of the
glycine cleavage enzyme with exogenous lipoate required the
wild-type Ipl4 gene under both aerobic and anaerobic growth
conditions.

DISCUSSION

Our data reveal several unexpected features of lipoate me-
tabolism in E. coli. Most significantly, it is apparent that this
bacterium expresses two genetically distinct ligase enzymes for
the attachment of lipoyl groups to the lipoate-dependent pro-
teins. While the function of LplA in the activation and ligation
of exogenously provided lipoate and lipoate analogs is clear,
the mechanism by which the Ip/4-independent ligase operates
remains unknown. Nevertheless, we have shown that this sec-
ond, as yet undefined enzyme is dependent instead on the lipB
gene, which was initially identified during studies designed to
isolate the genes involved in lipoate biogenesis (39). The role
of lipB in lipoate synthesis per se was not clear, however, and
null mutations in /ipB were unexpectedly leaky in growth and
the synthesis of functional (therefore lipoylated) a-keto acid
dehydrogenases (30). The partial defect of lipB null mutants
can now be understood as a result of the overlapping roles of
lipB and IplA. The attenuated but still detectable accumulation
of protein-bound lipoate by /ipB null mutants is entirely due to
the action of the Ipl4 gene product. Upon introduction of an
IplA null mutation into a lipB strain, the resulting double mu-
tants were totally defective for the accumulation of lipoylated
dehydrogenases, as determined by direct bioassay of lipoyl-
protein content, the total lack of detectable lipoylated E2o
species upon immunoblotting, and the very tight growth phe-
notypes of such strains. Moreover, the leaky growth phenotype
of lipB single mutants was suppressed by simply expressing the
IplA gene from multicopy plasmids, thus clearly demonstrating
the redundant roles of these two genes. In contrast, however,
analogous multicopy expression of the lipB gene failed to sup-
press the lipoylation defect of [pl4 null strains, as assessed in
vivo (by growth studies) or in vitro (by lipoate-protein ligase
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FIG. 9. Proposed two-pathway model of protein lipoylation in E. coli. CoA,
coenzyme A.

activity assays). The observation that apoprotein accumulation
causes markedly enhanced lipoate uptake provided an alter-
native method for demonstrating the overlapping functions of
IplA and lipB. Thus, uptake assays of /ipB null mutants con-
firmed that such strains accumulate very high levels of apopro-
tein when starved for exogenous lipoate and that subsequent
lipoylation of apoprotein in /ipB strains requires the wild-type
IplA gene.

We propose that E. coli has evolved two different pathways
to utilize the two different forms of lipoate that available to the
cell (Fig. 9). When presented with free lipoic acid in the me-
dium, wild-type prototrophic strains preferentially incorporate
extracellular lipoate and apparently downregulate lipoate syn-
thesis (10, 30). This scavenging pathway requires the LplA
enzyme and utilizes ATP to generate the activated lipoyl donor
in the form of lipoyl-AMP. When lipoate is not present in the
medium, an alternative pathway generates lipoyl groups by de
novo synthesis. We suggest that the biosynthetic pathway gen-
erates a lipoyl group which is largely unavailable to the LplA
protein, presumably by being bound to an alternative (i.e.,
nonadenylate) carrier. Such an alternative carrier could be
provided by the biosynthetic enzyme(s), the lipoate-accepting
proteins themselves, coenzyme A, or even ACP, which must
serve as the original carrier of the octanoyl carbon skeleton of
lipoate during biosynthesis (40, 41). Indeed, Reed et al. (32)
reported that the Streptococcus faecalis lipoylation enzyme re-
quired a protein cofactor with properties (unusually high tem-
perature stability, acid resistance, and solubility in high con-
centrations of ammonium sulfate) that are typical of ACPs
(16). It is this type of as yet unidentified species (lipoyl-X in
Fig. 9) which we propose interacts specifically with the lipB-
dependent lipoylation enzyme. This model thus explains why
IplA null mutants are phenotypically Lip™ unless also com-
bined with mutations in the /lipA lipB biosynthetic pathway. The
dashed arrow in Fig. 9 indicates the largely one-way redun-
dancy that we observed between /ipB and /plA function. That is,
LplA utilizes the lipoyl-X donor with low but detectable effi-
ciency when expressed from a single-copy gene on the chro-
mosome. Moreover, overexpression of LplA from multicopy
plasmids increases this rare scavenging of lipoyl-X to levels
which permit growth on lipoate-free media. In contrast, our
results indicate that the lipB-dependent lipoylation system op-
erates very poorly with exogenous lipoic acid as a lipoyl donor,
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even when lipoate is provided to lipB-overexpressing strains at
very high concentrations.

We have also shown that the aberrant octanoylation of E2
apoproteins with endogenously derived octanoyl groups is pri-
marily mediated by the lipB-dependent enzyme. Since free
fatty acids such as octanoate are not present in E. coli cyto-
plasm (13), this observation is also consistent with the exis-
tence of the postulated lipoyl-X intermediate. When lipoyl-X is
unavailable, the lipB-dependent enzyme apparently utilizes oc-
tanoyl-X (e.g., octanoyl-ACP) as an alternative substrate. This
model further explains the inability (to date) to detect any
non-lpl4-encoded activity in cell extracts. If correct, then the
model predicts that addition of the true in vivo lipoyl donor
(e.g., lipoyl-enzyme, lipoyl coenzyme A, or lipoyl-ACP) should
allow detection and study of the /ipB-dependent enzyme in
vitro. Until the lipB-dependent activity can be demonstrated in
vitro, it will be difficult to determine the precise function of the
lipB gene product in the endogenous synthesis and transfer of
lipoyl groups to the lipoate-requiring apoenzymes.

The previously characterized slr! allele (31) corresponds to
a single missense mutation within the /pl4 gene (now called
IplAI) that alters a conserved glycine residue. This mutation
results in a fourfold decrease in lipoyl-protein incorporation
(31) and a threefold increase in the ability to preferentially
incorporate lipoate instead of the growth-inhibiting analog sel-
enolipoate. This mutation therefore seems to alter the portion
of the enzyme active site that recognizes the thiophane ring of
lipoic acid. Since selenium atoms are slightly larger than sulfur
atoms, it seems possible that the [pl4] mutation decreases the
volume of the portion of the active site that contacts the thio-
phane ring. Since /pl4 null mutants are completely resistant to
selenolipoate, it is now clear that this analog must be converted
to the protein-bound form in order to cause growth inhibition,
presumably by generating nonfunctional selenolipoylated de-
hydrogenase complexes (31). Although the present study pro-
vides a preliminary understanding of lipoyl-protein synthesis,
further work will be needed to extend our knowledge of the
genes and gene products which participate in the two pathways
of lipoate metabolism in E. coli.
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