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ABSTRACT Lipoic acid is an organosulfur cofactor essential for several key enzyme
complexes in oxidative and one-carbon metabolism. It is covalently bound to the
lipoyl domain of the E2 subunit in some 2-oxoacid dehydrogenase complexes and
the H-protein in the glycine cleavage system. Lipoate-protein ligase (Lpl) is involved
in the salvage of exogenous lipoate and attaches free lipoate to the E2 subunit or
the H-protein in an ATP-dependent manner. In the hyperthermophilic archaeon
Thermococcus kodakarensis, TK1234 and TK1908 are predicted to encode the N- and
C-terminal regions of Lpl, respectively. TK1908 and TK1234 recombinant proteins
form a heterodimer and together displayed significant ligase activity toward octano-
ate in addition to lipoate when a chemically synthesized octapeptide was used as
the acceptor. The proteins also displayed activity toward other fatty acids, indicating
broad fatty acid specificity. On the other hand, lipoyl synthase from T. kodakarensis
only recognized octanoyl-peptide as a substrate. Examination of individual proteins
indicated that the TK1908 protein alone was able to catalyze the ligase reaction
although with a much lower activity. Gene disruption of TK1908 led to lipoate/serine
auxotrophy, whereas TK1234 gene deletion did not. Acyl carrier protein homologs
are not found on the archaeal genomes, and the TK1908/TK1234 protein complex
did not utilize octanoyl-CoA, raising the possibility that the substrate of the ligase
reaction is octanoic acid itself. Although Lpl has been considered as an enzyme
involved in lipoate salvage, the results imply that in T. kodakarensis, the TK1908 and
TK1234 proteins function in de novo lipoyl-protein biosynthesis.

IMPORTANCE Based on previous studies in bacteria and eukaryotes, lipoate-protein
ligases (Lpls) have been considered to be involved exclusively in lipoate salvage. The
genetic analyses in this study on the lipoate-protein ligase in T. kodakarensis, how-
ever, suggest otherwise and that the enzyme is additionally involved in de novo pro-
tein lipoylation. We also provide biochemical evidence that the lipoate-protein ligase
displays broad substrate specificity and is capable of ligating acyl groups of various
chain-lengths to the peptide substrate. We show that this apparent ambiguity in Lpl
is resolved by the strict substrate specificity of the lipoyl synthase LipS in this orga-
nism, which only recognizes octanoyl-peptide. The results provide relevant physio-

logical insight into archaeal protein lipoylation.
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FIG 1 Classical and proposed pathways to synthesize lipoyl-protein. (A) De novo and salvage pathways
for protein lipoylation in Escherichia coli and Bacillus subtilis. (B) The de novo lipoylation pathway in the
hyperthermophilic archaeon Thermococcus kodakarensis proposed in this study and the salvage
lipoylation pathway. Tk-Lpl-N and Tk-Lpl-C are predicted to be involved in both de novo and salvage
lipoylation pathways in this organism. LplA, Lpl), and Tk-Lpl-N/Tk-Lpl-C are lipoate-protein ligases; LipB
and LipM are octanoyl transferases; LipA and LipS are lipoyl synthases. ACP, acyl carrier protein; P,
lipoate-dependent protein; H, H-protein of GCS; PPi, pyrophosphate.

acetoin dehydrogenase (1-4). Lipoic acid is covalently bound to a lipoyl domain of the H-
protein in GCS, as well as the E2 subunits of the lipoate-requiring 2-oxoacid dehydroge-
nases (1, 2). GCS is composed of four proteins and provides one-carbon (C,) units derived
from glycine to C, carriers such as tetrahydrofolate. During the transfer, the C; unit from
glycine is transiently attached to the lipoyl group on the H-protein (1, 5). The subsequent
C, donation from 5,10-methylenetetrahydrofolate to other compounds is vital in biosyn-
thesis, such as the transfer of a hydroxymethyl group to glycine to form serine (5, 6).

Lipoyl protein biosynthesis has been established in the Gram-negative bacterium
Escherichia coli and the Gram-positive bacterium Bacillus subtilis (4). Both organisms utilize
two pathways for protein lipoylation, the de novo biosynthesis pathway and the salvage
pathway (Fig. 1A). In the de novo pathway in E. coli, octanoyl transferase Ec-LipB transfers
an octanoyl moiety from octanoyl-acyl carrier protein (ACP), an intermediate in fatty acid
biosynthesis, onto the lipoyl domain in the H-protein or the E2 subunit of 2-oxoacid dehy-
drogenases (7-10). Lipoyl synthase Ec-LipA then catalyzes the sulfur insertion to generate
lipoyl-proteins (11-14). On the other hand, exogenous lipoate can be salvaged and
attached to the H-protein or the E2 subunit by lipoate-protein ligase (Lpl), Ec-LplA (15-18).
Octanoate is also recognized by the enzyme and is utilized for the generation of octanoyl-
protein, which can be converted to lipoyl-protein by Ec-LipA (4, 15, 16). However, Ec-LplA
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displays relatively low specific activity toward octanoate (3.9 nmol min~' mg~") compared
to that toward lipoate (25 nmol min~" mg~") (16). In B. subtilis, the octanoyl transferase
Bs-LipM only recognizes the GCS H-protein as the octanoyl-acceptor and catalyzes the for-
mation of octanoyl-H-protein (19, 20). Lipoyl synthase Bs-LipA then converts octanoyl-H-
protein into lipoyl-H-protein. Upon the formation of lipoyl-H-protein, an amidotransferase
Bs-LipL transfers the lipoyl moiety from lipoyl-H-protein to the E2 subunits of the dehydro-
genases (20, 21). Concerning lipoate salvage, lipoate/octanoate-protein ligase in B. subtilis,
Bs-LplJ, recognizes both the H-protein and the E2 subunit of OGDH as the acceptors of ex-
ogenous lipoate or octanoate (20, 22). B. subtilis possesses only one Lpl, but some Gram-
positive bacteria, such as Listeria monocytogenes (23, 24) and Staphylococcus aureus (25),
harbor multiple Lpls. To date, Lpls have also been studied in other bacteria and eukaryotes,
including Chlamydia trachomatis serovar L2 (26), Streptomyces coelicolor (27), Mycoplasma
hyopneumoniae (28, 29), Plasmodium falciparum (30), and rice (31).

Lpl is an ATP-dependent enzyme that catalyzes the attachment of lipoate to protein
substrates through two-step reactions (see Fig. S1 in the supplemental material).
Lipoate is initially activated by ATP to form the intermediate lipoyl-AMP (activation
reaction), and then the lipoyl moiety is transferred to the lysine residue in the lipoyl do-
main of an apoprotein to generate the lipoyl-holoprotein (transfer reaction) (4, 17). In
mammals, the activation reaction and transfer reaction are catalyzed by two separate
enzymes, the lipoate-activating enzyme and lipoyl transferase (32-34). Although mam-
malian lipoyl transferase displays structural similarity with bacterial Lpls, it is only able
to transfer the lipoyl moiety from lipoyl-AMP to the target proteins.

Knowledge on lipoyl-protein biosynthesis in archaea is still limited. Archaeal Lpl has
been extensively studied in the thermoacidophilic archaeon Thermoplasma acidophilum
(35-39). Lpls have a common overall structure: a large catalytic domain and a small acces-
sory domain. Bacterial Lpls comprise a single polypeptide with two domains, whereas the
Lpl from T. acidophilum (Ta-LplA) is composed of two separate proteins, Ta-LplA-N and Ta-
LplA-C, whose three-dimensional structures are similar to the large domain and small do-
main of Ec-LplA, respectively (4, 37, 39). Both Ta-LplA-N and Ta-LplA-C proteins are
required for the formation of lipoyl-AMP, while Ta-LplA-N alone is sufficient for the lipoyl
transfer reaction from lipoyl-AMP to the E2 subunit of PDH (37-39). Concerning lipoyl syn-
thase, a protein homologous to the bacterial LipAs from the thermoacidophilic archaeon
Saccharolobus solfataricus (Ss-LipA) has been characterized (40, 41). However, Ss-LipA
homologs are not widely distributed in Archaea. We have previously identified a structur-
ally novel lipoyl synthase LipS in hyperthermophilic archaeon Thermococcus kodakarensis
(42). Here, we examined a putative Lpl in T. kodakarensis (Tk-Lpl), which is encoded by two
genes, TK1908 and TK1234. In contrast to Ta-LplA-N, TK1908 protein alone, the large do-
main of Tk-Lpl, is able to catalyze the complete lipoate attachment reaction including both
the activation and transfer steps. Our biochemical and genetic analyses suggest that,
unlike the previously studied Lpls that function in lipoate/octanoate salvage, Tk-Lpl is
essential for the de novo biosynthesis of lipoyl-protein in T. kodakarensis.

RESULTS

Preparation of the purified recombinant TK1234 and TK1908 proteins. In a pre-
vious study, the serine auxotrophy observed in lipoyl synthase gene disruption strains
could be complemented by supplementing lipoate, suggesting the presence of a lip-
oate salvage pathway in T. kodakarensis (42). TK1908 and TK1234 genes are annotated
as the N-terminal and C-terminal domains of lipoate-protein ligase in this organism.
Their primary structures share 31% and 32% identities with those of Ta-LplA-N and Ta-
LplA-C from T. acidophilum, respectively. To identify the reactions catalyzed by the
TK1234 and TK1908 proteins, their recombinant proteins were prepared. The TK1234
and TK1908 genes were individually expressed in E. coli, and the recombinant proteins
were purified by heat treatment, anion-exchange chromatography, and gel filtration
chromatography. Judging from the results of sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis (SDS-PAGE), the TK1234 (10.8 kDa) and TK1908 (28.3 kDa) recombi-
nant proteins were purified to apparent homogeneity (Fig. S2A and B).

Interaction between the TK1234 and TK1908 proteins. We examined whether
the two proteins display physical interaction. When applied to gel filtration chromatog-
raphy (Fig. S3A), the TK1908 protein alone eluted at 16.0 mL, corresponding to a mo-
lecular mass of 27.2 kDa (theoretical molecular mass of 28.3 kDa based on the primary
structure). The TK1234 protein alone eluted at 17.2 mL, corresponding to a molecular
mass of 16.0 kDa (theoretical molecular mass of 10.8 kDa). The major peak (P1) of an
equimolar mixture of the TK1234 and TK1908 proteins eluted at 15.3 mL, correspond-
ing to a molecular mass of 38.5 kDa. The result suggests that these two proteins form a
heterodimer in the mixture (theoretical molecular mass of 39.1 kDa). A fraction includ-
ing the P1 peak (from 15.0 to 15.5 mL) was analyzed by SDS-PAGE (Fig. S3B). Two
bands whose positions corresponded to those of the TK1908 protein and TK1234 pro-
tein were observed, further supporting that the two proteins form a complex.

Detection of lipoate-protein ligase activity. The lipoate-protein ligase activity of
the two recombinant proteins toward (R, S)-lipoate was examined. A chemically syn-
thesized octapeptide (NH,-ESVKAVSE-COOH), whose sequence corresponds to that of
the lipoyl domain in the H-protein of T. kodakarensis (TKO150 protein), was used as the
lipoyl moiety acceptor. The reaction products were analyzed by high-performance lig-
uid chromatography (HPLC) (Fig. 2A). An octapeptide modified with a lipoyl group
bound to the Lys residue of the octapeptide was also chemically synthesized and
applied to HPLC as a standard. The lipoyl-peptide standard displayed a retention time
of 18.1 min. When both TK1234 and TK1908 proteins were included in the reaction
mixture, we observed a new peak after the reaction whose retention time corre-
sponded to that of lipoyl-peptide. In the presence of only the TK1234 protein, produc-
tion of lipoyl-peptide was not detected. In contrast, addition of the TK1908 protein
alone led to the formation of the product lipoyl-peptide. However, the product yield
was higher in the presence of both proteins than that with only the TK1908 protein.
This was not entirely due to a dramatic decrease in thermostability of the TK1908 pro-
tein in the absence of TK1234 protein, as further product generation was observed
when reaction times were prolonged up to approximately 2 h (Fig. S4). The results sug-
gest that the TK1908 protein alone can catalyze the lipoate-protein ligase reaction and
that the presence of the TK1234 protein enhances this activity. In addition to the prod-
uct peak, another new peak (U1), with a retention time of 18.6 min, was observed after
the reaction with both proteins or with the TK1908 protein alone. This peak was not
observed when the peptide was omitted from the reaction, suggesting that the com-
pound derives from the octapeptide. The lipoyl group of the lipoyl-peptide standard is
the R-isomer, but the lipoate used in the reaction was a racemic mixture. To examine
whether U1 is the S-isomer of lipoate linked to the peptide, we carried out the reaction
using (R)-lipoate as the substrate. However, U1 was still observed (Fig. 2B), indicating
that the generation of U1 is not due to the use of a racemic mixture of lipoate.

Identification of reaction products with liquid chromatography-mass spec-
trometry. To identify the generated products, liquid chromatography-mass spectrom-
etry (LC-MS) analysis was carried out (Fig. 2C to H). The standard lipoyl-peptide (Fig.
2C) eluted at 21.0 min under the conditions used in the LC-MS system. The compounds
with the exact mass corresponding to lipoyl-peptide ([IM-H]~ = 1,034.5) were detected
in the products from the reactions using either both TK1908 and TK1234 proteins or
only TK1908 protein (Fig. 2D and E). As expected, lipoyl-peptide was not observed in
the reaction mixture with only TK1234 protein (Fig. 2F), without protein (Fig. 2G), or
without the peptide substrate (Fig. 2H). These results were consistent with those of the
HPLC analysis and indicated that the TK1234 and TK1908 proteins display lipoate-pro-
tein ligase activity resulting in the generation of lipoyl-peptide. On the other hand, the
LC-MS analysis also revealed that the unknown compound U1 possesses the same
exact mass as that of lipoyl-peptide (U1 in Fig. 2D and E). This raised the possibility
that compound U1 corresponds to the lipoyl group attached to the amino group of
the N-terminal glutamic acid residue of the peptide.
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FIG 2 Lipoate-protein ligase activity measurement with HPLC and LC-MS. HPLC analyses were carried
out for the reaction products with the substrates (R, S)-lipoate (A), and (R)-lipoate (B). Red lines,
standard peptides modified with fatty acids; blue lines, reaction mixtures with both TK1908 and
TK1234 proteins; green lines, reaction mixtures with only TK1234 protein; yellow lines, reaction
mixtures with only TK1908 protein; black lines, reaction mixtures without protein; pink lines, reaction
mixtures without peptide. LC-MS analyses were carried out for standard product lipoyl-peptide (C),
reaction products with both TK1908 and TK1234 proteins (D), with only TK1908 protein (E), with only
TK1234 protein (F), without protein (G), and without peptide (H). The chromatograms of the
compounds whose exact masses corresponded to that of lipoyl-peptide are shown. U1 indicates a by-
product with the same exact mass to that of LP. LP, lipoyl-peptide; AU, arbitrary units; HPLC, high-
performance liquid chromatography; LC-MS, liquid chromatography-mass spectrometry.

Ligase activity toward various fatty acids. We examined the ligase activity of the
two recombinant proteins toward octanoate (Fig. 3A). As in the case of the lipoyl-pep-
tide standard, an octanoyl-peptide standard was chemically synthesized and applied
to HPLC. This eluted at 19.0 min under the applied conditions. A peak with the same
retention time was observed in the reaction mixture that included octanoate and the
TK1234 and TK1908 proteins. The peak was also observed when only the TK1908 pro-
tein was added. The generated product was confirmed to be octanoyl-peptide by LC-
MS (Fig. S5A). The results indicated that, in addition to lipoate, the TK1234 and TK1908
proteins could recognize octanoate and catalyze the formation of octanoyl-peptide.
We further examined the substrate specificity of the proteins. Short-chain fatty acids,
including heptanoate, hexanoate, pentanoate, and butyrate, were tested. HPLC analy-
ses (Fig. 3B to E) and LC-MS analyses (Fig. S5B to E) showed that all fatty acids exam-
ined could be recognized by the complex, indicating that the proteins display a broad
substrate specificity toward fatty acids. As in the case of the experiments with lipoate,
by-products (U2-U6 in Fig. 3A to E and U1-U5 in Fig. S5) were also observed when
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FIG 3 Fatty acid-protein ligase activity measurement with HPLC. HPLC analyses were carried out for
the reaction products with the substrates octanoate (A), heptanoate (B), hexanoate (C), pentanoate
(D), and butyrate (E). Red lines, standard peptides modified with fatty acids; blue lines, reaction
mixtures with both TK1908 and TK1234 proteins; green lines, reaction mixtures with only TK1234
protein; yellow lines, reaction mixtures with only TK1908 protein; black lines, reaction mixtures
without protein; pink lines, reaction mixtures without peptide. In experiments using heptanoate and
pentanoate (B and D), standard modified peptides were not available. OP, octanoyl-peptide; HP,
hexanoyl-peptide; BP, butyryl-peptide; U2-U6, unidentified compounds.

these fatty acids were used as substrates. These compounds may also correspond to
the acyl groups linked to the terminal amino group of the peptide.

Specific activity toward various fatty acids. Using the synthetic octapeptide, the
specific activity of Tk-Lpl was measured toward six substrates; (R, S)-lipoate, (R)-lipoate,
(S)-lipoate, octanoate, hexanoate, and butyrate (Fig. 4). In all cases, we were able to
confirm product formation using chemically synthesized peptides modified with each
substrate. Among the examined substrates, Tk-Lpl displayed the highest activity to-
ward (R)-lipoate, which is the substrate of Ec-LplA in vivo (16, 17). The specific activity
toward (R)-lipoate (22.7 nmol min~" mg~') was similar to that of Ec-LplA (25 nmol
min~' mg~") (16). On the other hand, the specific activity toward octanoate (15.6 nmol
min~' mg~") was 3-fold higher than that of Ec-LplA (3.9 nmol min~" mg~").

Tk-Lpl also exhibited activities toward (R, S)-lipoate (20.5 nmol min~" mg~"), (S)-lipoate
(13.5 nmol min~' mg~"), hexanoate (11.3 nmol min~" mg~’), and butyrate (8.2 nmol
min~—' mg~"), suggesting a broad fatty acid specificity. The TK1908 protein alone showed
very low activity toward (R)-lipoate (3.1 nmol min~' mg~"), corresponding to approximately
14% of that of Tk-Lpl, the TK1234-TK1908 protein complex. This supports the presumption
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FIG 4 Substrate specificity of TK1234 and TK1908 proteins. Specific activities toward a chemically
synthesized octapeptide and various fatty acids were measured. BA, butyrate; HA, hexanoate; OA,
octanoate; RS-LA, (R, S)-lipoate; R-LA, (R)-lipoate; S-LA, (S)-lipoate; R-LA*, ligase activity of the TK1908
protein alone toward (R)-lipoate.
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that the low yield of product by the TK1908 protein alone observed in Fig. 2A was due to
low activity.

Substrate specificity of lipoyl synthase in T. kodakarensis. In a previous study (42),
we identified a structurally novel lipoyl synthase LipS (TK2109 and TK2248 proteins) in T.
kodakarensis, which recognizes a chemically synthesized octanoyl-peptide and catalyzes its
conversion to lipoyl-peptide (Fig. S6A). As the TK1234 and TK1908 proteins could catalyze the
attachment of various fatty acids onto the peptide, this poses a problem if we assume that
the chain length of the acyl group, or the group after sulfur insertion, is important for the ac-
tivity of GCS. We thus examined whether LipS exhibits the sulfur insertion activity toward hex-
anoyl-peptide and butyryl-peptide. Although several small new peaks (U1-U4 in Fig. S6B and
C) were observed in the reaction mixture with LipS proteins, we could not detect the pre-
dicted products or intermediates through LC-MS analysis (data not shown). The lipoyl
synthase activity toward free octanoate (or free octanoate mixed with peptide) was also
examined. However, the expected product, lipoate or reduced lipoate, was not generated
(Fig. S6D). The results suggested that the substrate specificity of LipS is strict and the enzyme
recognizes only octanoyl-peptide. Although we cannot rule out the possibility that the native
LipS recognizes a wider range of substrates than those we observed with the reconstituted
enzyme, the present results suggest that the structural integrity of the lipoyl group on the
GCS H-protein in T. kodakarensis is mainly accomplished through the specificity of LipS.

Construction of TK1234 and TK1908 gene disruption strains. To identify the
physiological function of these two genes, we constructed the gene disruption strains
ATK1234 and ATK1908 (Fig. S7A). The genotypes of the selected transformants were
examined by PCR (Fig. S7B to E), which indicated that the target genes were success-
fully deleted. In both transformants, the absence of unintended mutations in the ho-
mologous regions was also confirmed by DNA sequencing analysis.

Growth properties of TK1234 and TK1908 gene disruption strains. The growth
properties of the host strain and the gene disruption strains (ATK1234 and ATK1908)
were examined in a synthetic medium with or without Ser and/or lipoate (Fig. 5).
Previous studies indicated that serine is synthesized from glycine by glycine/serine
hydroxymethyltransferase (GlyA, TK0528) when T. kodakarensis is cultured in the syn-
thetic medium (43). The C, group for serine biosynthesis is most likely provided by
GCS, whose H-protein requires lipoate modification. Therefore, a mutant with defects
in de novo lipoyl-H-protein biosynthesis capabilities would display serine auxotrophy in
the absence of lipoate in the synthetic medium. On the other hand, a mutant impaired
in a salvage pathway would grow in the absence of lipoate and serine, as the de novo
pathway can synthesize lipoyl-protein, resulting in serine production. As our results indi-
cated that TK1234 and TK1908 encode an Lpl, which until now has been shown to be
involved in lipoate salvage, the TK1234 and TK1908 gene disruption strains were pre-
dicted not to exhibit serine/lipoate auxotrophy. In a medium containing serine regard-
less of the presence or absence of lipoate, the ATK1234 and ATK1908 strains displayed
growth (Fig. 5A and B). The ATK1234 strain could also grow in a serine-free medium, but
a delay was observed when cultivated in a medium without lipoate or only supple-
mented with octanoate (Fig. 5C, D, and E). In contrast to the host strain KU216 and the
ATK1234 strain, the ATK1908 strain displayed serine auxotrophy regardless of the pres-
ence or absence of lipoate (Fig. 5C and D). This result and the in vitro analyses described
above suggest that the TK1908 gene is involved not only in the salvage of lipoate but
also in the de novo biosynthesis of lipoyl-H-protein, most likely by ligating octanoate
onto the H-protein to form octanoyl-H-protein, which is subsequently converted to
lipoyl-H-protein by lipoyl synthase LipS (Fig. 1B). In vitro and in vivo analyses indicate a
supporting role of the TK1234 protein in protein lipoylation.

DISCUSSION

In this study, we demonstrated that the TK1234 and TK1908 genes encode an Lpl in
T. kodakarensis. Similar to the archaeal Lpl from T. acidophilum Ta-LplA (37-39), Tk-Lpl
consists of two proteins corresponding to the large and small domains of previously
characterized Lpls and forms a heterodimer. Tk-Lpl and Ta-LplA share 32% identity, but
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FIG 5 Growth properties of the host strain KU216 and the gene disruption strains ATK1234 and
ATK1908. Growth properties of the host KU216 strain (circles), ATK1234 (diamonds), and ATK1908
(triangles) were examined in the following five synthetic media based on ASW-AA-Ser -LA~-S°
supplemented with both 0.71 mM serine and 1 mM lipoate (Ser[+]-LA[+]) (A); only supplemented
with serine (Ser[+]-LA[—]) (B); only supplemented with 1 mM lipoate (Ser[—]-LA[+]) (C); without any
supplement (Ser[—]-LA[=]) (D); and only supplemented with 1T mM octanoate (Ser[—]-OA[+]) (E).
Error bars indicate the standard deviations of three independent culture experiments. The vertical
axis is represented in logarithmic scale. ODg,, optical density at 660 nm.

several significant differences were found between the two Lpls. The large domain of
Ta-LplA (Ta-LplA-N) alone cannot catalyze protein lipoylation (37-39), but Tk-Lpl-N was
able to catalyze the complete ligase reaction, as in the case of the C-terminal-truncated
mutant of the Lpl from M. hyopneumoniae (Mhp-Lpl) (28). Both Ta-LplA and Tk-Lpl rec-
ognize octanoate, but Ta-LplA displays relatively low levels of activity toward octano-
ate (20-30%) compared to lipoate, whereas Tk-Lpl displays about 70% activity toward
octanoate. The lower activity of Ta-LplA toward octanoate may reflect the fact that
lipoyl synthase homologs (LipA or LipS) are not found on the T. acidophilum genome
(37, 39, 42). The presence of a LipS in T. kodakarensis, which allows the conversion of
octanoyl-H-protein to lipoyl-H-protein, brings about physiological relevance to the oc-
tanoate ligase activity.

We aligned the amino acid sequences of Tk-Lpl, Ta-LplA, and some bacterial Lpls
(Fig. S8 and Fig. S9). The amino acid sequences of previously characterized Lpl proteins
display low identity to each other, especially in the small domain (Fig. S9). However,
the key motifs RRX(T/S)GGG, KX,GXA, and KX;KX;SX;RV, which play important roles in
lipoylation (17, 18, 28, 35, 39), are conserved in the large domains of these Lpl proteins
(Fig. S8). These motifs are also present in Tk-Lpl-N. Ta-LplA-N harbors an extended
sequence (residues 124-137; Fig. S8), which forms a loop structure (highlighted in
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yellow in Fig. S10A) supposed to repress the catalytic activity of Ta-LplA-N in the ab-
sence of Ta-LplA-C by partially capping the ATP binding pocket (39). A portion of the
capping loop is reorganized to a B-strand structure upon interaction between Ta-LplA-
N and Ta-LplA-C, resulting in removal of the capping structure from the active site
(highlighted in yellow in Fig. STOB) (39). On the other hand, most of the sequences cor-
responding to the capping structure are not found in Tk-Lpl-N and other Lpls (Fig. S8)
and might explain why Tk-Lpl-N exhibits activity alone. To examine this possibility, the
structure of Tk-Lpl-N was predicted with AlphaFold2, and superimposed with those of
Ta-LplA-N (Protein Data Bank [PDB] entry 2ARS; Fig. S10A) and Ta-LplA (Ta-LplA-N and
Ta-LplA-C complex, PDB entry 3R07; Fig. S10B). As expected from the sequence, a cap-
ping loop structure was absent in Tk-Lpl-N and the corresponding region constituted a
short loop, resembling the structure of the loop in Ta-LplA-N when bound to Ta-LplA-C
(Fig. S10B). In addition, the structures of the large domains of the active single subunit
enzymes Mhp-Lpl (PDB entry 6JOM) and Ec-LplA (PDB entry 1X2G) (with root mean
square deviation [RMSD] values 2.2 A and 3.3 A, respectively) (Fig. $10C and D) are sim-
ilar to the entire structure of the Tk-Lpl-N protein and also form short loops. This struc-
tural property also supports our prediction that Tk-Lpl-N alone can display activity
probably due to the absence of the capping loop.

Our results suggest that Tk-Lpl is involved in the de novo biosynthesis of lipoyl-protein
in addition to the salvage pathway in T. kodakarensis. As Tk-LipS recognizes octanoyl-pep-
tide but not free octanoate, we can presume that synthesis of octanoyl-H-protein by Tk-
Lpl precedes sulfur insertion in de novo protein lipoylation. However, as the source of the
octanoyl moiety has yet to be identified in archaea, the in vivo substrate of Tk-Lpl in de
novo protein lipoylation cannot be firmly concluded. We cannot rule out the possibilities
that the octanoyl moieties are provided by acyl carriers such as the ACPs in bacteria and
eukaryotes or thiol compounds such as coenzyme A (CoA). It at least seems unlikely that
ACPs are the octanoyl carriers in archaea, as ACP homologs are not found in any of the
archaeal genomes. CoA has been proposed as a candidate for the acyl carrier in archaeal
fatty acid biosynthesis (44, 45). We thus examined whether Tk-Lpl recognizes octanoyl-
CoA as a substrate. We found however that neither Tk-Lpl (Tk-Lpl-N and Tk-Lpl-C) nor the
Tk-Lpl-N protein alone recognized octanoyl-CoA as a substrate (Fig. S11). Based on (i) the
activity of Tk-Lpl toward free octanoate, (ii) the lack of Tk-Lpl activity toward octanoyl-CoA,
(iii) the specificity of LipS activity toward octanoyl-peptide, and (iv) the absence of ACP
homologs on archaeal genomes, we currently propose that free octanoate is the substrate
for de novo synthesis of lipoyl-protein (Fig. 1B). We cannot rule out the possibility that an
unidentified octanoyl carrier other than ACP or CoA is utilized, and further studies will be
necessary to clarify this matter.

The distributions of homologs of genes encoding Tk-Lpl-N and Tk-Lpl-C proteins
were examined in Archaea (Table 1 and expanded in Table S1). Tk-Lpl-N homolog
(E-value lower than or equal to 9e-4) is widely distributed in archaea, including almost
all haloarchaea and many (hyper)thermophilic archaea. On the other hand, the distri-
bution of Tk-Lpl-C homolog is relatively limited. Intriguingly, Tk-Lpl-C homologs are
absent on the genomes of Pyrococcus horikoshii, Pyrococcus sp. STO4, Pyrococcus yaya-
nosii, Thermococcus chitonophagus, and Thermococcus cleftensis, which are phyloge-
netically close to T. kodakarensis. As Tk-Lpl-N alone displayed lipoate/octanoate-protein
ligase activity, there is a possibility that these species utilize their Tk-Lpl-N homologs
alone as their Lpl. Only members of Sulfolobales possess the genes encoding single
polypeptides containing both the Lpl large and small domains. On the other hand,
among the organisms that utilize two separate genes encoding Tk-Lpl-N and Tk-Lpl-C
homologs (indicated in bold and red in Table 1 and Table S1), the genes are located
next to each other on the genomes of all members of 10 orders (highlighted in orange
background in Table 1 and Table S1), with members of Thermococcales the only
exception. We also found that Lpl gene homologs are located near the lipoyl synthase
homologs (LipA or LipS) on the genomes of a number of archaea (32.7% [56/171] of
the organisms with both Lpl and lipoyl synthase gene homologs; Table S1), including
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TABLE 1 Distribution of Lpl homologs in selected species of Archaea

Query

Tk-Lpl-N (TK1908)°

Tk-Lpl-C (TK1234)°

Organism¢

Archaeoglobus fulgidus DSM 4304

Haloquadratum walsbyi DSM 16790

Halapricum salinum

DV733_08530
DV733 07915

Halorhabdus utahensis

Halorhabdus sp. CBA1104

Hrd1104_05195

Hrd1104_05200

Thermococcus piezophilus

Cuniculiplasma divulgatum

A7C91_04445

Halosimplex litoreum 17X12_06340

Halanaeroarchaeum sulfurireducens HSR2 HLASF_1054 HLASF_1055
: 2 VNG_0181G

Halobacterium salinarum NRC-1 VNG 6256G VNG_6255C

Haloferax volcanii HVO_0572

Halopiger xanaduensis Halxa 2255

Natronorubrum aibiense GCU68 01965

Methanocaldococcus jannaschii

Methanocella paludicola MCP 1721 MCP_1722

Methanospirillum hungatei

Methanopyrus kandleri

Palaeococcus pacificus PAP_09180 PAP_07040

Pyrococcus furiosus DSM 3638 PF1374 PF1634

Thermococcus cleftensis CL1_1181

Thermococcus kodakarensis TK1908 TK1234

A7C91_08560

Ferroplasma acidarmanus

Thermoplasma acidophilum Ta0514 Ta0513

Aciduliprofundum boonei Aboo_1106 Aboo_1107

Acidilobus saccharovorans ASAC_0548 ASAC 0547

Caldisphaera lagunensis Calag 1012 Calag 1013

Aeropyrum pernix HIPIE 22
APE_2341

Desulfurococcus mucosus Desmu_0206

Ignicoccus hospitalis

Staphylothermus marinus Smar 0191 Smar_0192
Tagg_0783

Thermosphaera aggregans Tagg_0337 Tagg_0784

Hyperthermus butylicus Hbut_0801

Pyrodictium delaneyi Pyrde 1319

Pyrolobus fumarii Pyrfu_0731

Fervidicoccus fontis FFONT 1311 FFONT 1312
Ahos_0168

Acidianus hospitalis Ahos_1685 Ahos_0169
Ahos 1682
Msed_1506

Metallosphaera sedula Msed_1480 mz:g—:} igg
Msed_1560 _
SS03159

. SS01060

Saccharolobus solfataricus P2 SSO1112 SSO1112

SS03157

Stygiolobus azoricus

D1868_10085
D1868_09945
D1868 09905

D1868_09945

Sulfodiicoccus acidiphilus

HS1genome_2183
HS1genome_2184
HS1genome 0383

HS1genome_0383

Lokiarchaeum sp. GC14_75

Lokiarch_ 23920

Saci_0310
Saci_0307 ’
Sulfolobus acidocaldarius DSM 639 Saci_0351 Saci 0345
= Saci_2206
Saci_0345
Saci_2206
1C006_0274
. o 1C006_0259 1C006_0495
Sulfuracidifex tepidarius 1C006_0793 IC006_0793
1C006_0495
STK_11930
Sulfurisphaera tokodaii STK_18960 STK_18880
STK_ 18880
Thermofilum pendens
Pyrobaculum calidifontis
Thermoproteus uzoniensis
Nitrososphaera viennensis
Candidatus Nanohalobium constans LC1Nh_1030 LC1Nh_1029
Candidatus Korarchaeum cryptofilum Kcr 0581 Kcr 0580
Lokiarch_46950

aSpecies whose lipoate-protein ligases (Lpls) are separately encoded by two genes are indicated in bold and red. Orange boxes

indicate the organisms in which the two genes are present next to each other.

bThe Tk-Lpl-N homologs whose E-values are lower than or equal to 1e-125 are shown with white letters on a black background,

while those whose E-values are between 3e-69 and 9e-4 are shown with black letters on a gray background.
The Tk-Lpl-C homologs whose E-values are lower than or equal to 8e-4 are shown with black letters on a gray background.
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all members of Methanocellales (LipA) and Sulfolobales, which possess multiple Lpl
homologs (LipA and/or LipS), and some members from Thermococcales (LipS) and
Desulfurococcales (LipA or LipS). Since these lipoyl synthases catalyze the sulfur inser-
tion to octanoyl-H-protein, this gene arrangement raises the possibility that the main
function of the archaeal lipoate-protein ligases whose genes form an operon with
lipoyl synthase genes is the transfer of octanoate, rather than lipoate, to H-protein.

MATERIALS AND METHODS

Chemicals, strains, media, and culture conditions. Unless mentioned otherwise, chemical reagents
were purchased from Nacalai Tesque (Kyoto, Japan) or Fujifilm Wako Pure Chemicals (Osaka, Japan). T.
kodakarensis KOD1 (wild type), KU216 (ApyrF) (46), and KU216 derivative strains were cultured under an-
aerobic conditions at 85°C in a nutrient-rich medium (ASW-YT-S°) or synthetic media (ASW-AA-S°, ASW-
AA-m1-S° and ASW-AA-Ser -LA~-S°). ASW-YT-S° medium was composed of 0.8 x artificial seawater (ASW)
(47),5.0 g L™ of yeast extract, 5.0 g L™ of tryptone, and 2.0 g L™ of elemental sulfur. ASW-AA-S° medium
consisted of 0.8 x ASW, a mixture of 20 amino acids, modified Wolfe's trace minerals, a vitamin mixture,
and 2.0 g L' of elemental sulfur (48). ASW-AA-m1-S° medium and ASW-AA-Ser -LA~-S° medium are
modified versions of ASW-AA-S° medium. In ASW-AA-m1-S° medium, concentrations of L-arginine hydro-
chloride (250 mg L™ from 125 mg L") and t-valine (200 mg L™ from 50 mg L") were increased and
20 uM KI, 20 M H;BO,, 10 M NiCl,-6H,0, and 10 «M tungsten were supplemented. ASW-AA-Ser™-LA™-
S° medium is ASW-AA-m1-S° medium without L-serine and lipoate. In all media, 0.8 mg L™ of resazurin so-
dium salt was supplemented to detect dissolved oxygen and Na,S:9H,0 was added until the media
became colorless. For solid medium, elemental sulfur and Na,S-9H,0 were replaced with 2 mL L™ of a pol-
ysulfide solution (10 g of Na,S-9H,0 and 3 g of sulfur flowers in 15 mL of H,0) and 10 g L™ of Gelrite was
added to solidify the medium. E. coli strain DH5« (TaKaRa, Ohtsu, Japan) used for plasmid construction
and E. coli strain BL21-CodonPlus(DE3)-RIL (Agilent Technologies, Santa Clara, CA) used for gene expression
were cultivated at 37°C in lysogeny broth medium containing ampicillin (100 mg L™").

Gene expression and purification of TK1234 and TK1908 recombinant proteins. Plasmids for the
expression of TK1234 and TK1908 were constructed as follows. Coding regions of TK1234 and TK1908 with
Ndel and BamHI restriction sites were amplified by PCR with the primer sets eTK1234-F/-R and eTK1908-F/-
R, respectively, and inserted into plasmid pET21a(+) at the Ndel-BamHlI sites utilizing In-Fusion HD cloning
kit (TaKaRa Bio, Shiga, Japan). The resulting plasmids were named pET1234 and pET1908, respectively.
After confirming the absence of unintended mutations by DNA sequencing, pET1234 and pET1908 were
individually introduced into E. coli strain BL21-CodonPlus(DE3)-RIL. Transformants were cultivated at 37°C
until optical density at 660 nm (ODy,,) reached 0.4-0.6, and gene expression was induced by the addition
of isopropyl B-p-1-thiogalactopyranoside at a final concentration of 0.1 mM. Cells were further cultivated
at 37°C for 7 h, harvested, resuspended in 50 mM Tris-HCI buffer (pH 7.5), and disrupted by sonication.
After centrifugation (4°C, 5,000 x g, 10 min), the soluble cell extracts were incubated at 75°C for 15 min to
remove thermolabile proteins from E. coli. After centrifugation (4°C, 5,000 x g, 20 min), the supernatants
including the TK1234 and TK1908 recombinant proteins were individually applied to an anion-exchange
column, ResourceQ (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), and proteins were
eluted with a linear gradient of NaCl (0-1.0 M) in 50 mM Tris-HCl (pH 7.5) at a flow rate of 2.0 mL min~".
After exchanging buffer of the relevant fractions using Amicon Ultra centrifugal filter unit (molecular
weight cutoff [MWCQ] 3 K for TK1234 protein and MWCO 10 K for TK1908 protein) (EMD Millipore,
Billerica, MA), the proteins were separated by a gel filtration column, Superdex 200 Increase 10/300 GL (GE
Healthcare), with a mobile phase of 50 mM HEPES (pH 7.5), 0.15 M Nacl at a flow rate of 0.5 mL min~".
Relevant fractions were concentrated using Amicon Ultra centrifugal filter unit (MWCO 3 K for TK1234 pro-
tein and MWCO 10 K for TK1908 protein). Protein concentrations were determined with the Protein Assay
System (Bio-Rad, Hercules, CA) using bovine serum albumin (Thermo Fisher Scientific, Waltham, MA) as a
standard. The purities of TK1234 and TK1908 recombinant proteins were analyzed by SDS-PAGE.

Protein interaction analysis by gel filtration chromatography. The interaction analysis between
TK1908 and TK1234 proteins was performed utilizing gel filtration chromatography. Molecular masses of
TK1908, TK1234, and proteins in their mixture were determined using a Superdex 200 Increase 10/300
GL column. The column was equilibrated with a mobile phase of 50 mM HEPES (pH 7.5) including 0.15
M NaCl at a constant flow rate of 0.5 mL min~'. The absorbance derived from protein was monitored at
280 nm. The Blue Dextran 2000 and standard proteins (aprotinin [6.5 kDal, RNase A [13.7 kDal, carbonic
anhydrase [29 kDa], ovalbumin [43 kDa], conalbumin [75 kDa], and aldolase [158 kDa]) in Gel Filtration
Calibration Kits (GE Healthcare) were used to measure the void volume of the column and to prepare a
standard curve (Fig. S12), respectively. TK1234 protein (100 wM) alone, TK1908 protein (100 wM) alone,
or a mixture of TK1234 protein (100 M) and TK1908 protein (100 M) after heat treatment (85°C for
15 min) was applied to the gel filtration column. Fractions containing proteins in the mixture were ana-
lyzed by SDS-PAGE.

Fatty acid-protein ligase activity measurement. A chemically synthesized peptide (Eurofins Genomics
KK, Tokyo, Japan), whose amino acid sequence is ESVKAVSE, was utilized as a substrate for the detection of
protein ligase activity. The peptide is a portion of the H-protein from T. kodakarensis (TK0150), which is pre-
dicted to be the lipoyl domain based on the lipoyl domain sequences of the H-proteins from E. coli (18) and
M. tuberculosis (49). The ligase reaction mixture (100 uL) contained 50 mM HEPES buffer (pH 7.5 at 85°C),
2 mM MgCl,, 10 mM lipoate [(R, S)-lipoate or (R)-lipoate] or fatty acid (octanoate, heptanoate, hexanoate, pen-
tanoate, or butyrate), 100 uM peptide, 5 mM ATP, 10 g of TK1234 protein, and/or 10 g of TK1908 protein.
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The reaction mixture without proteins was set as a blank control. After preincubation at 85°C for 3 min, reac-
tions were initiated by adding 5 mM ATP. After incubation at 85°C for 30 min, the reaction was stopped by
rapid cooling on ice for 5 min and removal of enzyme by ultrafiltration using an Amicon Ultra centrifugal filter
unit (MWCO 10 K). When monitoring product formation by TK1908 protein alone for longer periods of time,
70 g of TK1908 protein was included in the reaction mixture and incubation at 85°C was prolonged up to
180 min. Reaction products were analyzed by HPLC (see below).

For measuring specific activity, the reaction mixture (100 wL) was composed of 50 mM HEPES buffer (pH
7.5 at 85°C), 2 mM MgCl,, 10 mM lipoate [(R, S)-lipoate, (R)-lipoate or (S)-lipoate] or fatty acid (octanoate, hex-
anoate or butyrate), 600 uM peptide, 5 mM ATP, 1.6 ug of TK1234 protein (1.5 uM), and 4.2 ng of TK1908
protein (1.5 wM). The reactions were performed at 85°C for 3, 5, and 10 min [(R, S)-lipoate and (R)-lipoate], 5,
10, and 20 min [(S)-lipoate], 5, 10, and 15 min (octanoate and hexanoate), or 10, 15, and 20 min (butyrate).
The specific activity of TK1908 protein alone toward (R)-lipoate was also measured.

Examination of substrate specificity of lipoyl synthase. The substrate specificity of LipS (TK2109
and TK2248 proteins) was examined using octanoyl-peptide, hexanoyl-peptide, butyryl-peptide, and
free octanoate as the substrates. The iron-sulfur clusters of recombinant LipS proteins were reconsti-
tuted as previously described (42). The reaction mixture (50 ul) contained 50 mM HEPES buffer (pH 8.0
at 75°C), 50 mM NaCl, 10% (vol/vol) glycerol, 5 mM dithiothreitol, 2 mM S-adenosyl-.-methionine,
600 1M modified peptide (octanoyl-peptide, hexanoyl-peptide, or butyryl-peptide) or 10 mM octanoate
(with or without 600 uM peptide), 10 mM sodium dithionite, 300 wM reconstituted TK2109 protein and
300 wM reconstituted TK2248 protein. The reaction mixture without proteins was set as a blank control.
The reactions were carried out at 75°C for 2 h. The reaction products were analyzed by HPLC and LC-MS.

Measurement and identification of reaction products by HPLC and LC-MS. Four kinds of the modi-
fied peptides (lipoyl-peptide, octanoyl-peptide, hexanoyl-peptide, and butyryl-peptide) (Eurofins Genomics
KK), in which lipoyl, octanoyl, hexanoyl, and butyryl groups are connected with the Lys residue by amide
bond, were used as the standards of reaction products. The enzyme reaction products were analyzed by
HPLC with a COSMOSIL 5C,5-PAQ column (4.6 mm x 250 mm, 5-um particle size) using a Nexera X2 system
equipped with an SPD-M20A Prominence Photodiode Array Detector (Shimadzu, Kyoto, Japan). The mobile
phase consisted of solvent A (MilliQ water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic
acid). The elution programs were as follows: (i) for the ligase reaction products of lipoate and heptanoate, a
gradient of 15-40% solvent B was applied from 0 to 25 min, followed by a 10-min maintenance; then the
proportion returned back to 15% solvent B, and the column was reequilibrated for 15 min; (i) for the ligase
reaction products of octanoate, a gradient of 18-40% solvent B was applied from 0 to 30 min, followed by a
5-min maintenance; then the proportion returned back to 18% solvent B, and the column was reequilibrated
for 15 min; (ii) For the ligase reaction products of hexanoate and pentanoate, a gradient of 10-40% solvent
B was applied from 0 to 30 min, followed by a 5-min maintenance; then the proportion returned back to
10% solvent B, and the column was reequilibrated for 15 min; (iv) For the ligase reaction products of butyr-
ate, a gradient of 5-40% solvent B was applied from 0 to 35 min; then the proportion returned back to 5%
solvent B, and the column was reequilibrated for 15 min; (v) for the lipoyl synthase reaction products of
modified peptides, a gradient of 5-40% solvent B was applied from 0 to 35 min; then the proportion
returned back to 5% solvent B, and the column was reequilibrated for 15 min; and (vi) For the lipoyl synthase
reaction products of octanoate, a gradient of 30-40% solvent B was applied from 0 to 10 min, followed by a
25-min maintenance; then the proportion returned back to 30% solvent B, and the column was reequili-
brated for 5 min. A flow rate of 0.7 mL min~' was maintained throughout all the elution programs.
Absorbance at 200 nm was monitored by a UV detector.

The reaction products were also analyzed by LC-MS. The compounds in reaction products were sepa-
rated by COSMOSIL 5C,,-PAQ column with the same conditions of HPLC. Detection of analytes was per-
formed using UltiMate 3000 (Thermo Fisher Scientific) and Exactive Plus Fourier-transform (orbitrap)
mass spectrometer (Thermo Fisher Scientific). lonization was performed by heated-electrospray ioniza-
tion in negative ion mode and parameters were set as follows: Aux gas heater temperature at 300°C, a
capillary temperature at 350°C, a spray voltage at 3.5 kV, and a mass range between m/z 300 and 1,500.

Construction of gene disruption strains of T. kodakarensis. To construct TK1234 and TK1908 gene
disruption vectors, the respective genes with 1-kbp of their 5’- and 3’-flanking regions were amplified by
PCR using genomic DNA from the host strain KU216 as a template and the primer sets dTK1234-F/-R and
dTK1908-F/-R, respectively. Primers used in this study are listed in Table 2. The amplified fragments were
inserted into the Hincll site of plasmid pUD3 (50), which harbors a selectable pyrF marker gene. The coding
regions of each gene were removed by inverse PCR with the primer sets invdTK1234-F/-R and invdTK1908-
F/-R and the amplified linear DNA fragments were self-ligated. The 3’-terminal 4 bp of the TK1908 gene
were left intact since the regions are shared by the TK1907 gene. The resulting plasmids were named
pUDTK1234 and pUDTK1908, respectively.

The TK1234 disruption strain and TK1908 disruption strain were prepared as follows. T. kodakarensis
KU216 cells were grown in ASW-YT-S° for 12 h (early stationary phase), harvested, resuspended in
200 ul of 0.8 x ASW, and kept on ice for 30 min. pUDTK1234 or pUDTK1908 (3 ng) was added to the
cells, and the mixtures were kept on ice for over 1 h. After heat shock at 85°C for 45 s, the mixtures were
kept on ice for 10 min. Cells were inoculated into ASW-AA-S° liquid medium and incubated at 85°C for
2 days. Cells were cultured in the same medium again in order to enrich transformants harboring the
pyrF gene via pop-in single crossover recombination. Cells were then grown at 85°C for 3-5 days on
ASW-AA-S° solid medium supplemented with 0.75% 5-fluoroorotic acid and 10 g mL™" uracil to select
transformants in which target genes were removed along with the pyrF gene due to a pop-out recombi-
nation. Genotypes of the transformants were examined by PCR with primer sets that anneal within the
target genes (idTK1234-F/-R or idTK1908-F/-R) and outside the homologous regions for homologous
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TABLE 2 Primers used in this study

Primer name 5'-Sequence-3’

dTK1234-F TTGTACTTGCCCTCCGTCGCCCAGAAGAAG
dTK1234-R ACATAAAGAGCATTCTTGAGGACGTCATAC
dTK1908-F GAAAGCCAAAATCACAATCAGC

dTK1908-R TTCCACGACCTCATTATCACTCTTTAGC
invdTK1234-F GAAGGGTGAAACCCGTGGG

invdTK1234-R GTAAGCTCGCGGGAGAAGTT

invdTK1908-F GAAGTATAGAAATCCTAAGTGG

invdTK1908-R CGTTAAAAACTCCGGAGGGC

idTK1234-F TAAGGGGATGGGTATGAAGCAC

idTK1234-R AGGGCCTTCTTCAACGCTATCTTG

idTK1908-F GTGGTGGTTAAAATGACGATG

idTK1908-R TCTTCTATCAGCTTTTCCGCT

0dTK1234-F CTTTCTTAAGTCCATCACGAAGG

odTK1234-R ACCGAACCCATAAAGGCCAACTACTTCAAC
0odTK1908-F GCCCCACCACAACAGCCCTTTCTT

0dTK1908-R GCCATTCTTTACTTCAACAGGAC

eTK1234-F AAGGAGATATACATATGAAGCACCACGTAGGTG
eTK1234-R GCTCGAATTCGGATCCTCACCCTTCGAGGGCCTTC
eTK1908-F AAGGAGATATACATATGCGCTTCATTCCGCTC
eTK1908-R GCTCGAATTCGGATCCTAACGCATCTCGTTCCAC

recombination (odTK1234-F/-R or odTK1908-F/-R). The resulting strains, in which TK1234 and TK1908
genes are disrupted, were named ATK1234 and ATK1908, respectively. The absence of mutations in the
5'- and 3'-flanking regions of TK1234 and TK1908 in the ATK1234 and ATK1908 strains, respectively, was
confirmed by DNA sequencing.

Growth measurements of T. kodakarensis. Growth properties of the host strain KU216 and the
gene disruption strains were examined in the following five media based on the synthetic medium
ASW-AA-Ser~-LA~-S% supplemented with both serine and 1 mM lipoate (Ser[+]-LA[+]); only supple-
mented with serine (Ser[+]-LA[—1); only supplemented with T mM lipoate (Ser[—]-LA[+]); without any
supplement (Ser[—]-LA[—]); only supplemented with T mM octanoate (Ser[—]-OA[+]). All media were
supplemented with 10 g mL~" uracil. Cells were precultured in ASW-AA-m1-S° for about 24 h until the
stationary phase and then inoculated into the five media. Culture experiments were performed at 85°C
in triplicate and their ODg4, was measured.

Sequence alignment and structural homology modeling. Amino acid sequence alignments were
carried out by ClusterX (51) and colored by Web server ESPript 3.0 (52) (http://espript.ibcp.fr/ESPript/
ESPript/). The three-dimensional structure model of Tk-Lpl-N, the large domain subunit of lipoate-pro-
tein ligase of T. kodakarensis (TK1908), was predicted by AlphaFold2 (53). The generated model of Tk-
Lpl-N was validated by PROCHECK module of UCLA-DOE LAB-SAVES v6.0 (54) (https://saves.mbi.ucla
.edu/) (Fig. S13). The RMSD values of the structural alignments were assessed by Pairwise structure com-
parison module of Dali server (55). The superimposition diagrams of the 3D-structures between Tk-Lpl-N
and other Lpls were generated by PyMOL 1.8 (56).

Bioinformatic analysis of the homologs of Tk-Lpl-N and related proteins in archaea. Gene distri-
bution analysis was performed using the BLAST search tool in the KEGG database (57, 58) (https://www
.genome.jp/tools/blast/). Amino acid sequences deduced from TK1908 and TK1234 were used as queries
to search for the corresponding homologs in archaea. The N-terminal and C-terminal sections of the E2
subunit of pyruvate dehydrogenase complex (PDH E2) of S. solfataricus P2 (S501529 and SSO1530,
respectively) and the H-protein of T. kodakarensis (TKO150) were used as queries to search for the homo-
logs of archaeal PDH E2 and H-protein. The lipoyl synthases from S. solfataricus P2 (LipA [SSO3158]) and
T. kodakarensis (LipS1 [TK2109] and LipS2 [TK2248]) were used as queries to search for the homologs of
archaeal lipoyl synthase.

Data availability. Accession numbers for TK1234 and TK1908 are BAD85423 and BAD86097, respec-
tively. All relevant data are included in the manuscript and supplemental material.
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