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ABSTRACT Staphylococcus aureus competes for myriad essential nutrients during host
infection. One of these nutrients is the organosulfur compound lipoic acid, a cofactor re-
quired for the activity of several metabolic enzyme complexes. In S. aureus, these in-
clude the E2 subunits of three a-ketoacid dehydrogenases and two H proteins, GevH of
the glycine cleavage system and its paralog, GcvH-L. We previously determined that the
S. aureus amidotransferase LipL is required for lipoylation of the E2 subunits of pyruvate
dehydrogenase (PDH) and branched-chain 2-oxoacid dehydrogenase (BCODH) com-
plexes. The results from this study, coupled with those from Bacillus subtilis, sug-
gested that LipL catalyzes lipoyl transfer from H proteins to E2 subunits. However, to
date, the range of LipL targets, the extent of LipL-dependent lipoic acid shuttling
between lipoyl domain-containing proteins, and the importance of lipoyl relay in
pathogenesis remain unknown. Here, we demonstrate that LipL uses both lipoyl-H
proteins as the substrates for lipoyl transfer to all E2 subunits. Moreover, LipL facili-
tates lipoyl relay between E2 subunits and between H proteins, a property that po-
tentially constitutes an adaptive response to nutrient scarcity in the host, as LipL is
required for virulence during infection. Together, these observations support a role
for LipL in facilitating flexible lipoyl relay between proteins and highlight the com-
plexity of protein lipoylation in S. aureus.

IMPORTANCE Protein lipoylation is a posttranslational modification that is evolu-
tionarily conserved from bacteria to humans. Lipoic acid modifications are found on
five proteins in S. aureus, four of which are components of major metabolic en-
zymes. In some bacteria, the amidotransferase LipL is critical for the attachment of
lipoic acid to these proteins, and yet it is unclear to what extent LipL facilitates the
transfer of this cofactor. We find that S. aureus LipL flexibly shuttles lipoic acid
among metabolic enzyme subunits, alluding to a dynamic redistribution mechanism
within the bacterial cell. This discovery exemplifies a potential means by which bac-
teria optimize the use of scarce nutrients when resources are limited.

KEYWORDS Staphylococcus aureus, lipoic acid, lipoyl amidotransferase, metabolism,
virulence

taphylococcus aureus is the causative agent of a wide array of diseases, including

skin and soft tissue infections, infective endocarditis, pneumonia, and severe sepsis.
The versatility of S. aureus as a pathogen hinges not only on its release of virulence
factors that compromise host immune defenses but also on its capacity to adapt to host
nutritional restriction by scavenging essential nutrients (1-8). S. aureus disease is
generally controlled by antibiotic treatment, but alleviation of infection is increasingly
challenging with the rise of antibiotic resistance (9). The study of bacterial trace nutrient
acquisition seeks to exploit its importance for survival and proliferation in host tissues
for therapeutic design (10-15). The goal is to develop treatment strategies that divert
the metabolic flux of bacteria, such that they remain nonpathogenic or are rendered
replication defective (16).

November 2019 Volume 201 Issue 22 e00446-19 Journal of Bacteriology

Citation Teoh WP, Resko ZJ, Flury S, Alonzo F,
1. 2019. Dynamic relay of protein-bound
lipoic acid in Staphylococcus aureus. J Bacteriol
201:200446-19. https://doi.org/10.1128/JB
.00446-19.

Editor Michael J. Federle, University of lllinois
at Chicago

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Francis Alonzo |,
falonzo@luc.edu.

Received 2 July 2019

Accepted 21 August 2019

Accepted manuscript posted online 26
August 2019

Published 21 October 2019

jb.asm.org 1


https://doi.org/10.1128/JB.00446-19
https://doi.org/10.1128/JB.00446-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:falonzo@luc.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JB.00446-19&domain=pdf&date_stamp=2019-8-26
https://jb.asm.org

Teoh et al.

To colonize tissues, S. aureus scavenges myriad essential nutrients from the host,
one of which is lipoic acid (3, 17). Lipoic acid is an organosulfur compound that is a
cofactor in enzyme complexes involved in central metabolism and is an antioxidant
with immunosuppressive properties (18-21). There is mounting evidence that lipoic
acid metabolism is required for microbial pathogenesis (22). For example, in malaria-
causing Plasmodium species, lipoic acid synthesis and salvage are essential during
liver-stage and asexual blood-stage development, respectively (22-27). In Listeria
monocytogenes, a lipoic acid auxotroph, salvage of the cofactor contributes to growth
in the host cytosol and disease in mice (28-30). In addition, S. aureus differentially uses
bacterial and host-derived lipoic acid to support bloodstream infection while also
releasing the lipoylated E2 subunit of the pyruvate dehydrogenase complex (E2-PDH)
to dampen the activation of proinflammatory macrophages (3, 31). Other pathogens
that rely on lipoic acid metabolism for virulence include Burkholderia pseudomallei,
Pseudomonas aeruginosa, and Mycobacterium tuberculosis (32-35).

There are four lipoylated enzyme complexes in S. aureus, as follows: the pyruvate
dehydrogenase complex (PDH) converts pyruvate into acetyl coenzyme A (acetyl-CoA),
the 2-oxoglutarate dehydrogenase complex (OGDH) converts a-ketoglutarate into
succinyl-CoA, the branched-chain 2-oxoacid dehydrogenase complex (BCODH) catabo-
lizes deaminated derivatives of branched-chain amino acids for synthesis of branched-
chain fatty acids, and the glycine cleavage system (GCS) degrades excess glycine (3, 36,
37). Lipoic acid is covalently attached to a conserved lysine residue on the E2 subunits
of a-ketoacid dehydrogenase complexes (E2-PDH, E2-OGDH, and E2-BCODH) and the H
protein of GCS (GevH). Previously, we dissected the mechanisms of lipoic acid acqui-
sition in S. aureus using a genetic approach and found that this bacterium is capable of
both de novo synthesis and salvage of lipoic acid (3). Like Bacillus subtilis, S. aureus
initiates lipoic acid synthesis by transferring the eight-carbon saturated fatty acid,
octanoic acid, from an acyl carrier protein (ACP) to GecvH with the octanoyltransferase
LipM (3, 38). The lipoyl synthase LipA then catalyzes the attachment of two sulfhydryl
groups to C-6 and C-8 of the pendant octanoyl chain on GcvH (3, 39, 40). This is
followed by incorporation of the lipoyl moiety from GcvH onto E2 subunits by the
amidotransferase LipL (3, 41, 42). Similar to L. monocytogenes, S. aureus also encodes
two lipoic acid salvage enzymes, LplA1 and LplA2 (3, 28, 29, 42). However, only LplA1
is essential for lipoic acid salvage in vitro (3). In contrast, either enzyme is sufficient to
promote renal infection by S. aureus in a murine bloodstream infection model. S. aureus
also synthesizes a GevH-like protein, GevH-L, which is encoded in the same operon as
LplA2 (43). The operon is thought to contribute to redox homeostasis, but the exact
mechanism remains unclear (43). The ability to produce two lipoic acid salvage en-
zymes and two H proteins is a unique feature of S. aureus not encountered thus far in
other Gram-positive Firmicutes.

In a previous study, we used biochemical assays to demonstrate that LplAT and
LplA2 exhibit differential targeting of lipoyl domain-containing proteins. LplA1 primar-
ily targets H proteins, while LplA2 primarily targets E2 subunits (44). Furthermore, we
uncovered genetic evidence that both H proteins facilitate lipoyl transfer to E2 sub-
units. However, GevH-L appears to exclusively serve as a node in the lipoic acid salvage
pathway (44). Despite elucidation of the lipoic acid biosynthesis and salvage pathways
of S. aureus, several outstanding questions remain related to the amidotransferase LipL.
The importance of LipL for S. aureus pathogenesis has yet to be determined, and the
only direct biochemical evidence of its function to date comes from the following three
organisms: octanoyl transfer from GcvH to E2-PDH in B. subtilis, octanoyl transfer from
GevH to the lipoyl domain of E2-BCODH in L. monocytogenes, and lipoyl transfer from
the glycine cleavage system H (GCSH) protein to the lipoyl domain of E2-PDH in
humans (29, 42, 45). Therefore, we sought to determine the range of lipoyl substrates
used by S. aureus LipL to transfer lipoic acid and identify which apoproteins are
targeted for lipoylation.

In this study, we performed a biochemical assessment of LipL activity. We found that
LipL uses either lipoyl-GevH or lipoyl-GevH-L as a donor for transfer of lipoic acid to all
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FIG 1 The start codon of lipL is two nucleotides downstream of the pta stop codon in S. aureus. (A) DNA
sequences showing two potential in-frame start codons of lipL (#1 and #2) are underlined. The 5’ end of
lipL, as published by NCBI, is in green, while additional nucleotides that would form the 5" end of lipL with
the earlier start codon are in blue. (B) Growth of WT, AlipL mutant, AlipL+lipL s ; mutant, and
AlipL+1iplL 6., mutant strains in RPMI medium over 10 h. (C) In vivo lipoylation profiles of WT, AlipL
mutant, and AlipL+lipL 47 ;, mutant strains after 9 h subculture growth in RPMI medium plus BCFA and
NaAc was assessed by immunoblotting SDS-PAGE-resolved whole-cell lysates with rabbit anti-lipoic acid
antibody. The presented blot is representative of at least three independent experiments.

three full-length E2 subunits. In addition, LipL promotes lipoyl relay between E2
subunits and between H proteins. In all cases, the reaction is reversible. However, lipoyl
transfer to GecvH-L is least favored. The requirement of LipL for optimal S. aureus
virulence is demonstrated by the attenuation of a AlipL mutant strain during murine
infection. Overall, these findings suggest a flexible mechanism for redistributing an
essential cofactor that facilitates adaptation to host-imposed lipoic acid limitation.

RESULTS

Identifying the lipL open reading frame of S. aureus. A prior genetic analysis
found that LipL is required for lipoylation of E2-PDH and E2-BCODH in S. aureus (3). In
addition, a AlipL mutant cannot grow in lipoic acid-deficient or -replete medium.
Attempts to complement these phenotypes with lipL were unsuccessful, an outcome
we attributed to potential translational coupling of lipL with its upstream gene, pta,
which encodes phosphate acetyltransferase (3). The NCBI-annotated sequence of lipL
contains a 74-nucleotide intergenic region between the pta and lipL genes (Fig. 1A).
Upon inspection, we noticed another viable in-frame start codon for lipL two nucleo-
tides after the stop codon of pta (Fig. 1A). To determine if the longer lipL sequence
lipL 476.7)] encodes a functional protein, we complemented a AlipL mutant with this
lipL sequence and assessed bacterial growth of both the AlipL+lipL ,;c.;, and
AlipL+1ipL ,76.5) mutant strains. We found that the AlipL+lipL ,;5.;) mMutant strain
exhibited wild-type (WT) growth characteristics, whereas the AlipL+lipL,;5., mutant
strain was unable to replicate (Fig. 1B). Furthermore, lipoylation profiles were fully
restored for a AlipL+lipL 4;.;) mutant strain (Fig. 1C, lane 3) grown in lipoic acid-
deficient RPMI medium. These data suggest that the S. aureus lipL coding sequence
begins two nucleotides downstream of the pta stop codon.

LipL cannot use free lipoic acid as a lipoyl substrate. The lipoic acid salvage
enzymes LplA1 and LplA2 use free lipoic acid to modify lipoyl domain-containing
proteins, but we have not ruled out the possibility of LipL being able to perform the
same reaction (44). To this end, we conducted a lipoylation assay by mixing LipL with
each of the five S. aureus apo-E2 and H proteins in the presence of free lipoic acid. In
contrast to reactions with LplA1 or LplA2, none of the LipL-containing reactions
generated substantial lipoyl-H or lipoyl-E2 subunits (see Fig. S1A in the supplemental
material). From this outcome, we concluded that S. aureus LipL, similar to B. subtilis and
L. monocytogenes LipL, must use protein-bound lipoic acid as a substrate (29, 41, 42).
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FIG 2 LipL-dependent modification of E2 subunits with lipoyl-H proteins as lipoyl donors. (A to C and E
to G) Lipoyl transfer from lipoic acid (LA)-GcvH (10 uM) (A to C) and LA-GevH-L (40 uM) (E to G) to E2-PDH
(A and E), E2-OGDH (B and F), and E2-BCODH (C and G), with LipL (1 uM; right lanes) and without LipL
(left lanes), was assessed by immunoblotting with rabbit anti-lipoic acid antibody. A portion (2.5 ul) of
a 50-ul reaction mixture was loaded into each lane. Presented blots are representative of at least three
independent experiments. (D and H) Densitometric quantification of lipoyl acceptor band intensities
relative to lipoyl-E2-BCODH. The average and standard deviation from three independent blots are
shown.

LipL uses lipoyl-GevH and lipoyl-GevH-L for lipoic acid transfer to E2 subunits.
Only E2-OGDH and GcvH are lipoylated in a AlipL mutant, suggesting that LipL is
essential for the lipoylation of E2-PDH and E2-BCODH (Fig. 1C, lane 2). Nonetheless, the
extent of LipL-mediated lipoic acid transfer remains untested. Previous work with B.
subtilis showed that purified LipL catalyzes octanoyl transfer from GcvH to E2-PDH,
while another study found that LIPT1, the LipL analog in humans, catalyzes lipoyl
transfer from GCSH to a lipoyl domain derived from human PDH (42, 45). We purified
recombinant S. aureus lipoyl-GevH and lipoyl-GevH-L from E. coli for use in lipoyl
transfer assays with purified S. aureus apo-E2-PDH, apo-E2-OGDH, and apo-E2-BCODH.
After purification, GevH was determined to be mostly lipoylated, while purified GevH-L
was partially lipoylated (Fig. S1B). Using lipoyl-GevH, we observed LipL-dependent
lipoyl transfer to E2-PDH, E2-OGDH, and E2-BCODH (Fig. 2A to D and S2A to C). The
same was true when lipoyl-GevH-L was used. However, transfer from lipoyl-GcvH and
lipoyl-GevH-L to E2-PDH appeared to be less efficient than the transfer to E2-OGDH and
E2-BCODH (Fig. 2E to H and S2D to F). Taken together, these data indicate that LipL
transfers the lipoyl moieties from GcvH or GevH-L to all three E2 subunits, although
lipoyl transfer to E2-PDH is less efficient.

LipL-dependent lipoyl transfer from E2 subunits to H proteins. The only direct
biochemical evidence of amidotransfer from E2 subunits to H proteins comes from a
demonstration of octanoyl transfer from the lipoyl domain of E2-BCODH to GcvH in L.
monocytogenes (29). Thus, to establish the bidirectionality of lipoyl relay between H
proteins and E2 subunits, we conducted a lipoyl transfer assay with each lipoyl-E2
protein and determined whether LipL catalyzes the lipoylation of H proteins using
these substrates. Lipoylation of both GecvH and GevH-L is more pronounced when the
lipoyl donor is E2-PDH (Fig. 3A and B and S3A and B, lane 3), followed by E2-OGDH (Fig.
3A and B and S3A and B, lane 5). We detected minimal lipoyl-H proteins when
lipoyl-E2-BCODH was used as a substrate (Fig. 3A and B and S3A and B, lane 7). Overall,
LipL-dependent lipoylation of H proteins occurs with some, but not all, lipoyl-E2 protein
substrates.

LipL catalyzes lipoyl relay between E2 subunits. The results from our genetic and
biochemical analyses are consistent with a model where LipL transfers the lipoyl moiety
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FIG 3 LipL-dependent modification of H proteins with lipoyl-E2 subunits as lipoyl donors. Lipoyl transfer
from LA-E2-PDH (10 uM) (lanes 2 and 3), LA-E2-OGDH (10 uM) (lanes 4 and 5), and LA-E2-BCODH (10 uM)
(lanes 6 and 7) with LipL (1 uM) (lanes 3, 5, and 7) and without LipL (lanes 2, 4, and 6) to GcvH (20 wM)
(A) and GevH-L (20 wM) (B) was assessed by immunoblotting with rabbit anti-lipoic acid (a-LA) antibody.
For positive controls, GevH (20 wM) and GevH-L (20 uM) were lipoylated with free lipoic acid (2.4 mM) by
LplA1 (1 uM) (lanes 1). A portion (2.5 wl) of a 50-ul reaction mixture was loaded into each lane. Presented
blots are representative of at least three independent experiments. Graphs contain densitometric
quantification of the relative reduction in lipoylation after the addition of LipL. The average and standard
deviation from three independent blots are shown.

from H proteins to the lipoyl domains of E2 subunits (3, 41, 42). However, it is unknown
whether a lipoyl relay exists between E2 subunits due to a lack of suitable genetic
mutants. Thus, we purified all three E2 subunits in apo- and lipoyl-forms and tested if
lipoyl transfer between E2 subunits occurs in vitro. With lipoyl-E2-PDH, we observed
comparable LipL-dependent modification of E2-OGDH and E2-BCODH (Fig. 4A to C and
S4A and B). However, LipL-catalyzed lipoyl transfer from lipoyl-E2-OGDH to E2-PDH was
less robust than was the transfer to E2-BCODH (Fig. 4D to F and S4C and D). We also
detected more transfer to E2-OGDH than E2-PDH in reactions that used lipoyl-E2-
BCODH (Fig. 4G to | and S4E and F). These results provide evidence that LipL relays the
lipoyl moiety from one E2 subunit to another, although lipoyl transfer to E2-PDH is less
efficient.

LipL catalyzes lipoyl transfer from GcvH-L to GevH but not vice versa. Since LipL
catalyzes lipoyl relay between E2 subunits, we hypothesized that such a circuit also
exists between H proteins. Therefore, we performed a lipoyl transfer assay with either
lipoyl-GecvH or lipoyl-GevH-L to determine if LipL uses one H protein to lipoylate the
other. When lipoyl-GevH-L was used, we observed complete loss of lipoylation on
GevH-L that coincided with the emergence of lipoyl-GevH (Fig. 5 and S5, lane 8). In
contrast, when lipoyl-GcvH was the donor, we neither detected a change in its levels
nor observed the formation of lipoyl-GevH-L (Fig. 5 and S5, lane 6). This finding
suggests that the lipoyl moiety is preferentially transferred from GcvH-L to GevH (3, 44).

In vitro reconstitution of the complete LipL-dependent lipoyl relay network.
Thus far, we have explored LipL function in a one-to-one lipoyl donor-acceptor con-
figuration. To recapitulate the complexity of LipL-dependent lipoyl relay, we conducted
a lipoyl transfer assay using one lipoyl protein combined with the other four S. aureus
apo-lipoyl domain-containing proteins in a reaction with LipL. When lipoyl-GcvH served
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FIG 4 LipL-dependent lipoyl relay between E2 subunits. (A, B, D, E, G, and H) Lipoyl transfer from
LA-E2-PDH (10 uM) (A and B), LA-E2-OGDH (10 uM) (D and E), and LA-E2-BCODH (10 uM) (G and H), to
E2-OGDH (20 uM) (A and H), E2-BCODH (20 uM) (B and E), and E2-PDH (20 uM) (D and G), with LipL
(1 uM) (right lanes) and without LipL (left), was assessed by immunoblotting with rabbit anti-lipoic acid
antibody. A portion (2.5 ul) of a 50-ul reaction mixture was loaded into each lane. Presented blots are
representative of at least three independent experiments. (C, F, and I) Densitometric quantification of
relative lipoyl transfer efficiency compared to lipoyl-E2-OGDH (C and 1) and lipoyl-E2-BCODH (F). The
average and standard deviation from three independent blots are shown.

as the lipoyl donor, E2-OGDH and E2-BCODH, and, to a lesser degree, E2-PDH but not
GevH-L, were modified (Fig. 6 and S6, lane 2). When lipoyl-GecvH-L was the donor, all of
its lipoyl moiety was transferred onto E2-OGDH, E2-BCODH, and GcvH, but we were
unable to detect lipoyl-E2-PDH (Fig. 6 and S6, lane 4). The use of lipoyl-E2-PDH resulted
in transfer of the cofactor to E2-BCODH and GcvH but not E2-OGDH and GevH-L (Fig.
6 and S6, lane 6). When lipoyl-E2-OGDH was used, E2-BCODH and GcvH were modified
to a minor degree (Fig. 6 and S6, lane 8). Last, GcvH was the only lipoyl recipient from
lipoyl-E2-BCODH (Fig. 6 and S6, lane 10). Taken together, LipL-dependent transfer of
lipoyl moieties from either GcvH or GevH-L to E2 subunits approximates what is seen
in vivo, appears to be favored over the reverse reaction, and aligns well with outcomes
of the one-to-one lipoyl donor-acceptor transfer assays. It is worth noting that recon-

GevH + |+ |- |- |- |- |+[+
GevH-L - |-+ [+ |+ |+ ]| -] -
LipL Bl B B I e B
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FIG 5 LipL-dependent lipoyl relay between H proteins. Lipoyl transfer from LA-GcvH (10 wM) to GevH-L
(20 uM) (lanes 5 and 6) and from LA-GcvH-L (40 uM) to GevH (20 uM) (lanes 7 and 8), with LipL (1 wM)
(lanes 6 and 8) and without LipL (lanes 5 and 7), was assessed by immunoblotting with rabbit anti-lipoic
acid antibody. Apo- (lanes 1 and 3) and LplA1-lipoylated (lanes 2 and 4) GevH and GevH-L (20 wM) were
included as controls. A portion (2.5 wl) of a 50-ul reaction mixture was loaded into each lane. The
presented blot is representative of at least three independent experiments.
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FIG 6 Simultaneous modification of multiple lipoyl domain-containing proteins by LipL. Lipoyl transfer
from LA-GevH (5 wM) (lanes 1 and 2), LA-GevH-L (20 uM) (lanes 3 and 4), LA-E2-PDH (5 uM) (lanes 5 and
6), LA-E2-OGDH (5 uM) (lanes 7 and 8), and LA-E2-BCODH (5 uM) (lanes 9 and 10) to the other four
apo-lipoyl domain-containing proteins (10 uM of each) with LipL (2 uM) (even-numbered lanes) and
without LipL (odd-numbered lanes) was assessed by immunoblotting with rabbit anti-lipoic acid anti-
body. Five microliters of a 100-ul reaction mixture was loaded into each lane. The presented blot is
representative of at least three independent experiments.

stitution reactions will achieve equilibrium based on the varied efficiencies of lipoyl
transfer; thus, not all transfers may be visible under each condition. In all cases, GevH-L
is a strong donor and weak acceptor of lipoic acid.

Lipoyl relay is dynamic in vivo. Biochemical assessment of LipL function suggests
that the amidotransferase engages in flexible relay of protein-bound lipoic acid. We
wondered if changing lipoyl protein production in vivo would perturb the lipoyl relay
network. S. aureus can grow under oxygen-limiting conditions, where the tricarboxylic
acid (TCA) cycle enzyme OGDH is not produced. Therefore, we used oxygen limitation
as well as genetic mutants of E2 and H subunits to monitor changes in the efficiency
of LipL-dependent lipoyl relay (46). We assessed the lipoylation profiles of the S. aureus
WT and AlipL, AgcvH, ApdhC (E2-PDH null), AodhB (E2-OGDH null) mutant strains and
their complements, grown anaerobically or aerobically, in lipoic acid bypass medium
(RPMI medium supplemented with branched-chain fatty acid precursors [BCFAP] and
sodium acetate [NaAc]). When grown anaerobically, lipoyl-E2-OGDH was not detected
in the WT strain but was detected in a AodhB mutant constitutively expressing odhB,
confirming the reduction of odhB expression in the WT strain grown in the absence of
oxygen (Fig. 7A, lanes 1 and 9). Despite conditional or genetic depletion of E2-OGDH,
lipoylation of E2-PDH, E2-BCODH, and GcvH remained unchanged (Fig. 7A, lanes 1 and
8). When grown aerobically, the ApdhC and AodhB mutant strains also maintained
the capacity to lipoylate all other proteins in a LipL-dependent manner (Fig. 7B, lanes
6 and 8).

Biochemical data suggest that the lipoic acid salvage enzymes LplA1 and LplA2
differentially target all three S. aureus E2 proteins for lipoylation with exogenous lipoic
acid (44). Despite their protein targets in vitro, LplA2 does not contribute appreciably
to lipoylation, while LplA1 lipoylates only E2-OGDH and GcvH under standard growth
conditions (3). However, S. aureus maintains its ability to lipoylate all E2 proteins and
does not appear to require GcvH to serve as an intermediate for lipoyl transfer (3, 44).
This observation suggests that E2-OGDH must be capable of serving as a lipoyl donor
for LipL-dependent modification of E2-PDH and E2-BCODH in vivo. To this end, we
generated a AlipL AgcvH mutant to assess its lipoylation profile when grown in the
presence of exogenous lipoic acid. We observed a loss of lipoyl-E2-PDH and lipoyl-E2-
BCODH in a AlipL AgcvH mutant compared to a AgcvH mutant (Fig. 7C). Altogether,
these findings imply that the flexibility of LipL amidotransferase activity allows for
maintenance of protein lipoylation, even when lipoyl domain proteins are conditionally
or genetically depleted, and that lipoyl transfer between E2 subunits occurs in vivo,
which is supported by recent findings in B. subtilis (47).
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FIG 7 Flexibility of lipoyl relay in vivo and requirement of LipL for optimal infection. (A to C) Immunoblot
with anti-lipoic acid antibody of whole-cell lysates derived from the indicated strains grown in RPMI
medium supplemented with branched-chain fatty acid precursors (10 mM isobutyric acid, 9 mM
2-methylbutyric acid, 9 mM isovaleric acid) and 10 mM sodium acetate, under anaerobic conditions
(—0,) at 37°C for 48 h (A), under aerobic conditions (+0,) at 37°C for 9 h after 1:100 subculture from
overnight cultures (B), and under aerobic conditions in the presence of 5 uM lipoic acid (+O, +LA) at
37°C for 9 h after 1:100 subculture from overnight cultures (C). Presented blots are representative of at
least three independent experiments. (D) Bacterial burden in kidneys of mice at 96 h postinfection with
1 X 107 CFU WT (n = 8), AlipL mutant (n = 8), and AlipL+lipL mutant (n = 8) strains. (E) Bacterial burden
in skin abscesses of mice at 120 h postinfection with 1 X 107 CFU WT (n = 16), AlipL mutant (n = 16), and
AlipL+lipL mutant (n = 16) strains. Horizontal bars represent median values. P values were determined
by Kruskal-Wallis test with Dunn’s posttest. ** P < 0.01; *** P < 0.001.

LipL is important for S. aureus virulence. A AlipL. mutant is defective for growth
in broth culture. This defect cannot be rescued by supplementing exogenous lipoic
acid, although cell growth can be restored by culturing in bypass medium containing
BCFAP and NaAc (3). Given that lipoic acid biosynthesis and salvage together promote
tissue-specific infectivity during murine sepsis, we surmised that a AlipL mutant would
be compromised for colonization in murine infection (3). We infected mice intrave-
nously or intradermally with WT, AlipL mutant, and AlipL+lipL ,75.;) complemented
strains. At 96 h post-intravenous infection, kidneys of AlipL mutant-infected animals
had ~10,000-fold fewer CFU than those infected with WT and AlipL+lipL ,75.;) mutant
strains (Fig. 7D). At 120 h post-intradermal infection, ~10-fold fewer CFU were recov-
ered from abscesses of AlipL mutant-infected animals (Fig. 7E). Thus, LipL is required for
optimal S. aureus infection.

DISCUSSION

In this study, we investigated the role of the putative S. aureus amidotransferase,
LipL, in lipoic acid transfer and virulence. We found that the lipL open reading frame
begins two nucleotides downstream of the phosphate acetyltransferase-encoding
gene, pta, hinting at a functional relationship between LipL activity and overflow
metabolism. Furthermore, we demonstrated that LipL not only shuttles lipoic acid from
H proteins to E2 subunits and vice versa, but it also catalyzes inter-E2 and H protein
lipoyl transfer. Hence, the ability of LipL to facilitate flexible circulation of endogenous
protein-bound lipoic acid represents a potential mechanism used by S. aureus to adjust
to changing metabolic demands, especially when the cofactor is limiting. In addition,
we present evidence that the efficacy of LipL-dependent lipoyl transfer is dictated by
the identities of both the lipoyl donor and acceptor. These features, combined with
differential targeting of lipoyl domain-containing proteins by the salvage enzymes
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LplAT and LplA2, underscores the complexity of the lipoyl relay network in S. aureus
(44).

Among the three E2 subunits, E2-PDH appears to weakly accept lipoic acid via LipL
regardless of which lipoyl protein is the donor (Fig. 2D and H, 4F and 4l, and 6). To our
knowledge, the only previous attempt to assess lipoyl transfer from GcvH to E2-PDH
was performed with the ~100-amino-acid-residue inner lipoyl domain of human
E2-PDH, which resulted in its robust modification (45). However, our ability to purify
full-length E2-PDH in good yield and modify the protein with free lipoic acid in the
presence of LplA2 leads us to believe that protein stability is not the primary reason for
reduced lipoyl transfer efficiency (44). It is possible that the optimal modification of
full-length E2-PDH requires it to be in complex with the E1 and E3 subunits of PDH.
Similar to E2-PDH, GevH-L is the weaker lipoyl acceptor of the two H proteins, although
it is a viable lipoyl donor for LipL-dependent lipoyl relay (Fig. 2, 5, and 6). Most, if not
all, of the lipoyl moiety from GcvH-L is transferred to other lipoyl domain-containing
proteins in reactions that use lipoyl-GecvH-L as the donor. This observation could explain
why, to date, lipoyl-GevH-L remains undetectable in lysates from cells grown under
standard in vitro culture conditions and supports a model where GevH-L serves as a
transient reservoir of salvaged lipoic acid (3, 44). Moreover, other groups have found
that amino acid residues in the vicinity of the lipoyl-lysine dictate the efficiency of
protein lipoylation (47, 48). For instance, whether the residue situated three positions
to the N-terminal side of the lipoyl-lysine is charged determines the rate of lipoylation
and substrate specificity (47, 48). Although this residue is identical in GevH and GevH-L,
a comparison of their lipoyl domains shows significant amino acid differences that
could account for the observed contrast in lipoyl transfer outcomes between both
proteins (Fig. S7). Upon being lipoylated, GecvH-L can also be reversibly ADP ribosylated
on a residue near the lipoyl-lysine (43). We surmise that this modification, which is not
known to occur on GevH, could regulate the capacity of GevH-L to be lipoylated.

While we show that LipL catalyzes lipoyl transfer from H proteins to E2 subunits (Fig.
2), the amidotransferase is also capable of catalyzing the reverse reaction from E2
subunits to H proteins (Fig. 3). In this case, H proteins are most readily modified when
lipoyl-E2-PDH is the donor, followed by lipoyl-E2-OGDH. In general, based on the
intensity of lipoic acid antibody-reactive bands that correspond to the lipoyl-accepting
proteins, the reverse reaction is less favorable than the forward reaction. This obser-
vation is supported by genetic evidence in which a GevH-deficient mutant has dimin-
ished lipoyl-E2 protein levels in the absence of exogenous lipoic acid, but the ApdhC
and AodhB mutants retain levels of lipoyl-GcvH comparable to those of the WT strain
when grown in RPMI medium plus BCFAP and NaAc (3) (Fig. 7B). Nonetheless, reversible
protein lipoylation may allow cells to respond to environmental changes by transferring
the lipoyl moiety to accommodate metabolic demands, especially in the event of lipoic
acid starvation or reduced de novo synthesis. Our demonstration of inter-E2 and H
protein lipoyl transfer (Fig. 4 and 5) would likely enable rapid adaptation to metabolic
shifts by promoting unhindered lipoyl relay regardless of the substrate. Such a shift
could be elicited by carbon source flux, which is known to influence the expression of
a-ketoacid dehydrogenases (49-51).

The flexibility of lipoyl relay in S. aureus was further highlighted by our reconstitu-
tion of the complete LipL-dependent lipoyl relay network in vitro, where each lipoyl
protein served as a donor for all remaining proteins (Fig. 6). In this scenario, GcvH was
a primary recipient of lipoic acid, even in the presence of apo-E2 proteins (Fig. 6, lanes
6, 8, and 10). This finding suggests that reversible lipoyl relay from E2 subunits to GcvH
is favored over relay between E2 subunits. The apparent centrality of GcvH in reversible
lipoyl transfer, as well as its position as a major node in de novo synthesis and salvage
of lipoic acid, is consistent with the suggested role of GcvH as the primary reservoir of
lipoic acid within the cell (36).

Our studies using anaerobic growth conditions to experimentally reduce the ex-
pression of lipoyl-E2-OGDH demonstrated that WT S. qureus still maintains an
otherwise-normal lipoylation profile (Fig. 7A, lane 1). Thus, the reduced expression of
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one major E2 protein, via a change in environmental conditions, does not compromise
the ability of S. aureus to lipoylate critical E2 proteins needed in anaerobiosis, such as
E2-PDH. This observation is consistent with evidence from a prior study in Escherichia
coli that reported an important role of PDH in fermentative metabolism of glucose and
the downregulation of genes encoding tricarboxylic acid cycle enzymes in S. aureus
during anoxia (46, 52). Likewise, the deletion of pdhC and odhB does not disrupt overall
protein lipoylation, which likely occurs as a result of lipoyl transfer from GecvH (Fig. 7A
and B, lanes 6 and 8). However, WT levels of E2 subunit lipoylation are also observed
in a AgcvH mutant in the presence of exogenous lipoic acid, suggesting that inter-E2
transfer during salvage can compensate to maintain adequate protein lipoylation (44).
This observation is supported by the loss of E2-PDH and E2-BCODH lipoylation in a AlipL
AgcvH mutant (Fig. 7C). Thus, both conditional and genetic manipulation of lipoyl relay
donors and recipients highlight the compensating effects of LipL plasticity that permit
the maintenance of metabolic enzyme lipoylation.

The importance of LipL to S. aureus metabolism is further demonstrated in a disease
environment, where loss of the amidotransferase caused a marked reduction in bac-
terial burden during bloodstream infection, and, to a lesser degree, during skin and soft
tissue infection (Fig. 7D and E). We hypothesize that the modest defect of lipL mutant
colonization in skin may be due to the ability of S. aureus to incorporate host-derived
fatty acids into its membrane, which could compensate for the loss of branched-chain
fatty acid synthesis by BCODH in a lipL mutant (10, 53, 54). Indeed, sebaceous glands
in the skin produce unique lipid species not found in other tissues that could poten-
tially serve as a source of fatty acids for S. aureus (55). Further investigation into this
question is under way. Considering the lack of homology between S. aureus LipL and
human LIPT1 (Fig. S8) and that LipL is only found in Gram-positive bacteria, the
amidotransferase makes an attractive target for novel approaches to combat S. aureus
disease (45). Therefore, our studies to better understand bacterial metabolism both
shed light on conserved aspects of metabolic pathways across organisms and uncover
previously unappreciated roles for bacterial metabolic components during pathogen-
esis that can be exploited for clinical benefit.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All bacterial strains used in this paper are listed in Table
S1 in the supplemental material. E. coli strains were routinely grown in Miller’s lysogeny broth (LB; BD),
with antibiotics added as necessary. S. aureus strains were grown in either tryptic soy broth (TSB; BD) or
in RPMI medium (Corning) supplemented with 1% Casamino Acids (VWR). All strains were grown
overnight with shaking, unless stated otherwise. To probe in vivo lipoylation, S. aureus strains were
subcultured 1:100 from overnight cultures into 5 ml fresh RPMI medium containing branched-chain fatty
acid precursors (BCFAP) (10 mM isobutyric acid [Sigma-Aldrich], 9 mM 2-methylbutyric acid [Alfa Aesar],
9 mM isovaleric acid [Sigma-Aldrich]) and 10 mM sodium acetate (NaAc; Sigma-Aldrich) in 15-ml conical
tubes and grown with shaking (220 rpm) at 37°C for 9 h. To determine protein lipoylation in cells grown
under anaerobic conditions, 5 ml RPMI medium plus BCFAP and NaAc were added to 15-ml conical tubes
and reduced in a BBL GasPak jar (BD) at 37°C overnight before inoculation with a single S. aureus colony.
The inoculated tubes were incubated in the same anaerobic jar with fresh palladium catalyst (BD), an
anaerobe container system sachet (BD), and resazurin anaerobic indicator strip (Oxoid) at 37°C for 48 h.
When needed, cultures were supplemented with the following agents for selection: 100 ug ml—’
ampicillin (GoldBio), 10 ug ml~" chloramphenicol (Amresco), 150 ug ml~' kanamycin (Amresco), and
0.1 mM cadmium chloride (Alfa Aesar).

Growth curve. WT and AlipL, AlipL+1ipL 76 ., and AlipL+lipL 41 ,, mutant strains were grown in
triplicate in 200 ul of fresh RPMI medium plus BCFAP and NaAc in a 96-well, round-bottom plate
(Celltreat) overnight at 37°C with shaking. The bacteria were washed three times and resuspended in the
same volume of fresh RPMI medium before being subcultured 1:100 into 198 ul of the same medium in
a 96-well, flat-bottom plate (Celltreat) at 37°C with shaking in a Synergy H1 hybrid multimode microplate
reader (Biotek). The optical density at 550 nm (OD;.,) was measured every 15 min over a 10-h period.

Generation of AlipL+lipL ,;; ;) mutant strain. The AlipL+/ipL ,; ,, mutant strain was generated
using the pJC1111 plasmid (56). Using the primers listed in Table S2, the lipL gene was amplified from
WT S. aureus genomic DNA, while the constitutive Py, promoter was amplified from pIMAY plasmid
(57). The resulting amplicons were subjected to splicing by overlap extension (SOE) PCR to obtain
PriecplipL a7 1 Which was cloned into pJC1111 at the Pstl and Sall restriction sites (58). The recombinant
construct was propagated in E. coli DH5« and transformed into S. aureus pathogenicity island 1 (SaPI-1)
integrase-expressing S. aureus (RN9011) to allow single-copy integration at the SaPI-1 site in the
chromosome (56, 58). Bacteriophage @11 was used to package the integrated complementation plasmid
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from RN9011 and was subsequently transduced into the AlipL mutant strain. AlipL+/ipL ¢, transduc-
tants were selected for based on cadmium chloride resistance and confirmed by PCR.

Generation of ApdhC+pdhC and AodhB+odhB mutant strains. The ApdhC+pdhC and
AodhB+odhB mutant strains were generated using the pOS1 plasmid (59). Using the primers listed in
Table S2, the pdhC and odhB genes were amplified from WT S. aureus genomic DNA, while the nucleotide
sequence corresponding to the constitutive S. aureus sarA promoter fused to the sod ribosome binding
site (P,,,o-s0dRBS) was amplified from pOS1-P,, ,-sodRBS-sgfp (60). The resulting amplicons were fused by
SOE PCR, and the products were cloned into pOS1 at the EcoRIl and Sall restriction sites (58). The
recombinant constructs were propagated in E. coli DH5« and transformed into S. aureus RN4220 (61) for
isolation and subsequent transformation into the ApdhC and AodhB mutant strains.

Generation of a AlipL AgcvH strain. A marked AgcvH:kan mutation was transduced into a AlipL
mutant strain, as described previously, to generate a AlipL AgcvH mutant strain (3).

Whole-cell lysate preparation. S. aureus cultures were measured for OD.5, and centrifuged at
4,200 rpm for 15 min to pellet the bacteria. The supernatants were removed, and the bacterial cell pellets
were resuspended in 250 ul of phosphate-buffered saline. The resuspended bacteria were then added to
screw-cap microcentrifuge lysing tubes (Fisher Scientific) containing 250 ul of 0.1-mm glass cell disrup-
tion beads (Scientific Industries, Inc.). Cells were lysed using a Fast Prep-24 5G homogenizer (MP
Biomedicals) at a speed of 5.0 m/s for 20 s with subsequent incubation on ice for 5min and then
disrupted a second time at a speed of 4.5 m/s for 20 s. Thirty microliters of 6X sodium dodecyl sulfate
(SDS) sample buffer (0.375M Tris [pH 6.8], 12% SDS, 60% glycerol, 0.6 M dithiothreitol [DTT], 0.06%
bromophenol blue) was added to the 90 ul of cell lysates, and the mixture was boiled for 10 min.
Samples were stored at —20°C for no longer than a few days.

Purification of 6 XHis-LipL. 6 XHis-LipL was purified using Ni>* affinity chromatography. The lysY/la
E. coli strain containing pET15b-lipL was grown in 10 ml LB with 100 ug ml~" ampicillin at 37°C with
shaking overnight. The following day, bacteria were subcultured 1:100 into 500 ml fresh LB with 100 ug
ml~" ampicillin and 2 mM MgSO, and allowed to grow for 3 h at 37°C shaking. Protein synthesis was
induced by the addition of 0.4 mM isopropyl-B-b-thiogalactopyranoside (IPTG), followed by incubation
for another 4 h at 37°C with shaking. Bacteria were pelleted by centrifugation at 8,801 X g for 10 min at
4°C and stored overnight at —80°C. To purify the recombinant proteins, bacterial pellets were thawed in
a 37°C water bath and resuspended in lysis buffer (25 mM imidazole, 50 mM Tris-HCI, 300 mM NaCl [pH
8]) supplemented with 1T mM DTT and 1 mM phenylmethylsulfonyl fluoride (PMSF). Bacteria were lysed
at a constant rate of 0.8 s per pulse and an output of 340 W in 20-s intervals for 15 min on ice using a
Branson S-450A large-tip sonicator. Debris from lysed bacteria was pelleted by centrifugation for 30 min
at 16,000 X g, followed by filtration of the clarified lysate using a 0.45-um syringe filter. The lysate was
then incubated with 1 ml equilibrated nickel-nitrilotriacetic acid (nickel-NTA) resin slurry (Qiagen) on a
rotisserie for 1 h at 4°C. Nickel-NTA-bound 6 X His-LipL was washed with lysis buffer and eluted using the
same buffer containing 500 mM imidazole. Samples were dialyzed with 10-kDa molecular weight cutoff
(MWCO) regenerated cellulose dialysis tubing (Spectrum) using the following scheme: the sample-filled
tubing was first placed in lysis buffer containing 100 mM imidazole for 3 h, in the same buffer containing
25 mM imidazole overnight, and then another 3 h in lysis buffer only. The concentration of purified
6XHis-LipL was measured using a bicinchoninic acid (BCA) kit (Thermo Fisher Scientific) and stored at
—80°C. 6 X His-LipL was confirmed to be purified to apparent homogeneity by resolving ~2 ug of protein
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by staining of the
gel with GelCode blue stain reagent (Thermo Fisher Scientific).

Purification of 6 XHis-LplA1 and 6 XHis-LplA2. 6XHis-LplA1 and 6XHis-LplA2 were purified as
previously described (44).

Purification of 6XxHis-apo-E2 subunits and 6 xHis-apo-H proteins. 6XHis-apo-E2 subunits and
6 X His-apo-H proteins were purified from the lysY//a AlipA:kan E. coli strain using Ni2* affinity chroma-
tography. lysY/Ia AlipA:kan E. coli strains containing pET15b-pdhC, pET15b-odhB, pET15b-bmfBB, pET15b-
gcvH, and pET15b-gcvH-L were grown overnight in 20 ml LB with 100 ug ml—" ampicillin at 37°C with
shaking. The following day, strains were subcultured 1:100 into 1 liter LB with 100 wg ml~—" ampicillin and
grown for 3 h. Protein expression was induced with 0.4 mM IPTG, followed by incubation for another 3
h at 37°C with shaking. The subsequent steps were the same as described above for the purification of
6XHis-LipL.

Purification of 6 x His-lipoyl-E2 subunits and 6 X His-lipoyl-H proteins. 6XHis-lipoyl-E2 subunits
and 6XxHis-lipoyl-H proteins were purified from lysY/I9 E. coli strains containing the same constructs used
for purification of 6 XHis-apo-E2 subunits and 6 XHis-apo-H proteins, using Ni2* affinity chromatography.
Strains were grown in 10 ml LB with 100 ng ml~" ampicillin at 37°C with shaking overnight. The following
day, bacteria were subcultured 1:100 into 500 ml fresh LB with 100 ng ml~" ampicillin and 2 mM MgSO,,
and allowed to grow for 3 h at 37°C shaking. Lipoyl protein expression was induced by addition of
0.4 mM IPTG and 100 uM lipoic acid (Sigma-Aldrich) and grown for another 3 h at 30°C with shaking.
Further protein synthesis was inhibited by addition of 150 wg ml~" kanamycin and cells were incubated
for an additional hour. The subsequent steps were the same as described above for the purification of
6XHis-LipL.

Assay of LipL function with free lipoic acid as the substrate. The lipoic acid ligation assay was set
up as previously described with 1 uM each of 6XHis-LipL, 6 XHis-LplA1, and 6XHis-LplA2 (44).

Assay of LipL function with one-to-one lipoyl donor-acceptor configuration. Lipoylation assays
were set up as previously described, with some modifications (44). All assays were conducted in 50-ul
reaction volumes in reaction buffer (50 mM Tris-HCl, 300 mM NaCl [pH 8]) containing 1 mM DTT, 1 mM
MgCl,, 20 uM lipoyl acceptor (6XHis-apo-E2-PDH, 6 XHis-apo-E2-OGDH, 6XxHis-apo-E2-BCODH, 6XHis-
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apo-GevH, or 6 XHis-apo-GevH-L), and 10 uM lipoyl donor (6 XHis-lipoyl-E2-PDH, 6 XHis-lipoyl-E2-OGDH,
6 X His-lipoyl-E2-BCODH, or 6XHis-lipoyl-GcvH). Forty micromolar 6XHis-GcvH-L was used as a lipoyl
donor to account for incomplete in vivo lipoylation of the recombinant protein. Reaction mixtures were
incubated with or without 1 uM 6XHis-LipL for 2 h at 37°C with shaking. After incubation, 5 ul of the
reaction mixtures was resolved on 4 to 15% Mini-Protean TGX stain-free gels (Bio-Rad), followed by
staining with the GelCode blue stain reagent (Thermo Fisher Scientific), and another 5 ul on 12%
SDS-PAGE gels at 120 V for immunoblotting to determine protein lipoylation (see below).

Assay of LipL function with one-to-four lipoyl donor-acceptor configuration. Lipoylation assays
were conducted in 100-ul reaction volumes under the same buffer conditions as described above, with
10 uM each lipoyl acceptor (6XHis-apo-E2-PDH, 6XHis-apo-E2-OGDH, 6XHis-apo-E2-BCODH, 6XHis-
apo-GevH, or 6 XHis-apo-GevH-L) and 5 uM lipoyl donor (6 XHis-lipoyl-E2-PDH, 6 X His-lipoyl-E2-OGDH,
6XHis-lipoyl-E2-BCODH, or 6XHis-lipoyl-GcvH). A concentration of 20 uM 6XHis-GcvH-L was used as
lipoyl donor to account for incomplete in vivo lipoylation of the recombinant protein. Reaction mixtures
were incubated with or without 2 uM 6 XHis-LipL for 2 h at 37°C with shaking. After incubation, 10 ul of
the reaction mixtures was resolved on 4 to 15% Mini-Protean TGX stain-free gels (Bio-Rad), followed by
staining with GelCode blue stain reagent (Thermo Fisher Scientific) and another 10 ul on 12% SDS-PAGE
gels at 120 V for immunoblotting to determine protein lipoylation (see below).

Determination of protein lipoylation and densitometry. Proteins from optical density (OD)-
normalized whole-cell lysates or in vitro lipoylation assays were separated by SDS-PAGE in 12% poly-
acrylamide gels at 120 V. Separated proteins were transferred from gels to 0.2-um Immobilon polyvi-
nylidene difluoride (PVDF) membranes (Millipore Sigma) at 100 V for 30 min in a Criterion blotter
(Bio-Rad). After transfer, membranes were incubated for 1 h with TBST (0.1% Tween 20 [Amresco] in
Tris-buffered saline) supplemented with 5% bovine serum albumin (BSA; GoldBio). Rabbit polyclonal
anti-lipoic acid antibody (Calbiochem) was added to the membranes at a 1:7,500 dilution, followed by
incubation for 1 h and three subsequent 15-minute washes in ~20 ml of TBST. Alkaline phosphatase
(AP)-conjugated goat anti-rabbit IgG (H+L) (Invitrogen) was then added at a 1:5,000 dilution in 5% BSA
in TBST for 45 min, followed by three 15-minute washes in ~20 ml of TBST and another 5-min wash in
AP buffer (100 mM Tris [pH 9.5], 100 mM NaCl, 5 mM MgCl,). Membranes were developed with 5-bromo-
4-chloro-3-indoylphosphate-nitroblue tetrazolium (BCIP-NBT) color development substrate (GoldBio).
Densitometry analysis was performed using the ImageJ software on three independent experiments to
determine the lipoylation of each band relative to the control band set at a value of 1.

Murine infection models. Murine skin and soft tissue and systemic infections were performed as
previously described with WT, AlipL mutant, and AlipL+lipL ;¢ ,, mutant strains (3, 62).

Ethics statement. All experiments were performed following the ethical standards of the Institu-
tional Biosafety Committee and the Institutional Animal Care and Use Committee (IACUC) at Loyola
University Chicago Health Sciences Division. The institution is approved by the Public Health Service
(PHS; A3117-01 through 28 February 2022), is fully accredited by the AAALAC International (000180,
certification dated 17 November 2016), and is registered/licensed by the USDA (33-R-0024 through 24
August 2020). All animal experiments were performed in animal biosafety level 2 (ABSL2) facilities with
IACUC-approved protocols (IACUC no. 2017028) under the guidance of the Office of Laboratory Animal
Welfare following USDA and PHS policy and guidelines on the humane care and use of laboratory
animals.

Quantification and statistical analyses. All experiments were repeated at least three independent
times. Statistical analyses of data from animal studies were performed using GraphPad Prism 7 with the
statistical test specified in each figure legend.
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