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Acyl-AcpB, a FabT corepressor in Streptococcus pyogenes
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ABSTRACT Membranes are a universal barrier to all cells. Phospholipids, essential
bacterial membrane components, are composed of a polar head and apolar fatty acid
(FA) chains. Most bacterial FAs are synthesized by the Type Il FA synthesis pathway (FASII).
In Streptococcaceae, Enterococci, and Lactococcus lactis, a unique feedback mechanism
controls the FASII gene expression. FabT, encoded in the FASII main locus, is the repressor,
and it is activated by long-chain acyl-acyl carrier protein (acyl-ACP). Many Streptococci,
Enterococcus faecalis, but not L. lactis, possess two ACPs. The AcpA-encoding gene is
within the FASII locus and is coregulated with the FASII genes. Acyl-AcpA is the end
product of FASIl. The AcpB-encoding gene is in operon with p/sX encoding an acyl-
ACP:phosphate acyltransferase. The role of acyl-AcpB as FabT corepressor is controver-
sial. Streptococcus pyogenes, which causes a wide variety of diseases ranging from mild
non-invasive to severe invasive infections, possesses AcpB. In this study, by comparing
the expression of FabT-controlled genes in an acpB-deleted mutant with those in a
wild-type and in a fabT mutant strain, grown in the presence or absence of exogenous
FAs, we show that AcpB is the S. pyogenes FabT main corepressor. Its deletion impacts
membrane FA composition and bacterial adhesion to eucaryotic cells, highlighting the
importance of FASII control.

IMPORTANCE Membrane composition is crucial for bacterial growth or interaction with
the environment. Bacteria synthesize fatty acids (FAs), membrane major constituents, via
the Type Il FAS (FASII) pathway. Streptococci control the expression of the FASII genes
via a transcriptional repressor, FabT, with acyl-acyl carrier proteins (ACPs) as corepres-
sor. Streptococcus pyogenes that causes a wide variety of diseases ranging from mild
non-invasive to severe invasive infections possesses two ACPs. acpA, but not acpB, is a
FASII gene. In this study, we show that acyl-AcpBs are FabT main corepressors. Also, AcpB
deletion has consequences on the membrane FA composition and bacterial adhesion to
host cells. In addition to highlighting the importance of FASII control in the presence of
exogeneous FAs for the adaptation of bacteria to their environment, our data indicate
that FASII gene repression is mediated by a corepressor whose gene expression is not
repressed in the presence of exogenous FAs.

KEYWORDS Streptococcus pyogenes, fatty acid synthesis, regulation, Acyl-ACP,
corepressor

Cell membranes commonly comprise a phospholipid bilayer; phospholipids are
composed of a polar head and an apolar body constituted of fatty acids (FAs). FA
structure and length are decisive for membrane topology and properties such as fluidity,
permeability, and integrity. These features are crucial for the adaptation of bacteria to
various environments (1). The FAs are synthesized by the Type Il FA synthesis pathway
(FASII) that is widespread among bacteria. It consists of an initiation phase followed
by a recursive elongation cycle, which produces acyl-acyl carrier protein (acyl-ACP). In
Streptococci, unsaturated FAs are produced via a shunt of this cycle that is catalyzed by
FabM, a trans-2, cis-3-decenoyl-ACP isomerase. The shunted step that leads to saturated
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FAs is catalyzed by FabK, an enoyl-(acyl-carrier protein) reductase. In contrast to the
FASII pathway, the regulation of the FASII genes is not conserved among bacteria. In
Streptococci, Enterococci, and Lactococcus lactis, a unique feedback mechanism controls
the expression of the FASII genes, involving the transcriptional repressor, FabT [for review
(2)]. FabT, a member of the MarR family of regulators, is encoded in the FASII main locus.
The role of FabT as a FASII repressor can readily be observed by the repression of the
FASII genes in the wild-type strain grown in the presence of exogenous FAs (eFAs) and
the loss of this repression in fabT mutant strains (3, 4). Depending on the Streptococcus
species, the fabM gene is either not controlled or less repressed by FabT than the fabK
gene. As a consequence, there is, in addition to lengthening of the FA chains, a shift in
the saturated FAs/unsaturated FAs ratio in the membrane phospholipids of fabT mutant
strains (4-6).

As initially demonstrated in Streptococcus pneumoniae, FabT possesses an unconven-
tional corepressor, acyl-ACPs [(7) for review (2)]. FabT-acyl-ACP binding to its DNA target
varies according to the acyl length, increasing with long-chain acyls (7). As suggested in
S. pneumoniae and confirmed in Enterococcus faecalis, it also depends on the saturation
state of the FA, the cis unsaturated FA maximizing FabT-DNA affinity (3). In addition to the
acyl moiety, the ACP may differ. Indeed, in many Streptococci, as well as in E. faecalis, but
not in L. lactis, there are two ACPs. AcpA is encoded within the FASII locus, and acyl-AcpA
is the end product of the FASII pathway. The AcpB-encoding gene is found in the same
operon as plsX; PlsX, an acyl-ACP-phosphate acyltransferase, is involved in the conversion
between acyl-ACP and Acyl-PO4* and in the phospholipid biosynthetic pathway (8-10).
The expression of acpB is, in contrast to that of acpA, not controlled by FabT (3, 6). The
role of AcpB in FASII gene control is controversial, being seemingly dependent on the
species. In S. pneumoniae, FabT-acyl-ACP DNA binding affinity tests using purified FabT
and acyl-AcpA or acyl-AcpB indicated that only AcpB increased DNA binding (8). In E.
faecalis, acpB mutant and wild-type strains had similar fabT gene expression, even in the
presence of eFAs that are incorporated and induce FabT-mediated repression (3, 11). The
role of AcpB as a FabT corepressor thus remains an open question.

In the case of Streptococcus pyogenes, two ACPs have been identified (10). S. pyogenes
and S. pneumoniae AcpBs share 43% identity and 69% similarity (2). S. pyogenes is a
Gram-positive strictly human pathogen that yields from mild superficial infections to
more invasive infections; S. pyogenes infections also induce post-infectious complications
(12). Altogether, S. pyogenes infections are responsible for approximately 517,000 deaths
annually worldwide (13).

To determine whether, and to what extent, AcpB is a FabT corepressor in S. pyogenes,
we studied the effects of deleting acpB on FASIl gene expression in bacteria grown in
the presence or absence of eFAs. We also determined the consequences of acpB deletion
on FA composition of membrane phospholipids as well as on S. pyogenes—host cell
interaction.

RESULTS AND DISCUSSION
S. pyogenes AcpB is a FabT corepressor

A strain expressing a FabT"'%" point mutation, named mFabT, was constructed in the
reference strain M28PF1 [an emm28 strain, referred to as wild type (WT)] (10, 14).
We initially constructed, in the emm28 background, a fabT-deleted strain. However, it
displayed poor growth in laboratory media (THY, THY-Tween 80) [our results to be
published elsewhere (4)]. This correlates with the delayed or poor growth of other S.
pyogenes fabT-deleted mutants in laboratory medium (6, 15) and with a report describing
the impossibility to construct one without deleting other genes (16). The histidine in
position 105 was chosen because it was identified in isolates cultured from nonhuman
primates and it is contained within the a5 helix that is involved in dimerization and
in the interaction with acyl-ACPs (6, 8). The mFabT strain has a weakened capacity to
repress fabT expression (14). An acpB-deleted strain, AAcpB, was constructed in the WT
strain. The back-to-the wild-type (BWT) strain was added as a control: it was obtained
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during the AAcpB strain construction and possesses a wild-type acpB gene as well as
the same single surreptitious mutation as the AAcpB strain (see Material and Methods
section) (Table S1). Growths of WT, BWT, AAcpB, and mFabT strains were compared in the
laboratory medium THY, supplemented or not with an exogenous source of unsaturated
FA (here 0.1% Tween 80, source of oleic acid C18:1A9) (Fig. S1). All strains grew similarly.

To test the role of AcpB as a FabT corepressor, we analyzed by qRT-PCR the effect of
the acpB deletion on the expression of a set of genes controlled by FabT: FASII genes
and, in addition, a gene that is coregulated with the FASII genes although it does not
belong to the FASII locus, namely, M28_Spy1638 (2, 14). Expression was assayed in the
absence or the presence of Tween 80 (Fig. 1). The expression of the set of genes was first
compared in the BWT and the WT strains and found to be unchanged (Fig. S2). Data were
then analyzed by comparing results pairwise between AAcpB and WT or mFabT and WT
strains in each medium (Fig. 1A and B). In THY, the expression of fabK is higher in the
acpB mutant than in the WT strain (Fig. 1A). In THY-Tween 80, all the tested genes were
more expressed in the acpB mutant strain (Fig. 1B). These data suggested that AcpB is
involved in the FA-dependent FASII gene repression. Similar results were obtained with
the mFabT mutant strain. In Lactobacillales, FASII genes are repressed in the presence
of eFAs (17). This is an advantage for bacteria that can use eFAs to synthesize their FAs
since this process is energy-consuming (2). Our data show that the H105Y point mutation
suffices to limit FabT repression capacity. In both strains, and except for the fabK operon,
the derepression is only observed in the presence of eFAs. This suggests that in the
absence of eFAs, a steady state of the FASII gene expression rate is reached that does not
necessitate repression of all the FASII genes.

To further analyze the mechanistic interaction between FabT and AcpB, we compared
the AAcpB and mFabT strain repression defects in the presence of eFAs (Fig. 1C, stars
below the columns). eFA addition led to a substantial repression between 12- and 25-fold
for all the genes tested in the WT strain. Importantly, whereas there was a weaker, around
twofold, but significant repression for three out of the five genes tested in the AAcpB
mutant, there was no repression in the mFabT mutant strain. This indicates that the
AAcpB strain has lost less of its repression capacity than the mFabT strain. However,
whereas the repression defect between each mutant strain and the WT strain was
significant, that between the AAcpB and the mFabT was not (Fig. 1C, stars above the
columns). This suggests that AcpB’s role on the FabT-dependent eFA repression of the
FASII gene repression is predominant. Altogether, these results demonstrate that S.
pyogenes AcpB is a major player in the transcriptional repression of the FASII genes in the
presence of long unsaturated FAs which maximize FabT-DNA affinity (3).

The growth difference between the AAcpB and the AFabT strains is probably due to
the incomplete derepression in the former strain that would enable the AAcpB strain to
somewhat adapt to its environment. That the mFabT strain grows better than the AFabT,
in fact like the AAcpB strain, suggests that FabT-H105Y protein has not lost all its activity.

Our conclusion on the role of AcpB in S. pyogenes is in sharp contrast with that
obtained in E. faecalis, where fabT expression was similar in an acpB mutant and the wild-
type strain (3). It is in agreement with the important role described for S. pneumoniae
AcpB in FabT-dependent regulation of gene expression as shown by a biochemical
approach (8). Hence, our data strongly suggest that in S. pyogenes, acyl-AcpB is a major
corepressor of FabT. Yet, in the absence of AcpB, a weak repression exists, indicating a
role for another corepressor. FabT corepressors are acyl-ACPs (7). There are only two ACPs
in S. pyogenes (2, 10). This suggests that S. pyogenes AcpA may also acts as a FabT
corepressor. The AcpB- and FabT-dependent repressions were observed when Tween was
added. Tween is mainly composed of C18:1A9, and long-chain unsaturated FAs are the
acyls maximizing FabT-DNA affinity (3). However, AcpA and AcpB may bind preferentially
different types of acyl chains, and consequently, their role in FA synthesis and in FASII
gene repression may depend on the eFAs present. The latter vary in the various environ-
ments encountered during an infection. The relative role of each Acp in S. pyogenes
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The AAcpB strain has lost most of the eFA-related transcriptional repression capacity. WT, AAcpB, and mFabT strains were grown in THY (A, C) or

THY-Tween (B, C), and RNAs were quantified by qRT-PCR. Expression was normalized to that of gyrA; relative gene expression is expressed as the log2-fold ratio
in AAcpB vs WT strain (right, A and B) and mFabT vs WT strain (left, A and B). (C) The relative gene expression is expressed as the log2-fold ratio in a given strain
grown in THY-Tween vs in THY. White, WT; blue, AAcpB; green, mFabT. Significance of differences: stars below bars, in the two media for a given strain; stars above

bars, in the two media between WT and AAcpB or WT and mFabT. No statistically significant differences were found between AAcpB and mFabT. N = 3. Two-way

ANOVA, Bonferroni post-test, *P < 0.05, **P < 0.01, and ****P < 0.0001.

needs to be further investigated. Altogether, the corepressing role of acyl-AcpBs may be
different in various species and warrants further analysis in other organisms.

AcpB deletion modifies the S. pyogenes membrane FA composition

acpB deletion and fabT mutation lead to a derepression of FASII gene expression, and
FabT controls the FA chain length and unsaturated/saturated FA ratio (4, 5). We therefore
analyzed the consequences of acpB deletion on the FA composition in S. pyogenes
phospholipids in the absence or presence of Tween 80 in the medium (Fig. 2A and B;
Table S2). As a control, the membrane FA composition of the BWT and the WT strains was
compared and found to be similar (Fig. S3A and B; Table S2).

We compared the membrane FA composition of the AAcpB strain and the WT control.
In the absence of Tween 80, AAcpB phospholipids contained less unsaturated FAs (C16:1
and C18:1A11) and more saturated and longer FAs (C18:0) than the WT strain phospholi-
pids (15.78% and 6.82%, respectively) (Fig. 2A). Thus, the deletion of acpB altered the
phospholipid composition in favor of more saturated and longer chain FAs. In the
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FIG 2 The FA membrane composition of the AAcpB strain differs from that of WT and mFabT strains. FA composition of WT, AAcpB, and mFabT strains grown
in (A) THY medium and (B) THY-Tween; (C) THY-C17:1. (A, B, and Q) Left, FA profiles; right, quantified proportions of major FAs. N = 3 (Table S2). (A and B) Right,
two-way ANOVA, Bonferroni post-test; (C) t-test, no statistical difference; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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presence of Tween 80, source of oleic acid C18:1A9, the AAcpB membrane contained 1.2-
fold less C18:1A9 (44.18% vs 54.8%) and twofold more C18:1A11 (7.88% vs 3.41%) than
the WT strain (Fig. 2B). The weaker C18:1A9 percentage in the AAcpB membrane than in
the WT strain may result from an incorporation defect. We evaluated FA incorporation in
medium supplemented with C17:1 (THY-C17:1), which is not synthesized by bacteria (Fig.
2C; Fig. S3Q). The AAcpB strain was not impacted in its C17:1 incorporation, accounting
for the mild C18:1A9 difference. The same type of differences was observed in the FA
phospholipid composition between the mFabT and the WT strain in both growth
conditions, more saturated and longer chain FAs in the mFabT strain (Fig. 2A and B).

The longer acyl chains are a direct consequence of the derepression of the FASII
genes in the mutant strains. Also, the higher concentration of saturated FAs is due to
the derepression of fabK, but not of fabM, in the absence of Tween, and to a stronger
derepression of fabK than of fabM in its presence. Such modifications in a fabT mutant
strain have already been described in S. pneumoniae (5).

We then compared AAcpB and mFabT membrane FA composition in order to estimate
the contribution of AcpB on the impact of FabT on phospholipid FAs (Fig. 2A and B, black
stars, Table S2). In both media, the differences between each mutant strain and the WT
strain resembled one another. However, the FA composition of the AAcpB and mFabT
strains differed. In THY, the AAcpB membrane contained more C16:1 (12.55% vs 7.88%)
and less C18:0 (15.78% vs 26.08%) and C18:1A11 (25.46% vs 28.88%) than that of the
mFabT strain (Fig. 2A). Thus, in THY, the AAcpB FAs were shorter than those of the mFabT
strain. In the presence of the eFAs, brought by addition of Tween 80, differences were
also notable with less C18:0 (2.72% vs 12.39%) and C18:1A11 (7.88% vs 20.12%) and more
C18:1A9 (44.18 vs 30.36) in the AAcpB vs the mFabT strain (Fig. 2B). These results indicate
that the impact on the FA composition of the acpB deletion, both in the absence and
in the presence of eFAs, was not as important as that of fabT mutation. As mentioned
above, eFA-induced repression was totally lost in the mFabT strain but not in the AAcpB
strain (Fig. 1C, stars below the columns). This difference yields a higher FASIl enzyme
synthesis in the mFabT strain that, in turn, affects more the phospholipid FA composition
in the mFabT than in the AAcpB strain.

Our data indicate that AcpB, as a FabT corepressor, controls the membrane FA
composition. They also support that S. pyogenes acyl-AcpBs are the main but not the
sole FabT corepressors. This supports our suggestion that in the absence of AcpB,
acyl-AcpAs are corepressors. Indeed, Acyl-AcpAs result both from the interaction of de
novo-synthesized acyls and, in the presence of eFAs, from the reverse PlsX reaction that
catalyzes the production of acyl-ACP from the FakAB-synthesized acyl-phosphates (2,
9). In consequence, and since the mFabT and AAcpB membrane FA compositions are
different both in the presence and the absence of eFAs, acyl-AcpAs may operate in both
conditions.

The AAcpB strain displays a defect in adhesion to eucaryotic cells

In S. pneumoniae, fabT-deleted strain displayed a decreased adhesion capacity (18). We
thus wondered whether the AAcpB strain would display an adhesion defect. As for all
previous phenotypes, the BWT strain had the same adhesion capacity as the WT strain
(Fig. S4). We then analyzed the adhesion efficiency of the AAcpB strain; it is defective (Fig.
3). Furthermore, no adhesion difference was observed between the AAcpB and mFabT
strains. In S. pneumoniae, the adhesion defect is a consequence of the indirect activation
of the capsule synthesis by FabT (18). The emm28 strains do not produce a capsule
(10, 19, 20). They synthesize about twenty adhesins that are covalently anchored to the
peptidoglycan via a membrane enzyme named sortase (21, 22). The modification in the
membrane FA composition may lead to sortase defective activity that in turn yields a
faulty set-up of some adhesins. Our data indicate that although there is a difference in
the AAcpB and the mFabT strain membrane FA composition, both strains had a similar
adhesion defect. This suggests that the FA composition variation between the AAcpB
and the WT strains is sufficient to impact adhesion.
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FIG 3 The AAcpB mutant strain has an adhesion defect to human cells. Adhesion capacity to human

endometrial cells of WT, AAcpB, and mFabT strains. Bars and symbols, white, WT strain; blue, AAcpB strain;
green, mFabT strain. N = 8; one-way ANOVA, Bonferroni post-test, *P < 0.05 and **P < 0.001.

In conclusion, in the presence of long-chain unsaturated FA, acyl-AcpBs are FabT main
corepressors in S. pyogenes and most probably other Streptococci. Indeed, such a role for
AcpB was described in S. pneumoniae using DNA-binding affinity experiments (8-10).
That it is not the sole FabT corepressor is supported by the fact that, in contrast to the
strain deleted for fabT in the same genetic background [our unpublished results (4)], the
AAcpB strain grows like the WT strain in laboratory media. Also, the AAcpB and the
mFabT membrane composition differs, the variation to the WT strain being more
important in the mFabT strain. In addition, AcpB cannot be the major FabT corepressor in
all fabT-harboring species. Indeed, acpB is absent or severely truncated in over half the
Streptococcus agalactiae-sequenced strains (2). Moreover, in an E. faecalis AAcpB strain,
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FA synthesis is decreased in the presence of unsaturated eFAs indicating that FabT-
dependent transcription repression is retained (3). Furthermore, there is no AcpB in L.
lactis. Finally, in S. pyogenes, an acpB deletion, through AcpB contribution to FabT
transcription regulation of FASII, weakens bacteria—host cell adhesion, supporting the
importance of the FASII regulation for bacterial interaction with its host.

MATERIALS AND METHODS
Bacterial strains and culture conditions

The strains used in this study are described in Table S1. S. pyogenes strains were grown
under static condition at 37°C in Todd Hewitt broth supplemented with 0.2% east extract
(THY) or on THY agar plates (THYA). To study, the role of eFA addition or eFA incorpora-
tion, the medium was supplemented with 0.1% Tween 80 (THY-Tween) (Sigma-Aldrich,
P1754), essentially composed of C18:1A9 or 100 uM C17:1 (Larodan, Sweden). Overnight
cultures were diluted to an ODggpnm = 0.05 and grown in the indicated medium to the
exponential phase (ODggonm comprising between 0.4 and 0.5).

Strain construction

The primers used for the generation of the plasmids and verifying the different strains
are described in Table S3. The AAcpB were obtained by homologous recombination of
the plasmid pG1AcpB following the same protocol as described previously (23, 24). The
DNA fragments encompassing fabT were cloned in BamHI-EcoRI-digested pG1 using the
In-Fusion Cloning Kit (Clontech) (25). This led to the deletion of acpB from nucleotides 14
to 203, relative to the translation initiation site. The back-to-the wild type, i.e., reversion
of the single cross-over and restoration of a wild-type acpB, was carried out as previ-
ously described (26). The whole genomes of the constructed strains were sequenced;
one identical surreptitious mutation was found in both the AAcpB (accession number,
SRR24223284) and the BWT (accession number, SRR24223283) strains in priA; the G in
position 1073 was replaced by a T leading to the replacement of the 358th amino acid
residue, a tryptophane by a leucine.

RNA isolation and first-strand cDNA synthesis, quantitative PCR (qPCR)

S. pyogenes strains were cultured at 37°C in THY or THY-Tween, and cells were harvested
at exponential growth phase (ODggonm comprising between 0.4 and 0.5). RNA isolation,
cDNA synthesis, and quantitative PCR were carried out as previously described (4).

Fatty acid analysis

Strains were grown in THY, THY-Tween, or THY-C17:1 until ODggonm = 0.4-0.5. FAs
were extracted and analyzed as previously described (10, 26-28) . Briefly, analyses were
performed in a split-splitless injection mode on an AutoSystem XL Gas Chromatograph
(Perkin-Elmer) equipped with a ZB-Wax capillary column (30 m x 0.25 mm x 0.25 mm;
Phenomenex, France). Data were recorded and analyzed by TotalChrom Workstation
(Perkin-Elmer). FA peaks were detected between 12 and 40 min of elution and identified
by comparing with retention times of purified esterified FA standards (Mixture ME100,
Larodan, Sweden). Results are shown as percent of the specific FA compared with total
peak areas (TotalChrom Workstation; Perkin-Elmer).

Cell culture

HEC-1-A (ATCC_ HTB-112TM) endometrial epithelial cells were cultured as recommended,
in McCoy's 5A Medium (Gibco, Ref. 26600080) supplemented with 10% fetal bovine
serum at 37°C, 5% of CO».
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Bacterial adhesion capacity

S. pyogenes adhesion capacity was realized as described previously after growing the
bacteria in THY to an ODgggnm of 0.4 to 0.5 (23). Confluent HEC-1-A cells in 24-well
plates were washed three times, bacteria were added at a multiplicity of infection of 1,
and plates were centrifuged for 5 min at 1,000 rpm to synchronize bacterial adhesion.
After 1 h of incubation at 4°C, the cells were washed three times with PBS and lysed
with distilled water. Serial dilutions of cellular lysates were plated on THYA plates, and
the number of CFUs was determined after 24 h of growth at 37°C. The values were
normalized to the inoculum for each experiment.

Statistical analysis

Data were analyzed with GraphPad Prism version 9.4.1. The tests used are indicated in
the figure legends. Statistical significance is indicated by ns (not significant, P > 0.05), *P
< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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