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Inactivation of the exogenous fatty acid utilization pathway
leads to increased resistance to unsaturated fatty acids in

Staphylococcus aureus

Christina N. Krute,t Miranda J. Ridder,t Nichole A. Seawell and Jeffrey L. Bose*

Abstract

The human pathogen Staphylococcus aureus produces saturated fatty acids, but can incorporate both exogenous saturated
and unsaturated fatty acids into its lipid membrane. S. aureus encounters unsaturated fatty acids in the host skin where they
serve as an innate immune defence due to their toxicity. Previously, we identified a fatty acid kinase in S. aureus that is
necessary for the utilization of exogenous fatty acids. The goal of this study was to determine the effects of fatty acids on
mutants deficient in the exogenous fatty acid utilization machinery. We have demonstrated that mutants lacking a functional
fatty acid kinase (fakA) or both fatty acid carrier proteins (fakB1 fakB2) are more resistant to unsaturated fatty acids.
Previous studies suggested a role for ammonia-producing enzymes in resistance to unsaturated fatty acids, but these
enzymes do not contribute to the resistance of the fakA mutant, despite increased urease transcription and protein activity in
the mutant. Additionally, while pigment is altered in mutants unable to use exogenous fatty acids, staphyloxanthin does not
contribute to fatty acid resistance of an fakA mutant. Because exposure to unsaturated fatty acids probably initiates a stress
response, we investigated the role of the alternative sigma factor o® and determined if it is necessary for the fatty acid
resistance observed in the fakA mutant. Collectively, this study demonstrates that the inability to incorporate unsaturated

fatty acids leads to increased resistance to those fatty acids, and that resistance requires a o stress response.

INTRODUCTION

Staphylococcus aureus is a major burden on human health-
care due to high morbidity and mortality rates resulting
from a broad range of infections. Most cases of skin and soft
tissue infections are caused by S. aureus [1] and are domi-
nated by the USA300 lineage in the United States [2]. The
skin provides multiple environmental challenges to invad-
ing pathogens, including antimicrobial peptides and antimi-
crobial fatty acids (reviewed in [3-5]). The major
unsaturated fatty acids in human skin are palmitoleic acid
(C16:1), oleic acid (C18:1) and linoleic acid (C18:2) [6],
while skin saturated fatty acids include palmitic acid
(C16:0), stearic acid (C18:0) and myristic acid (C14:0). In
addition, humans secrete the unsaturated fatty acid sapienic
acid (C16:1) as part of the sebum. For comparison, because
mice are the model of choice for skin infection studies, the
fatty acid composition of BALB/c mice consists of unsatu-
rated fatty acids oleic acid, palmitoleic acid and linoleic acid

and saturated fatty acids stearic acid, arachidic acid
(C20:0), palmitic acid and myristic acid [7].

Fatty acids are important cellular metabolites, and serve as
the building blocks needed for cellular components, includ-
ing phospholipids. S. aureus produces saturated fatty acids
through the endogenous FASII system, but will also uptake
and utilize exogenous fatty acids (exoFAs). While S. aureus
is tolerant to saturated fatty acids, unsaturated fatty acids,
such as those found on mammalian skin, have been shown
to be toxic to the bacterium [8-10]. The mechanisms for
this phenomenon are not completely understood. However,
previous transcriptomic and proteomic studies have exam-
ined the response of S. aureus to unsaturated fatty acids,
and have identified potential pathways involved in resis-
tance [11-13]. While these studies have provided insight
into the global changes found in response to unsaturated
fatty acids, it is not clear how the ability, or inability, to use
unsaturated fatty acids influences resistance.

Received 22 August 2018; Accepted 26 November 2018; Published 19 December 2018
Author affiliation: Department of Microbiology, Molecular Genetics and Immunology, University of Kansas Medical Center, Kansas City, KS 66160,

USA.
*Correspondence: Jeffrey L. Bose, jbose@kumc.edu
Keywords: VfrB; FakA; fatty acid kinase; fatty acid resistance.

Abbreviations: AUC, area under the curve; exoFA, exogenous fatty acid; qPCR, quantitative PCR.

tThese authors contributed equally to this work.

Seven supplementary figures are available with the online version of this article.

000757 © 2019 The Authors


mailto:jbose@kumc.edu
http://www.microbiologysociety.org/
http://mic.microbiologyresearch.org/content/journal/micro/

Krute et al., Microbiology 2019;165:197-207

The ability of S. aureus to uptake and use exoFAs is thought
to be a primary means to bypass the inhibitory effects of
FASII inhibitors. Recently, the pathway for exoFA incorpo-
ration was found to be important for utilizing fatty acids
derived from low-density lipoproteins to resist the FASII
inhibitor triclosan [14]. Currently, three proteins make up
the exoFA utilization pathway. FakA, previously referred to
as VIrB, is a recently identified fatty acid kinase in S. aureus
[15], thought to phosphorylate fatty acids so that they can
be used for phospholipid generation. FakA works in con-
junction with two fatty acid binding proteins, FakBl and
FakB2. In the same study by Parsons et al., preference of
fatty acid saturation for each fatty acid binding protein was
demonstrated in vitro, wherein FakB1 has a higher affinity
for saturated fatty acids and FakB2 preferentially binds
unsaturated fatty acids. One function of the Fak proteins is
to incorporate exoFAs into the cellular membrane. In addi-
tion to its role in fatty acid metabolism, we have previously
demonstrated that FakA is a key activator of the virulence
regulator SaeRS [16] and the absence of FakA leads to
changes in cellular metabolism [17]. Moreover, we have also
previously demonstrated that fakA mutants are hyper-viru-
lent in a murine model of dermonecrosis [18]. Regarding
FakB1 and FakB2, despite an apparent specificity for differ-
ent fatty acids, these proteins appear to be redundant when
examining virulence factor regulation [15]. The use of exo-
FAs could be viewed as a way to conserve energy needed for
membrane generation or could serve as a host signal.
Regardless of their role, exoFAs are abundant in the natural
niche that S. aureus occupies and FakA, FakB1 and FakB2
are key to their uptake and use. Here, we report that the
inactivation of the exoFA utilization machinery, through
either deletion of fakA or the combined inactivation of
fakBI1 and fakB2, leads to enhanced resistance to unsatu-
rated fatty acids.

METHODS
Strains, media and growth conditions

Strains used in this study are detailed in Table 1. Escherichia
coli strains were grown in lysogeny broth (LB) and S. aureus
strains were grown in tryptic soy broth (TSB). When neces-
sary, the following antibiotics were used: 100 ug ampicillin
ml~", 10ug chloramphenicol ml~" or 5pug erythromycin
ml~". Overnight cultures were grown in test tubes with
shaking at 250 r.p.m. at 37 °C. Mutants from the Nebraska
Transposon Mutant Library (designated with prefix NE’)
were obtained from BEI Resources. The mutations were
transferred into recipient strains using ®11-mediated trans-
duction [19]. To make the arcAl arcA2 combination
mutants, the erythromycin-resistant transposon insertion in
arcA2 of strain JLB149 was exchanged for the tetracycline
resistance gene using pTET [20]. The exchange was con-
firmed based on antibiotic resistance profile and restriction
digest of a PCR product across the insert. This arcA2:tetR
mutation (JLB263) was then introduced into JLB151 and
JLB152 to make the arcAl arcA2 and fakA arcAl arcA2
mutants.
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Fatty acid plates were made using 0.01 % (v/v) (314.0 uM)
oleic acid or 25 pug myristic acid ml~" (109.5 uM) in tryptic
soy agar (TSA). Bacteria cultures were grown overnight
with shaking at 37 °C. Optical density at 600 nm was mea-
sured using a cuvette with 1 cm pathlength in a GENESYS
10S UV-Vis spectrophotometer (ThermoFisher). The cul-
tures were then equalized to an ODggo of 0.1 and 1yl of
each strain was added to the plate and incubated overnight
at37°C.

Construction of fakB1 and fakB2 complementation
plasmids

Complementation plasmids were generated using pCM28.
The fakBI gene and upstream sequence were amplified by
PCR from the AH1263 chromosome using primers JBKU69
(CCGGATCCTTAATTCATAAGCTTAAGATTATTTAA
TCTTC) and JBKU70 (CACCTGCAGCTTTAGCA
TTTTGGCTTTCAAATGATGAAC). The resulting product
was digested with BamHI and PstI and cloned into the same
sites of pCM28. The fakB2 gene appears to be co-tran-
scribed with folA because the genes are separated by 14 bp.
Therefore, a complementation plasmid was generated that
included the presumed folA promoter and fakB2, with folA
deleted. The upstream fragment was amplified using pri-
mers JBKU71 (CAGAATTCACACCTTATTGCCAAA-
GAATGTG) and JBKU72 (CTGGATCCTTCTTCTATCA
TTTCATTTTTTATTACTAAG) while the downstream
fragment including fakB2 was amplified with primers
JBKU73 (CAGGATCCTAAGGGGGAAAACGACCATGA-
CAAAACAG) and JBKU74 (GGTCTGCAGTCTATAAAG-
GATTGAAATGGAAGTAATTAAC). The  upstream
fragment was digested with BamHI and PstI and ligated
into the same sites of pCM28 to produce pJB1032. The
downstream fragment containing fakB2 was digested with
EcoRI and BamHI and ligated into the same sites of
pJB1032 to generate pJB1033. The respective complementa-
tion plasmids were then introduced into fakBI or fakB2
mutants by ®11-mediated transduction.

Plate reader growth assays

Overnight cultures were standardized to an ODgqo of 0.005
in wells of a 96-well plate in TSB or TSB containing fatty
acids to a volume of 200 pl. TSB was supplemented with glu-
cose to 14 mM and fatty acids were added just prior to inoc-
ulation of cultures. Myristic acid and stearic acid were
resuspended in methanol and diluted to a final concentra-
tion of 25 ug ml~", which equals 109.5 and 87.9 uM, respec-
tively. Unsaturated fatty acid concentration was chosen
based on similar studies and adjusted to close to the MIC
for AH1263. Linoleic acid was added at final concentration
of 0.005% (v/v) (160uM), oleic acid to 0.01% (v/v)
(314uM) and palmitoleic acid was used at 0.02% (v/v)
(703 uM). Cultures were grown in a Spark 10M plate reader
(Tecan Group) with orbital shaking at 37°C, and ODggq
measurements were collected at 15min intervals. Only
30 min intervals are reported in the graphs. For some fig-
ures, the area under the curve (AUC) was calculated for
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Table 1. Selected strains and plasmids used in this study

Strain or plasmid Relevant characteristics*, T Source or reference
Strains

AHI1263 USA300 CA-MRSA strain LAC lacking LAC-p03 [32]
JLB2 AH1263 AfakA [18]
JLB15 AHI1263 saeR:N3 [16]
JLB16 AH1263 AfakA saeR:NX [16]
JLB28 AH1263 fakB2:NX This study
JLB30 AH1263 AfakB2 [15]
JLB31 AH1263 fakB1:N3 AfakB2 [15]
JLB112 AHI1263 crtM:=NY This study
JLB129 AHI1263 AfakA crtM:NY This study
JLB130 AHI1263 sigB:NY, This study
JLB131 AH1263 AfakA sigB:NX This study
JLB132 AH1263 ureB:NX [17]
JLB133 AH1263 AfakA ureB:N3 [17]
JLB148 AH1263 fakBI:NX This study
JLB149 AH1263 arcA2:NY This study
JLB150 AH1263 AfakA arcA2:NX This study
JLB151 AHI1263 arcAI:NY This study
JLB152 AHI1263 AfakA arcA1:NY This study
JLB263 AH1263 arcA2:tetR This study
JLB266 AH1263 arcA1:NY arcA2:tetR This study
JLB267 AH1263 AfakA arcA1:NY arcA2:tetR This study
NE1109 Strain containing sigB:N3 (SAUSA300_2022) [33]
NE623 Strain containing arcA1:N3 (SAUSA300_2570) [33]
NE1444 Strain containing crtM:NY (SAUSA300_2499) [33]
NE1540 Strain containing fakBI:NX (SAUSA300_0733) [33]
NE1594 Strain containing arcA2:NX (SAUSA300_0065) [33]
RN4220 Highly transformable S. aureus [34]
Plasmids

pCM28 E. coli-S. aureus shuttle vector [35]
pJB165 fakA complementation plasmid [18]
pJB1031 fakB1 complementation plasmid This study
pJB1033 fakB2 complementation plasmid This study

*NY indicates the insertion of the bursa aurealis transposon and encodes erythromycin resistance.

+Amp® (bla) and Cm® (cat) denote resistance to ampicillin in E. coli and chloramphenicol in S. aureus. tetR indicates strains in which the NI was

replaced with a marker for tetracycline resistance.

each individual well using GraphPad Prism v6.07 and
averaged.

Fatty acid killing assay

Wild-type, fakA mutant and fakA complement strains were
grown to exponential phase in 12.5ml TSB in 125 ml flasks
at 37 °C with shaking at 250 r.p.m. Cells were then harvested
by centrifugation, and washed once with PBS. Following
this, cells were re-suspended in 12.5ml PBS and 0.1 % (v/v)
(3.14mM) oleic acid or 250ug myristic acid mL~'
(1.09 mM), and incubated with shaking at 37 °C for 15 min.
Cells were plated on TSA at 0 and 15 min post-exposure to
fatty acids to determine percent recovery.
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Reverse transcription-quantitative real-time PCR
(qPCR)

qPCR was performed as previously described with modifica-
tions [16]. Briefly, cultures were grown as detailed above,
and duplicate biological wells were pooled in triplicate to
extract RNA. Primers CNK66 (CATTTTACACAACGA-
GAGCAAGAC) and CNK67 (GCTGATTAAAGCTAA
TGCCTCAG) were used for ureA. The primer pair RT-
sigA-f and RT-sigA-r [21] was used to amplify housekeep-
ing sigma factor sigA as an internal control.

Urease activity assay

Strains were grown overnight in a 96-well plate with or without
fatty acids as detailed in the ‘Plate reader growth assays’
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Fig. 1. fakA mutants are more resistant to unsaturated fatty acids. (a) Growth of wild-type (WT), fakA mutant and fakA complement
strains (pfakA) in TSB. (b) Growth of wild-type, fakA mutant, fakB1 mutant, fakB2 mutant, fakB7 fakB2 double mutant and fakA comple-
ment strains in TSB containing 160 uM linoleic acid. (c) Data from (b) plotted as area under the curve (AUC). (d) Growth of wild-type,
fakA mutant, fakB1 fakB2 double mutant and fakA complement strains in TSB containing 314 uM oleic acid. (e) Data from (d) plotted as
AUC. Data are the average (n=3) of a representative experiment. All points have error bars (sp) which may be smaller than symbols.
An asterisk indicates significantly different (P<0.01) from the wild type using a one-way ANOVA.

section. The final ODg, values of the cultures were read before cells. Supernatants were removed, and cell pellets were then re-
centrifuging the 96-well plate at 200 g for 10 min to sediment suspended in 230ul Stuart’s broth [22], and incubated

200
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statically at 37 °C until the first sample developed a pink colour,
typically after 1-2h. Following incubation, the 96-well plate
was centrifuged to sediment cells, and supernatants were trans-
ferred into a new 96-well plate. The 96-well plate containing
the clarified supernatants was read at Asg.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism v6.07 using either a Student’s f-test or a two-way
ANOVA as indicated.
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Fig. 2. fakA does not improve growth in saturated fatty acids. Growth
of wild-type (WT), fakA mutant, fakB1 mutant, fakB2 mutant and fakB1
fakB2 double mutant strain in TSB containing (a) 109 uM myristic or
(b) 89 uM stearic acid. Data are the average (n=3) of a representative
experiment. All points have error bars (sp) and may be smaller than
symbols.
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Fig. 3. fakA mutants are more resistant to lethal concentrations of
oleic acid. Percentage recovery was determined from wild-type (WT),
fakA mutant and fakA complement (pfakA) strains incubated in PBS
containing 3.14mM oleic acid (a) or 1.09 mM myristic acid (b) for
15 min. Data are the average (n=3) with sem of a representative experi-
ment. An asterisk indicates significantly different (P<0.01) relative to
WT using a Student's t-test.

RESULTS

The fakA mutants display a growth advantage in
the presence of unsaturated fatty acids.

To investigate the effects of fatty acids on fak mutants,
mutant strains of each one of the Fak proteins (FakA, FakB1
and FakB2) along with respective complement strains were
incubated in media with or without unsaturated fatty acids.
We first examined growth of the fakA mutant in TSB and
found that under these conditions, the fakA mutant grows
similarly to the parent strain, AH1263 (Fig. 1a). By contrast,
the fakA mutant displayed enhanced growth when com-
pared to the wild-type strain in the presence of unsaturated
fatty acids (Fig. 1b). Specifically, in TSB containing linoleic
acid, fakA is able to grow whereas the wild-type and fakA
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Fig. 4. Urease expression and activity is increased an fakA mutant. (a)
Transcript levels of ureA were measured by gPCR for wild-type (WT),
fakA mutant and fakA complement (pfakA) strains in TSB and TSB con-
taining 314 uM oleic acid. An asterisk indicates a significant difference
(P<0.01) relative to WT using Student's t-test. Data are representative
of three or more individual experiments. (b) Growth, represented as
the area under the curve (AUC) for WT, fakA, ureB and fakA ureB in
TSB containing 160 uM linoleic acid. Data are calculated from the
growth curve in Fig. S5 and are the average (n=3) with sb. An asterisk
indicates a significant difference (P<0.01) from the wild-type using a
one-way ANOVA.

complement strains fail to proliferate (Fig. 1b). The fakBI
fakB2 double mutant strain phenocopies the fakA mutant
and is consistent with our previous results showing that
deletion of both fakBI and fakB2 results in a strain resem-
bling the fakA mutant [18]. Additionally, all other strains
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including fakB1 mutant, fakB2 mutant, fakA complement,
fakBl complement and fakB2 complement strains are
unable to grow in the presence of linoleic acid (Figs 1b and
S1, available in the online version of this article). To statisti-
cally analyse the data, we calculated the AUC for each strain
and found that only the fakA and fakBI fakB2 mutants were
statistically different from the wild-type strain (Fig. 1c). A
similar trend was observed in the presence of oleic acid,
another unsaturated fatty acid that is less toxic than linoleic
acid. Despite the decreased toxicity of oleic acid, the fakA
mutant again displays a growth advantage compared to the
wild-type and fakA mutant complement strains (Fig. 1d, e).
Moreover, growth of the fakBI fakB2 double mutant strain
more similarly resembles that of the fakA mutant strain.
Both fakB1 and fakB2 single mutant strains display an inter-
mediate growth phenotype compared to the wild-type strain
(Fig. S1). Complementation of each fatty acid binding pro-
tein restores growth to wild-type levels. Finally, we exam-
ined resistance to the unsaturated fatty acid palmitoleic
acid. Consistent with results for other fatty acids, the fakA
mutant displayed increased resistance to palmitoleic acid
(Fig. S2). Collectively, these results demonstrate that the
abrogation of FakA functionality, by deletion of either fakA
by itself or the two fatty acid carrier proteins, leads to
increased tolerance of unsaturated fatty acids.

FakA deletion does not confer increased resistance
to saturated fatty acids

Although S. aureus is generally tolerant to saturated fatty
acids [23, 24], we sought to examine the effects of saturated
fatty acids on growth of the fakA mutant using either myris-
tic acid or stearic acid. When grown in TSB containing myr-
istic acid, the fakA mutant, fakBI mutant, fakB2 mutant
and fakB1 fakB2 double mutant strains grow similarly to the
wild-type strain (Fig. 2a). Likewise, when grown in TSB
containing stearic acid, the fakA mutant and fakB1 fakB2
double mutant strains grow similarly to the wild-type strain
until the post-exponential growth phase when there is a
minor decrease to final growth yield compared to the wild-
type (Fig. 2b). In contrast to what is observed for unsatu-
rated fatty acids, fakA mutants do not display a growth
advantage when grown in the presence of all saturated fatty
acids tested. fakA mutants are more resistant to killing by
unsaturated fatty acids. As an alternative approach to the
growth experiments, we examined survivability to lethal
doses of unsaturated fatty acids. To this end, wild-type,
fakA mutant, and fakA complement strains were exposed to
10-fold higher concentrations of oleic acid (3.14 mM) or
myristic acid (1.09 mM) and plated for colony forming units
to determine percentage recovery. Similar to the experi-
ments above, when exposed to lethal concentrations of oleic
acid, the fakA mutant is able to withstand the challenge bet-
ter than the wild-type strain (Fig. 3a). Specifically, after
15 min of incubation with 3.14 mM oleic acid, fakA mutant
recovery is 11.4-fold higher than that of the wild-type strain
exposed to the same stress. By contrast, when myristic acid
was tested no difference was observed between the fakA
mutant and wild-type strain (Fig. 3b). The fakA
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Fig. 5. Arginine deiminase does not contribute to fakA mutant resis-
tance to unsaturated fatty acids. (a) Growth of wild-type (WT), fakA
mutant, arcA7 and fakA arcAl mutants in TSB supplemented with
160 uM linoleic acid. (b) Growth of wild-type, fakA mutant, arcA2 and
fakA arcA2 mutants in TSB supplemented with 160 uM linoleic acid. (c)
Growth of wild-type, fakA mutant, arcA1 arcA2 and fakA arcA1l arcA2
mutants in TSB supplemented with 160 uM linoleic acid. Data are the
average (n=5) with sp of the area under the curve (AUC) of a represen-
tative experiment. Full growth curves are provided in the Fig. Sé6b-d.
An asterisk indicates significantly different (P<0.01) compared to WT
using a one-way ANOVA.
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complement strain displayed a slight, but reproducible,
decrease in survival in response to myristic acid. The same
experiment was performed with 2.18 mM myristic acid and
no difference was observed between the wild-type and fakA
mutant (Fig. S3). Taking this evidence together, fakA
mutants are more resistant to killing by lethal dosages of
unsaturated fatty acids.

The two-component system SaeRS is not involved
in FakA-dependent unsaturated fatty acid
resistance

We and another group have recently demonstrated that
FakA positively regulates the two-component system SaeRS
and that this system responds to the addition of fatty acids
[16, 25]. We therefore wanted to observe whether SaeRS is
involved in resistance of the fakA mutant to unsaturated
fatty acids. To this end, we tested growth of saeR and fakA
saeR mutants in the prescence of linoleic acid. We found
that the fakA saeR double mutant grows similarly to the
fakA single mutant, and the saeR single mutant grows simi-
larly to the wild-type (Fig. S4). These data demonstrate that
SaeRS does not contribute to the enhanced resistance of the
fakA mutant to unsaturated fatty acids.

Ammonia-producing enzymes do not contribute to
increased resistance of fakA mutant

A previous transcriptomic study focused on analysing tran-
scriptional changes in S. aureus and Staphylococcus epider-
midis after treatment with the unsaturated fatty acid
sapienic acid [26]. These studies revealed that genes
involved in ammonia and ammonium production (arginine
deiminase) are up-regulated in response to this unsaturated
fatty acid. Specifically, in S. aureus strain Newman, the
operon encoding urease was up-regulated in response to
sapienic acid challenge, while in S. epidermidis other ammo-
nia-producing enzymes were up-regulated. Recently, during
a metabolic analysis of an fakA mutant, we reported
increased expression and activity of urease [17]. Therefore,
we hypothesized that one of the mechanisms that fakA
mutants utilize to resist unsaturated fatty acid challenge is
to increase transcription of the urease operon and/or
ammonia-producing enzymes. Consistent with our other
study, ureA expression is 3.5-fold higher in the fakA mutant
than in the wild-type strain when grown in TSB under these
growth conditions (Fig. 4a). Much like sapienic acid [26],
growth in TSB containing oleic acid increased expression of
the urease operon, which was observed in the wild-type,
fakA mutant, and fakA complement strains. Next, we con-
firmed that this increased transcription resulted in
enhanced urease activity. We first examined the mutants
when grown in the absence of added fatty acids and found
increased urease activity in the fakA and fakBI fakB2
mutants, but not fakBI and fakB2 single mutants, compared
to the wild-type strain (Fig. S5a). In agreement with the
transcription studies, urease activity is higher in strains that
have been grown in the presence of oleic acid compared to
TSB alone (Fig. S5b). An intermediate increase was also
observed in the fakA mutant in response to myristic acid.
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Fig. 6. Staphyloxanthin does not contribute to the resistance of the
fakA mutant to fatty acids. (a) TSA plates containing 109 uM myristic
acid or 314 uM oleic acid were spotted with wild-type, fakA, fakB1,
fakB2 and fakB1 fakB2 cultures that were diluted to an ODggg of 0.1
and incubated at 37°C for 24 h. (b) Growth of wild-type, fakA, crtM and
fakA crtM in TSB containing 160 pM linoleic acid calculated as area
under the curve (AUC) growth curve in Fig. Sé. Data are the average
(n=3) with sp. An asterisk denotes a significant difference from WT
(P<0.01) using a one-way ANOVA.

Considering the previous report with sapienic acid and our
results showing increased urease activity in the absence of
FakA, we tested whether urease contributes to fakA mutant
resistance to unsaturated fatty acids. First, ureB and fakA
ureB mutants were challenged with linoleic acid. As shown
in Figs 4b and S5c, the presence or absence of ureB did not
impact growth of the fakA mutant in the presence of linoleic
acid. In the study with sapienic acid, it was demonstrated
that inactivation of arginine deiminase led to a two-fold
decreased MIC in sapienic acid [26]. Our strain encodes
two arginine deiminase enzymes, ArcAl and ArcA2; there-
fore, mutations were made in arcAl and arcA2 individually
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Fig. 7. Alternative sigma factor ¢® contributes to fakA mutant resis-
tance to fatty acids. Growth of wild-type (WT), fakA, sigB and fakA sigB
in TSB containing 160 uM linoleic acid calculated as area under the
curve (AUC) growth curve in Fig. Sé. Data are the average (n=3) with
sp. An asterisk denotes a significant difference from wild-type (P<0.01)
using a one-way ANOVA.

in the fakA mutant. Upon exposure to linoleic acid, we iden-
tified no difference in growth for fakA with or without
arcAl or arcA2 (Figs 5 and S6). However, we did observe a
slight improvement in growth for the single arcAl mutant
compared to the wild-type strain. We considered whether
ArcAl and ArcA2 could provide redundant function in this
phenotype and, therefore, constructed an fakA arcAl arcA2
triple mutant. This mutant is equally resistant as the fakA
only mutant (Figs 5c and S6d). Based on these results,
ammonia-producing enzymes do not contribute to the resis-
tance of the fakA mutant to linoleic acid.

Staphyloxanthin does not play a role in the ability
of an fakA mutant to resist fatty acids

Throughout our studies with fakA mutants, we noted
decreased pigmentation compared to the wild-type.
Because staphyloxanthin has been shown to affect mem-
brane fluidity [27, 28], we considered whether a change in
pigmentation may cause resistance to fatty acids. We first
looked at pigmentation of wild-type, fakA, fakB1, fakB2 and
fakB1 fakB2 mutant strains on TSA plates containing oleic
acid or myristic acid. On TSA, only the fakA and fakBI
fakB2 mutants showed decreased pigmentation (Fig. 6a).
The fakA mutant pigmentation could be restored by expres-
sion of fakA from a plasmid (Fig. S7). Growth on TSA with
myristic acid did not alter the pigmentation phenotypes and
all strains appeared comparable to TSA alone. By contrast,
growth on oleic acid led to decreased pigmentation in all
strains, but most prominently seen in the wild-type, fakBI
and fakB2 mutant strains. Considering the pigmentation
alterations, we tested whether staphyloxanthin directly
affected resistance to fatty acids. To achieve this, we
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inactivated the staphyloxanthin biosynthesis pathway by
generation of a crtM mutant and incubated crtM and crtM
fakA mutants in the presence of linoleic acid. The absence
of crtM did not alter the resistance of the fakA mutant
(Figs 6b and S6); therefore, while staphyloxanthin produc-
tion is altered by fakA, it is not a contributing factor to the
resistance of the fakA mutant to unsaturated fatty acids.

Sigma factor B contributes to fatty acid resistance
in the fakA mutant

Staphyloxanthin production is used as a visual indicator of
the activity of the stress-response alternative sigma factor
o®. As described above, the fakA mutant has decreased pig-
mentation, but staphyloxanthin does not play a role in fakA
resistance to fatty acids. In addition, we envisaged that the
presence of toxic fatty acids would probably elicit a stress
response. To this end, we tested whether o is important for
the resistance to unsaturated fatty acids in the fakA mutant.
As before, we grew the strains in the presence and absence
of linoleic acid. We saw that the fakA mutant grew better
than the wild-type strain, while the fakA sigB double mutant
grew to an intermediate maximal optical density (Fig. S6e).
However, when calculating the AUC, only the fakA single
mutant was statistically different from the wild-type strain
(Fig. 7). Together, these data demonstrate that the o™ stress
response is at least partially responsible for resistance of the
fakA mutant to unsaturated fatty acids.

DISCUSSION

The discovery of a fatty acid kinase and fatty acid carrier
proteins in S. aureus is a relatively new finding and, as such,
much is left to elucidate about the role of this machinery in
staphylococcal biology. Until now, the relationship between
toxic fatty acids and fak mutants of S. aureus has remained
largely unexplored. This facet is of particular interest as one
of the hallmark roles elucidated for this complex is the bind-
ing of unsaturated and saturated fatty acids coupled with
final incorporation into the lipid bilayer. Thus, the focus of
this study was to determine if the ability to use exoFAs
impacts resistance to unsaturated fatty acids.

The studies included herein demonstrate that mutants
lacking Fak proteins are more resistant to unsaturated
fatty acids. Specifically, either deletion of the fatty acid
kinase (fakA) or mutation of both fatty acid binding pro-
teins (fakBI and fakB2) in combination allows for
increased growth capabilities with linoleic acid, oleic acid
or palmitoleic acid. Although previous studies have dem-
onstrated fatty acid saturation specificity for the fatty acid
binding proteins [15], single mutations of either fakB1 or
fakB2 do not provide a growth advantage in the presence
of either saturated or unsaturated fatty acids. This resem-
bles our previous studies showing that a-haemolysin pro-
duction is absent in an fakA mutant as well as the fakBI
fakB2 double mutant, but is relatively unaffected by either
fakB single mutant strain [15]. These findings suggest that
despite a previous demonstration of substrate preference
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[15], the fatty acid binding proteins share some pheno-
typic redundancy in function.

Unsaturated fatty acids are known to be toxic to bacteria;
however, the mechanism behind this is not completely clear.
If fatty acids disrupt the cellular membrane, this could be
envisaged to occur at two primary points: (1) passive
entrance into the lipid bilayer as a free fatty acid or (2) final
incorporation into the membrane as a lipid sidechain. The
FakB proteins are thought to be able to exchange fatty acids
in the membrane, which are then phosphorylated by FakA
for membrane incorporation [15]. The finding that the fakA
and fakBl1 fakB2 mutants resist the toxicity of unsaturated
fatty acids is consistent with the model in which unsaturated
fatty acids inflict damage upon incorporation into the mem-
brane. However, confirmation of this is difficult because
both exogenous and endogenous fatty acids feed through
the same enzymatic pathway, making those enzymes essen-
tial. Similarly, the intricate details by which bacteria resist
fatty acid toxicity are not fully understood.

One mechanism that has been attributed to unsaturated
fatty acid resistance in staphylococci is the altered expres-
sion of genes that lead to the production of ammonia or
ammonium [11, 26]. Specifically, genes encoding proteins
for the arginine deiminase pathway (arcC), urease metabo-
lism (ureC) and nitrate reductase pathways (nreABC, nar-
GHI] and nirBD) are all up-regulated in response to
sapienic acid challenge in either S. aureus or S. epidermidis
[26]. The same study noted that inactivation of the ammo-
nia-producing arginine deiminase pathway increased the
sensitivity of two S. aureus strains to sapienic acid.
Increased expression of UreC and UreE proteins has also
been observed in response to cis-6-hexadecenoic acid [13].
However, none of those studies tested whether urease con-
tributes to resistance. In a recent metabolic study of an
fakA mutant, we observed changes in urease expression
and activity [17]. This was also observed under the growth
conditions used here (Figs 4 and S6). Thus, we considered
that ammonia production through either urease or argi-
nine deiminase may have been involved in fakA mutant
fatty acid resistance. However, inactivation of these path-
ways did not affect growth of the fakA mutant in
linoleic acid.

Mutation of fakA mutants has been shown to lead to the
accumulation of fatty acids in the cytoplasm [25]. Some of
these fatty acids are toxic and therefore would be expected
to elicit a stress response. In S. aureus, the alternative
sigma factor B (0) initiates a stress response by inducing
the transcription of genes that will aid the bacterium in
high-stress situations [29, 30]. One well-known operon
controlled by ¢® is the crtOPQMN operon that encodes
the staphyloxanthin biosynthesis pathway [31]. Staphylox-
anthin contributes to multiple roles in the cell, including
alteration of membrane fluidity. In addition, this pathway
was previously shown to impart a protective effect to
strain SH1000 when challenged with 1 mM linoleic acid
[11]. Under our experimental conditions, our LAC-derived
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wild-type strain does not grow; therefore, our goal was to
test if staphyloxanthin contributes to enhanced resistance
in the fakA mutant and we found that it is not a contrib-
uting factor (Fig. 6b). In the same study mentioned above,
sigB was also found to be important for survival of
SH1000. Considering that o” controls the global stress
response, and the sensitivity of an SH1000 sigB mutant to
linoleic acid, it is not surprising that we identified that o®
is important for fakA mutant resistance to unsaturated
fatty acids. Since o is a global regulator, we were unable
to identify the specific process that ¢ alters that leads to
resistance, and this will be one focus of future studies.
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