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Gram-positive bacteria utilize a Fatty Acid Kinase (FAK)
complex to harvest fatty acids from the environment. This
complex consists of the fatty acid kinase, FakA, and an acyl
carrier protein, FakB, and is known to impact virulence and
disease outcomes. Despite some recent studies, there remain
many outstanding questions as to the enzymatic mechanism
and structure of FAK. To better address this knowledge gap, we
used a combination of modeling, biochemical, and cell-based
approaches to build on prior proposed models and identify
critical details of FAK activity. Using bio-layer interferometry,
we demonstrated nanomolar affinity between FakA and FakB
which also indicates that FakA is dimer when binding FakB.
Additionally, targeted mutagenesis of the FakA Middle domain
demonstrates it possesses a metal binding pocket that is critical
for FakA dimer stability and FAK function in vitro and in vivo.
Lastly, we solved structures of the apo and ligand-bound FakA
kinase domain to capture the molecular changes in the protein
following ATP binding and hydrolysis. Together, these data
provide critical insight into the structure and function of the
FAK complex which is essential for understanding its
mechanism.

Staphylococcus aureus is a Gram-positive bacterium
asymptomatically colonizing up to 30% of the general popu-
lation and an even higher percentage in infants (1, 2). In
addition, it is the leading cause of skin infections and can cause
a myriad of diseases with high morbidity and mortality in both
the nosocomial and community environments (3—-6). Indeed, it
is a global health problem estimated to kill one million people
worldwide annually (7). This is due to the plethora of virulence
factors produced by the bacterium, its metabolic diversity to
adapt to various niches, and the high frequency of antibiotic
resistance (8—17). New options to combat S. aureus infections
are critically needed, which requires a more detailed under-
standing of the physiology, pathogenesis, and virulence of this
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pathogen. Due to differences between bacterial and host
pathways, fatty acid metabolism and biosynthesis are attractive
targets for novel therapeutic development.

Fatty acids are an essential component of life as they are the
building blocks of membranes. They are common to the bacterial
environment during infection as part of host cells, as a compo-
nent of low-density lipoproteins, and as free fatty acids. This is
particularly relevant to skin and soft tissue infections as host
saturated and unsaturated fatty acids (UFAs) are ample, with the
latter known to be antimicrobial (18—20). Because of the abun-
dance of fatty acids within the host environment, bacteria have
adopted ways to acquire exogenous fatty acids (exoFAs). ExoFAs
can serve to supplement bacterial endogenous fatty acid
biosynthesis by the FASII system or be degraded by B-oxidation.
Because of this, exoFA acquisition contributes to resistance to
FASII inhibitors, such as Triclosan (21-24). As discovered in
S. aureus, Gram-positive bacteria can acquire exoFAs using the
Fatty Acid Kinase (FAK) complex which imports and activates
exoFAs to be primarily inserted into lipids (9, 10). The FAK
complex consists of FakA, an ATP kinase, and FakB, an acyl
carrier protein that brings the fatty acid substrate to FakA for
phosphorylation (25). S. aureus contains two FakB proteins.
FakB1 prefers saturated fatty acids and has been proposed to
scavenge saturated exoFAs or recycle those made or released by
S. aureus (26, 27). FakB2 preferentially interacts with UFAs and
thus binds host fatty acids since S. aureus does not synthesize
UFAs (27, 28). In this process, exoFAs passively diffuse into the
bacterial membrane and are bound by FakB to be brought into
the cytosol (26). By a poorly understood mechanism, FakB in-
teracts with FakA to form the FAK complex, whereby the kinase
activity of FakA phosphorylates the fatty acid. This is processed
by the phospholipid synthesis protein PIsY to insert the fatty acid
primarily into the snl stereospecific position of phospholipids
(29). Without the FAK complex, S. aureus is unable to utilize
exoFAs to synthesize lipids (28, 29).

FakA was originally discovered due to its impact on S. aureus
virulence factor production and was termed VfrB; since then, it
was determined to be a fatty acid kinase and renamed FakA (9).
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Structural insights into the fatty acid kinase complex

The FAK complex is important for a variety of S. aureus cellular
processes including susceptibility to host fatty acids, membrane
fluidity, toxin production, and virulence depending on the host
niche (9-17). Despite these studies demonstrating the impor-
tance of FAK in S. aureus, much is still not known about the
functional complex. Indeed, the basic understanding of the
composition of the complex and the mechanism by which fatty
acid phosphorylation occurs is unknown. Previous structural
studies identified key insights into the structure and activity of
FakB proteins including their loose specificity for saturated and
unsaturated fatty acids and the mechanism by which they remove
fatty acids from the membrane (26, 27). Two additional studies
provide insightful, yet conflicting models, as to the assembly and
function of each domain in the Fak complex, specifically how
FakA and FakB assemble into a functional complex (30, 31).
Indeed, many aspects of the FakA and FakB proteins and how the
complex functions have yet to be elucidated. This is highlighted
by the fact that the two recent studies propose conflicting models
on the FakA/B interaction (30, 31). In addition, any conforma-
tional changes that occur within FakA upon binding ATP and
during catalysis are completely unknown. To address this, we
used a combination of biochemical, structural, and cellular ap-
proaches to further elucidate key aspects of the functional FAK
complex in S. aureus. We identified the importance of a Zn ion-
binding pocket in the maintenance of the FakA homodimeric
state and the formation of the functional FAK complex, adding
clarity to the middle domain whose function was previously
unclear. In addition, we identified the structural changes that
occur within the FakA kinase domain throughout catalysis,
including the movement of an activating loop necessary to bind
ATP. Together these results provide crucial missing information
about the activity of FakA, structural changes that occur within
the FakA kinase domain to allow the assembly of a functional
complex, and the impact of these elements on FAK complex
activity.

Results
FakA-FakB interaction

FakA studies have identified the three domains (Fig. 1A4). The
N-terminal domain binds ATP and is where kinase activity
occurs. The Middle domain is responsible for homodimeriza-
tion. The importance of the C-terminal domain has not been
fully elucidated. FakA is known to interact with FakB as part of
the FAK complex; however, the details of this interaction
remain elusive (27, 30, 31). Recent papers pose two alternative
putative models for the formation of the FAK complex. Sub-
ramanian et al. used S. aureus proteins and described a model
in which the FakA N-terminal domain interacts directly with
FakB1, allowing FakA to phosphorylate the FakB-bound fatty
acid (30). Alternatively, Shi et al. assert a model using Strepto-
coccus suis Fak proteins in which the N- and C-terminal do-
mains form the active site and FakB must transfer the fatty acid
to FakA by a yet unknown mechanism (31). How the complex
assembles in an activated state and if FakA remains dimerized
during fatty acid phosphorylation is unclear as is whether the
complex formation is the same in all bacteria that possess FAK.
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No studies have solved the structure of an active FAK complex,
i.e. one that contains a fatty acid. Most models for FAK propose
that FakA and FakB form a higher-order structure, but this has
not been defined. AlphaFold Multimer predicts a variety of
potential complexes that include both single FakA to FakB in-
teractions and others that include heterotetrameric complexes
(Figs. 1, B and C and S1). Most models orientate the headgroup
of the fatty acid in FakB within the proximity of the ATP in the
kinase domain of FakA. To gain insight into the fundamental
question of whether FakA remains as a dimer upon FakB
binding, we performed bio-layer interferometry on FakA and
FakB2 of S. aureus. Briefly, His-FakB2 was immobilized on Ni-
NTA biosensor tips and then exposed to varying concentrations
of FakA. The results show a strong interaction with a dissoci-
ation constant (Kp) of ~4.34 nM when measured as a 1:1 ratio
of FakA:FakB2 (R* = 0.97 and a > = 14.68, Fig. 2 and Table S1).
To investigate the complex composition, this data was
compared to an alternative mathematical model in which
dimerized FakA binds immobilized FakB2. Using this approach,
BLI data was re-calculated using bivalent analyte computation,
giving a new Kp of 6.65 nM (Fig. 2, and Table S1). This model
fits the data more closely with an R* value of 0.98 and a 7 value
of 2.55. This supports the hypothesis that FakA binds FakB2
with high affinity and is the first direct data supporting that
FakA is a dimer upon FakB2 binding.

FakA homodimerization is mediated by metal-bound Middle
domain

Our early purification studies indicated that FakA forms a
higher molecular mass than a monomer (25). More recent
studies support FakA existing as a dimer but propose different
points of contacts, which may result partially from the tech-
niques used and source of FakA protein, i.e. S. aureus versus S.
suis. To add clarity to this we sought to investigate FakA
dimerization in more detail. AlphaFold-Multimer (32, 33)
modeling indicates dimerization is likely to occur through
specific interactions in the Middle domain (Fig. 34). We
sought to determine whether this is true for FakA in solution
by coupling size-exclusion chromatography with small-angle
X-ray scattering (SEC-SAXS) (Figs. 3, B and C, S2,
Tables S2, and S3). SAXS analysis revealed that FakA exists as
a dimer, with a radius of gyration (R,) of 42.3 A, and a
maximum dimension of 160 A (Table S2). The corrected
Porod volume and molecular weight estimated from SAXS
data is also consistent with FakA forming a dimer (Table S2).
To obtain a good fit of the predicted AlphaFold dimer struc-
ture required refinement with BilboMD. Specifically, flexible
modeling of disordered residues at the linker regions con-
necting the N-terminal, Middle, and C-terminal domains
(XZ = 2.8; Figs. 3, B and C, S2, Tables S2, and S3). SAXS-
derived molecular envelopes (bead-based models by DAM-
MIF and electron density models by DENSS) support the
model that the FakA dimer is maintained by contacts within
the Middle domain (Figs. 3C and S2).

We predict that FakA primarily exists as a dimer in solution
but that it may or may not dissociate as a dynamic process. To
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Figure 1. Models of FakA FakB2 interactions. A, FakA AlphaFold predicted model and amino acid residues. Blue: N-terminal kinase domain, Green: Middle
domain, Yellow: C-terminal domain, Magenta: unstructured regions. B, AlphaFold model of FakA-FakB2 heterotetramer. C, AlphaFold model of FakA-FakB2

heterodimer. AMP-PNP is rendered as red cylinders and oleic acid in black.

investigate this, we examined dimer stability by a kinetic mass
photometry assay in which purified FakA was diluted to 10 nM
to trigger the dissociation of the dimer, and the ratio of
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Figure 2. FakA and FakB2 interact. BLI using sequential treatment of His-
FakB2, 0.1 mg-mL™" BSA, buffer (wash), buffer (baseline), indicated con-
centration of FakA, and buffer (dissociation). Estimated Kp 4.34 nM (1:1
analysis) or 6.65 nM (bivalent analyte analysis (1:2). Data shown are from a
representative experiment.
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monomer:dimer was tracked over time. The initial reading of
FakA revealed that 77% of the protein was within a large peak
at ~118 kDa, consistent with the dimer molecular weight, as
opposed to the smaller molecular mass peak of the monomer
(~62 kDa) (Fig. 3, D and F). The FakA dimer was relatively
stable, reaching an equilibrium with ~57% of the protein in the
dimer peak after 20 min (Fig. 3, D and F).

It is clear from our studies and others that the Middle
domain of FakA plays a central role in FakA dimer formation
(30, 31). However, the function of the Middle domain is un-
certain as it has also been proposed to form part of the active
site. This is based on results demonstrating that three
conserved residues, His282, His284, and Cys240 are essential
kinase activity using purified proteins (30). Our own analysis
indicated that these residues form a metal-binding pocket, and
we sought to validate this finding and test its importance for
the FakA function (Fig. 44). To investigate the presence of a
metal ion, we compared purified FakA to a buffer control. In
this initial screen, the greatest observed difference between the
buffer control and protein samples was a 55-fold increase in

J. Biol. Chem. (2024) 300(12) 107920 3
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Figure 3. FakA is a homodimer mediated by the Middle domain in solution. A, AlphaFold model of the FakA homodimer. Predicted interacting
residues are shown in green. B, Crysol fitting of BilboMD models with scattering intensity (I(q)) over the radial distance (q) experimental data. C,
molecular dynamics-based FakA model generated by BilboMD using the AlphaFold model panel (A) as an input overlayed within the electron density
model of FakA using DENSS. The flexible regions are in red between rigid bodies (Purple and Pink). D, mass photometry of WT FakA. Measurements

were taken at 0 (blue) and 20 min (orange). E, mass photometry of Fak

AH282A, H284A

performed as described in panel (B). F, kinetic mass photometry

showing the percent of wild-type in solution that is a dimer (light blue) compared to percent of FakA"?82A H28%A nresent as a dimer (red). Data
represents the mean (n = 3) with SEM. All MP experiments were performed at a final concentration of 10 nM.

the amount of zinc present in FakA (data not shown). To
isolate binding to the Middle domain, we purified the C-ter-
minal FakA with and without the Middle domain and found
that only the truncated protein containing the Middle domain
contained a Zn ion (Fig. 4B). Finally, to distinguish if the pu-
tative metal-binding pocket was responsible for Zn ion (Zn>*)
binding, we purified a FakAM2824 H284A htant and a
FakA“**** mutant. Substitution of C240 with alanine led to a
significant decrease in the amount of zinc ion present and this
was further decreased in the FakAM?$2A H284A  nyytant
(Fig. 4B). This is consistent with the predicted, but untested,
role of the Middle domain in binding zinc in S. suis (31).
Our results determined the Middle domain of purified FakA
binds Zn** and we wanted to confirm the importance of this in
both an enzymatic and cell-based assay. To test FakA kinase
activity, we developed a malachite green kinase assay. This
assay provides a simple, effective method for testing the ability
of FakA to function in vitro using purified proteins. As

4 Biol. Chem. (2024) 300(12) 107920

expected, no activity was observed when FakA, FakB2, the fatty
acid oleic acid, or ATP were omitted (Fig. 54). Compared to
wild-type FakA, the FakAC?0A and FakAM282A H284A o}
stitutions each led to a loss of FakA kinase activity (Fig. 5B).
While previous studies have investigated loss of function via
alternative in vitro techniques, the importance of the metal
binding pocket on FakA’s in vivo function has never been
examined. Thus, we tested if our biochemical loss of these
FakA mutants’ kinase activity translated to a biological dif-
ference in FakA activity in S. aureus using two assays previ-
ously shown to be impacted by FakA activity: o-toxin
production and linoleic acid resistance (9, 13). As previously
shown (11, 12), the fakA mutant showed a lack of o-toxin
activity compared to the wild-type strain due to changes
decreased activity of the SaeRS regulatory network (Fig. 5C).
When either C240 or both H282 and H284 were replaced with
Ala, hemolysis activity was not restored, demonstrating that
these amino acids are critical to FakA activity (Fig. 5C). We
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Figure 4. FakA Middle domain binds zinc. A, AlphaFold model of Middle
domain with C240, H282, and H284 shown in orange/red. B, ICP-MS analysis
of zinc associated with the indicated proteins. Untagged FakA is used in
panel (B). * indicates p < 0.01 by one-way ANOVA with Dunnett post hoc
analysis compared to full-length wild-type FakA. Bars represent the mean
(n = 2) with SEM.

then tested whether FakA“**** and FakAM?8* H28%A o4]d
restore the sensitivity of the fakA mutant to linoleic acid. The
linoleic acid resistance of these variants was similar to that of
the fakA mutant (Figs. 5, D and E, and S3). Together, these
data demonstrate that FakA possesses a metal binding pocket
in the Middle domain that is essential to FakA kinase activity
in vitro and FakA function in vivo. We predict that disruption
of this metal binding pocket perturbs the structural integrity of
the Middle domain, rendering the protein non-functional.
The Middle domain consists of d-helices and B-sheets, and
we predicted that the metal stabilizes the B-sheets. This, in turn,
would stabilize the domain, and removal of the metal would be
predicted to destabilize the secondary structure and conse-
quently dimer formation of FakA. Thus, our FakA12824, H281A
protein, which does not bind 7Zn>*, would have altered dimer-
ization capacity and dynamics. To test this, we again used a
kinetic mass photometry experiment with the FakAH2824> F2844
mutated protein. Initially, 63% of FakA™2824 2844 existed as a
dimer (Fig. 3, E and F), which is less than that of wild-type FakA
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(Fig. 3, D and F). Equilibrium was again reached after approx-
imately 20 min with only around 24% in the dimer form.
Together, these data support a model whereby FakA forms a
stable dimer in a solution that requires Zn>* bound to the metal
binding pocket of the Middle domain. Furthermore, it dem-
onstrates that the metal binding pocket is critical for both FakA
function in vitro and in vivo.

FakA kinase domain undergoes structural changes during
catalysis

While our studies and others provide insight into the
function of each of the three FakA domains and the compo-
sition of the FAK complex, the changes within the FakA kinase
domain that occur during catalysis are unknown. To answer
this, we crystallized the N-terminal domain of FakA, spanning
from residue 1 to 210. To provide mechanistic insight during
the catalytic cycle of FakA, we solved the structure of a novel
apo form (Apo-FakA_N) and ATP analog bound form (AMP-
PNP-FakA N) as well as the previously solved ADP bound
form (ADP-FakA_N). The organization of the FakA N-termi-
nal domain in each of our structures agrees with recently
solved structures (30, 31). Each of these structures formed a
similar overall fold comprising a bundle of eight o-helices
termed ol: G7-L31, a2: T41-N58, a.3: 164-G78, ad: G81-198,
a5: S106-K122, a6: 1132-N149, a7: C153-N173 and a9: S186-
L202 and a short helix termed a8: A176-V181 (Fig. 6, A and B).
The kinase active site sits at the top (as orientated in Fig. 6A4) of
this helical barrel near the short helix a8.

To understand the changes that occur upon ligand binding
to FakA, we solved the structure of Apo-FakA_N to 1.90 A
resolution and compared it to the ligand-bound AMP-PNP-
FakA_N solved to 1.15 A resolution (Fig. 6 and Movie S1).
Superposition of Apo- and AMP-PNP-FakA_N yielded an
RMSD deviation of 0.48 A between Col atoms (201 residues)
indicating relatively little difference in the overall structure of
the o-helical barrel (Fig. 6C). However, major differences were
observed in the loops connecting a1/a2 and a5/a6 (Fig. 6D).
Upon ATP binding, the 05-6 loop moves toward the ligand
binding pocket to stabilize the nucleotide. The 01/2 loop ex-
tends away from the ATP binding pocket in the apo form, then
collapses to bring key residues in proximity to the y-phosphate
of ATP and to accommodate protein-protein binding during
catalysis (discussed below).

By comparing the Apo-FakA_N to AMP-PNP-FakA_N, we
observed distinct localized structural changes upon ATP
binding. These changes stabilize the nucleobase, sugar, and
triphosphate portion of ATP in the active state. These struc-
tural changes result in a localized change of FakA, at the ATP
binding site, that generates a new hydrophobic region for
protein interactions. One of these changes is a significant
movement of the loop between @1-2, which we term an acti-
vating loop, consisting of residues Leu31-Thr41 (Fig. 6, C and
D). Of note, Pro35 shifts 10 A upon ATP binding and isom-
erizes from the trans to cis form as measured from Pro35 CG
in each structure. In this conformation, Pro35 forms a stabi-
lizing interaction with the aromatic ring of Tyr34, closing over

J. Biol. Chem. (2024) 300(12) 107920 5
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Figure 5. Metal coordination within Middle domain is essential for FakA function. A, kinase assay for the FAK complex activity or controls of no FakB,
no FakA, or no oleic acid. Proteins were His-tagged. B, FAK complex kinase assay indicating loss of kinase activity in variants in which Cys240 was replaced
with Ala and when His282 and His284 were replaced with Ala. All proteins were purified using a GST tag which was removed prior to assay. Bars are
representative of the mean [n = 2 for (A) or 4 for (B)]. C, rabbit blood hemolysis (clearing around colony) of WT, fakA mutant, or mutant with a plasmid

expressing WT FakA (comp), FakA282A H284A

, or FakA“**®*, D, growth of variants in TSB supplemented with 192 UM (0.006%) linoleic acid. Symbols

represent that mean (n = 3) with SEM. E, area under the curve analysis of panel (D). Bars represent that mean (n = 3) with SEM. Data are from a repre-

sentative experiment. * indicates p-value <0.01 by Welch's t test.

the adenosine base of the bound ATP to form the top of the
ATP binding pocket in FakA (Fig. 7, A-C, and Movie S2). The
loop between @5/a6 is shifted by ~5 A upon binding AMP-
PNP, as measured from the backbone of Lys126 (Fig. 6, C
and D), to form hydrogen bonds between the backbone
carbonyl of Lys126 to the N6 position, the backbone of Val128
to the N1 position, and Thr131 side chain to the N3 position of
the nucleobase (Figs. 7, A-C, S44, and Movie S2). This, along
with a side chain conformational change and hydrogen bond in

6 J Biol. Chem. (2024) 300(12) 107920

Asn82, forms the nucleobase binding pocket providing speci-
ficity for adenosine (Figs. 7, A—C, S4A, and Movie S2). All
other residues in this o5/06 loop region are similar in both
structures. Additionally, hydrogen bonds between the sugar
portion of the nucleotide and FakA_N are made between the
backbone of Ile132 and O2, the side group of Asp185 with O2
and O3, and the side chain of Ser186 and O3 on the nucleotide
(Figs. 7, A-C, S4A, and Movie S2). At the triphosphate portion
of the nucleotide, the shift of the a/1-2 loop creates several

SASBMB
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a5-6 ‘

Figure 6. N-terminal FakA crystal structure. A, Apo-FakA crystal structure with o-helices colored from N-term to C-term from red to violet. B, 90° rotation
relative to panel (A) to view down a-helical barrel. C, overlay of Apo-FakA_N (purple) and AMP-PNP-FakA_N (light blue) with AMP-PNP labeled in gray and
colored by element. Mg?* ions are rendered as green spheres. Loops connecting a-helices 1 and 2 as well as five and six are labeled. D, zoomed in view of

the a1-2 (top) and a5-6 (bottom) loop movement from apo to bound.

stabilizing hydrogen bonds through the following contacts: the
backbone nitrogen of Val36 to oxygen (O1G) on the y-phos-
phate, between the sidechain of Thr41 to &-phosphate oxygen-
1 (O1A), the sidechain of Asn44 to the a-phosphate oxygen-2
(O2A), the side chain and backbone of Ser83 to O2A, and the
backbone and sidechain of Asn82 hydrogen bonds to O1B and
N3B, respectfully (Figs. 7, D—F, S4B, and Movie S3). Each of
these hydrogen bonds provides specificity and stability to the
triphosphate region of ATP.

Upon ATP binding, Asp38 and Asp40 within the o1-2
loop reposition 8.25 A and 2.81 A, respectively to coordinate
the two Mg>* ions (Fig. 7, G-I and Movie S4). The two Mg**
coordinate the a-, B-, Y-phosphate of the AMP-PNP as well
as the catalytic triad Asp38, Asp40, and Asn32 (Fig. 7, G-I
and Movie S4). To verify these amino acids are involved in
kinase activity, we used our malachite green Kinase assay. In
agreement with Asp38 and Asp40 being part of the catalytic
site, no activity was measured when both Asp residues were
substituted with Ala (Fig. 8), consistent with our prior
in vivo work showing these residues are critical for FakA
function (11).

Opposing models suggest that FakB either binds FakA in a
way that brings the FakB-bound fatty acid directly to the active

SASBMB

site on the kinase domain or FakB binds to the C-terminal
domain of FakA which receives the fatty acid to be presented
to the FakA N-terminal kinase domain. Both of these models
would require a FakA_N-protein interaction. Comparing the
Apo- and AMP-PNP-FakA_N structures also provides insight
into the structural changes that would accommodate protein
interactions while ligands are bound, but prevent complex
formation in the absence of ATP and Mg in FakA. Upon ATP
binding, the repositioning of Val36 from the interior of the
protein outward after the shift in the a1-2 loop creates a new
binding face that we expect to be recognized for binding and
would help orient the fatty acid substrate in proximity to the
Y-phosphate of ATP during FakB binding (Figs. 7, J-L, S5, and
Movie S5). The movement of this activating loop exposes a
group of conserved hydrophobic residues including Vall81,
Vall77, Leul75, Val128, Leud7, and the loop between Leu76-
11e86 when FakA is bound to ATP, thus providing a new face
of the protein we expect to facilitate protein-protein in-
teractions (Figs. 7, J-L, S5, and Movie S5). In Apo-FakA_N, the
a1-2 loop protrudes away from the FakA ligand binding site;
we predict this prevents premature binding of the other pro-
tein partner through steric hindrance (Fig. 7, J-L). Hydrogen
bonds between Asn44 and Asp38 with Arg80 stabilize this
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Apo-FakA_N

AMP-PNP-FakA_N

Overlay

Figure 7. N-terminal FakA regions of interest. A-C, nucleobase and sugar-binding pocket of FakA_N. D-F, triphosphate binding of FakA_N. G-/, Mg**
coordination by FakA_N. J-L, altered binding face of FakA_N for FakB interaction. Apo-FakA_N is rendered in purple, and AMP-PNP-FakA_N is rendered in
blue. Mg** ions are rendered as green spheres. AMP-PNP is rendered in gray cylinders with important atoms colored by element. In J-L, conserved hy-
drophobic residues are rendered in pink or green for Apo- and AMP-PNP-FakA_N, respectively.

open form of FakA N-term, before ATP binding, then collapse
and destabilize when in the ATP bound, closed form (Fig. 7, J-
L and Movie S5). Our interpretation is that the open state
prevents protein-protein interactions when not bound by ATP.

To determine the post-catalysis product state of the kinase
catalytic cycle, we utilized ADP as a ligand to determine the

8 J Biol. Chem. (2024) 300(12) 107920

ADP-metal-bound FakA structure to 1.25 A resolution
(Fig. S6). The structure of ADP-FakA_N was nearly identical
to AMP-PNP-FakA_N aside from the absence of the y-phos-
phate as superposition yielded an RMSD of 0.178 A (Fig. S6).
ADP is likely then released to return FakA to the apo state
after the fatty acid is phosphorylated. Our crystallography data
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Figure 8. Asp38 and Asp40 are critical for FakA kinase activity. Kinase
assay showing activity is a loss in FakAP2#* P4 yariant in which Asp38 and
Asp40 were replaced with alanine. All proteins are His-tagged. Bars repre-
sentative of the mean (n = 4) with SEM from a representative experiment. *
indicates p < 0.01 by Welch's t test.

provides snapshots of the structural changes that occur in the
FakA active site following the binding of ATP during the ki-
nase catalytic cycle.

Discussion

While the FAK system’s importance in the use of exoFAs for
lipid synthesis is known, little is known about the mechanism by
which fatty acids are phosphorylated by the system or the identity
of the composition of the complex. Our data, along with others,
demonstrate that the FakA protein contains three specific do-
mains: a catalytic N-terminal domain that phosphorylates a fatty
acid, a Middle domain involved in dimerization, and a C-terminal
domain with structural similarity to acyl-binding proteins like
FakBs. We have provided context to kinase function during
catalysis through a comparison of our newly solved Apo-FakA_N
and AMP-PNP-FakA_N structures (Fig. S7). In particular, the
o1-2 and ot5-6 loops move to bind and secure ATP in preparation
for the fatty acid-bound FakB binding in a way to position the -
phosphate in proximity to the fatty acid head group. Of note, both
loops are highly conserved among FakA homologs in Gram-
positive bacteria (Fig. 7, blue regions). We have termed the a1-
2 loop an activating loop since it (1) contains critical Asp residues
that must reposition upon ATP binding for kinase activity, (2)
stabilizes that ATP molecule, and (3) would sterically hinder
access by other proteins to the active site if it did not collapse
around the ATP. We predict that this region of FakA could
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provide a regulatory mechanism to allow FAK complex forma-
tion only when ATP is bound. Indeed, the collapse of the acti-
vating loop changes the face of FakA, exposing an altered
interface containing conserved hydrophobic residues that we
predict facilitate complex formation (Figs. S5 and S7).

We identified a metal binding pocket within the Middle
domain of FakA that is necessary for kinase function and
FakA’s downstream effects on virulence and growth (Figs. 4
and 5). We provide evidence that this pocket is involved in the
maintenance of the structure necessary for FakA dimerization
(Fig. 3). Our work identifies and supports specific amino acids
within this region (C240, H282, and H284) that are essential
for kinase function. This metal binding is indeed important for
function in the bacteria since we show that downstream in vivo
effects on o-hemolysin and resistance to toxic UFAs are
abrogated when this pocket is mutated to alanines (Fig. 5).
These residues are 100% conserved among FakA homologs
that we have examined (Fig. S7). It is unlikely that these resi-
dues would comprise part of the active site as previously
suggested (30). Instead, we predict that the Zn ion stabilizes
the B-sheets of the Middle domain, allowing proper folding.
Based on the importance of zing, it is tempting to speculate
that there could also be a link between metal homeostasis and
fatty acid metabolism. We show that FakA primarily homo-
dimerizes in solution and our data supports the model that the
Middle domain mediates this interaction (Fig. 3). We see two
possible scenarios for the importance of this dimer. The first is
that the FakA dimer is the “off state” and interaction with FakB
occurs as a heterodimer following dissolution of the FakA
dimer. Thus, FakA dimerization could be a regulatory mech-
anism. A more likely model is that FakA remains as a dimer
during complex formation with FakB to form a hetero-
tetramer. Dimerization of FakA may serve as an anchor for the
complex and structurally support the binding of FakA and
FakB. This would be particularly important in the trans-
phosphorylation model predicted by AlphaFold (Fig. 1B). In
this model, dimerization would be necessary for an active
complex since the N-terminal domain of one FakA monomer
interacts with FakB which is engaged with the C-terminal
domain of the other FakA monomer. This could only happen if
FakA remained as a dimer as indicated by our BLI data.
Determining if FakA remains a dimer in the active FAK
complex and whether the dimerization state serves a regula-
tory function will be one focus of future studies.

The studies by us and others provide the first insights into the
structures of these ubiquitous proteins (30, 31); however, the
details of how the phosphate is transferred from ATP to the fatty
acid are yet to be elucidated. Our structures indicate that the
activating loop movement alters the face of FakA right at the ATP
Y-phosphate that will be transferred to the fatty acid, which fa-
cilitates access to the active site. However, the nature of the active
site and what protein interacts with FakA-N remains uncertain.
FakB1 and FakB2 possess a channel in which the hydrophobic tail
of the fatty acid is positioned, leaving the headgroup exposed
(26). In one model (30), the FakA kinase domain and FakB form
an active site to allow phosphotransfer of the ATP y-phosphate
in FakA to the fatty acid headgroup exposed by FakB. This model
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is unaffected by whether the complex exists as a heterodimer or
heterotetramer (Fig. 1). In this model, the FakA C-terminal
domain serves as a support for FakB, binding to the opposite side
of FakB compared to the position of the fatty acid. This specific
interaction provides additional stabilization to the interaction
between FakA and FakB. Indeed, the C-terminal amino acid of
FakA is important for interacting with FakB which we hypothe-
size stabilizes the complex (30). A second model was recently
proposed based on data using the S. suis Fak proteins (31). In this
model, FakB binds the C-terminal domain of FakA, causing a
conformational change to release the fatty acid into a pocket
formed by FakA_C and FakA_N from another FakA molecule for
phosphorylation. The model in which FakB is only bound to
FakA_C may be an intermediate state of the complex before it
reaches the active state. Interestingly, the affinity for FakB1 for
FakA_C is lower than that for full-length FakA indicating that
more than just contact with FakA_C facilitates complex forma-
tion (30). Distinguishing between these two models and obtain-
ing the structure of a functional complex will be the focus of our
future studies. However, regardless of whether FakA-N interacts
with FakA_C or FakB to form the active site, our data provide
new insights into changes that occur to accommodate this
interaction. Before ATP binding, FakA_N exists in an open state
with a potential steric gate to prevent aberrant protein in-
teractions. However, upon ATP binding, the gate collapses and
the face of Fak_N changes to accommodate its interacting part-
ner. These changes would be necessary to present the fatty acid
for phosphorylation.

S. aureus is a prevalent multi-drug-resistant pathogen. One
of our long-term goals is to use fatty acid metabolism as a
potential target for therapeutic development. Indeed, FASII
inhibitors are one drug class that has been suggested to serve
as novel therapeutics with one of the most well-known being
Triclosan. However, resistance to FASII inhibitors is known
and Gram-positive bacteria could bypass them via exoFA
acquisition through the FAK complex. Thus, finding potential
targets within the FAK complex is necessary to develop ther-
apeutic inhibitors to be used in combination with FASII in-
hibitors, effectively shutting down any mechanism of providing
fatty acids for lipid synthesis. A better understanding of the
FakA-FakB complex structure and functional dynamics is
necessary to comprehend the mechanism of exoFA utilization
in Gram-positive bacteria. Our data as well as others are
making progress toward this goal, however, much is left to be
elucidated. Further studies of the active complex as well as
more knowledge of the regulatory mechanisms of this protein
are necessary. Elucidation of this FAK complex will provide
insight into a conserved mechanism among Gram-positives as
well as inform downstream medicinal chemistry and molecular
docking to create effective therapeutics and combat antibiotic
resistance.

Experimental procedures
Bacterial strains, media, growth conditions, and cloning

The strains and plasmids used in this study are provided in
Table S4. S. aureus strains were grown in tryptic soy broth or
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agar (TSB or TSA) supplemented with chloramphenicol
(10 pg-ml™") or erythromycin (5 pg-ml™') when necessary.
Escherichia coli strains were grown in lysogeny broth (LB) or
2X-YT medium with ampicillin (100 pg-ml™) or kanamycin
(50 pg-ml™') when necessary. PCR reactions were performed
with KOD Polymerase (Novagen), and products were cleaned
using the ZymoResearch Clean and Concentrator kit between
steps. All inserts were sequenced at ACGT, Inc to ensure no
unintended changes occurred. Oligonucleotides are provided
in Table S5.

Construction of FakA variant expression plasmids for
S. aureus

A PCR splicing by overlap extension (SOEing) technique
was used to construct a fakA“**** variant. PCR amplification
using oligos JBHEM1, JBKUS81, JBKU82 and CNK26 were
performed using pCK13 as a template. The products from
those reactions were used in a SOEing PCR with JBHEM1 and
CNK26. The final PCR product was digested with BamHI and
Pstl and cloned into the same sites of pCM28 to create
pJB1036. A similar process was used for the fakA?824 H2844
variant. The first two PCR products used primer pairs
JBHEM1/MP11 or CNK26/MP7 were mixed and used in a
SOEing PCR, with subsequent cloning into pCM28 digested
with BamHI and Pstl to generate pMP4.

Construction of expression plasmids for recombinant protein
purification

The gene encoding FakAP3¥* P04 was amplified from

pCK2 by PCR using primers CNK24 and CNK25 and cloned
into pET28a digested with Ndel and Xhol such that an N-
terminal His-tag was added to produce pCK10. For His-FakB2,
the fakB2 gene was amplified from AH1263 chromosome
DNA using primers CNK39 and CNK40 and cloned into the
Ndel and Xhol sites of pET28a to generate pCK23. The con-
structs containing the FakA Middle and C-terminal domains
were amplified by PCR using primers JBKU104 and JB42 with
pJB165 as the template and similarly cloned into pET28a to
produce pJB1042. The constructs containing just the FakA C-
terminal domain (pMJM2-4) as well as GST-TEV-tagged FakA
WT (pMJM2), fa/Q4H282A’ H284A (pPMJM3) and fdkAC240A
(pMJM4) in pET42A (+) were ordered from Genscript.

Kinase activity assay

The Universal Kinase Kit (R and D systems. Cat #: EA004)
was used following adjusted manufacturer instructions. The
substrate mix was prepared in wells of a 96-well plate in a
minimum of duplicate by combining 10 pul of ATP (1 mM) (or
ADP for positive control) with 15 Jul oleic acid (31.4 mM in
MeOH) in each well. The enzyme mix was prepared by
combining 10 pl of coupling phosphatase (5 ng-ul™), with
7.5 ul FakA (8 pM) and 7.5 pl FakB2 (16.14 pM). The enzyme
and substrate mixes were combined in each well and the re-
action was incubated at room temperature for 30 min with a
control well of only Assay Buffer. 30 ul Malachite Green Re-
agent A, 100 pl diH,O, and 30 pl Malachite Green Reagent B
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were subsequently added, tapped to mix, then incubated at
room temperature for 20 min. Agy, was measured using a
Tecan Spark 10 M plate reader to determine phosphate pro-
duction. This assay tracks inorganic phosphate levels. In short,
the kinase activity of the Fak complex converts ATP to ADP
which is subsequently converted to AMP and inorganic
phosphate by a coupling phosphatase. It is the inorganic
phosphate that interacts with malachite green for the colori-
metric change measured at 620 nm. In all assays, an ADP
control was used as a control for assay function.

Inductively coupled plasma mass spectrometry (ICP-MS)

Purified proteins were diluted to a concentration of
1 mg-mL~" in Gel filtration buffer (50 mM Tris HCI [pH 7.4],
150 mM KCI, 1 mM TCEP, 5% glycerol in diH,O). Protein
samples were compared to control obtained as the flow-
through of buffer through a 10 kDa concentrator during
sample preparation and termed buffer control. Samples were
provided to the K-State Veterinary Diagnostic Laboratory and
a Trace Mineral Panel was performed using a PerkinElmer
NexlIon 350 ICP-MS instrument.

Hemolysis assay

Hemolysis assays were performed as previously described
(9). Briefly, overnight cultures were diluted to an OD600 = 1,
and 1 pl was spotted on TSA with 5% rabbit blood. Hemolysis
activity was observed after 48 h of incubation at 37 °C.

Bio-layer interferometry (BLI) for FakA-FakB2 interaction

BLI was performed on the Octet RED96e in the Kansas
Intellectual and Developmental Disabilities Research Center at
the University of Kansas Medical Center. Ni-NTA biosensor
tips (Sartorius) were hydrated in Assay Buffer (50 mM Tris
HCI [pH 7.4], 150 mM KCl, 1 mM TCEP, 5% glycerol, 10 mM
MgCl,) for 10 min at room temperature. A baseline mea-
surement was taken in a buffer for 1 min followed by loading/
immobilization of 2 pg-mL™" purified His-tagged FakB2 pro-
tein for 4 min. The tips were then blocked with 0.1 mg-mL™
Bovine Serum Albumin (BSA) for 2 min followed by a 2-min
wash in Assay Buffer. A second baseline measurement was
taken in Assay Buffer for 1 min. Varying concentrations of
untagged FakA purified protein were then allowed to bind to
the immobilized FakB2 for 5 min followed by a 10-min
dissociation period in Assay Buffer. Data were used to deter-
mine an approximate Kp. In additional studies, FakB was
loaded at a range of 2 to 20 pg-mL™" yielding a Kp, range of
4.34 to 15 nM, with a mean value of 10.6 nM.

Mass photometry (MP)

MP experiments were performed on a Refeyn TwoMP
(Refeyn Ltd) at the University of Iowa Protein & Crystallog-
raphy  Facility. Microscope coverslips (No. 1.5H,
24 mm x 50 mm, Thorlabs Inc) were cleaned by serial rinsing
with Milli-Q water and HPLC-grade isopropanol (Sigma
Aldrich), on which a CultureWell silicone gasket (Grace Bio-
labs) was then placed. All MP measurements were
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performed at room temperature in buffer (50 mM Tris [pH
7.4], 150 mM KCI, 1 mM TCEP, 10 uM ZnSQ,). For each
measurement, 10 pl of buffer was placed in the well for
focusing, after which 10 pl of 20 nM protein was introduced,
for a final concentration of 10 nM. Movies were recorded for
60 s at 50 fps under standard settings. MP measurements were
calibrated using an in-house prepared protein standard
mixture: B-Amylase (56,112, and 224 kDa), and Thyroglobulin
(670 kDa). MP data were processed using DiscoverMP (Refeyn
Ltd).

Protein purification and structural analysis

Full details are provided in the Supporting Information.

Data availability

The coordinates and structure factors for Apo-FakA_ N
(8VIR), ADP-FakA_N (8VIT), Mn-FakA_N (8VIP), and
AMP-PNP-FakA_N (8VIQ) have been deposited to the
Worldwide Protein Databank (wwPDB). The SAXS data for
full-length FakA have been deposited in the Small Angle
Scattering Biological Data Bank (SASBDB) under the accession
code SASDTWS.
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