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A fatty acid-binding protein of Streptococcus pneumoniae
facilitates the acquisition of host polyunsaturated fatty acids
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Streptococcus pneumoniae is responsible for the majority of
pneumonia, motivating ongoing searches for insights into its
physiology that could enable new treatments. S. pneumoniae
responds to exogenous fatty acids by suppressing its de novo
biosynthetic pathway and exclusively utilizing extracellular
fatty acids for membrane phospholipid synthesis. The first step
in exogenous fatty acid assimilation is phosphorylation by fatty
acid kinase (FakA), whereas bound by a fatty acid-binding pro-
tein (FakB). Staphylococcus aureus has two binding proteins,
whereas S. pneumoniae expresses three. The functions of these
binding proteins were not clear. We determined the SpFakB1-
and SpFakB2-binding proteins were bioinformatically related to
the two binding proteins of Staphylococcus aureus, and bio-
chemical and X-ray crystallographic analysis showed that
SpFakB1 selectively bound saturates, whereas SpFakB2 allows
the activation of monounsaturates akin to their S. aureus coun-
terparts. The distinct SpFakB3 enables the utilization of polyun-
saturates. The SpFakB3 crystal structure in complex with lino-
leic acid reveals an expanded fatty acid-binding pocket within
the hydrophobic interior of SpFakB3 that explains its ability to
accommodate multiple cis double bonds. SpFakB3 also utilizes a
different hydrogen bond network than other FakBs to anchor
the fatty acid carbonyl and stabilize the protein. S. pneumoniae
strain JMG1 (AfakB3) was deficient in incorporation of linoleate
from human serum verifying the role of FakB3 in this process.
Thus, the multiple FakBs of S. pneumoniae permit the utiliza-
tion of the entire spectrum of mammalian fatty acid structures
to construct its membrane.

The ability to acquire exogenous fatty acids (FA)? for mem-
brane phospholipid synthesis is a universal feature of lipid
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metabolism in Firmicutes, a phylum of Gram-positive bacteria
that contains many important human pathogens. The first step
in FA incorporation is activation by FA kinase, an enzyme sys-
tem consisting of a kinase domain protein (FakA) that phos-
phorylates a FA carried by the FA-binding protein component
(FakB) (1). The resulting acyl-phosphate (FA~P) bound to
FakB is either transferred to the glycerol phosphate acyltrans-
ferase (PIsY) to initiate phospholipid synthesis or transferred to
acyl carrier protein (ACP) by PlsX (2). The resulting acyl-ACP
is either utilized by PIsC to acylate the 2-position of 1-acyl-
glycerolphosphate or it may enter the FASII cycle and be
elongated. The elongated acyl-ACP is then metabolized via
PlsX/PIsY or PIsC like the acyl-ACP derived from de novo bio-
synthesis. Two major orders of the Firmicutes have distinctly
different physiological responses to the presence of extracellu-
lar FA. The Bacillales, exemplified by Staphylococcus aureus, do
not genetically suppress the genes of type II FA biosynthesis
(FASII) in the presence of exogenous FA (3). Rather, FASII con-
tinues to produce primarily anteiso15:0 that is placed in the
2-position, and the exogenous long-chain saturated and mono-
unsaturated FA are activated by FA kinase and placed into the
1-position (4, 5). The Lactobacillales, exemplified by Strepto-
coccus pneumoniae, have a different response. These organisms
strongly suppress the expression of the genes encoding the
FASII enzymes in response to exogenous FA. This response is
mediated by the FabT transcriptional repressor (6-9). FabT
bound to acyl-ACP tightly binds to promoters within the FASII
gene cluster to potently suppress FASII gene expression (10).
Thus, these organisms construct their membrane phospholip-
ids almost exclusively using FA obtained from the environment
to acylate both positions of the glycerol-phosphate backbone
(3, 11). Elongation is not a significant fate for exogenous FA in
the Lactobacillales because the FabT system suppresses the
transcription of the entire gene set responsible for the FASII
elongation cycle.

The ability of FA kinase to activate FA encountered in the
environment is conferred by the FA selectivities of the FakB
component. S. aureus expresses two FakBs (1, 5). SaFakB1 is
specific for saturated FA (16:0), whereas SaFakB2 selectively
binds monounsaturated FA (18:1) (1, 5, 12). S. aureus does not
synthesize unsaturated FA, so SaFakB1 is the housekeeping
protein and SaFakB2 is responsible for the uptake of host
monounsaturated FA (1, 5, 12). S. pneumoniae encodes three
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Structure and function of S. pneumoniae FakBs
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Figure 1. PG molecular species in the presence and absence of human serum. S. pneumoniae strain TIGR4 and S. aureus strain AH1263 were grown in their
respective medium or in medium:human serum (1/1, v/v). The PG molecular species were determined under each of the four culture conditions in triplicate,
and representative spectra are shown. The molecular species that contain an 18:2 or 18:2-derived FA are highlighted in red. A, S. pneumoniae grown in C+Y
media. B, S. aureus grown in Luria broth. C, S. pneumoniae grown with 50% human serum, 50% C+Y medium. The presence of 18:2 in the m/z = 745 peak was
verified by fragmentation (inset). D, S. aureus grown with 50% human serum, 50% Luria broth. £, major FA of human serum. Lipids were extracted from triplicate
samples of human serum and the total FA composition determined by GC of the derived methyl esters. The weight percent of each FA was calculated. FA less
than 1% of the total are not shown. F, triplicate biological replicates were obtained, the areas under each peak in the spectra were summed, and the PG
molecular species containing 18:2 as a percent of the total area were calculated to provide an estimate of 18:2 incorporation. Peaks containing elongation
products, like 20:2 derived from 18:2, were included in the calculation for the contribution of the parent FA.

FakB-binding proteins suggesting an expanded repertoire of
FA-binding capabilities to enable the acquisition of environ-
mental FA to replace de novo biosynthesis. Here, we report that
two of these binding proteins, SpFakB1 and SpFakB2, are
bioinformatically related to the two FakBs previously char-
acterized in S. aureus (5, 12). Heterologous expression, bio-
chemical analyses, and X-ray crystallography confirmed
that SpFakB1 specifically bound saturated FA (16:0) and
SpFakB2 selectively bound monounsaturated FA (18:1) but
also bound saturated FA. Fatty acids are designated by num-
ber of carbons:number of double bonds. SpFakB3 is more
distantly related to the S. aureus homologs, and heterolo-
gous expression and biochemical analyses showed that
SpFakB3 expanded the repertoire of substrates to polyunsat-
urated FA (18:2). The SpFakB3(18:2) structure revealed a
different hydrogen bond network anchoring the FA carbonyl
and an expanded FA-binding pocket within the hydrophobic
interior of the protein that explains its ability to bind FA with
multiple cis double bonds. S. pneumoniae strain IMG1 (AfakB3)
was deficient in 18:2 incorporation verifying the role of SpFakB3 in
the incorporation of polyunsaturated FA into S. pneumoniae
phospholipids. Thus, the multiple FakBs of S. pneumoniae permit
the acquisition and utilization of the entire spectrum of mamma-
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lian FA structures to facilitate the acquisition of host FA to con-
struct its membrane at the infection site.

Results
Incorporation of FA from human serum

The distinct difference between S. aureus and S. pneumoniae
utilization of exogenous FA is illustrated by the effect of human
serum supplementation on the molecular species composition
of PG, a major membrane phospholipid in both organisms (Fig.
1). S. pneumoniae FASII produced both saturated and mono-
unsaturated FA when grown in C+Y medium without FA sup-
plement (3) (Fig. 14). The two most abundant PG molecular
species had 16:0 paired with either 16:1 or 18:1. S. pneumoniae
is like most organisms in that it places saturated FA in the 1-po-
sition and unsaturated FA in the 2-position of its membrane
phospholipids (13). S. aureus places anteiso15:0 in the 2-posi-
tion of the glycerol backbone (3) giving rise to S.aureus
PG molecular species with only saturated, straight, and
branched-chain FA paired with anteiso15:0 when grown in
media without exogenous FA (Fig. 1B). These data illustrate the
difference in membrane phospholipid structures produced by
de novo biosynthesis in these two Gram-positive pathogens.
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Both S. pneumoniae and S. aureus incorporated FA derived
from serum lipids when cultured in the presence of human
serum. The S. pneumoniae PG molecular species pattern when
grown in human serum was different from the pattern obtained
in the absence of an exogenous lipid supplement (Fig. 1C). The
most abundant peak, m/z = 747, corresponded to a 16:0/18:1 in
both growth conditions, and in the presence of human serum
the 16:0/16:1 peak was less prominent. This pattern is consis-
tent with the observation that S. pneumoniae shuts down de
novo lipid synthesis when supplied with an exogenous source of
FA (3). Peaks in the spectrum arising from the synthesis of
molecular species containing 18:2 are highlighted in red (Fig.
1C). A major new peak (m/z = 745) was fragmented to verify
that 16:0/18:2 was the most abundant molecular species at this
mass position (Fig. 1C, inset). S. pneumoniae cannot make 18:2,
thus this FA must be derived from the human serum. The origin
of the saturated and monounsaturated FA in PG cannot be
unambiguously determined in this experiment because these
FA are synthesized by S. pneumoniae and are present in human
serum. The analysis of S. aureus grown with human serum
showed that most PG molecular species still contained 15:0, but
that 18:1 along with its elongation product 20:1 were incorpo-
rated from the serum (Fig. 1D). Human serum contains nones-
terified FA plus an abundance of glycerolipids, and both
S. aureus (geh and lip) (14) and S. pneumoniae (lipA) (15)
express genes capable of hydrolyzing these lipids to release FA.
The three most abundant FA in the human serum sample used
in our study were 16:0, 18:1, and 18:2 (Fig. 1E). Although 18:1
and 18:2 were about equal in abundance, S. aureus incorpo-
rated significantly more 18:1 than 18:2 (Fig. 1D). The incorpo-
ration of 18:2 into PG was significantly less in S. aureus com-
pared with the more robust incorporation of 18:2 into the
S. pneumoniae lipidome (Fig. 1F). These data indicated that
S. pneumoniae had a higher capacity to extract polyunsaturated
FA from human serum than S. aureus.

Three fakB genes in S. pneumoniae

S. aureus expresses two FakB proteins, one specific for satu-
rated FA and the other specific for monounsaturated FA (5).
The fact that S. pneumoniae incorporates 18:2 into its phospho-
lipids suggested that it had a FA-binding protein capable of
binding polyunsaturated FA. We identified a single fakA gene
(locus tag: Sp0443) and 3 fakB genes (locus tags: Sp1557,
Spl1112, Sp0742) in the S. pneumoniae TIGR4 genome. The
protein sequences were compared using BLASTP alignment
software using the KEGG database sequence entries. The
Sp1557 gene was named fakBI because it encoded a protein
that was 35% identical to SaFakBl and 29% identical to
SaFakB2. The Sp1112 gene was named fakB2 because it en-
coded a protein with 29% identity to SaFakB2 and 28% identity
to SaFakB1. The Sp0742 gene encoded a protein that was the
least similar to the S. aureus FakBs (18% to SaFakB1 and 26% to
SaFakB2), and it was designated fakB3. Both S. pneumoniae and
S. aureus are in the phylum Firmicutes and class Bacilli, but
S. pneumoniae is in the Order Lactobacillales and S. aureus in
the Order Bacillales. Analysis of both Orders using the KEGG
database showed that the individual members of both Orders
encode between 2 and 4 fakB genes.
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FA selectivity of SpFakBs in cells

An experimental system to evaluate the FA selectivities of
FA-binding proteins was developed using S. aureus strain
JLB31 (AfakB1 AfakB2) that was unable to incorporate exoge-
nous FA because it lacks FA-binding proteins but expresses the
SaFakA kinase domain protein. A series of plasmids were con-
structed that expressed the individual FakBs governed by the
sarA promoter (Table 1). The series of JLB31 strains each har-
boring a plasmid expressing a particular FakB were grown to an
Agoo 0f 0.5 and then a mixture of [d,]16:0, -18:1, and -18:2 (10
uM each) was added to the cultures. After a 30-min incubation,
the extent of each FA incorporated into PG was determined by
MS (Fig. 2A). The assay was validated using SaFakBs of known
FA specificity. The expression of SaFakB1 resulted in robust
incorporation of [d,]16:0, whereas the incorporation of the
unsaturated FA in the mixture was not detected. In the strain
expressing SaFakB2, 18:1 was the most highly incorporated FA,
although lower amounts of both [d,]16:0 and -18:2 were
detected. Strain JLB31/pCS119 (empty vector) did not express a
FakB and did not incorporate any exogenous FA.

S. pneumoniae FakBs were interrogated in the same manner.
SpFakB1 supported the incorporation of [d,]16:0, but not 18:1
or 18:2 (Fig. 2A). Oleate (18:1) was the highest incorporated FA
in the strain expressing SpFakB2, and more 18:2 was incorpo-
rated in the strain expressing SpFakB3 as compared with 18:1
(p = 0.03) or [d,]16:0 (p = 0.001) (Fig. 2A). These data point to
SpFakB3 as a binding protein for polyunsaturated FA, and the
substrate preferences of SpFakB2 and SpFakB3 were further
examined using a mixture of 3 polyunsaturated FA (Fig. 2B).
SpFakB2 clearly preferred 18:1, whereas SpFakB3 was less spe-
cific in this assay utilizing 18:1, 18:2, and 18:3 although more
18:2 was incorporated as compared with 18:1 (p = 7.0 X 10~ %)
or 18:3 (p = 2.3 X 10 °) (Fig. 2B). These data suggested that
SpFakB3 extends the range of environmental FA that can be
incorporated by the FA kinase system to polyunsaturated FA.

Biochemical analysis of SpFakB selectivity

One potential caveat to the cellular FA selectivity experiment
was that incorporation also depended on the action of PIsX and
PIsY, which themselves may have acyl chain selectivity that
would impact the results. Therefore, SpFakA and the three
SpFakBs were expressed and purified to evaluate FA prefer-
ences in vitro (Fig. 3A). All four proteins expressed well and
were >90% pure judged by gel electrophoresis. Next, the appar-
ent K, for each of the SpFakBs was determined to establish the
foundation for the biochemical competition assay (Fig. 3B).
SpFakB2 and SpFakB3 had the same apparent K, (0.4 = 0.09
and 0.5 = 0.08 um), whereas the SpFakB1 K, was 2.1 um £ 0.6.

We used a competition assay to evaluate the utilization of FA
by the individual SpFakBs (Fig. 4). This assay used a **C-labeled
FA substrate that matched the preferred substrate for each
SpFakB: ['*C]16:0 for SpFakB1; [**C]18:1 for SpFakB2; and
[**C]18:2 for SpFakB3. Unlabeled FA competitors were 80 um.
If the added FA was a substrate for the FA kinase reaction, then
the amount of labeled product is reduced. SpFakB1 activity mea-
sured with [**C]16:0 was robust, and an excess of cold 16:0 added
to the reaction significantly diminished labeled [**C]16:0-phos-
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Table 1
Strains, plasmids, and primers
Description Source
Strains
AH1263 S. aureus strain USA300-0114, Erm-sensitive 46
JLB31 fakB1:®NY, AfakB2 of strain AH1263 1
Sal78RI Derived from S. aureus strain RN4220 47
TIGR4 Wildtype encapsulated S. pneumoniae www.tigr.org
JMG1 TIGR4 with fakB3 replaced with Kan cassette This study
Plasmids
pG164 Isopropyl 1-thio-B-p-galactopyranoside-inducible vector 47
pCS119 pCM28SarAP1lpromoter 48
pPJ480 pCS119 vector with RBS site This study
pET28a Expression vector Novagen
PET28SpA His tag SpFakA expression vector This study
pET28SpB1 His tag SpFakB1 expression vector This study
pET28SpB2 His tag SpFakB2 expression vector This study
pET28SpB3 His tag SpFakB3 expression vector This study
pSaB1 pCS119 expressing SaFakB1 This study
pSaB2 pCS119 expressing SaFakB2 This study
pSpB1 pPJ480 expressing SpFakB1 This study
pSpB2 pPJ480 expressing SpFakB2 This study
pSpB3 pPJ480 expressing SpFakB3 This study
pDL278 E. coli, Gram-positive shuttle vector 49
pSpFakB3 SpFakB3 S. pneumoniae expression plasmid This study
PABG5 E. coli, Gram-positive shuttle vector 34
Primers Sequence (5’ to 3')
Primer 1 CTCAAGTGGTAAATGGGTCAA
Primer 2 AAATGGTTCGCTGGGTTTATCAGAAATTCTCCATCTTTGTCA
Primer 3 GATAAACCCAGCGAACCATTT
Primer 4 ATACAAATTCCTCGTAGGCGC
Primer 5 GCGCCTACGAGGAATTTGTATTTGCATTCTTGACAAGAGGTG
Primer 6 ATCATAATGCAGACTTCCCGC
Primer 7 TGGAGAATTTCTATGACTTGG
Primer 8 ATGCAATTAATCAATTTC
PABGB3BamH1 CTTGGATCCATTTTCTCTCCTCTCAAA
pABGB3Sacl GATGAGCTCTTAATCAATTTCATAGCC

phate formation. When an excess of either 18:1 or 18:2 was added,
there was no change in the utilization of [**C]16:0 indicating that
these FA are poor substrates for SpFakB1 (Fig. 44). The activity of
SpFakB2 measured with ['*C]18:1 was effectively competed with
18:1, but not with 16:0 (Fig. 4B). The addition of 18:2 decreased the
conversion of ['*C]18:1-phosphate indicating that 18:2 exchanged
onto SpFakB2, but the amount of ['*C]18:1-phosphate was not
significantly different from the control (Fig. 4B). FA kinase activity
with SpFakB3 using ['*C]18:2 as a substrate was not decreased by
16:0. Both 18:1 and 18:2 were effective competitors but statistically
more ['*C]18:2-phosphate remained when cold 18:1 was used as
compared with when cold 18:2 was used (p = 0.002) meaning that
18:2 was a better substrate for SpFakB3 (Fig. 4C). The range of FA
competitors was extended to other polyunsaturated FA (18:3 and
20:4) (Fig. 4D). These experiments showed that SpFakB3 utilized a
broad spectrum of unsaturated FA but showed a statistically sig-
nificant preference for 18:2 over 18:1 (p = 0.02), 18:3 (»p = 0.01), or
20:4 (p = 2.7 X 10~ ) (Fig. 4D).

FA utilization in a AfakB3 mutant

The physiological role of fakB3 in S. pneumoniae FA uptake
was evaluated by constructing a AfakB3 knockout strain. Strain
JMG1 (AfakB3) was constructed from strain TIGR4 by allelic
replacement with a cassette encoding kanamycin resistance
(Fig. 5A4). PCR analysis showed the presence of the knockout
allele and the absence of the fakB3 gene in strain JMG1. The PG
molecular species of strain JMG1 (AfakB3) was indistinguish-
able from TIGR4 (WT) when grown in C+Y (Figs. 1A and 5B)
but TIGR4 incorporated more 18:2 than strain JIMG1 (AfakB3)
when grown in human serum (Figs. 1C and 5C). The incorpo-
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ration of 18:2 was restored to WT levels in the complemented
strain JMG1/pSpFakB3 (Fig. 5D). These data validate a role for
SpFakB3 in the utilization of exogenous 18:2 for membrane
lipid synthesis in S. pneumoniae.

Crystal structures of SpFakBs

The basis for the FA preferences of the SpFakB proteins was
revealed by the crystal structures of the three S. pneumoniae
FA-binding proteins in complex with their respective FA
ligands (Table 2). The SpFakBs all have a two-domain protein-
fold very similar to the other FakB protein family members that
have been described (5, 12, 16, 17) (Fig. 6). The N-terminal
domain consists of an EDD-fold fused to a 3-stranded antipar-
allel B-sheet and one a-helix. The carboxyl-terminal domain is
a six-stranded B-sheet flanked by two a-helices on one side and
three on the other. The surface arginine residue highlighted in
Fig. 6 is conserved and required for high affinity binding to the
FakA component of FA kinase (12). Its presence in all FakB
structures explains why SpFakBs function interchangeably with
SaFakA (Fig. 2A), and identifies the FakA-FakB binding locale.
Furthermore, the overall surface charge distribution is similar
in all three SpFakBs (Fig. 6). The conservation of the FakB struc-
ture across isoforms and species accounts for their ability to
interchangeably interact with their three protein partners:
FakA, PlsX, and PIsY (5).

The SpFakB FA-binding tunnels

The unique distinguishing feature of the FakBs is the size and
shape of the hydrophobic FA-binding tunnel located in the
protein’s interior that defines the FA binding selectivity. The

J. Biol. Chem. (2019) 294(44) 1641616428 16419
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Figure 2. FA selectivity of S. pneumoniae FakB proteins in vivo. S. aureus
strain JLB31 (AfakB1 AfakB2) contains no functional fakB genes. Plasmids
derived from pCS119 (control empty vector) were constructed to drive the
expression of each of the S. aureus and S. pneumoniae fakB genes using the
sarA promoter and were introduced into strain JLB31. A, the strain set was
labeled with an equimolar mixture of [d,]16:0, 18:1, and 18:2 (10 um each) for
30 min and the contribution of each FA in the PG molecular species was
determined by MS. B, strain JLB31 expressing SpFakB2 or SpFakB3 was labeled
with an equimolar mixture of 18:1, 18:2, 18:3, and 20:4 (7.5 um each) for 30
min, and the contribution of each unsaturated FA to the PG molecular species
was determined by MS. Triplicate biological replicates were obtained, the
areas under each peakin the spectra were summed and reported as a percent
of the total area, and mean = S.D. was plotted. Peaks containing elongation
products, like 20:1 derived from 18:1, were included in the calculation for the
contribution of the parent FA. Data are the mean =+ S.D. of 3 individual data
sets. Statistical differences between the FA incorporated in each strain was
determined using Student’s t test.

SpFakB1(16:0) and SaFakB1(16:0) complexes are structurally
very similar (Fig. 7A), and there is an overall root mean square
deviation of 1.45 A between the two aligned structures. The
gently curved shapes of the two FA-binding pockets and the
residues used to construct the pocket are similar in the two
proteins, and in both cases, the FA carboxyl is fixed by a hydro-
gen bond network at the mouth of the tunnel. However, a nota-
ble difference in SpFakB1 is a kink in the FA chain at carbon-2
that is not present in SaFakB1, which displaces the acyl chains
by 1.2 A at this position. The equivalent residues Splle28—
Saleu28 and SpVal264 —SaVal266 are displaced by 1.6 and 1.7
A, respectively, to accommodate this kink at carbon-2 in
the SpFakB1(16:0) structure. The kink generates additional
changes in the conformation of the FA in SpFakB1(16:0) com-
pared with SaFakB1(16:0), and these are accommodated by
other displacements between aligned equivalent residues in the
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Figure 3. Biochemical validation and analysis of S. pneumoniae FakB
proteins. A, purity of SpFakA and the three FakB proteins assessed by gel
electrophoresis and Coomassie-staining. B, dependence of FA kinase activity
on FakB concentration in the biochemical assays using 20 um ["*CIFA
(SpFakB1, [*C]16:0; SpFakB2, ['“C]18:1; and SpFakB3, [*C]18:2) and 0.2 um
SpFakA.

tunnels: SaGly277-SpGly277, 0.9 A; Salle124-SpPro123, 0.7
A; Saleul20-Splle119, 1.2 A; and SaAla158 —-SpAlal57, 0.6 A.
The SpFakB2(18:1A9) structure is also very similar to the
SaFakB2(18:1A9) structure (Fig. 7B) with an overall root mean
square deviation of 1.27 A between the two aligned structures.
Despite the low level of sequence identity between the two pro-
teins (29%), the amino acids that create their FA tunnels both
generate the same distinctive kinked cavities that are required
to accommodate the cis double bond in the middle of the acyl
chain. Similar to FakB1, the FA carboxyl is fixed by a hydrogen
bond network at the entrance of the tunnel that comprises
highly conserved and closely aligned residues in SpFakB2 and
SaFakB2; SpLeu29 —SaLeu23 (0.2 A), SpSer94 —SaSer93 (0.3 A),
SpArg171-SaArgl70 (0.4 A), and SpHis265-SaHis266 (0.5 A).
The bound 18:1 adopts very similar conformations in SpFakB2
and SaFakB2 but begins to diverge at carbon-13 and is sepa-
rated by 0.5 A at the terminal methyl. Accordingly, equivalent
residues that surround the distal end of the FA are more dis-
placed than those at the proximal end: SpSer230-SaAla230, 1.0
A; SpTrp271-Salle272, 0.5 A; SpAla272-SaGly273, 1.3 A.
The SpFakB3(18:2(A9A12)) complex structure reveals a dis-
tinctive gourd-like FA-binding pocket that highlights how the
interiors of these proteins have evolved to perfectly accommo-
date FA of different structures (Fig. 84). Like FakB1 and FakB2,
the proximal end of the FakB3 tunnel is relatively narrow and
straight to accommodate the first 7 carbons of the acyl chain.
However, at this point, the tunnel expands into a wide cavern
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Figure 4. Analysis of FakB selectivity in vitro. FA kinase assays were used to investigate the selectivites of the SpFakBs. Each SpFakB was assayed in the
presence of 0.2 um SpFakA using 20 um of an individual radiolabeled FA that corresponds to its substrate preference. ['*C]16:0 was the substrate for SpFakB1,
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that allows FA with multiple cis double bonds to curl up inside
the protein. The volume of the tunnel is 110.4 A%, which is
larger than the linear FakB1 tunnel (67.5 A®) and slightly larger
than the kinked FakB2 tunnel (102 A®). Another distinguishing
feature of SpFakB3 compared with FakB1 and FakB2 is that it
uses a different hydrogen bond network to lock the FA carboxyl
in place (Fig. 8B). The typical FakB configuration places Ser on
one carbonyl oxygen and a His-Thr dyad on the other side to
form a Ser-FA carbonyl-Thr-His network (12). In contrast, in
SpFakB3, a tyrosine (Tyr-268) plays the role of histidine and a
serine (Ser-63) replaces threonine to form a Ser-FA carbonyl-
Ser-Tyr network. There are also two structured water mole-
cules in SpFakB3 hydrogen bonded to the FA carbonyl that
mediate hydrogen bond connections between the FA carbonyl
and Arg-173, Gly-92, and Ser-63. Arg-173 also forms a hydro-
gen bond with Tyr-268 and a water-mediated connection with
Asn-171.

Further insights into the SpFakB1 and SpFakB2 tunnel
specificities

In SpFakB1(16:0), the terminal methyl of the 16:0 chain is
packed against the protein at the end of the pocket suggesting
that the bend at carbon-2 may be required for the 16:0 chain to
fit into the pocket. This idea was tested by determining the
structure of SpFakB1 in complex with the shorter 14:0 FA with
the prediction that the carbon-2 bend would not be present. An
overlay of the SpFakB1(16:0) and SpFakB1(14:0) structures
shows that the two FA overlay along the entire length of the
binding tunnel and that the bend at carbon-2 is also present in
the 14:0 structure (Fig. 94). Salle232 acts as a swinging gate to
increase or decrease the tunnel length in SaFakB1, but residue
Splle232 did not change orientation or position in the SpFakB1
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structures loaded with either 16:0 or 14:0. In the SpFakB1(16:0)
structure, the terminal FA methyl carbon is 3.7 A away from
Splle232. There were small changes in Phe-192 side chain that
slightly close the end of the tunnel in the SpFakB1(14:0) struc-
ture, but otherwise the two structures are almost identical
except for the length of the acyl chain. Thus, the carbon-2 bend
is an integral feature of the SpFakB1 FA complex.

Another question is how the substrate selectivity of SpFakB2
is related to its biological function(s). S. aureus does not pro-
duce unsaturated FA and thus SaFakB2 does not have a specific
role in lipid homeostasis in the organism (5). However, S. pneu-
moniae does produce monounsaturated FA suggesting that
SpFakB2 may have a role in lipid metabolism in this organism.
S. pneumoniae de novo biosynthesis produces 18:1, although
the primary location of the double bond is at carbon-11 instead
of carbon-9 as found in mammals (6). The flexibility of SpFakB2
to bind these two monounsaturated FA was investigated by
determining the structure of the SpFakB2(18:1A11) complex
and comparing it to the structure of SpFakB2(18:1A9) (Fig. 9B).
The binding pocket has enough space between the 9 and 12
carbons to accommodate either of the sp-hybridized double
bonds. The overlay of these two structures shows that they are
essentially identical with regard to the size and shape of the
FA-binding tunnel and the positioning of the residues that form
the binding pocket. The different locations of the sp® double
bond conformations are clearly seen in the electron density
map, and the maximum divergence of the two acyl chains is
only 0.7 A in the immediate area between the locations of the
double bonds. These data illustrate that SpFakB2 participates in
the activation of both endogenous cis-vaccinate and exogenous
oleate derived from the host.

J. Biol. Chem. (2019) 294(44) 1641616428 16421
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Figure 5. FA acquisition in a S. pneumoniae AfakB3 deletion strain. A, schematic diagram illustrating the construction of strain JMG1 (AfakB3). The final
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dures” and primer sequences are listed in Table 1. B, representative spectra of S. pneumoniae strain JMG1 (AfakB3) grown in C+Y media (C) and grown in 50%
human serum, 50% C+Y medium human serum. D, TIGR4, JMG1 (AfakB3), and JMG1/pSpFakB3 were grown in 50% human serum, 50% C+Y medium, PG mass
spectra from triplicate biological replicates were obtained, the areas under each peak in the spectra were summed, the molecular species containing 18:2 as a

percent of the total area were calculated, and the mean = S.D. was plotted.

Discussion

The biochemical and structural data lead to a model for FA
metabolism in S. pneumoniae outlined in Fig. 10. The biosyn-
thetic pathway in the absence of exogenous FA proceeds via the
FASII collection of enzymes to long-chain acyl-ACP (18),
which is then distributed to PIsY (via PlsX) or PlsC to produce
phosphatidic acid, the precursor to all membrane glycerophos-
pholipids (19). In the presence of exogenous FA, transcription
of the FASII genes is potently suppressed by binding of the
FabT—acyl-ACP repressor complex to promoters within the
FASII gene cluster (6, 10). The repression of FASII gene expres-
sion by exogenous FA is mediated by acyl-ACP2 (9) (the acpP2
gene that is in an operon with plsX). This regulatory loop shuts
off de novo FA synthesis, and only exogenous FA are used for
phospholipid synthesis (3). These exogenous FA are not signif-
icantly elongated even though they are converted to acyl-ACP
because the FASII elongation system is suppressed. The three
FakBs of S. pneumoniae characterized in this study participate
in this FA sensing pathway by providing a mechanism to acti-
vate a spectrum of saturated, monounsaturated, and polyunsat-
urated FA found at the infection site for FA~P and acyl-ACP
formation. SpFakB1 has the most restricted FA binding prefer-
ence and effectively excludes unsaturated FA with kinked acyl
chains due to the straight shape of its FA-binding tunnel.

16422 J Biol Chem. (2019) 294(44) 16416-16428

SpFakB2 prefers monounsaturated FA. SpFakB2 has a kinked
FA-binding tunnel that accommodates both 18:1A11, the
monounsaturated fatty acid produced by S. pneumoniae, and
18:1A9, a prevalent mammalian FA. Although SpFakB2 prefers
to bind monounsaturated FA, it does not exclude saturated FA,
which are flexible and capable of fitting into the kinked binding
pocket. SpFakB2 also has a weak capacity to bind 18:2. SpFakB3
has a wider FA-binding pocket that allows the binding of poly-
unsaturated FA, like 18:2, with multiple cis double bonds. The
gourd-shaped pocket within SpFakB3 means that it can present
avariety of FA structures to FakA. The multiple FakBs of the FA
kinase activation system coupled with the repression of de novo
synthesis means that S. pneumoniae can efficiently and exclu-
sively utilize the entire spectrum of mammalian FA found at the
infection site for phosphatidic acid synthesis (Fig. 10).
SpFakB3 is differentiated from most FakBs by having a dif-
ferent hydrogen bond network that interacts with the FA car-
boxyl group (Fig. 9B). The majority of bacterial FA-binding pro-
teins use a Ser-FA carboxyl-Thr-His hydrogen bond network to
fix the FA carboxyl at the entrance of the FakB FA-binding
tunnel (12), but in about 5% of the FakB sequences, a tyrosine is
substituted at the position of the histidine residue. SpFakB3 is
one of the FA-binding proteins with a Ser-FA carboxyl-Ser-Tyr
hydrogen bond network. Disruption of this hydrogen bond net-
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Table 2
Data collection statistics for SpFakB fatty acid complexes
Protein SpFakB1 SpFakB1 SpFakB2 SpFakB2 SpFakB3
Fatty acid Myristate (14:0) Palmitate (16:0) Oleate (18:1A9) Vaccinate (18:1A11)  Linoleate (18:2A9,12)
PDB ID 6NOK 6DKE 6DJ6 6NR1 6CNG
Precipitant PEG2/D7 PEG2/D7 Classics suite/A5 LMB/D12 JCSG+/B7
Cryoprotectant Paraffin/paratone-N (1:1)  25% Glycerol 25% Glycerol 25% Glycerol 25% Glycerol

Data collection

Beamline SER-CAT 22-BM SER-CAT 22-1D SER-CAT 22-1D SER-CAT 22-BM SER-CAT 22-1D
Detector MarCCD 300HS Dectris Eiger X 16 M Dectris Eiger X 16 M~ MarCCD 300HS MarCCD 300HS
Temperature (K) 100 100 100 100 100
Wavelength (A) 1.0000 1.0000 1.0000 1.0000 1.0000
Space group . P21 P21 P212121 P212121 P21
Unit cell parameters (A)

a,b,c 37.56,66.32,46.95 46.83,62.34,50.43 59.72,103.85,108.17 59.65,103.41,107.93 52.78,103.41,67.47

o B,y . 90.00,95.75,90.00 90.00,95.94,90.00 90.00,90.00,90.00 90.00,90.00,90.00 90.00,112.99,90.00
Resolution range (A) 66.32-1.69 62.34-1.76 74.92-1.90 74.67-2.10 62.11-1.47

merge 0.056 (0.669)* 0.059 (0.497) 0.109 (0.827) 0.101 (0.616) 0.036 (0.544,)
R, orR. .. 0.066 (0.790) 0.072 (0.613) 0.129 (0.978) 0.113 (0.693) 0.044 (0.669)

bimn, 0.34(0.415) 0.042 (0.355) 0.067 (0.510) 0.050 (0.311) 0.025 (0.386)
Number observations 93,246 (4,636) 76,979 (4,403) 197,121 (12,541) 190,517 (15,213) 323,223 (15,293)
Number unique reflections 25,680 (1,310) 28,063 (1,592) 52,631 (3,366) 39,625 (3,194) 108,472 (5,188)
Multiplicity 3.6 (3.5) 2.7 (2.8) 3.7 (3.7) 4.8 (4.8) 3.0 (2.9)
Mn I/o(I) 16.2 (2.0) 10.6 (2.0) 9.4 (1.9) 9.0 (2.0) 15.0 (2.0)
Mn(I) half-set corr. 0.998 (0.667) 0.995 (0.746) 0.993 (0.479) 0.998 (0.799) 0.999 (0.574)
Completeness (%) 99.8 (99.8) 97.9 (98.7) 98.3 (99.6) 99.7 (99.7) 96.2 (94.1)
Wilson B-factor (A ~2) 17.3 22.0 17.03 21.7 17.3

Model quality

Twinning (operator, %) NA? NA NA NA -h,-k,h+1,49.8
Monomers/asymetric unit 1 1 2 2 2
R, o1/ Riree value (%) 15.2/20.0 17.0/20.6 17.1/22.7 18.4/24.1 13.7/16.5
R.m.s. deviations

Bonds (A) 0.017 0.005 0.010 0.009 0.014

Angles (°) 1.482 0.751 1.361 0.915 1.134
Coordinates error (ML, A)*  0.17 0.22 0.12 0.24 n/a
Protein residues . 285 283 555 557 562
Average B factor (A?)

All atoms 25.1 29.9 25.4 36.5 21.2

Protein atoms 23.4 28.4 23.8 36.4 19.1

Fatty acid atoms 17.5 19.8 31.2 339 30.3

Solvent atoms 38.9 419 37.7 37.8 30.6
Ramachandran plot

Favored (%) 96.8 98.2 98.5 98.6 96.0

Allowed (%) 2.5 1.8 1.3 1.5 3.8

Outliers (%) 0.7 0 0.2 0.8 0.2
Clashscore 2.8 2.2 2.3 4.3 8.6

“Values in parentheses are for the highest resolution shell. R, .,z

= X(I—(D))/%(I); where I is the intensity measured for a given reflection, (I) is the average intensity for mul-

tiple measurements of this reflection. R, ,,, = (2[1/(n — 1)]*1/2. Z|[I = (D)/2(). Ryonic = Z|Fopsl = |Featcll/ZIF ol where F,p and F,, are the observed and calculated
structure factor amplitudes, respectively. Ry is R, for the 5% excluded reflections during refinement.

2 NA, not applicable.
¢ ML is maximum likelihood.

work by mutagenesis shows that it is critical to the stability of
the FA-binding protein. For example, the SaFakB2(S93A)
mutant severs the connection to one side of the FA carbonyl
and results in a 17 °C decrease in the denaturation temperature
of the protein (12). Whether the hydrogen bond network is
associated with polyunsaturated FA binding or has some other
mechanistic significance is unclear.

The bacterial FA-binding proteins are very different from
their mammalian counterparts (20, 21). The mammalian pro-
teins are about half the size of the bacterial proteins and have a
B-barrel structure consisting of 10 antiparallel B-sheets with 2
a-helices between the first and second B-strands (22—-24). The
carboxyl group of the FA is oriented inward and electrostati-
cally bound to Arg-106 in the intestinal FA-binding protein
(25), whereas the FA carboxyl in the bacterial binding proteins
is exposed as the phosphorylation site in the FakB(FA) com-
plexes. Another key difference is that the mammalian FA-bind-
ing proteins lack acyl chain selectivity (20, 21, 26) and have large
cavities (PDB ID 4TJZ = 245 A% PDB ID 5CE4, 291 A% calcu-
lated using CASTp (27)) that in some cases bind two FAs (20,
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22). The bacterial FA-binding proteins have smaller, narrow
tunnels that impart substrate selectivity to these binding pro-
teins. The expanded hydrophobic binding pocket of SpFakB3 is
most reminiscent of the large, nonselective hydrophobic pock-
ets that occur in mammalian FA-binding proteins, although the
110 A® volume of SpFakB3 is half the size of the larger mamma-
lian pockets. Mammalian FA-binding proteins are isolated in
both their ligand-free and FA-bound forms, and there is no
clear relationship between FA binding and protein stability
(28). The FA-free FakBs are not stable and only FA-bound
FakBs have been purified (5, 12). Mutations in the hydrogen
bond network that fixes the FA carboxyl significantly destabi-
lize SaFakB2 (12). The mammalian FA-binding proteins pick
up and deposit FA into phospholipid bilayers, and the 2-helix
motif is thought to act as the entry and exit flap for the FA
(22-24, 29, 30). The bacterial FA-binding proteins also
exchange FA with FA in phospholipid bilayers (1) and transfer
the phosphorylated FA to two enzyme partners, PlsX and PlsY
(5). The protein movements in FakB that allow the entry and
exit of the FA and acyl-phosphate remain to be defined.

J. Biol. Chem. (2019) 294(44) 1641616428 16423
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Figure 6. The overall structures of the three SpFakBs. The structures of the
3 SpFakBs were determined and are shown in ribbon diagram adjacent to the
surface rendering. The surface Arg residue that is critical for FakA binding is
located at the bottom right of each molecule and are shown as balls and sticks
in the ribbon diagrams. The surface potential of each SpFakB show similar
patterns of charge distribution. A, SpFakB1. B, SpFakB2. C, SpFakB3. The ribbon
structures were rendered with PyMOL and the surface potentials were calcu-
lated with APBS in PyMOL.

Experimental procedures
Materials

Sources of supplies were: PerkinElmer Life Sciences, [**C]16:0
(specific activity, 56.1 mCi/mol), [**C]18:1 (specific activity, 59
mCi/mol), [**C]18:2 (specific activity, 54.5 mCi/mol); Milli-
pore-Sigma, all FA and human serum (lot number SLBX0350);
Cambridge Isotope Laboratories, Inc., 7,7,8,8-tetradeuterio-
hexadcanoic acid ([d,]16:0); Sigma, all reagents for buffers;
New England Biolabs (Ipswich, MA), restriction enzymes;
Invitrogen, Anza alkaline phosphatase, T4 DNA ligase master
mix, and DNA blunt end kit for blunt end ligation. Proteins
were expressed, purified, and FA exchange was accomplished as
described (1, 5, 12).

Bacterial strains

DNA sequences were synthesized for each of the S. aureus
and S. pneumoniae FakB genes (Invitrogen). The DNA se-
quences for S.aureus fakBl (SaUSA300_0733) and fakB2
(SaUSA300_1318) included a ribosomal binding site and a His,
tagon the N terminus. Each S. aureus fakB sequence was cloned
into plasmid pCS119, which has a pCM28 backbone (31), no
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Figure 7. Conservation of the FA-binding pocket shapes in saturated
and monounsaturated FA-binding proteins of S. pneumoniae and
S. aureus. A, structural alignment of SpFakB1(16:0) (green, PDB ID, 6DKE) and
SaFakB1(16:0) (gray, PDB ID, 5UTO) FA-binding tunnels and surrounding res-
idues as aligned with PyMOL. B, SpFakB2(18:1A9) (cyan, PDB ID 6DJ6) and
SaFakB2(18:1A9) (gray, PDB ID, 4X9X). The coordinate alignment was based
on the aligned tunnel residues in PyMOL. Asterisk indicates sp hybridization
of the double bond. The bound FA are depicted as colored sticks with black
carbon spheres. The meshes that delineate the hydrophobic cavity within the
proteins were computed with CAVER/PyMOL.

Trp271

ribosomal binding site, and uses a sarA P1 promoter to drive
expression. DNA sequences for S. pneumoniae strain TIGR4
fakB1 (SP_1557), fakB2 (SP_1112), and fakB3 (SP_0742) genes
did not contain a ribosomal binding site or a His, tag and were
cloned into pET28a (Novagen), to add an N-terminal His, tag,
and ligated into pPJ480 (32), which is a pCS119 plasmid deriv-
ative containing the sarA P1 promoter as well as a ribosomal
binding site. Restriction followed by ligation reactions were
used to insert the fakB gene of interest into either pCS119
(S. aureus expression) or pPJ480 (S. pneumoniae expression).
The ligation mixture was transformed into Top10 Escherichia
coli-competent cells (Invitrogen) and selected on Luria broth
with carbenicillin (100 ug/ml). Purified plasmids were passaged
through strain Sal78R1 to acquire the S. aureus DNA methyl-
ation pattern, re-isolated, and electroporated into strain JLB31.

Strain JMG1 (AfakB3) was constructed by gene splicing by
overlap extension PCR, which allowed for the creation of a
gene deletion with a kanamycin resistance cassette in its
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Figure 8. Unique aspects of the SpFakB3 structure. A, view of the SpFakB3
FA-binding tunnel and associated residues as visualized using CAVER to out-
line the interior volume of FakB3(18:2(A9A12)) (PDB ID 6CNG) (salmon). FA
carbons are black. B, the SpFakB3 Ser-91-FA-Ser-63-Tyr-268 hydrogen bond
network that fixes the position of the FA carbonyl in the protein. FA carbons
are black, FA and amino acid oxygens are red, and water molecules are col-
ored purple. The blue mesh represents the experimental electron density con-
toured at 1 o. Dashed lines indicate hydrogen bonds and the lengths in A of
the three key interactions are shown.

place (33). Briefly, primers 1 and 2 were used to amplify the
upstream region (~1 kb) and primers 5 and 6 were used to
amplify the downstream region (~1 kb) of the fakB3 (locus
tag, SP_0742) gene from TIGR4 genomic DNA (Fig. 54;
Table 1). Primers 3 and 4 were used to amplify the kanamy-
cin cassette (~1.5 kb) from the pABG5 plasmid. These three
PCR products underwent another PCR amplification using
primers 1 and 6 to generate a linearized hybrid construct
with the fakB3 gene replaced by the kanamycin cassette (Fig.
5A). The linear DNA was run on an agarose gel and purified
before being transformed. To transform 1 ml of TIGR4 cul-
ture in C+Y media (A4, = 0.07), 3 ul of competence pher-
omone were incubated at 37 °C for 13 min before 5 ul of the
linearized DNA was added and incubated at 37 °C for 4 h.
Cells were plated on 3% blood agar plates with kanamycin
(400 pg/ml) and neomycin (20 ug/ml) and incubated over-
night at 37 °C. The colonies that arose were purified and
genomic DNA was extracted. PCR was used to confirm the
deletion using primers 1 and 6 and 7 and 8 (Fig. 54; Table 1).

The SpFakB3 expression plasmid was made by engineering a
gene sequence Genewiz) with an EcoRI site on the 5’ end fol-
lowed by a ribosomal binding site taken from the pABG5 vec-
tor, a Hisy tag, the TIGR4 S. pneumoniae fakB3 nucleotide
sequence, and Clal restriction site at the 3" end of the gene. The
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Figure 9. Versatility of FA binding by SpFakB1 and SpFakB2. A, structural
alignment of SpFakB1(14:0) (yellow, PDB ID 6NOK) and SpFakB1(16:0) (green,
PDB ID 6DKE). The fatty acids are presented as colored sticks with carbon
spheres in black. B, structural alignment of SpFakB2 with C18:1A9, (cyan, PDB
ID 6DJ6) and SpFakB2 with C18:1A11 (purple blue, PDB ID, 6NR1). Colored
asterisks indicate locations of the sp? hybridized double bonds. The coordi-
nate alignments were based on the FA using MCSALIGN plugin for PyMOL.

assembled expression construct was inserted into pUC57. Puri-
fied plasmid was passaged through INV110 E. coli-competent
cells as the Clal site was sensitive to Dam methylation. The
pUC57 containing the fakB3 insert and pABG5 vector were cut
using EcoRI and Clal, ligated, and transformed into Topl0
E. coli-competent cells. The resulting plasmid was purified
and amplified using PCR with primers pABGB3BamHI and
pABGB3Sacl to amplify the fakB3 insert as well as the upstream
region of the pABG5 plasmid containing the rofA promoter
(34). The pABGB3SacI primer changed the 3’ restriction site to
Sacl so that the resulting amplicon could be inserted into
pDL278. A restriction digest was performed on the PCR prod-
uct using BamHI and SacI and the product was run on an aga-
rose gel before the band was extracted and purified. The fakB3
fragment was inserted into linearized pDL278 via blunt end
ligation and subsequently transformed into Top10 E. coli-com-
petent cells. The resulting plasmid was purified and sequenced
before being transformed into strain JMG1 (AfakB3) and plated
on 3% blood agar plates with kanamycin (400 pg/ml), spectino-
mycin (150 pg/ml), and neomycin (20 pg/ml). TIGR4/pDL278
and JMG1/pDL278 were made using the above-mentioned
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Figure 10. Model for the function of FakB proteins in S. pneumoniae. The
de novo phospholipid biosynthetic pathway in S. pneumoniae delivers acyl-
ACP generated by the FASII system to PlsX to provide FA~P to the glycerol
phosphate (G3P) acyltransferase (PIsY) to form lysophosphatidic acid (LPA)
and initiate phospholipid synthesis. Acyl-ACP is also a substrate for PIsC that
completes the formation of phosphatidic acid, the universal precursor to
membrane glycerolipids (PL). At the infection site the host provides an envi-
ronment containing a spectrum of saturated (SFA), monounsaturated
(MUFA), and polyunsaturated (PUFA) FA. Each of these types of FA are the
preferred ligand for binding to unique FakB-binding proteins that carry
the FA to FakA, where they are phosphorylated. The resulting FA~P is a sub-
strate for PIsY or is converted to acyl-ACP by PlsX to act as substrate for PIsC.
The long-chain acyl-ACP binds to the FabT transcriptional regulator, and the
complex binds tightly to the promoters within the FASII gene cluster to
potently suppresses the expression of the entire biosynthetic gene set and
shut off acyl-ACP formation from FASII. The acyl-ACP may also enter FASIland
be elongated, although this isa minor pathway due to the strong suppression
of the elongation cycle enzymes by FabT-acyl-ACP complex.

transformation protocol and plated on the same plates used to
select for strain JMG1.

FA incorporation experiments

S. aureus and S. pneumoniae strains AH1263 and TIGR4,
respectively, were inoculated into 5 ml of growth medium
(S. aureus, Luria broth; S. pneumoniae, C+Y) atan A, 0f 0.05,
and grown at 37 °C to an Ay, of 0.5, harvested, and resus-
pended in 5 ml of 50% human serum/LB (S. aureus) or 50%
human serum/C+Y (S. pneumoniae). Cultures were incubated
4 h before cells were harvested, washed twice in growth
medium, and once in PBS, and lipids were extracted (35). Plas-
mids containing S. pneumoniae or S. aureus genes in strain
JLB31 were grown in Luria broth at 37 °C to an A4, 0of 0.5. AFA
mixture (10 uMm each) of [d,]16:0, -18:1, and -18:2, along with
Brij-58 (0.1%) was added to the culture, incubated at 37 °C for
30 min, and the lipids were extracted. Protocol was the same for
polyunsaturated FA incorporation with the exception that a mix-
ture (7.5 uM each) of 18:1, 18:2, 18:3, and 20:4 was added to the
growth medium.

Lipid extracts were resuspended in chloroform:methanol
(1:1). PG was analyzed using a Shimadzu Prominence UFLC
attached to a QTrap 4500 equipped with a Turbo V ion source
(Sciex). Samples were injected onto an Acquity UPLC BEH
HILIC, 1.7 wm, 2.1 X 150-mm column (Waters) at 45 °C with a
flow rate of 0.2 ml/min. Solvent A was acetonitrile, and solvent
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B was 15 mm ammonium formate, pH 3. The HPLC program
was the following: starting solvent mixture of 96% A/4% B, 0 to
2 min isocratic with 4% B; 2 to 20 min linear gradient to 80% B;
20 to 23 min isocratic with 80% B; 23 to 25 min linear gradient
to 4% B; 25 to 30 min isocratic with 4% B. The QTrap 4500 was
operated in the Q1 negative mode. The ion source parameters
for Q1 were: ion spray voltage, —4500 V; curtain gas, 25 psi;
temperature, 350 °C; ion source gas 1, 40 psi; ion source gas 2,
60 psi; and declustering potential, —40 V. The system was con-
trolled by the Analyst® software (Sciex). The sum of the areas
under each peak in the mass spectra was calculated and the
percent of each molecular species present was calculated with
LipidView software (Sciex). Incorporation of [d4]16:0 was cal-
culated by combining the values of [d4]16:0, [d4]18:0, and
[d4]20:0 molecular species, the values of 18:1 and 20:1 were
combined for 18:1 incorporation; the values of 18:2 and 20:2
were combined for 18:2 incorporation; the values of 18:3 and
20:3 were combined for 18:3 incorporation; and the incorpora-
tion of 20:4 was a stand-alone value.

The samples were introduced to the QTrap 4500 by direct
injection to perform product scans to verify the fatty acids pres-
ent in a particular molecular species. The ion source parame-
ters for the negative mode product scan were: ion spray voltage,
—4500 V; curtain gas, 10 psi; collision gas, medium; tempera-
ture, 270 °C; ion source gas 1, 10 psi; ion source gas 2, 15 psi;
declustering potential, —40 V; and collision energy —50 V.

Fatty acid composition of human serum

Lipids were extracted from human serum (Millipore-
Sigma) by the method of Bligh and Dyer (35), and fatty acid
methyl esters were prepared using methanol/hydrochloric
acid. The fatty acid methyl esters were analyzed by a
Hewlett-Packard model 5890 gas chromatograph equipped
with a flame ionization detector and separated on 30 m X
0.536 mm X 0.50-um DB-225 capillary column. The injector
was set at 250 °C, and the detector was at 300 °C. The tem-
perature program was as followed: initial temperature of
70 °C for 2 min, rate of 20 °C/min for 5 min (final 170 °C),
rate of 2 °C/min for 10 min (final 190 °C), hold at 190 °C for
5 min, rate of 2 °C/min for 15 min (final 220 °C), hold at
220 °C for 5 min. The identity of fatty acid methyl esters was
determined by comparing their retention times with fatty
acid methyl ester standards (Matreya). The composition was
expressed as weight percentages.

FA kinase assay

FA kinase assays contained 0.1 M Tris-HCl (pH 7.5), 10 mm
ATP, 20 mm MgCl,, 0.1% Brij-58, 20 um [**C]16:0, [**C]18:1, or
[**C]18:2, 0.2 uMm FakA, and the indicated concentrations of
purified FakB proteins in a total volume of 60 ul. Tubes were
incubated at 37 °C for 5 min before acetic acid (0.6%) was added
and 40 ul was pipetted onto a DE81 Whatman filter paper disc
and discs were washed three times, 20 min each, in ethanol
containing acetic acid (1%). Discs were dried and counted by
scintillation counting. Apparent K, values were determined
performing a nonlinear regression and using the Michaelis-
Menten equation.
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FA competition assays contained 10 um FakBl1l, 1 um
FakB2, or 1 um FakB3, 20 uM of the preferred radiolabeled
substrate (['*C]16:0, [**C]18:1, or [**C]18:2) plus 80 um of
one unlabeled FA (16:0, 18:1, 18:2, 18:3, or 20:4). The reac-
tion conditions were the same as above with the exception
that the total volume of the reaction was 100 ul. Eighty
microliters was spotted onto DE81 Whatman filter paper
discs. Discs were washed three times with an ethanol/acetic
acid (1%) mixture for 20 min each wash. Discs were dried and
counted by scintillation counting. Experiments were each
performed three times in duplicate.

Protein crystallization and structure determination

All crystals were grown using the hanging drop method from
pre-formed SpFakB-FA complexes that were prepared as pre-
viously described (5). Specific crystallization conditions are as
follows: SpFakB1(16:0) and SpFakB1(14:0), 0.1 M MES (pH 6.5)
and 30% (w/v) PEG4000; SpFakB2(C18:1A9), 0.1 M sodium
HEPES (pH 7.5), 10% (v/v) isopropyl alcohol, 20% (w/v) PEG
4000; SpFakB2(18:1A11), 18% (w/v) PEG 3350, 4.8% (v/v)
2-propanol, 0.1 m CAPSO, 17% (v/v) PEG400; SpFakB3(18:2),
0.1 M sodium acetate (pH 4.6), and 8% (w/v) PEG4000. For
data collection, crystals were cryoprotected in mother liquor
containing 25% glycerol prior to flash freezing in liquid nitro-
gen. Glycerol could not be used as cryoprotectant with
SpFakB1(14:0) crystals because they immediately cracked and
dissolved. Instead, crystals were briefly immersed in a 1:1 mix-
ture of paraffin oil/Paratone N prior to freezing. X-ray diffrac-
tion data (180°) were collected at SER-CAT beamlines 22-ID
and 22-BM at the APS (Argonne National Laboratory). Data
were integrated with XDS (36, 37) and scaled and merged using
AIMLESS/CCP4 (38). The SpFakB1 and SpFakB2 structures
were determined by molecular replacement using the SaFakB1
and SaFakB2 structures as search models. For SpFakB3, the
structure was eventually determined using a structurally
related protein from Eubacterium eligens (PDB ID 3FD]J) as the
search model. Molecular replacement procedures were per-
formed using MOLREP (39), MODBASE (40), MrBUMP/CCP4
(41), and PHASER (42). The FA 3-dimensional coordinates
were designed using AVOGADRO (28) and the .cif dictionaries
of restraints were generated with PHENIX.ELBOW (43). Mul-
tiple cycles of manual and real space refinement were per-
formed using COOT (44), REFMAC (39), and PHENIX.
REFINE (45). The final models of SpFakB1, SpFakB2, and
SpFakB3 contained 1, 2, and 2 monomers per asymmetric unit,
respectively. 5% of the reflections was excluded from the refine-
ment process for calculation of R;... Structural statistics are
presented in Table 2.
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