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The Streptococcus pneumoniae fatty acid synthesis (FAS) pathway is globally

controlled at the transcriptional level by the repressor FabT and its co-repres-

sor acyl carrier protein (acyl-ACP), the intermediate of phospholipid synthe-

sis. Here, we report the crystal structure of FabT complexed with a 23-bp

dsDNA, which indicates that FabT is a weak repressor with low DNA-bind-

ing affinity in the absence of acyl-ACP. Modification of ACP with a long-

chain fatty acid is necessary for the formation of a stable complex with

FabT, mimicked in vitro by cross-linking, which significantly elevates the

DNA-binding affinity of FabT. Altogether, we propose a putative working

model of gene repression under the double control of FabT and acyl-ACP,

elucidating a distinct repression network for Pneumococcus to precisely

coordinate FAS.

Keywords: co-repressor; fatty acid synthesis; repression; transcription

repressor

The cell membrane is essential for all living organisms

to maintain a stable intracellular environment. Its

major components, membrane phospholipids, deter-

mine the biophysical property of membrane, which in

turn modulates many important membrane-associated

functions. Survival of bacteria heavily depends on the

homeostasis of membrane phospholipids, especially the

ability of tuning phospholipid composition in a rapidly

changing environment [1]. Fatty acid synthesis (FAS)

plays a key role in the formation of phospholipids [2].

In fact, fatty acid is not only the precursor of

phospholipid synthesis, but also a signal molecule in

bacteria [3], making FAS function as a vital facet of

bacterial physiology.

Plants and most bacteria adopt the Type II FAS

pathway (FAS II) for the de novo synthesis of fatty

acids [4], which is distinct from its counterpart Type I

FAS pathway in insects and mammals [5]. FAS II syn-

thesizes fatty acids via a repeated cycle of reactions

using a series of mono-functional proteins, each of

which is encoded by a discrete gene and catalyzes a

single step [6]. In this pathway, all intermediates are

Abbreviations

ACP, acyl carrier protein; FAS II, Type II fatty acid synthesis pathway; FAS, fatty acid synthesis; SFAs, saturated fatty acids; UFAs, unsatu-

rated fatty acids.
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shuttled from one enzyme to another by a small acidic

protein, termed acyl carrier protein (ACP) [7], which is

also responsible for transferring fatty acids to mem-

brane phospholipids [8]. Although FAS II is a funda-

mental pathway for bacteria, it is a very expensive

process from the viewpoint of energy cost. Thus the

synthesis of fatty acids should be precisely controlled,

especially the ratio of saturated (SFAs) to unsaturated

(UFAs) fatty acids [9], to optimize the supply of vari-

ous membrane phospholipids that match the cell

growth. Bacteria have evolved two mechanisms: pro-

duct feedback inhibition [10] and transcriptional regu-

lation [11]. For example, long-chain acyl-ACP inhibits

the activities of acetyl-CoA carboxylase, b-ketoacyl-
ACP synthase III, and enoyl-ACP reductase, leading

to the termination of chain elongation reactions

[12–14]. In contrast, excessive hydrolysis of acyl-ACP

upon the high-level expression of thioesterase in

Escherichia coli leads to the overproduction of fatty

acids [15]. However, global regulation at the transcrip-

tional level is a more efficient strategy. Gram-negative

bacteria, such as E. coli, uses two transcription factors

FadR and FabR to regulate the expression of fabA

and fabB, which encode key enzymes required for the

synthesis of UFAs [16]. FadR functions as an activator

binding to the upstream of fabA and fabB genes

[17,18], whereas FabR is a repressor occupying the

promoter regions of these two genes [19]. Nevertheless,

Gram-positive bacteria usually utilize a single tran-

scriptional repressor to globally regulate FAS II path-

way. For instance, Bacillus subtilis FapR binds directly

to the promoter region of the FAS regulon and nega-

tively regulates the expression of itself and most genes

involved in fatty acid and phospholipid synthesis [20].

The Gram-positive human pathogen Streptococ-

cus pneumoniae also possesses a FAS II pathway. The

13 genes involved in the pathway are aligned in a sin-

gle gene cluster, in which fabM encodes an enoyl-ACP

isomerase responsible for the synthesis of UFAs [21],

whereas fabK encodes an enoyl-ACP reductase respon-

sible for the synthesis of SFAs [22]. The synthesis

pathway is globally regulated at the transcriptional

level by a MarR family repressor, termed FabT [23],

which is also conserved in Enterococcus, Clostridium,

and Lactococcus [24]. Notably, the fabT gene is the

second gene in the cluster, just after fabM. Biochemi-

cal assays showed that FabT regulates S. pneumoniae

FAS by binding to the DNA palindrome sequence

located at the promoter regions of fabT and fabK,

respectively [23]. Inactivation of FabT results in the

upregulation of all genes in FAS II pathway except for

fabM [25]; moreover, the fabT knockout strain has a

decreased synthesis level of UFAs coupled with an

increase of SFAs [26], suggesting that FabT plays a

key role in balancing the ratio of SFAs to UFAs.

Rock and colleagues reported that acyl-ACP is the

ligand of FabT through a screen of pathway interme-

diates, but only long-chain acyl-ACP increases the

affinity of FabT toward DNA and further represses

the expression of downstream genes [27]. Long-chain

acyl-ACP is not only a post-translationally modified

protein, but also the intermediate of FAS II synthesis

and phospholipid synthesis. However, the precise

molecular mechanism that regulates FabT activity

remains unknown, especially how FabT becomes a

stronger brake upon binding to a post-translationally

modified protein ligand.

Here, we reported the 2.2 �A crystal structure of

FabT in complex with a 23-bp DNA derived from the

promoter region of fabK. Structural analyses suggested

that the apo-form FabT homodimer might adopt a

conformation with a low affinity toward DNA. Com-

putational simulations combined with biochemical

assays indicated that the long-chain acyl-ACP interacts

with FabT via inserting the acyl moiety into a tunnel

extending from the dimerization domain to the DNA-

binding domain, in addition to interactions of the ACP

moiety with a basic patch of FabT. The high DNA-

binding affinity of a disulfide-linked FabT and ACP

complex suggested that acylation of ACP strengthens

the interactions with FabT, thus enhances the DNA-

binding affinity. Altogether, we proposed a working

model of repression of the FAS pathway through a

stable complex of FabT and long-chain acyl-ACP.

Materials and methods

Cloning, expression, and purification of FabT and

mutants

The coding region of FabT (SPD_0379) was amplified from

the genomic DNA of S. pneumoniae D39 strain, and cloned

into a modified pET28a vector with a 6 9 His-tag at the N

terminus. The construct was overexpressed in E. coli BL21

(DE3) strain (Novagen supplied by Merck, Darmstadt,

Germany). The transformed cells were grown at 37 °C to

an A600 nm of 0.7 and then induced with 0.2 mM isopropyl

b-D-1-thiogalactopyranoside for a further 4 h before har-

vesting. Cells were collected by centrifugation (8000 g,

4 °C, 5 min), and resuspended in 30 mL lysis buffer

(25 mM Tris-HCl, pH 7.5, 1 M NaCl). After 15 min of soni-

cation and 30 min of centrifugation, the supernatant was

loaded onto a Ni-NTA column (GE Healthcare, Chicago,

IL, USA) equilibrated with the binding buffer (25 mM Tris-

HCl, pH 7.5, 1 M NaCl). The target protein was eluted

with 400 mM imidazole and further applied to a Superdex
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75 column (GE Healthcare) pre-equilibrated with the bind-

ing buffer. The purity of protein was assessed by SDS/

PAGE and the protein sample was stored at �80 °C.
The selenium-methionine-labeled FabT (SeMet FabT)

was overexpressed in E. coli B834 (DE3). The transformed

cells were grown at 37 °C in SeMet medium (M9 medium

supplemented with 50 mg�L�1 SeMet and other essential

amino acids at 50 mg�L�1) to an A600 nm of 0.7. The fol-

lowing steps in protein expression and purification were the

same as those for the native protein. Site-directed mutagen-

esis was performed using the MutExpressTM Fast Mutagene-

sis Kit (Vazyme Biotech, Nanjing, China) with the plasmid

encoding the wild-type FabT as the template. The mutant

protein was expressed, purified and stored in the same

manner as the wild-type protein.

Crystallization, data collection, and processing

The protein was concentrated to 12 mg�mL�1 for crystal-

lization by ultrafiltration (Millipore Amicon, Bedford, MA,

USA). The single-stranded DNA was synthesized by San-

gon Biotech (Shanghai, China), and resuspended in the buf-

fer containing 25 mM Tris-HCl, pH 7.5, and 50 mM NaCl.

Complementary DNA strands were heated at 95 °C for

5 min and then annealed slowly to room temperature. The

recombinant FabT and duplex DNA were mixed at a

molar ratio of 1 : 1.1, and then applied to crystallization.

Crystals of FabT–DNA complex were grown at 289 K

using the hanging drop vapor diffusion method, with a

drop of 1 lL protein-DNA solution mixed with an equal

volume of the reservoir solution (5% polyethylene glycol

4000, 0.2 M sodium acetate, 0.1 M sodium citrate, pH 5.5).

After optimization, crystals were transferred to cryoprotec-

tant (reservoir solution supplemented with 30% glycerol)

and flash-cooled with liquid nitrogen. The x-ray diffraction

data were collected at 100 K in a liquid nitrogen stream

using beamline BL17U with an Eiger X 16M detector at

the Shanghai Synchrotron Radiation Facility. The diffrac-

tion data were indexed, integrated, and scaled with the pro-

gram HKL2000 [28].

Structure determination and refinement

The crystal structure of FabT complexed with a 23-bp

DNA was determined using the single-wavelength anoma-

lous dispersion method [29]. The AutoSol program imple-

mented in PHENIX [30] was used to search the selenium

atoms and to calculate the phase. Then, automatic model

building was carried out by the program AutoBuild in

PHENIX. The initial model was further refined by the max-

imum likelihood method in REFMAC5 [31] of CCP4i pro-

gram suite and rebuilt interactively with the program

COOT [32]. The final model was evaluated with the web ser-

vice MolProbity [33]. The crystallographic parameters were

listed in Table 1. The |Fo|-|Fc| omit electron density map is

countered at 3.0 r was calculated by PHENIX. All struc-

ture figures were prepared with PyMOL (https://pymol.org).

Electrophoretic mobility shift assays (EMSA)

The oligonucleotides labeled with 6-carboxyfluorescein (6-

FAM) at the 50-end were synthesized by Sangon Biotech.

The DNA probes were incubated with the proteins in the

binding buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl) for

30 min on the ice. The competitor poly(dI-dC) was added

for eliminating the nonspecific DNA binding. The final

concentrations of proteins, DNA probes, and ligands were

300, 40, and 600 nM, respectively. The mixture was

Table 1. Data collection and structure refinement statistics

Se-FabT + 23-bp

DNA

FabT + 23-bp

DNA

Data collection

Space group P21 P21

Cell dimensions

a, b, c (�A) 73.22, 61.49,

73.90

73.02, 60.86, 74.08

a, b, c (°) 90.00, 105.75,

90.00

90.00, 105.40, 90.00

Resolution (�A) 50.00–2.45

(2.54–2.45)a
50.00–2.20

(2.28–2.20)a

Unique reflections 23,174 (2,248) 31,594 (3,169)

Completeness (%) 98.2 (99.8) 98.5 (100)

I/rI 14.7 (3.8) 18.1 (3.5)

Rsym (%) 14.6 (69.9) 8.5 (54.0)

Redundancy 5.7 (4.8) 6.2 (6.0)

Refinement

Resolution (�A) 35.93–2.20

NO. reflections 31534

Rwork/Rfree (%) 18.76/22.07

NO. atoms

Protein 2370

DNA 935

Water 209

B factors (�A2)

Protein 43.14

DNA 49.48

Water 49.93

R.m.s deviations

Bond lengths (�A) 0.010

Bond angles (°) 1.445

Ramachandran plot (residues, %)

Most favored 99.30

Allowed 0.70

Outliers 0

PDB entry 6JBX

aHighest resolution shell is shown in parenthesis. Rsym = ΣhΣi|Ih,i�Ih|/

ΣhΣiIh,i, where Ih is the mean intensity of the i observations of sym-

metry related reflections of h. R = Σ|Fobs�Fcalc|/ΣFobs, where

Fobs = Fp, and Fcalc is the calculated protein structure factor from the

atomic model. Rmsd in bond lengths and angles are the deviations

from ideal values.
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separated by 8% native-PAGE, and then the gel was visu-

alized through fluorescence imaging using IMAGEQUANT LAS

4000 (GE Healthcare).

Synthesis of the long-chain acyl-ACP

The long-chain acyl-ACP was synthesized in vitro using a

two-step enzymatic reaction. Usually, the substrate protein

ACP purified from the E. coli cells is an inactive form,

namely apo-ACP. The holo-ACP synthase catalyzes the

transfer of 40-phosphopantetheine group from CoA to

Ser38 of apo-ACP, thus converting apo-ACP to holo-ACP

[34]; whereas the acyl-ACP synthetase catalyzes the ligation

of fatty acid to the 40-phosphopantetheinyl moiety of holo-

ACP to produce long-chain acyl-ACP [35].

The S. pneumoniae ACP (SPD_0044) was cloned into a

pET22b-derived vector without 6 9 His-tag, and overex-

pressed in E. coli BL21�Ril (DE3) strain (Novagen). The

supernatant containing the target protein was first loaded

onto a HiTrapTM QFF column (GE Healthcare), and then

the ACP protein was further purified using a Superdex 75 10/

300 GL column (GE Healthcare) equilibrated with the reac-

tion buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl). Sam-

ples for the enzymatic reaction were collected at the highest

peak fractions of gel filtration and stored at �80 °C. The
ACP mutants and the holo-ACP synthase from S. pneumo-

niae were expressed and purified in the same manner as wild-

type ACP, whereas the E. coli acyl-ACP synthetase was

expressed and purified in a way similar to FabT. A reaction

mixture of 100 lL containing 100 lM CoA, 100 lM apo-

ACP, and excess holo-ACP synthase in the reaction buffer

was incubated at 37 °C for 30 min; Then a twofold molar

mass of cis-vaccenate and excess acyl-ACP synthetase was

added and incubated at 37 °C for another 3 h, leading to the

synthesis of cis-vaccenoyl-ACP (18 : 1Δ11-ACP). The pro-

duct of each step was identified by Tricine-PAGE.

Molecular docking

The structure of ACP was gained by homology modeling

based on Enterococcus faecalis AcpB (PDB code: 2N50).

Then, the simulated ACP was docked onto the FabT-

DNA–complexed structure using HADDOCK2.2 [36].

HADDOCK generated 165 structures in three clusters,

which cover 82.5% of the water-refined models. The best

cluster, which represents the most reliable model, possesses

a HADDOCK score of �123.8 (�6.2), a Z score of �1.2

and a RMSD value of 1.5 (�0.4) �A.

SDS/PAGE analysis and preparation of FabT–ACP
complex

The FabT–ACP complex, linked via an intermolecular

disulfide bond, was prepared according to previous reports

[37]. FabTK97C and ACPD50C were purified and reduced by

4 mM DTT before desalting, respectively. Then, FabTK97C

was incubated with a 10-fold molar excess of 5,50-dithiobis-
(2-nitrobenzoic acid) (DTNB) at 25 °C for 30 min to intro-

duce a disulfide bond between Cys97 of FabT and thioni-

trobenzoic acid (TNB). After removing the excess DTNB,

three samples were prepared (FabTK97C-TNB, ACPD50C

and FabTK97C-TNB+ACPD50C) and incubated at 25 °C for

30 min. Each sample was divided into two parts with or

without 4 mM DTT, and applied to SDS/PAGE to detect

the formation of disulfide bond. For preparation of

FabTK97C–ACPD50C complex, FabTK97C–TNB was incu-

bated with fourfold molar excess ACPD50C. Then, the com-

plex was purified by Ni-NTA column (with the 6 9 His-tag

of FabTK97C) and Superdex 75 100/300 column (GE

Healthcare) to remove the non-crosslinked FabTK97C and

the excess ACPD50C.

Results

Crystal structure of the FabT–DNA complex

Previous report had proved that FabT showed a

higher affinity toward a perfect palindromic sequence

50-AGTTTGACTGTCAAATT located in the fabK

promoter compared to the sequence 50-GTTTTGATT

GTAAAAGT in the fabT promoter [27]. Thus we co-

crystallized FabT with DNA duplexes of varying

lengths derived from the fabK promoter. After crystal

screening and optimization, we found a diffraction

quality crystal from the complex with a 23-bp duplex

DNA fragment, and solved the structure at 2.2 �A reso-

lution in the space group P21 (Table 1).

In the structure, each asymmetric unit contains an

intertwined, pyramidal FabT homodimer binding to a

23-bp duplex DNA (Fig. 1). Despite sharing a low

identity of primary sequence, FabT adopts a tertiary

structure similar to other MarR family members of

known structure [38]. Each subunit comprises six a
helices and two b strands, which are arranged with a

topology in the order a1-a2-a3-a4-b1-b2-a5-a6, and

folded into two functional domains: a dimerization

domain and a winged helix-turn-helix (wHTH) domain

(Fig. 1). The dimerization domain, which is formed by

the N-terminal helix a1 and the C-terminal helices a5
and a6 from both subunits, locates at the apex of the

pyramidal structure (Fig. 1). Helix a1 of one subunit

and helices a50 and a60 of the other subunit intertwine

with each other, making FabT a highly compact and

stable dimer, which buries a total interface area of

~ 5000 �A2 as calculated by PDBe-PISA (www.ebi.ac.

uk/pdbe/pisa/). The internal faces of the dimerization

domain are hydrophobic, a feature conserved in MarR
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homologs [39], and mutations of the related residues

would attenuate the DNA-binding affinity [40]. The

wHTH domain, responsible for DNA binding, is com-

posed of helices a2, a3, and a4, and an additional

winged motif, which consists of an antiparallel b-
hairpin b1-b2 (Fig. 1). The two wHTH domains are

located at the base of the pyramidal architecture, and

clip the double-stranded DNA on both sides like a

hook. Each FabT subunit interacts with half of the 23-

bp DNA via inserting the recognition helix a4 into

DNA major groove, and the loop of the winged motif

into the flanking minor groove (Fig. 1). The two

recognition helices are apart from each other of

approximately 26 �A, binding to a successive DNA

major groove. The winged motif is a signature of

MarR family transcription factors, which is highly

flexible and invisible in most crystal structures in the

absence of DNA [41]. Notably, we found two long

strips of electron density almost symmetrically located

at the dimerization domain of our structure (Fig. 1),

each of which possibly fits a fatty acid chain of about

13 carbons in length, reminiscent us of a homolog of

the acyl moiety of ligand.

DNA-binding pattern

FabT dimer forms a complex with the 23-bp DNA

duplex at a molar ratio of 1 : 1. The parameters calcu-

lated by 3DNA server [42] indicated that the DNA in

our structure adopts a deformed B-DNA conformation

upon binding to FabT, with a slightly enlarged major

groove of 12.1 �A in width compared to the ideal B-

DNA of 11.7 �A. The two wHTH domains of FabT

dimer, especially the winged motif clustering of basic

residues, are positively charged and thus complementary

to the duplex DNA. As the 23-bp DNA is a palindromic

sequence, the two interfaces between DNA and FabT

are symmetric (Fig. 2A).

In detail, the side chains of Thr65, Thr67, and

Asn71 on the recognition helix a4 form hydrogen

bonds with the sugar-phosphate backbone of c150, t6,
and t7, respectively; whereas the side chain of Arg81

and main chains of Arg88 and Val91 on the winged

motif form hydrogen bonds with the sugar-phosphate

backbone of t6, t230, (or g23 on the other interface)

and g5, respectively (Fig. 2B). Moreover, the side

chain of Arg89 at the tip of the winged motif forms

hydrogen bonds with the base groups of t3 and t220

(Fig. 2B). Indeed, mutation of the conserved residue

Arg89 resulted in a decreased DNA-binding affinity

[43]. In addition, four residues Ser34, Lys36, Ser53,

and Thr62 on the wHTH domain interact with the

phosphate groups of DNA to further stabilize the

FabT–DNA complex (Fig. 2B).

A search against the DALI database [44] revealed

that FabT has a highest structural homology to

MexR-R21W mutant (PDB code: 4ZZL, Z score 15.7,

RMSD 3.2 �A over 239 Ca atoms, sequence identity

18%). MexR is a repressor of the MexAB-OprM efflux

pump in Pseudomonas aeruginosa [45], the R21W

mutant of which can stabilize the protein at a non-

DNA-binding ground state [46]. It suggested that

FabT in our structure adopts a looser binding mode,

despite forming a complex with DNA. Comparison

with those DNA-complexed structures in the output of

DALI search indicated that the 24-bp DNA-com-

plexed MepR, a repressor of Staphylococcus aureus

multidrug efflux operon mepRA [47], has the highest Z

score (PDB code: 4LLN, Z score 15.4, RMSD 2.9 �A

over 266 Ca atoms, sequence identity 23%).

Fig. 1. Overall structure of FabT dimer in complex with the 23-bp duplex DNA derived from the fabK promoter. The two subunits are

colored in cyan and red, respectively. The secondary structural elements of each subunit are labeled sequentially. The dimerization domain

and wHTH domain are highlighted in black rectangle, respectively. The long strip of electron density is countered at 3.0 r level. The duplex

DNA strands are colored in orange and green, respectively. wHTH stands for winged helix-turn-helix.
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Superposition revealed that the recognition helix a4 of

FabT inserts into the DNA major groove not as deep

as that in MepR-DNA structure (Fig. 3), further indi-

cating that FabT might have a weaker interaction with

DNA. Analyses by PDBe-PISA showed that FabT has

a buried interface area of 3600 �A2 with DNA smaller

than that of MepR at 3890 �A2. Further superposition

indicated most other DNA-complexed structures of

MarR family members deposited in PDB (https://

www.rcsb.org/) have a recognition helix a4 inserting

into the DNA major groove much deeper, compared

to that in the FabT–DNA complex. All together,

FabT probably adopts a conformation at a low affin-

ity toward DNA in the absence of ligand.

Enhanced DNA-binding affinity upon binding to

acyl-ACP and a putative model of the FabT–ACP
complex

The fatty acid 18 : 1Δ11-ACP, which is most abundant

in S. pneumoniae membrane phospholipids [27], was

catalytically synthesized in vitro using a two-step enzy-

matic reaction, and verified by Tricine-PAGE. The

shift due to the adduct of 40-phosphopantetheinyl
group and acyl chain indicated the production of

holo-ACP and acyl-ACP, respectively (Fig. 4A). But

since the molecular weights of 40-phosphopantetheinyl
group and acyl chain are small, the band shifts are not

very obvious. The DNA-binding abilities of FabT in

the presence of various products were analyzed by

Fig. 2. DNA-binding pattern of FabT. (A) Schematic representation of interaction networks between FabT and DNA. Interacting residues are

marked with the same color as their corresponding subunits, respectively. The DNA strands are displayed as orange and green,

respectively. Solid lines indicate hydrogen bonds between FabT and base groups of DNA, whereas dashed lines indicate interactions

between FabT and sugar-phosphate backbone of DNA. (B) Cartoon representation of the contacts between FabT and corresponding

nucleotides. The involved residues and nucleotides are labeled and shown as sticks. The dashed lines represent hydrogen bonds.
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EMSA. A final concentration of FabT up to 300 nM

could not trigger the band shift of DNA, even in the

presence of apo-ACP or holo-ACP (Fig. 4B, lanes 1–
4). Upon the addition of acyl-ACP, significant band

shift could be seen from the gel; and moreover, the

DNA-binding band becomes stronger along the

increase of acyl-ACP concentration (Fig. 4B, lanes 5–
8). The results are coincident with the previous report

[27], indicating that long-chain acyl-ACP could

enhance the DNA-binding affinity of FabT, which cor-

responds to the low affinity of FabT toward DNA in

the absence of acyl-ACP. It is the only example in

MarR family with a co-repressor of post-translation-

ally modified protein ligand. Besides, the assays pro-

vide a platform for further investigation of interaction

mode between FabT and acyl-ACP. Notably, S. pneu-

moniae encodes two isoforms of ACP: namely

SPD_0381 and SPD_0044, which are in the FAS II

gene cluster and an operon encoding phosphate acyl-

transferase PlsX, which is involved in phospholipid

synthesis. We purified both isoforms and found that

only acyl-SPD_0044, but not acyl-SPD_0381, increases

the DNA-binding affinity of FabT. Thus only ACP/

SPD_0044 was applied to all experiments.

To gain the structural insights into the enhanced

DNA-binding affinity with the help of co-repressor, we

tried to solve the tertiary structure of FabT, acyl-ACP

and DNA, but did not succeed. Alternatively, we per-

formed docking experiments to build a complex model.

The electrostatic potential analysis revealed that each

FabT subunit possesses a highly basic patch (Fig. 4C),

besides a basic region responsible for binding DNA.

Interestingly, S. pneumoniae ACP has a rather nega-

tively charged surface (Fig. 4C), as shown in a mod-

eled structure based on the 50% sequence-identical

E. faecalis AcpB (PDB code: 2N50). It strongly sug-

gested that FabT and apo-ACP might form a complex

via interactions between the complementary basic

patch and acidic surface. Simulation with HAD-

DOCK2.2 [36] enabled us to build a stable complex of

FabT-ACP with a buried interface area of ~ 1110 �A2

on each side (Fig. 4D). In the modeled complex, two

ACP molecules symmetrically bind to FabT dimer on

the two basic patches (Fig. 4D). A close look revealed

that the positively charged residues on helix a5 of

FabT form salt bridges with the negatively charged

residues along the helix a2 of ACP.

Multiple-sequence alignment suggested that the posi-

tively charged residues on helix a5 are highly con-

served in FabT and homologs. However, single

mutation of the conserved residues Lys97, Arg100, or

Arg104 slightly altered the DNA-binding affinity of

FabT in the presence of 18 : 1Δ11-ACP (Fig. 4E). In

contrast, the double mutation with K97A&R100A

almost resulted in the loss of DNA-binding ability

(Fig. 4E). It indicated that FabT could tightly bind

ACP, and further proved the reliability of FabT–ACP

complex model.

Applying the structure to the program CAVER [48]

revealed a tunnel that starts at the cleft composed of

helices a1, a50, and a60, runs along helix a1 and helix

a50, and finally reaches the wHTH domain (Fig. 4F).

This tunnel is hydrophobic, and provides a similar

space that is occupied by the putative fatty acid chain

in our structure (Fig. 1). Moreover, the 40-phospho-
pantetheinyl moiety could be well accommodated

between the tunnel entrance and the active site Ser38

of ACP. It indicated that the hydrophobic tunnel is

most likely the binding pocket of the acyl moiety of

ligand.

A stable complex of FabT–ACP is necessary for

the enhanced DNA-binding affinity

As shown in Fig 4B, only acyl-ACP, neither holo-ACP

nor apo-ACP, can significantly enhance the DNA-

binding affinity of FabT, despite FabT interacts with

apo-ACP via a line of salt bridges (Fig. 4D). It indi-

cated that the post-translational modification of ACP

with an acyl chain contributes more hydrophobic

interactions with the hydrophobic tunnel of FabT, and

form a relatively stable complex of FabT-(acyl-ACP)

that gains higher DNA-binding affinity. To validate

this hypothesis, we mutated several pairs of residues at

the interface between FabT and ACP to cysteines for

introducing the intermolecular disulfide bond. As

Fig. 3. Structural superposition of

Streptococcus pneumoniae FabT-DNA

(cyan) on Staphylococcus aureus MepR-

DNA (hotpink; PDB code: 4LLN). The

recognition helices a4 and a40 of FabT
dimer are highlighted and labelled.
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expected, mutation of two pairs of residues worked the

best: FabTK97C–ACPD50C and FabTR108C–ACPE43C,

the former of which was applied to further assays. A

disulfide-linked complex of FabTK97C–ACPD50C could

be observed in the absence of reductant DTT (Fig. 5A,

lane 7); and moreover, the complex could be

Fig. 4. The complex of FabT and ACP. (A) Tricine-PAGE analysis of the reaction products of acyl-ACP synthesis. Lane 1: protein marker;

lane 2: apo-ACP; lane 3: the production of holo-ACP; lane 4: the production of acyl-ACP. ACPS: holo-ACP synthase; Aas: acyl-ACP

synthetase. (B) EMSA assays of FabT with DNA in the presence of different ligands. The concentrations of FabT and DNA are 300 and

40 nM, respectively. FabT with and without ligands are shown as ‘+’ and ‘�’, respectively. The concentration of apo-ACP or holo-ACP is

600 nM. The concentrations of 18:1Δ11-ACP in lane 5 to lane 8 are 50, 150, 300, and 600 nM, respectively. (C) Electrostatic potential

diagrams of FabT and ACP. The structure of Streptococcus pneumoniae ACP is gained by homology modeling based on Enterococcus

faecalis AcpB (PDB code: 2N50). The positively charged patch of FabT is indicated by dashed oval. (D) A docking model of FabT-DNA

binding to ACP. The inset shows a close-up view of the interface. The interacting residues are labeled and shown as sticks. Dashed lines

indicate salt bridges. (E) EMSA assays of FabT (WT) and mutants (K97A, R100A, R104A, and K97A & R100A) with DNA in the presence of

18:1Δ11-ACP. Lane 1: free DNA; lane 2: negative control, DNA incubated with FabT in the absence of 18:1Δ11-ACP. (F) The putative ligand-

binding tunnel in the FabT-DNA structure. The tunnel was calculated by the program CAVER 3.0.1 and shown in mesh.
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dissociated upon addition of DTT (Fig. 5A, lane 3).

Notably, most of the input FabTK97C and ACPD50C

form a stable disulfide-linked complex, which is proved

by LC-MS. It further indicated that FabT is able to

bind to ACP in solution.

Then, the complex of FabTK97C–ACPD50C linked by

an intermolecular disulfide bond was purified using

Ni-NTA affinity chromatography followed by gel fil-

tration, and applied to EMSA assays. Compared to

apo-form FabT at the same molarity, which could not

form a retarded band with DNA (Fig. 5B, lane 2), the

complex FabTK97C–ACPD50C binding to DNA form

an apparent retarded band (Fig. 5B, lane 4), which is

comparable to the complex of FabT and long-chain

acyl-ACP binding to DNA (Fig. 5B, lane 3). In addi-

tion, along with the increase in input FabT–ACP com-

plex, more and more FAM-labeled DNA was shifted

upon formation a ternary complex with FabT-ACP

(Fig. 5B, lanes 4–6). Moreover, in the presence of

DTT, which reduces the disulfide bond between

FabTK97C and ACPD50C, only FabT at a concentration

up to 400 nM can form retarded band with DNA

(Fig. 5B, lanes 7–9). Notably, given a different size,

the ternary complex FabT-ACP-DNA could be easily

distinguished from the binary complex FabT–DNA.

Altogether, it suggested that modification of ACP with

a long-chain fatty acid helps ACP to form a stable

complex with FabT, which could be mimicked by

introducing an intermolecular disulfide bond, and ele-

vates the DNA-binding affinity of FabT.

Discussion

Precise regulation of FAS is essential for maintaining

the homeostasis of cell membrane, thus crucial for

the growth and survival of bacteria. S. pneumoniae

employs FabT, a MarR family transcription factor,

to globally regulate the FAS pathway [23]. MarR

family members, which are characterized with a con-

served wHTH domain, are widespread in all prokary-

otes from archaea to bacteria. The family was

originally named after E. coli MarR, a repressor of

the marRAB operon, the products of which confer

resistance to multiple antibiotics and household disin-

fectants [49]. Usually, the DNA-binding affinity of

MarR family members are subject to regulation via

diverse small ligands, such as phenolic molecules and

metals, or of post-translational modifications, result-

ing in upregulation of related genes in most cases

[43]. This fine regulatory mechanism enables bacteria

to respond to various environmental stimuli timely

and properly [50].

Unlike other MarR family members, FabT utilizes a

post-translationally modified protein ligand, the long-

chain acyl-ACP as a co-repressor. However, the regu-

latory mechanism remains unclear. Indeed, the

S. pneumoniae D39 genome contains two annotated

acp genes, namely spd_0381 and spd_0044, sharing a

primary protein sequence identity of 40%. We found

that SPD_0044, not SPD_0381, after being modified

with the long-chain acyl moiety, could enhance the

DNA-binding affinity of FabT. Notably, a recent

report found that acyl-AcpB in E. faecalis, which is

counterpart of S. pneumoniae SPD_0044, is a more

potent regulatory ligand of FabT [51]. Moreover, gene

knockout assays showed that E. faecalis FabT func-

tions in a manner similar to that of S. pneumoniae

FabT [51]. Thus we speculated that acyl-SPD_0044 is

more likely the physiological ligand of FabT in

S. pneumoniae.

Fig. 5. A stable FabT–ACP complex enhances FabT binding to DNA. (A) electrophoresis of the complex between FabTK97C and ACPD50C.

The Coomassie-stained gel shows the formation of intermolecular disulfide bond between FabTK97C and ACPD50C after incubation under

nonreducing conditions. Lanes 1–3: FabTK97C, ACPD50C, and FabTK97C+ACPD50C with 4 mM DTT; lane 4: protein marker; lanes 5–7: samples

corresponding to lanes 1–3, respectively, without DTT. (B) EMSA assays of FabTK97C–ACPD50C complex with or without DTT. Lane 1: free

DNA; lane 2: negative control, DNA incubated with FabT in the absence of acyl-ACP; lane 3: positive control, DNA incubated with FabT in

the presence of acyl-ACP; lanes 4–6: DNA incubated with various concentrations (300, 350 and 400 nM) of FabT-ACP complex in the

absence of DTT; lanes 7–9: samples corresponding to lanes 4–6, respectively, in the presence of 4 mM DTT.
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Based on our structural analyses and biochemical

assays, in combination with the recent report [51], we

propose a working model of gene repression by FabT

together with the ligand. Under normal circumstance,

FabT is constitutively expressed and loosely binds to

the promoter regions of fabT and fabK, and partly

represses the expression of 12 genes in the FAS

operon except for fabM. In consequence, the leaky

expression of the FAS operon maintains the de novo

FAS at a basal level (Fig. 6A). When S. pneumoniae

is grown in the presence of exogenous fatty acids, the

free fatty acids are funneled to SPD_0044 via a fatty

acid kinase and phosphate acyltransferase, resulting

in the accumulation of the long-chain acyl-ACP. The

acyl moiety makes ACP bind to FabT via more

extensive hydrophobic interactions, which eventually

induce significant conformational changes at the

DNA-binding domains of FabT (Fig. 6B). In fact,

the two DNA recognition helices shift from ~ 26 �A

in the apo-form FabT to ~ 30 �A in the acyl-ACP-

bound form, as calculated by 100-ns molecular

dynamics simulations. The stable FabT-(acyl-ACP)

complex adopts a conformation more complementary

to a successive DNA major groove, and gains a

higher affinity toward the target DNA, thus becomes

a stronger brake to further attenuate or even shut-

down the expression of downstream genes (Fig. 6C).

In the presence of exogenous fatty acids, the fab

genes are repressed by FabT together with the long-

chain acyl-ACP ligand, which results in almost com-

plete blockage of futile de novo FAS. This model is

in agreement with a previous report that exogenous

oleic acids completely block the FAS of S. pneumo-

niae [52].

In summary, the long-chain acyl-ACP is not only

the intermediate of phospholipid synthesis pathway

but also a co-repressor of the global transcription

repressor FabT, thus acting as a key node of the repres-

sion network that finely tunes FAS. These findings pro-

vide a distinct mechanism from the previously reported

MarR family members and help us to better understand

the transcriptional regulation of bacterial FAS.
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