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A B S T R A C T

Background: Biotin is an essential cofactor in living organisms. The TetR family transcriptional regulator (TFTR)
BioQ is the main regulator of biotin synthesis in Mycobacterium smegmatis. BioQ represses the expression of its
target genes by binding to a conserved palindromic DNA sequence (the BioQ operator). However, the mechanism
by which BioQ recognizes this DNA element has not yet been fully elucidated.
Methods/results: We solved the crystal structures of the BioQ homodimer in its apo-form and in complex with its
specific operator at 2.26 Å and 2.69 Å resolution, respectively. BioQ inserts the N-terminal recognition helix of
each protomer into the corresponding major grooves of its operator and stabilizes the formation of the complex
via electrostatic interactions and hydrogen bonding to induce conformational changes in both the DNA and
BioQ. The DNA interface of BioQ is rich in positively charged residues, which help BioQ stabilize DNA binding.
We elucidated the structural basis of DNA recognition by BioQ for the first time and identified the amino acid
residues responsible for DNA binding via further site-directed mutagenesis.
General significance: Our findings clearly elucidate the mechanism by which BioQ recognizes its operator in the
biotin synthesis pathway and reveal the unique structural characteristics of BioQ that are distinct from other
TFTR members.

1. Introduction

Biotin (vitamin H) is an essential cofactor for a class of metabolic
enzymes that catalyze crucial carboxylation, decarboxylation and trans-
carboxylation reactions in every domain of life [1–3]. Biotin starvation
or deficiencies potentially lead to mortality [1,4]. While bacteria, most
fungi and plants synthesize biotin de novo, mammals lack biotin
synthesis-related enzymes and need to obtain biotin from exogenous
food or the gastrointestinal microbiota [5–7]. Although bacteria har-
ness various pathways to synthesize the biotin precursor pimeloyl-CoA
[2,3], the enzymes that synthesize biotin from pimeloyl-CoA are en-
coded by universal genes, including bioF, bioA, bioD and bioB, in a wide
variety of bacteria [8–10]. These genes are always present in clusters
and are strictly controlled by the three different types of biotin reg-
ulatory systems that respond to intracellular biotin levels [2]. There-
fore, inhibition of the biotin synthetic pathway or biotin uptake process
may represent a novel anti-bacterial strategy [11,12].

The biotin regulatory system in the γ-Proteobacteria and Bacillus/
Clostridium groups depends on the bifunctional BirA protein, which acts

both as a biotin-protein ligase (BPL) that mediate the biotinylation of
biotin-dependent carboxylase, and as a transcriptional repressor of
biotin synthesis genes (bio operons) [2,8,13]. However, BirA proteins
from α-Proteobacteria and Actinobacteria lack the N-terminal DNA-
binding domain (DBD) and require other transcription regulators to
compensate for the loss of regulatory function [13]. The GntR-type
transcriptional regulator BioR is reported to take over the transcrip-
tional regulatory role of BirA in most α-Proteobacteria, constituting the
biotin regulatory system along with BirA [5,8]. In Actinobacteria, a
conserved protein, BioQ—a TetR family transcriptional regulator
(TFTR) —recognizes the bio operons via a 13-bp palindromic inverted
repeat sequence (5′-TGAACnnnGTTCA-3′) and regulates gene expres-
sion as a transcriptional repressor [14,15] (Fig. 1A). Although the or-
ganization of the bio operons is not completely identical throughout the
phylum Actinobacteria, BioQ and its recognition sites in the promoter
region (the BioQ-operator) of bio operons are highly conserved [14,15].
To date, the mechanism by which BioQ regulates biotin synthesis is
unknown.

Previously, we described the BioQ-regulatory system in
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Mycobacterium smegmatis. As a transcriptional repressor, BioQ binds to
three operators located in the promoter regions of the bioB and bioF/D
operons and its own coding gene, bioQ. The antisense promoter of bioQ
and the sense promoter of bioB partially overlap and contain two
tandem BioQ operator sites, which overlap with or are downstream of
the transcriptional start sites (TSSs) [14] (Fig. 1B). However, the mo-
lecular mechanisms by which BioQ recognizes its target genes remains
to be elucidated.

TFTR members play important regulatory roles in controlling the
pathogenicity, metabolism, cell stress, and multidrug and metal re-
sistance in bacteria in response to numerous environmental changes
[16–20]. TFTR members possess an N-terminal helix-turn-helix (HTH)
DBD and a C-terminal ligand-binding domain (LBD) [18,19,21]. Typi-
cally, the TFTR recognizes the operator sites as a homodimer. Upon
ligand binding, the LBD of canonical TFTRs undergoes a subtle con-
formational change to allosterically trigger the DBD to disrupt its DNA-
binding activity [21]. Noncanonical TFTRs possess different ligand
regulatory mechanisms; some TFTRs bind with more than one ligand,
and their DNA-binding ability changes upon binding to different ligands
[22–24]. Compared with the highly conserved DBDs, the sequences and
structures of LBDs are more variable to sense diverse types of ligands
[19].

In the current study, we solved the crystal structure of M. smegmatis
BioQ with and without the operator DNA at 2.26 Å and 2.69 Å resolu-
tion, respectively. BioQ exhibits typical TFTR folding but lacks a short
helix in the LBD. BioQ binds to its cognate operator through the DBDs of
each monomer and induces the conformational changes in the DNA
operator. In addition to performing biochemical studies, we determined
the critical amino acid residues responsible for the BioQ-operator in-
teraction. Our study not only offers molecular insights into the biotin
synthesis pathway controlled by BioQ, which is widely utilized by
Mycobacterium, but also provides a framework for ligand identification.

2. Materials and methods

2.1. Bacterial strains and growth conditions

M. smegmatis MC2 155 was grown at 37 °C in Middlebrook 7H9
broth (BD, USA) supplemented with 0.2% glycerol and 0.05% Tween
80. Escherichia coli DH5α and E. coli BL21(DE3) were grown in lysogeny
broth (LB) at 37 °C. When necessary, appropriate antibiotics were

added to the cultures at the following final concentrations: kanamycin,
25 μg/ml for M. smegmatis and 50 μg/ml for E. coli.

2.2. Cloning, expression and purification

Full-length and truncated bioQ genes were amplified from the
genomic DNA of M. smegmatis MC2 155. Nested PCR was carried out for
the site-directed mutagenesis of bioQ using designed primers (Table S1).
The corresponding genes were cloned into pET15 (Novagen, USA) to
generate C-terminal hexa-histidine-tagged fusion proteins. All clones
were verified by DNA sequencing.

The sequenced recombinant vectors were transformed into E. coli
BL21(DE3) and grown in LB broth supplemented with 100 μg/ml am-
picillin at 37 °C until the cell density reached an OD of 1.0–1.2 at A600.
Protein expression was induced by adding 0.2 mM isopropyl-β-D-thio-
galactoside (IPTG), and cells were grown at 16 °C for 12 h. Then, the
cells were spun down at 4 °C and resuspended in buffer A (25mM Tris-
HCl, pH 8.0, 150mM NaCl). The cells were lysed using a high-pressure
cell disrupter (JNBIO, China), and cell debris was removed by cen-
trifugation at 20,000×g for 1 h at 4 °C. The supernatant was loaded
onto a Ni-NTA resin column (Qiagen, Germany), washed with buffer B
(25mM Tris-HCl, pH 8.0, 150mM NaCl, 15mM imidazole), and eluted
with buffer C (25mM Tris-HCl, pH 8.0, 250mM imidazole) to acquire
the hexa-histidine-tagged fusion protein. The protein was further pur-
ified via anion exchange chromatography (Source 15Q, GE Healthcare,
USA) using a linear NaCl gradient in buffer A. Then, the hexa-histidine-
tag was removed by digesting the sample with drICE protease for 1 h on
ice and separating the sample using gel filtration chromatography
(Superdex-200 Increase10/300 GL, GE Healthcare) in a lysis buffer
containing 25mM Tris-HCl, pH 8.0, 150mM NaCl and 5mM dithio-
threitol. Selenomethionine (Se-Met)-labeled protein was expressed in a
Se-Met-containing medium (ACROS, USA). The purity of the protein
was analyzed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), and the purified fractions from the gel filtration
chromatography were collected for crystallization. The protein was
quantified using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA) at an extinction coefficient of 20,970 and stored at
−80 °C after flash freezing in liquid nitrogen.

2.3. Crystallization

Crystallization screening of apo-BioQ was performed using the sit-
ting-drop vapor-diffusion method at 18 °C by mixing an equal volume
(1 μl) of 10mg/ml protein with various reservoir solutions. A full-
length BioQ (residues 1–205) crystal appeared in the reservoir solution
containing 0.2M ammonium sulfate, 100mM Bis-Tris pH 6.5, and 22%
(w/v) polyethylene glycol 3350. However, the diffraction was poor. A
series of BioQ truncations were further constructed to improve the
diffraction of crystals. Crystals of BioQ (residues 1–188) that diffracted
well were finally obtained in the well containing 22% (w/v) poly-
ethylene glycol 3350, 100mM Bis-Tris pH 6.1, 0.2 M ammonium sul-
fate, and 4% (v/v) polypropylene glycol P 400 via the hanging-drop
vapor-diffusion method at 18 °C. In addition, 13.3% (v/v) glycerol was
included in the reservoir solution as a cryoprotective buffer. The apo-
BioQ crystals were found to diffract beyond 2.26 Å at the Shanghai
Synchrotron Radiation Facility (SSRF) on beamline BL17U.

To crystalize the BioQ-operator complex, 13-, 15-, 17-, 19-, 21-, 23-,
25- and 27-bp double-stranded DNA (dsDNA) molecules containing the
13-bp palindromic inverted repeat sequence (5′-TGAACACCGTTCA-3′)
were incubated with BioQ (residues 1–188), and their binding affinities
were measured via isothermal titration calorimetry (ITC) (Fig. S1). The
binding affinity of BioQ with the 19-bp probe (5′-ACCTGAACACCGTT
CAAGT-3′) was notably stronger than that with the 13- and 15-bp
probes, but similar to that of the other DNA probes. Therefore, the 19-
bp dsDNA (19-mer) probe was synthesized, purified by HPLC, and used
for crystallization. To obtain crystals of the BioQ-operator complex,

Fig. 1. Schemes of gene transcriptional repression by BioQ. (A) Biotin reg-
ulatory systems in different bacteria. BirA of γ-Proteobacteria, Bacilli and
Clostridia is a bifunctional protein that contains both a BPL and a DBD.
However, Actinobacteria and α-Proteobacteria both lack a DBD and depend on
the transcriptional regulator BioQ or BioR to compensate for its role in gene
regulation. (B) Crucial genes for biotin synthesis are repressed by BioQ. BioQ
binds to the promoter region of the bioF-D operon and to the bioQ and bioB
genes by recognizing a conserved palindromic sequence (5′-TGAACnnnGTTCA-
3′) in the genome of M. smegmatis. Conserved palindromic sequences are
shaded. The bent arrows indicate the transcriptional start sites (TSSs).
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10mg/ml of purified BioQ or Se-Met-labeled BioQ was mixed with
reannealed 19-mer DNA at a molar ratio of 1:1.5 (BioQ:DNA) and in-
cubated on ice for 30min before crystallization. Co-crystallization trials
of BioQ-DNA were performed using the hanging-drop vapor-diffusion
method at 18 °C by mixing 1 μl of the sample with an equal volume of
reservoir solution. Needle-shaped crystals appeared overnight in the
reservoir solution containing 12% (w/v) polypropylene glycol 8000,
100mM MOPS and HEPES, pH 7.5, 0.15M magnesium acetate, and 3%
(v/v) 1-propanol. After 36 h of growth, the crystal matured and was
flash-frozen in liquid nitrogen, and 17% (v/v) glycerol was added to the
reservoir solution as a cryoprotective buffer. The crystals of the BioQ-
DNA complex diffracted beyond 2.69 Å at the SSRF on beamline BL17U.

2.4. Data collection and structure determination

All data sets were collected at the SSRF on beamline BL17U [25]
and processed with the HKL2000 program and XDS packages [26].
Further data processing was carried out using the CCP4 program suite
[27]. The structure of the BioQ-DNA complex was solved according to
the single wavelength anomalous diffraction (SAD) method. Data col-
lection and structure refinement statistics are summarized in Table 1.
The structure of apo-BioQ was solved by molecular replacement using
the BioQ-DNA complex as the search model with the PHASER program
[28]. The structures were built using COOT and iteratively refined
using the PHENIX program [29,30]. All figures were generated using
the PyMOL program (http://www.pymol.org/).

2.5. Construction of the ΔbioQ complementary strain

The bioQ (MSMEG_3193) deletion mutant of M. smegmatis MC2 155
was constructed in a previous study [14]. The bioQ gene and its site
mutants were cloned into the pMV261 vector and transformed into
ΔbioQ by electroporation.

2.6. Quantitative reverse transcription PCR (qRT-PCR)

M. smegmatis grown in Middlebrook 7H9 broth supplemented with
25 μg/ml kanamycin was grown to the mid-logarithmic growth phase
and collected to isolate total RNA using TRIzol reagent (Life
Technologies, USA). cDNAs were synthesized using the PrimeScript RT
Kit with gDNA Eraser (Takara Biotechnology, Japan) according to the
manufacturer's instructions. qRT-PCR was performed as described
previously [14] using cDNAs as the template with the primers listed in
Table S1. The 16S rRNA gene was used-as the internal reference, and
the relative gene expression changes were calculated using the 2-ΔΔCt

method.

2.7. Electrophoretic mobility shift assays (EMSAs)

First, 5′-FAM fluorescence-labeled DNA probes were synthesized
(Tianyi Biotech, China), and 100 nM probes were incubated with var-
ious amounts of the BioQ protein in an EMSA buffer (25mM Tris-HCl,
pH 8.0, 10mM MgCl2, 150mM NaCl, 50 ng/ml heparin and 10% gly-
cerol) at 4 °C for 30min. Then, the reaction mixtures were subjected to

Table 1
Statistics of data collection and refinement.

Processing Structure BioQ-Apo BioQ-DNA BioQ-DNA (Se-Met)

Wavelength (Å) 0.9778 0.9792 0.9793
Resolution range (Å)a 45–2.26 (2.26–2.19) 45–2.69 (2.82–2.69) 45–2.90 (3.08–2.90)
Space group I 1 2 1 C 2 C 2
Unit cell parameters (Å, °) a=37.9 a= 60.8 a= 58.4

b=193.9 b= 213.1 b= 214.5
c=54.0 c= 88.9 c= 93.3
90 90 90
100.2 99.56 96.3
90 90 90

Unique reflections 19,546 29,957 25,086
Multiplicity 6.6 (6.3) 7.3 (7.1) 10.6 (10.7)
Completeness (%) 99.3 (93.4) 98 (90.2) 99.6 (99.3)
< I> /< σI > 9.5 (2.2) 7.7 (1.8) 12.0 (0.8)
CC(1/2)c 0.99 (0.77) 0.99 (0.86) 0.99 (0.40)
Wilson B factor (Å2) 39.1 64.1 103.2
Rmerge

b(%) 11.4 (65.5) 11.0 (92.3) 17.2 (392.6)
Refinement
Resolution range (Å) 45–2.26 45–2.69
Rwork /Rfree

d(%) 21.2/24.7 21.3/26.7
Average B factor (Å2) (No of atoms)
protein 53.29 (2582) 102.4 (3837)
DNA 106.9 (1155)
solvent 52.91 (74) 92.6 (4)
Rmsd bond lengths (Å) 0.015 0.008
Rmsd bond angles (°) 1.238 1.033
Ramachandran favorede (%) 96.3 90.7
Ramachandran Additionally allowed (%) 3.7 9.3
Ramachandran outliers (%) 0 0

a Values in parentheses correspond to the highest resolution shell.
b Rmerge= ΣhΣi|Ih,i-Ih|/ΣhΣiIh,i, where Ih is the mean intensity of the i observations of symmetry-related reflections of h.
c As defined by Karplus [65].
d R= Σh|Fo-Fc|/Σh|Fo| for all reflections, where Fo and Fc are the observed and calculated structure factors, respectively. Rfree is calculated analogously for

the test reflections, randomly selected and excluded from the refinement.
e As defined using Molprobity [66].
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6% native-PAGE in 0.5× Tris-glycine buffer under an electric field of
15 V/cm for 2.5 h. Images of gels were obtained using Typhoon Trio
Imager (Amersham Biosciences, Sweden).

2.8. ITC assays

ITC experiments to detect the binding of DNA to BioQ were per-
formed at 25 °C using Auto-iTC200 titration calorimetry (MicroCal,
United Kingdom). DNA (250 μM) was dissolved in 100 μl of reaction
buffer containing 25mM HEPES (pH 7.5) and 150mM NaCl and titrated
against 400 μl of 50 μM wild-type or mutant BioQ in the same buffer.
The first injection (0.5 μl) was followed by 19 injections of 2 μl. The
heat of dilution values for DNA was measured by injecting DNA into
buffer alone. The values were subtracted from the experimental curves
before data analysis. The stirring rate was 750 r.p.m. MicroCal ORIGIN

software supplied with the instrument was used to determine the site-
binding model that produced a good fit (low ×2 value) for the resulting
data.

2.9. Data access

Atomic coordinates and structure factors for the reported crystal
structures have been deposited in the Protein Data Bank under the
accession numbers 5YEK and 5YEJ.

3. Results

3.1. Overall structure of BioQ

We determined the apo-form crystal structure of BioQ (residues 1-
188) at a resolution of 2.26 Å in space group I121 (Table 1). BioQ is a
classical TFTR homodimer, with each protomer comprising 9 α helices:
α1 (5-19), α2 (26-33), α3 (37-43), α4 (46-60), α5 (71-88), α6 (92-102),
α7 (106-124), α8 (129-152), and α9 (170-188). There is no significant
electron density for loop 64–68 or loop 155–169 connecting α8 and α9.
Helices α1 to α3 form the DBD, and helices α4 to α9 form the LBD. The
spacer helix α2 and recognition helix α3 constitute the HTH motif re-
sponsible for recognizing and binding DNA. Helix α4 links the DBD to
the regulatory domain (Fig. 2).

We further compared BioQ to TetR, which is the first well-char-
acterized TFTR member responsible for tetracycline resistance regula-
tion [31–33]. BioQ shares a sequence identity of 28% with TetR. As
shown in Fig. 3A, BioQ shares a high overall similarity with TetR with a
root-mean-squared (r.m.s) deviation of 2.7 Å over 266 Cα atoms. Al-
though both DBDs display similar folds, the LBD of BioQ exhibits two
distinct features. The central part of the TetR LBD consists of anti-
parallel helices α8 and α10, which play roles in ligand binding and
dimerization [33]. The connecting helix, α9, plays a latch-like role in
forming a ligand-binding pocket with three helices (α5, α7 and α8) of
the other protomer. This essential helix is missing in BioQ and is instead
replaced by a flexible loop (Fig. 3B). Furthermore, the angle between
the α5 and α7 helices is much smaller than that of TetR. In line with the

Fig. 2. Overall structure of the BioQ homodimer. The two subunits of the
homodimer are colored in cyan and yellow, respectively. The N- and C– termini,
the LBD and DBD are indicated. In one monomer, the helices are labeled se-
quentially as α1 to α9.

Fig. 3. Structural comparisons of BioQ with E. coli TetR. (A) Side views of
the overall comparison of apo-BioQ and apo-TetR. The superposition is based
on dimers. BioQ monomers are shown in cyan and yellow, respectively, while
TetR (PBD: 1A6I) is shown in gray. (B) Enlarged views of the ligand-binding
cavities colored as in (A).

Fig. 4. Structure of the BioQ-operator complex. (A) Overall structure of the
BioQ-operator complex. (B) Electrostatic surface potentials of BioQ. The blue
regions indicate positive electrostatic regions, while red regions indicate ne-
gative electrostatic regions. (C) Structural comparison of apo-BioQ (wheat)
with a DNA-bound BioQ (green cyan). The enlarged view of the DBD is shown
in the right panel. Apo-BioQ and BioQ-operator exhibited an r.m.s. deviation of
1.8 Å over 288 Cα atoms.
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structural observations, the DBD of BioQ shares high sequence simi-
larity with other TFTRs, whereas the C-terminal regulatory domain
exhibits broad sequence variation (Fig. S2), suggesting its diverse roles
in multiple ligand recognition.

3.2. Structure of the BioQ-operator complex

To reveal the molecular basis of the operator recognition me-
chanism of BioQ, we determined the crystal structure of the BioQ
homodimer in complex with its natural dsDNA operator (5′-ACCTGAA
CACCGTTCAAGT-3′), which is located in the promoter region of the
bioB gene, at a resolution of 2.69 Å and refined it to an Rwork of 21.3%
and an Rfree of 26.7% (Table 1). In the DNA-bound complex, each DBD
directly binds to the conserved operator sequence (5′-CCTGAACA-3′
and 5′-CGTTCAAG-3′), where helices α2 (α2′) and α3 (α3′) insert into
the major groove (Fig. 4A). Furthermore, the DBD is rich in positively
charged residues at the DNA operator interface, which interacts with
the phosphate group to stabilize the complex (Fig. 4B).

The BioQ homodimer undergoes a conformational change upon
binding to DNA. In the BioQ-operator complex, helices α2, α3 and α4 of
one monomer are pulled towards the other, moderately decreasing the
separation between the recognition helices α3 and α3′ (Fig. 4C and
Table 2). The interhelical distance between helix α3 and α3′ is 38.9 Å,
while that of DNA-bound BioQ is narrowed to 35.3 Å. Consistent with
this observation, other TFTR family members also undergo a similar
helix α3–3′ distance reduction upon DNA binding (Table 2) [33–38],
suggesting a conserved DNA regulation role for TFTRs.

The conformational parameters of both canonical DNA and BioQ-
bound DNA were calculated using a previously reported method [39] to
characterize the conformational change in the BioQ-operator upon
binding to BioQ. In the complex, the operator displays average global

roll and twist angles of 3.6 Å and 32.8 Å, respectively, indicating that
the overall conformation of the 19-bp DNA is that of a typical B-form
DNA (compared with the roll and twist values of 0 Å and 36.0 Å, re-
spectively, for an idealized B-form DNA) (Figs. 5A and B). The major
groove on the opposite side of the BioQ interface remains unchanged,
but the major groove at the recognition site is widened to 12.9–14.2 Å,
which is higher than the typical distance of 11.4 Å in canonical B-form
DNA (Fig. 5C). Furthermore, the average minor groove width is 7.6 Å,
which represents a significant increase (canonical B-form DNA width is
5.9 Å) (Fig. 5D). Taken together, these findings show that the insertion
of helix α3 of BioQ into the major groove at the recognition site results
in operator deformation.

3.3. DNA recognition by BioQ

The BioQ-operator complex structure shows that the 19-mer dsDNA
operator is bound by a BioQ homodimer, and the half-site of the pa-
lindromic operator is symmetrically recognized by two DBDs from each
protomer. Each half of the operator is stabilized by a total of 9 phos-
phate backbones and 1 direct base contacts, as shown in Fig. 6A. Thr25
and Arg27 from helix α2; Thr36, Tyr41, Trp42 and His43 from helix α3;
and Lys47 from helix α4 penetrate the major groove of operator DNA
and make direct contact with the DNA.

The phosphate backbones of the 5′-terminal half of the BioQ-op-
erator (5′-ACCTGAACA-3′) are coordinated by six charged or polar
amino acids. Trp42, His43 and Thr36 contact the phosphates from the
sense strand via C2, C3 and T4 (Fig. 6A and B, Fig. S3A), while Thr25,
Lys47 and Tyr41 interact with them from the antisense strand via T11′,
G12′ and T13′, respectively (Fig. 6A and C, Fig. S3B). We speculate that
these residues determine the length of the BioQ operator. Supporting
these salt-bridge interactions, Arg27 coordinates with the guanine at
position 12 via hydrogen bonds, contributing to the DNA-binding affi-
nity (Figs. 6A and C, Fig. S3B). To investigate whether other base pairs
participate in BioQ interaction, we mutated all DNA sequences in-
dividually and measured the binding affinity of BioQ with the 19-bp
mutated DNA sequences (Table S2). Mutations in other unrelated bases
had little effect on DNA binding, but mutation of C8 (G12’) to purine
resulted in several orders of reduction or complete loss of DNA affinity,
consistent with structural observations.

3.4. Critical amino acid residues responsible for the BioQ-operator
interaction

The importance of amino acid residues in DNA recognition is

Table 2
Operator sequences and helix 3–3′ distances of TFTRs.

Protein name DNA operator (5′-3′) Helix 3 - helix 3′(Å) References

Apo DNA-bound

BioQ TGAACnnnGTTCA 38.9 35.3
AibR ACCTACCGnnCGGTAGGT 42.7 37.0 [34]
AmtR CTATnnnnnnATAG 40.6 37.4 [37]
DesT AGTGAACnnnnGTTGACT 38.6 [36]
HrtR ATGACACnGTGTCAT 37.2 35.3 [38]
SimR TTCGTACnnnGTACGAA 42.3 36.9 [35]
TetR TCTATCAnTGATAGGA 38.8 34.7 [33]

Fig. 5. DNA deformation in the BioQ-DNA com-
plex. (A) Structural comparison of the double helix
of BioQ-bound DNA with canonical B-form DNA.
BioQ-bound DNA is highlighted in yellow, while
canonical B-form DNA is shown in gray. (B) The roll
and twist angles for each base pair step of the BioQ-
bound DNA. (C) The major groove width of the BioQ-
bound DNA and canonical B-form DNA. (D) The
minor groove width of the BioQ-bound DNA and
canonical B-form DNA.
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Fig. 6. Interactions of BioQ with the operator DNA. (A) Schematic representation of BioQ-operator interactions. Red arrows indicate a base-specific hydrogen
bond, and green arrows indicate the phosphate backbone contacts. The sense and antisense strand sequences of the BioQ operator are shown with the bases numbered
from 1 to 19, and 1′ to 19′, respectively. Amino acid residues from two protomers are indicated by blue and black. The schematic was generated using NuProPlot
(http://www.nuproplot.com/). (B) and (C) Close-up view of the BioQ-DNA interface within the protomer. Amino acid residue interacting with the base (G12′) is
colored in pink, while the residues that interact with phosphate backbones are colored in blue. DNA phosphate backbones and bases are colored in orange and gray,
respectively.

Fig. 7. Identification of critical residues for DNA binding
by site-directed mutagenesis. (A) ITC assay of BioQ variants
with the wild-type operator. The isothermal titration curves of
the interactions between BioQ variants and the wild-type
operator are shown. The calculated Kd values are indicated.
*NB represents no detectable binding activity by ITC. (B)
Characterization of the regulatory role of BioQ and its mu-
tants in vivo. Relative expression of the bioA, bioF, bioD and
bioB genes was quantified using qRT-PCR in wild-type M.
smegmatis, ΔbioQ, and its complementary strains, which ex-
pressed BioQ and the mutant proteins as indicated in (A). The
qRT-PCR data were collected from two independent biolo-
gical replicates and expressed as the means± standard de-
viation (SD).
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supported by mutational analysis. The residues Thr25, Arg27, Thr36,
Tyr41, Trp42, His43 and Lys47, as well as the control residue Gln2,
which does not directly interact with DNA, were substituted by alanine.
The DNA-binding abilities of the mutants were measured via ITC. As
shown in Fig. 7A, wild-type BioQ showed apparent DNA-binding ability
with a dissociated constant (Kd) value of approximately 13.8 nM and
also bound the nonsense mutant (Q2A). Several alanine substitutions,
such as T25A, W42A, H43A, and K47A, resulted in dramatic decreases
in DNA-binding ability, while the T36A mutation slightly affected DNA-
binding. Specially, R27A and Y41A completely abolished DNA tar-
geting. The loss of DNA binding was not due to structural disruption,
because the mutants exhibited the same solution behavior as wide-type
BioQ via gel filtration (Fig. S4).

This result was corroborated by transcription analysis in vivo. BioQ
is a transcriptional repressor in M. smegmatis and represses the tran-
scription of the bioF, bioD and bioB genes; among these genes, the ex-
pression of the bioB gene is strongly repressed because its promoter
possesses two BioQ binding sites [14]. The expression of bioB was sig-
nificantly higher in the BioQ-deficient mutant ΔbioQ than in wild-type
M. smegmatis. The complementary strain ΔbioQ::WT, which expresses
wild-type BioQ, restored bioB expression levels to those of the wild-type
strain. Expression of BioQ mutants (T25A, R27A, T36A, Y41A, W42A,
H43A and K47A) with decreased DNA-binding ability in ΔbioQ did not
repress the expression of bioB, whereas Q2A fully compensated for the
suppressive function of BioQ by restoring expression to wild-type levels
(Fig. 7B). Additionally, most of these residues are highly conserved in
TFTR members (Fig. S2). Taken together, these findings characterized
the essential residues involved in DNA binding in the TFTR family.

4. Discussion

Mycobacterium strains lack a biotin uptake system. Therefore, their
primary source of biotin is from de novo synthesis [40,41]. Biotin
synthesis deficiency in M. tuberculosis has been found to cause severe
growth defects with decreasing virulence [42]. Thus, the bacterial
biotin synthetic pathway is a potential anti-tuberculosis drug target
[41,43]. BioQ is a new transcriptional repressor for biotin synthesis in
Mycobacterium. However, the structural basis for the transcriptional
regulation of BioQ remains unknown. Here, we determined the crystal
structures of BioQ and the BioQ-operator complex and elucidated the
DNA recognition mechanism. Although BioQ shares sequence and
structural similarity with other typical TFTR family members, it ex-
hibits several distinct structural features for DNA recognition. First,
helix α2 contains Arg27 and Thr25, which are involved in direct in-
teractions with the DNA base and phosphate backbone, respectively,
indicating that α2 functions as a primary helix for DNA-binding ac-
tivity, unlike the observation that helix α3 is usually responsible for
DNA recognition in typical TFTRs [33,35]. However, the whole α3
helix of BioQ was found to insert into the major groove and directly
contact the DNA phosphate backbone via residues Thr36, Tyr41, Trp42
and His43, strengthening BioQ-DNA binding activity. Interestingly, the
α4 helix was previously found to serve as a connector helix that
transmits information between TFTRs in various states [35,44,45].
However, we found that the ε-amino moiety of Lys47 from the α4 helix
of BioQ also forms a hydrogen bond with the phosphate backbone. As
shown in Fig. 7, most alanine substitutions, such as T25A, R27A, Y41A,
W42A, H43A and K47A, resulted in significant reduction in DNA-
binding affinities, while T36A retained one quarter of the DNA-binding
ability compared with that of wild-type BioQ. These residues seem to
contribute to the DNA binding in different ways, with their binding
affinities exhibiting a wide range of Kd values. Interestingly, when these
mutations were expressed in complementary strains, bioB expression
levels were higher than those of the wild type, indicating that all re-
sidues are required for the proper transcriptional function. Taken to-
gether, these results suggest that there is a DNA-binding affinity
threshold for the in vivo function of BioQ.

Previous studies identified a 13 bp sequence (5′-TGAACnnnGTTCA-
3′) containing two perfect reverse complementary sequences separated
by three nucleotides, as the BioQ binding site [14,15]. Based on the
complex structure of BioQ with the 19-bp operator (5′-ACCTGAACAC
CGTTCAAGT-3′), the phosphate backbones of C2, C3 and T4 were
found to directly interact with Trp42, His43 and Thr36 of BioQ, re-
spectively (Fig. 6A). We also investigated whether other sequences in
the operator engage in BioQ binding via ITC (Table S2 and Fig. S5). As
shown Fig. S5, a palindromic sequence (5′-TGAACnnnGTTCA-3′) is
crucial for BioQ binding, and mutation of any bases in this region re-
sulted in significant changes in binding affinity. Based on the structure
of BioQ in complex with DNA, there is only one base-specific interac-
tion: between Arg27 and base C8/G12′. C8G mutation completely
abolished binding, and C8A mutation led to a ~4000-fold decrease in
affinity (Table S2). BioQ also employs a motif comprising six amino
acids for DNA backbone interactions. For example, Tyr41 interacts with
the phosphate group of T13′, and mutation of this residue completely
abolished DNA targeting. Similarly, A7/T13′mutations resulted in large
changes in affinity by 100-300-fold. T4G also notably affects in the
binding affinity, possibly by altering the binding of BioQ to the phos-
phate group. Mutations in position G5 resulted in a 10-fold reduction in
affinity with the exception of G5A, in which one purine was replaced by
the other type of purine. In contrast, the bases in the space or wings of
the two palindromic sequences play negligible roles in protein binding.
Mutations in these regions showed little change in binding affinity (Fig.
S5).

TFTRs are known for their ability to bind with diverse ligands.
Canonical TFTRs, such as TetR, FadR and HrtR, are targeted to the
promoter region to repress gene transcription, and specific ligand
binding in the LBD domain usually abolishes the DNA binding activity
to release the repression effect as a consequence [38,46–50]. However,
some multidrug binding proteins, including RamR, QacR and CgmR, are
able to respond to various ligands [22–24]. In some cases, noncanonical
TFTRs, such as DesT, also bind to two different ligands, and DNA-
binding ability is stimulated by binding unsaturated acyl-CoA at the
allosteric sites but is inhibited by binding saturated acyl-CoA [36].
Furthermore, AibR, another noncanonical TFTR, does not block tran-
scription in the ligand-free state but blocks transcription in the ligand-
bound state [34]. For decades, a plethora of TFTR members have been
identified with their target sequences. However, limited information
about their ligands impedes the functional study of gene regulation
[45,51–61].

We have determined the structure of BioQ alone and in complex
with its operator but have thus far failed to identify its ligand. However,
structural analysis of BioQ as well as other TFTR members may provide
a possible explanation (Fig. S6A and B). Based on the ligand-bound
structures of TFTRs, the small ligand molecules are locked into the li-
gand-binding pocket, which is composed of helices α5, α7, and α8 from
one protomer, and an additional helix from the other protomer acting
as a latch. The latch sterically blocks the cavity and directly interacts
with the ligand to stabilize the conformation of the TetR-ligand com-
plex. In BioQ, the latch-like helix is replaced by a short, flexible loop
(Fig. 3B). Furthermore, we found that other TFTR members, including
AefR [62] and HapR [63] whose ligands are unknown, also possess
short latches, resulting in open ligand binding cavities (Fig. S6A). TFTR
members whose ligands have been identified, such as TetR [31], AibR
[34] and SimR [64], have large latches composed of helices and loops
(Fig. S6B). Thus, we hypothesize that the latch of BioQ is too short to
cover the binding cavity, which may lead to a more flexible con-
formation of the BioQ-ligand complex, making it difficult to identify the
ligand. Nevertheless, the possibility that the flexible loop may be
structured in the presence of ligand should not be excluded. Further
studies are needed to identify the physiological ligand of BioQ.
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