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Structural Study of TcaR with Antibiotics

A

ntibiotic resistance is one of the major concerns in public health and people in hospitals are especially vulnerable.
Multidrug-resistant Staphylococcus aureus (MRSA) is a famous strain that cannot be killed by most antibiotics. One
way for bacteria to develop antibiotic resistance is to form
layers of biofilm in order to block antibiotics from entering the cells. TcaR regulates the creation of biofilm and is
thus a good candidate for development of new antibiotic.
A. H.-J. Wang’s group successfully solves structures of TcaR
in complexes with many antibiotics. Significant conformation change of TcaR in binding with antibiotics explains
how it regulates the creation of biofilm. Inhibitors of TcaR
might one day become good complement with antibiotics
to improve their effectiveness.
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Staphylococci are among the most common cause
of bacterial infections in the community, which have
been, and continue to be a major cause of human disease resulting in over than one million infections each
year worldwide. S. epidermidis is the sister species of S.
aureus which often causes infection in immunocompromised individuals or those after damage to the epithelium. It produces biofilm to protect itself from host immune system and enhance their resistance to antibiotic
chemotherapy. Since biofilm tolerance is of major clinical relevance and more than 60% of the bacterial infections currently are involved in the biofilm formation, it is
important to study those issues. The key component of
the biofilm extracellular matrix in S. epidermidis is polysaccharide intercellular adhesin (PIA), an essential factor
in biofilm formation composed of homopolymer of β-1,
6-linked N-acetylglucosamine (GlcNAc). The production
of PIA depends on the expression of the icaADBC operon
and the ica operon is negatively regulated by a repressor
encoded by an upstream gene of IcaR. Even though our
knowledge of the regulation of the ica locus is limited,
recent studies have shown that TcaR acts as a regulatory
factor to affect the transcription of icaADBC. The close
relation between TcaR and IcaR proteins suggest a synergistic effect and they both regulate IcaA transcription,
poly-N-acetylglucosamine (PNAG) production, and biofilm formation.
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TcaR is a MarR family transcription regulator that is
involved in teicoplanin and methicillin resistance, and
antibiotic resistance is an increasing problem throughout the developed world. Given the importance of MarR
family protein in antibiotic resistance, an understanding
of the mechanism of their regulation is urgently needed
for efficient treatment of bacterial infections. Here, in
order to study how the ica operon is controlled, and to
investigate the role of TcaR in antibiotic resistance, TcaR
from S. epidermidis was over-expressed in E. coli with a
His-tag to facilitate purification. The crystal structure of
TcaR was solved by multi-wavelength anomalous dispersion (MAD) method using protein containing seleno-methionines. The refined TcaR structure contains two TcaR
molecules (denoted chain A and chain B) in the asym-
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(α1, 5, 6) interdigitate with those of the other
monomer to produce dimerization interaction.
Strands βA and βB form a β-hairpin, which is
slightly twisted and constitutes the typical
winged motif. Between βA and βB is the flexible winged region (residues 84-96) which had
poor electron density in the initial 2Fo-Fc map.

In order to investigate the regulation
mechanism of TcaR, we inspected the ica promoter sequence and proposed that there are
three possible TcaR binding sites on the ica
operon, which are consecutive 33-mer pseudopalindromic sequences each containing consensus sequence TTNNAA (Fig. 1(a)). To deter(b)
mine whether TcaR binds to each of these three
33-mer sequences, we prepared 33-bp duplex
DNAs and analyzed its interaction with TcaR using EMSA, with an increasing concentration of
TcaR protein. The negative controls Control 1
and Control 2 are the AT rich and GC rich fragments of IcaA gene, respectively. As shown in
(c)
Fig. 1(b), TcaR does not bind to Control 1 and
Control 2 DNA sequences, whereas TcaR appears to have a strong interaction with DNA
fragments DNA1, DNA2, and DNA3, indicating
that each of these DNAs interacts with TcaR.
Among the latter segments, DNA1 showed the
most significant effect by TcaR on its mobility,
suggesting the strongest interaction between
them. Consequently, the result indicates that
Fig. 1: Electrophoretic mobility shift assay (EMSA) of TcaR. (a) Part
the most favorite TcaR binding site is located
of the DNA sequence of ica operon of S. epidermidis and
immediately adjacent to the IcaR binding site.
diagrams of the dsDNA probes with the consensus sequences
Moreover, to investigate the possible effect of
TTNNAA are shown in black box. (b) The EMSA of TcaR
some drugs on TcaR, eight compounds were
binding to three 33-mer dsDNA fragments of the ica operator
tested for their potential inhibition on TcaRwith different DNA ratio. The probe was mixed with 1 : 1, 1 : 2
and 1 : 4 molar ratio of TcaR (dimer), respectively. (c) The
DNA interaction. As shown in Fig. 1(c), sodium
effects of salicylate and antibiotics to the TcaR binding to
salicylate, at a concentration of 2 μM, interfered
DNA1 in EMSA experiment. DNA1 probe duplex of 1 μM was
with the DNA binding activity of TcaR, and this
pre-incubated with 2 μM TcaR (dimer) at room temperature
effect was more pronounced at a higher confor 15 min before mixing with 2 μM antibiotics, followed by
centration, suggesting that salicylate inhibited
the same procedures as in the other assays.
the formation of TcaR-ica operon complex.
In addition, every antibiotic we tested all appeared to antagonize the DNA binding activity
metric unit, forming a dimer, consistent with the earlier
of TcaR at 2 μM, and chloromphenicol was observed to
results that MarR family proteins bind to the operator as
inhibit the DNA binding activity of TcaR with a signifia dimer.1 The overall structure of TcaR belongs to the α/β
cantly greater extent. Since some antibiotics, gentamicin
family protein as observed in other MarR family proteins.
and streptomycin were known to bind and inactivate
The TcaR dimer adopts a triangular topology with each
IcaR,2 the experimental results suggest that several anmonomer consisted of secondary structure α1-α2-α3tibiotics can interact directly with TcaR and IcaR at low
α4-βA-βB-α5-α6. The N and the C-terminus α-helices
concentrations and thus interfer with the repressor activ-
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ity of TcaR and IcaR to induce the expression of icaADBC
and thereby elicit biofilm production in S. epidermidis, as
a defense mechanism.
Up to now, only two structures of the MarR family
protein complexes have been reported, one is complexed
with DNA, and the other is complexed with salicylate. In
order to elucidate the mechanism of how the interaction
with the ligands alleviates ica operon binding ability of
TcaR, we solved several TcaR complex structures. The TcaRsalicylate complex structure was determined to 2.45 Å
resolution with eight molecules of salicylates bound to
nonequivalent positions on each dimer designated SAL1
to SAL8 (Fig. 2(a)). There is a obvious conformational
change in the DNA binding domain (especially on helices
α3 and α4) than the dimerization domain of each monomer. This conformational change is asymmetric and may
cause the TcaR-DNA interactions to become unfavour-

(a)

(b)

able. In addition, we also solved numerous TcaR-antibiotic complex structures to help elucidate the mechanism
of drug-induced structural changes in TcaR. The TcaRpenicillin G (PnG) complex structure was determined to
2.55 Å resolution in the space group P61. There are two
distinct PnG binding sites in each dimer, one is located at
the interface between the DNA binding domain and the
helical dimerization domain and the other is identified at
the interface of three TcaR dimer molecules in the asymmetric unit along the crystallographic c axis (Fig. 2(b)).
Significant conformational changes between apo TcaR
and the TcaR-PnG complex with a RMSD of 1.4 Å using
274 Cα atoms are also observed, particularly in the DNA
binding domain. These conformational changes shorten
the C termini of the α3/α’3 helices from 26.0 Å for the
TcaR-DNA model to 18.6 Å for the TcaR-PnG complex (CαCα distance between Asn A61 and Asn B61) and the N
termini of the α4/α’4 helices from
31.2 Å for TcaR-DNA model to
26.4 Å for the TcaR-PnG complex
(Cα-Cα distance between Lys
A65 and Lys B65). The antibiotics
induced conformational change
further interfering with the DNA
binding of TcaR. This observation supports our EMSA assay in
which several antibiotics exhibit
inhibition effect on the TcaR-DNA
formation. Moreover, we have
also solved three other TcaR-antibiotic complexes (two β-lactam
antibiotics Ampicillin, Methicillin
and an aminoglycoside Kanamycin) with similar protein-ligand
interaction as described above.

Fig. 2: The structures of TcaR-ligand complex. (a) A ribbon diagram of TcaR in complex with salicylate. Salicylate binds to eight distinct locations in the dimer.
(b) A ribbon diagram of TcaR in complex with penicillin G (PnG). PnG binds
to two distinct locations in the dimer, with one binding in the interface of
three TcaR dimers in the asymmetric unit along the crystallographic c axis.
The central TcaR dimer is shown in green, and the right and left dimers are
shown in blue and yellow, respectively. One PnG molecule, PnG1 is located
in the binding pocket directly at the junction of the DNA binding domain
and the dimerization domain. In the other PnG binding site (PnG2), a PnG
molecule is identified at crystal contact between three TcaR molecules related by crystallographic symmetry.
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In our present studies, we
have noticed that antibiotics
would be implicated in eliciting
biofilm formation by interfering
with the binding of IcaR to DNA.
Although the exact mechanism is
not well understood, we propose
a regulatory mechanism for IcaA
expression based on the analysis we have done. Schematic
representation of the proposed
mechanism is shown in Fig. 3(a).
At first, TcaR repressors bind to
the ica promoter in the absence
of any inhibitor and prevent
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transcription of the IcaA gene. There are multiple TcaR
recognition sites within the ica promoter sequence and
the DNA fragment closest to the IcaR binding site, which
we refer to as “DNA1”, is the most suitable binding site
for TcaR. Upon entering of some antibiotics to the cell,
significant conformational changes in the DNA binding
domains of TcaR will be exerted, inducing the inactivation and the departure of these transcriptional repressors
from the ica promoter, thus increasing the transcription
and subsequent expression of IcaA. In order to investigate the biological effect of antibiotics on the ica operon,
biofilm formation was examined in S. epidermidis RP62A
in microtiter wells after treatment with several different
antibiotics. As seen in Fig. 3(b), the biofilm formation
was significantly induced by subinhibitory concentrations of several antibiotics, especially in Kanamycin. The
result is consistent with the previous observation that
biofilm formation can be stimulated by vancomycin in S.
epidermidis clinical strains.
Since streptococcus has created a big threat in the
society and that biofilm formation is a fundamental
survival mechanism of streptococcus, a better understanding of the molecular mechanisms underlying biofilm formation is necessary in order to achieve a better
management of streptococcal infection. Our work of the
crystal structure of apo TcaR and its complexes with sev-
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Fig. 3: (a) Illustration of the IcaA regulation mechanism.
Under non-inducing conditions, the active forms
of TcaR and IcaR are capable of interaction with
the ica operator and preventing transcription of
IcaA. Upon entering of some antibiotics to the
cell, significant conformational changes in the
DNA binding domains of TcaR and IcaR will be
exerted, inducing the inactivation and the departure of these transcriptional repressors from
the ica promoter, thus increasing the expression
of IcaA. (b) The biofilm formation of the clinical
S. epidermidis RP62A supplemented with different concentrations of antibiotics. The biofilm
was measured by staining with crystal violet in
microtiter wells (A570). The culture was treated
with each antibiotic at 5 different concentrations
(bar 1 = 0.5 μM, bar 2 = 5 μM, bar 3 = 50 μM,
bar 4 = 500 μM, bar 5 = 5 mM). Each bar shows
the average and standard error of three independent experiments.

eral ligands reveals the allosteric mechanism responsible
for derepressing the production of PIA, the major component of biofilm in S. epidermidis. We have also shown
that TcaR bind noncooperatively to the DNA fragments in
ica operon, especially to DNA1 and its DNA binding activity would be negatively modulated by several antibiotics. Such observations may help us to understand the
mechanism of the MarR family of transcriptional regulators involved in antimicrobial resistance and virulence.
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