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Abstract
The heterodimeric ABC transporter LmrCD from Lactococcus lactis is able to extrude 
several different toxic compounds from the cell, fulfilling a role in the intrinsic and 
induced drug resistance. The expression of the lmrCD genes is regulated by the 
repressor LmrR, which also binds to its own promoter to autoregulate its own expres-
sion. In this study we employ microscale thermophoresis to 1) quantify the binding 
affinity of LmrR to its responsive promoter regions, 2) to evaluate the cognate site of 
LmrR in  the lmrCD promoter region and 3) to demonstrate that riboflavin, which 
binds into the drug binding cavity of LmrR, reduces the binding affinity of LmrR for 
the promoter regions. Our results support a model wherein drug binding to LmrR 
relieves the LmrR dependent repression of the lmrCD genes.

Introduction
The emergence of antibiotic resistant bacteria is becoming a serious threat for the 
present day public healthcare. Several resistance mechanisms contribute to the 
antimicrobial resistance phenotype of pathogenic bacteria, including enzymatic 
inactivation, reduced influx and substituted antibiotic targets (1). The presence of 
dedicated drug extrusion transport proteins is a major contributor to the multidrug 
resistance (MDR) phenotype of microbes. Certain bacterial transport proteins have 
been shown to cause MDR, like AcrAB and MdfA of Escherichia coli (2) and NorA of 
Staphylococcus aureus (3). 
The bacterium Lactococcus lactis, which is widely used in dairy industry, contains 
a number of multidrug transporters which have been used as a model to study 
bacterial multidrug resistance (4). A major resistance determinant in this bacterium 
is LmrCD (5,6), which belongs to the ATP-binding cassette (ABC) superfamily and 
was shown to transport a wide variety of drugs. Likewise, L. lactis harbors the drug 
transporters LmrA (7), the first identified bacterial ABC transporter involved in drug 
resistance, and LmrP (8), a secondary transporter involved in multidrug resistance. 
LmrCD consists of two ABC half-transporters, LmrC and LmrD, which are homolo-
gous (27% Identity). Together they form a functional heterodimer. Growth studies of  
L. lactis in the presence of increasing concentrations of toxic chemicals, like rhoda-
mine 6G and daunomycin, resulted in an enhanced MDR phenotype, which was 
shown to be caused by an increased expression of the lmrCD gene (6). A regulatory 
protein, LmrR, encoded in the DNA region upstream of lmrCD was also upregulated 
under these conditions, although due to a point mutation LmrR was rendered inac-
tive causing a constitutive expression of the lmrCD genes. 



Chapter 3:  Binding of the Lactococcal drug dependent transcriptional regulator LmrR to 
its ligands and responsive promoter regions

73  

LmrR belongs to the PadR-like family of transcriptional regulators (Pfam PF03551), 
which is named after a regulatory protein involved in the regulation of expression of 
phenolic acid decarboxylase (pad) genes (9). LmrR was shown to be a transcriptional 
repressor of lmrCD expression (10) and an autoregulator of its own expression. Crystal 
structures of LmrR bound with its ligands hoechst 33342 and daunomycin have been 
elucidated (11). LmrR forms a dimer with each monomer comprising a typical winged 
helix-turn-helix DNA binding domain and a C-terminal helix involved in dimeriza-
tion. In between the two monomers is a large central pore that serves as the drug-
binding site. It was shown that residues W96 and W96’ (the apostrophe denotes the 
other subunit in the dimer) in the central pore are essential for the binding of ligands, 
which are mostly planar heterocyclic compounds. The hydrophobic tryptophan side 
chains, together with other adjacent hydrophobic residues, stabilize the ligand in 
the binding site. In depth analysis of the LmrR-DNA binding revealed that LmrR 
interacts with two specific DNA motifs in the operator region of both lmrCD and 
lmrR (12). The LmrR binding site in the promoter/operator (p/o) region of lmrCD is a 
typical PadR consensus sequence and binds LmrR with high affinity. An incomplete 
PadR motif is located in the p/o of lmrR, this palindromic sequence is only weakly 
recognized by LmrR. A proposed mechanism for the binding of LmrR to the p/o 
regions and the regulation of lmrCD and lmrR is as followed: the binding of two 
LmrR dimers to PlmrCD, together with an extensive binding of PlmrR by multiple 
LmrR dimers, results in a repression of lmrCD and a strong autorepression of lmrR. 
The current model is that intracellular presence of a toxic compound at relatively low 
concentrations will cause LmrR to bind the drug, which in turn will release the LmrR 
dimer from PlmrCD,  thus allowing initiation of lmrCD expression. At higher drug 
concentration the multiple LmrR dimers bound to PlmrR will also be released and 
this derepression leads to an increased expression of both lmrCD and lmrR (12). 
A major problem with the drugs that bind to LmrR is that they so far are all 
DNA-binding drugs, like hoechst 33342, daunomycin and ethidium (11), which 
interact with DNA via groove binding or intercalation. This has precluded validation 
of the above model using EMSA assays. Recently, it was found that LmrR also binds 
the vitamin riboflavin that like many of the other LmrR substrates has a planar struc-
ture. In this study we characterize the binding of LmrR to the ligand riboflavin and 
we have examined the LmrR binding to its p/o regions in the presence and absence 
of riboflavin using microscale thermophoresis. This new methodology monitors the 
diffusion of particles in a microscopic temperature gradient, depending on several 
biochemical properties, like charge, hydration shell and molecular mass, particles 
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will behave differently in the gradient (13). Microscale thermophoresis is ideally suited 
to examine the interaction of DNA binding proteins with their cognate substrate 
DNA. We characterize the minimal binding region necessary for LmrR interaction 
including the palindromic PadR motif, and analyzed the effect of ligand binding on 
the interaction between LmrR and DNA.

Results
LmrR has been shown to recognize its specific PadR p/o regions that precede the 
lmrR and lmrCD, genes and interact with them in a homodimeric organization (11,12). 
However, the data also suggested that LmrR might interact with the two p/o regions 
in a different way. It was suggested that LmrR binds with two dimers to the lmrR p/o 
region, compared to a single dimer organization on the p/o of lmrCD (12). This tight 
interaction of LmrR with its promoter causes a strong auto-regulation and repression 
of the lmrCD gene expression but it remained unclear how ligands for LmrR affect 
the binding. To study the interaction of LmrR with the aforementioned two promoter 
regions we first overproduced strep-tagged LmrR in E. coli and subsequently puri-
fied the protein using Streptactin (Fig. 1a) and Heparin (Fig. 1b) columns. A pure 
LmrR-Strep sample was obtained after the Heparin purification, although a higher 
molecular mass band was also observed in SDS-PAGE, which we attribute to the 
stable LmrR dimer. 

Figure 1 Purification of LmrR-Strep from E. coli. a) Streptactin purification of LmrR-Strep 
from E. coli cell-free extract (CFE), showing the flow through (FT), wash (W) and elution 
fractions (E), compared to the marker (M). LmrR elutes mostly in fractions E1 and E2, and a 
stable dimer (*) is apparent as well. b) LmrR-Strep heparin purification, cell-free extract (C) 
from the Streptactin purification is used as reference. LmrR-Strep is concentrated in elution 
fractions (#) 10 and 11, both also containing the stable dimer.
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To investigate the importance of the PadR consensus sequence on LmrR-DNA 
binding several DNA constructs were created containing the wild type and modified 
lmrCD p/o regions (PlmrCD) (Fig. 2c). Binding of LmrR to the (modified) lmrCD 
promoter region was measured using microscale thermophoresis (Fig. 2a). The 
lmrCD promoter DNA, synthesized as described in Agustiandari et al (12), is strongly 
bound by LmrR with a Kd of 82 ± 7.8 nM (Fig. 2), and a Hill coefficient of 1.78 ± 0.17 
suggesting a dimeric assembly of LmrR. Binding of LmrR to the lmrR promoter DNA 
is less strong, with a Kd of 1.4 ± 0.1 μM, though with a higher Hill coefficient of 2.43 
± 0.19 (Fig. 2) consistent with the notion that multiple LmrR dimers bind the lmrR 
promoter. The binding curves exhibit an opposite orientation, which we attribute to 
a probable difference in the LmrR-DNA binding mechanism (12).

Figure 2 Binding of LmrR to the lmrCD (black) and lmrR (red) promoter regions. PlmrR 
binding performed at 30 % Laser power. Protein concentrations are for monomeric LmrR.

Shortening of the 3’ end of the lmrCD promoter region by 62 bases slightly improved 
the LmrR binding, resulting in a Kd of 62 ± 7.5 nM (Fig. 3a). The 5’ end of the DNA 
fragment was left unchanged, since this part contains the Cy5 fluorophore and 
attempts to shorten the fragment from the 5’ end resulted in fluctuations in the 
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fluorescence signal. Mutation of the palindromic PadR motif (Fig. 3c) resulted in 
an abolished LmrR binding (Fig. 3b). As a control, half of the PadR consensus was 
deleted. This DNA fragment did not allow LmrR binding (Fig. 3b). 

Figure 3 Binding of LmrR to the lmrCD p/o regions. a) Binding of LmrR to wild type PlmrCD 
(black) and PlmrCD shortened by 62 bases (red). b) Binding of LmrR to mutated (mPadR, 
black squares) and truncated PadR (no PadR, red triangles) and the fitted binding curve 
(dashed line) that demonstrates a lack of binding. c) DNA sequence of the lmrCD promoter 
region, with the palindromic PadR motif shown in bold fond, highlighted in yellow and the 
transcription start site indicated in bold font. The truncated -62bp and truncated PadR (“No 
PadR”) products are indicated (red lines). A representation of the PadR consensus, the imper-
fect PadR motif in PlmrCD and the mutated PlmrCD with the palindromic PadR inverted 
repeats shown in bold are listed at the bottom. 

PadR consensus      ATGTNNNNNNNNACAT

p/o lmrCD   TAATGTAAAGTAGTTTACATTA

p/o mPadR  TAATGTAAAGTAGTTTGGGTTA

               
  61  cgtaaatcgt tgacttaaac tttaaaaagc gttacaatat ttttgttagt ttaccattta
      gcatttagca actgaatttg aaatttttcg caatgttata aaaacaatca aatggtaaat

                                             
 121  tgaaactaac tattgtaatc tttaacagca ttaacaatta atgcttgttt actaaaaaaa
      actttgattg ataacattag aaattgtcgt aattgttaat tacgaacaaa tgattttttt

 181  ataatgttat aattatcttc tcaaaaaatt tattgaaatt attttgaagt aaaatgaaat
      tattacaata ttaatagaag agttttttaa ataactttaa taaaacttca ttttacttta

 301  attttcaaat caatcatgaa gcataaatgg gttgccttat tctcaatctt
      taaaagttta gttagtactt cgtatttacc caacggaata agagttagaa
     

 241  tgaaaattca atttaatgta aagtagttta cattatttaa ctctagaaag gaattttatg
      acttttaagt taaattacat ttcatcaaat gtaataaatt gagatctttc cttaaaatac

                                                              
-62bp

Start

No PadR

ba

  Cy5-cgattcattc cttactttaa attctaaatt tataaaaaca taagaagata caaataacgt
      gctaagtaag gaatgaaatt taagatttaa atatttttgt attcttctat gtttattgca

PlmrCD
c
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Based on the biochemical characteristics of the known LmrR ligands, which all share 
a similar hydrophobic core structure, Madoori et al (manuscript submitted) demon-
strated that the vitamin riboflavin fits and binds the LmrR binding cavity using 
protein crystallography. To examine this phenomenon in more detail, we measured 
the riboflavin binding by monitoring the quenching of the intrinsic fluorescence of 
riboflavin upon its binding to LmrR. Addition of increasing amounts of LmrR to the 
riboflavin solution caused a significant drop in fluorescence (Fig. 4, inset). From this 
measurement a fluorescence quenching curve was obtained (Fig. 4) and the dissocia-
tion constant was calculated from this quenching curve. The interaction of LmrR 
with riboflavin is however weak, Kd = 792 ± 45 nM, compared to the binding of LmrR 
to hoechst (21 ± 8 nM) and daunomycin (236 ± 53 nM) (11).

Figure 4 Fluorescence quenching of riboflavin (RBF) upon LmrR binding. The fluorescence 
of riboflavin was followed in the presence (insert, red line) and absence (insert, black line) of 
LmrR. The fluorescence quenching (Fq) was calculated and a binding curve was fitted (red 
line). Concentration of LmrR in the binding assay was 200 nM (referring to dimeric protein).

To investigate the effect of riboflavin on the LmrR-DNA binding we measured the 
interaction of LmrR with PlmrCD and PlmrR in the presence of an excess of ribo-
flavin. The use of the ligand riboflavin is advantageous over the other known LmrR 
ligands, since it does not bind DNA itself, in contrast to hoechst and daunomycin. 
Addition of riboflavin had a significant effect on the binding of LmrR to its respon-
sive promoter regions (Fig. 5), resulting in a shift in Kd from 82.1 ± 7.8 nM to 195.4 ± 
55.8 nM for PlmrCD (Fig. 5a) and a shift in Kd from 1.4 ± 0.1 μM to 5.12 ± 0.47 μM 
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for PlmrR (Fig. 5b). Control experiments showed that in the absence of LmrR, 
riboflavin has no influence on the thermophoretic behavior of these two promoter 
regions (data not shown).

Figure 5 LmrR-DNA binding in the presence of ligand. a) Binding of LmrR to PlmrCD in the 
presence (red) and absence (black) of riboflavin (RBF). b) Binding of LmrR to PlmrR in the 
presence (red) and absence (black) of RBF. Protein concentrations are for monomeric LmrR. 

Conclusion
The PadR consensus is crucial for the binding of LmrR to the lmrCD promoter region. 
Mutagenesis of part of the palindromic motif resulted in an abolished LmrR binding, 
similar to the removal of half of the PadR consensus sequence. Shortening of the 3’ 
tail of the DNA fragment improved the binding of LmrR slightly. This shorter DNA 
fragment probably diffuses more easily and thereby might improve the dynamics of 
LmrR binding. Due to the presence of the Cy5 fluorophore on the 5’ end of the DNA 
fragment and fluctuations in fluorescence signal when this side was modified, the 
5’-end was not further shortened.
The fluorescence titration assay shows that LmrR has the ability to specifically bind 
riboflavin, though this is only a weak interaction when compared to known LmrR 
ligands. This weak interaction is probably due to the fact that riboflavin is not an 
authentic substrate of LmrCD but it can bind LmrR because it has a similar structure 
as the planar heterocyclic LmrR ligands. There is no evidence that LmrCD is involved 
in detoxification of riboflavin, as suggested by the observation that high concentra-
tions of riboflavin do not influence the growth of the lmrCD deletion strain nor of the 
wild type L. lactis (data not shown). 
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Upon addition of an excess of riboflavin to a solution containing LmrR and its DNA 
binding site a clear drop in binding affinity is observed, a ~2-fold decrease in LmrR 
binding to PlmrCD and a ~4-fold decrease for PlmrR. The usage of the novel LmrR 
ligand riboflavin has its advantages since riboflavin does not bind DNA, as confirmed 
by its inability to cause a thermophoresis shift of the promoter DNA in absence of 
LmrR. A DNA-bound ligand would add molecular mass to the complex and contri-
bute to the thermophoretic diffusion. These data show that binding of LmrR to both 
the PlmrCD and the PlmrR is modulated by ligand binding to LmrR. However, the 
binding affinity of LmrR for the PlmrR is already 18-fold poorer than for PlmrCD. 
Thus, ligand binding likely impacts expression of lmrCD to a much greater extent 
than that of lmrR. The results indicate that PlmrR is bound less strong by LmrR, 
probably because of the difference in the PadR consensus sequence compared to the 
PlmrCD, but it might be cooperatively bound by multiple LmrR dimers. The latter 
may cause the opposite orientation of the thermophoresis binding curve as compared 
to PlmrCD, that is bound by a single LmrR dimer. This hypothesis is strengthened 
by the atomic force microscopy analysis of LmrR-PlmrR complexes (12) and further 
supported by the observation that the hill coefficient for LmrR binding to PlmrR 
is higher (2.43) compared to PlmrCD (1.78). The larger LmrR complex as a whole 
might not bind PlmrR as strongly as the LmrR dimer binds PlmrCD, resulting in a 
poorer Kd.
Taken together, the obtained results might help explain the regulation of lmrCD and 
the autoregulation of lmrR in more detail. In the absence of toxic compounds both 
PlmrCD and PlmrR are bound by LmrR dimers, although PlmrR is probably occupied 
by multiple dimers simultaneously. The presence of drugs stimulates the release of 
LmrR from PlmrCD, thereby activating the expression of lmrCD whereas the effects 
on the lmrR expression are weaker as binding of LmrR to PlmrR is already almost 
20-fold weaker than to PlmrCD. This makes the expression of lmrR less responsive to 
the presence of drugs but at the same time allows for basal drug independent expres-
sion of lmrR.
Summarizing, our results confirm the importance of the PadR motif for the binding 
of LmrR to its responsive promoter region PlmrCD and show that riboflavin is a 
ligand of LmrR, which can release LmrR from its promoter regions. The differences 
in affinity for PlmrR and PlmrCD suggest that ligand binding impacts the lmrCD 
expression to a greater extent than lmrR, which is consistent with the proposed 
mechanism of drug induced lmrCD expression and the autoregulation of lmrR. 
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Materials and Methods

Bacterial strains and growth conditions
E. coli Bl21 (DE3)C43 containing the pET17b_LmrR_strep plasmid (14) was grown in 
Luria Bertani (LB) medium supplemented with 100 µg/ml ampicillin at 37 °C. 

Protein overproduction and purification
An overnight culture of E. coli containing pET17b_LmrR_strep was diluted in 
fresh LB with ampicillin and grown till an optical density at 600 nm (OD600) of 0.8. 
Subsequently, IPTG was added to a final concentration of 1 mM and cells were grown 
overnight at 30 °C. The overnight culture was centrifuged (6000 rpm, JLA10.500 rotor, 
20 min, 4 °C, Beckman), the cell pellet was resuspended in 50 mM NaH2PO4, pH 8.0, 
150 mM NaCl, and 10% glycerol and again centrifuged as before. The resulting cell 
pellet was frozen at -20 °C overnight. After thawing, the pellet was resuspended in 
resuspension buffer (50 mM Phosphate buffer, pH 8, 150 mM NaCl, 10% glycerol) 
and the cells were disrupted twice using a one-shot cell disruptor (Constant Systems, 
Daventry, UK) at 13 kPsi, 1 mM PMSF was added between the two cell disruption 
steps to inhibit proteases. Following the cell disruption, MgCl2 (final concentration  
10 mM) and 1.0 mg/ml DNaseI was added and the lysate was incubated for 1 hour 
at 30 °C. Using a long needle the cell lysate was sheered and afterwards centrifuged 
(15000 rpm, SS34 rotor, 20 min, 4 °C, Sorvall) and the cell free extract was filtered 
through a 45 µm filter. The supernatant was equilibrated with 6 mL pre-equilibrated 
Strep-tag Tactin slurry (50% Strep-tag Tactin in 50 mM potassium phosphate buffer, 
pH 8, 150 mM NaCl, 10% glycerol), for one hour on a rotary shaker at 4 °C. The 
column was washed 5 times with two column volumes of resuspension buffer and 
the LmrR-Strep was eluted with 6 times one column volume resuspension buffer 
containing 2.5 mM desthiobiotin. The fractions were analyzed on a 12% SDS poly-
acrylamide gel, stained with Coomassie Brilliant Blue. Fractions were desalted to  
50 mM PB, pH 8 using a Econo-PAC 10DG column (Bio-Rad) and applied to a 5 mL 
Heparin column (pre-equilibrated with 50 mM PB, pH 8), LmrR was eluted using 
a gradient of 2 M NaCl (0 to 100%, 10 min). Protein concentration and purity was 
assessed using a UV-VIS spectrometer.

Fluorescence quenching of LmrR-RBF
LmrR-RBF binding was measured by fluorescence titration using a Fluorimeter 
(Photon Technology International) at 25 °C. To a 3-mL stirred cuvette with 100 nM 
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purified LmrR dimer in binding buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl and 
1 mM EDTA), RBF (37.5 μM stock in binding buffer) was added in 2 µL steps, which 
results in an increase of 25 nM per step. RBF fluorescence at 523 nm was measured 
after every titration step, using an excitation wavelength of 435 nm. As a control, RBF 
was also titrated to the buffer lacking LmrR. After measurement the fluorescence 
quenching was calculated from the change between the control and samples contai-
ning LmrR. From the plotted fluorescence quenching curve the dissociation constant 
was calculated as described in (11).

Table 1 Primers used in this study

Name 5’ – 3’ sequence Reference

PlmrCD F Cy5- CGATTCATTCCTTACTTTAAATTC This work
PlmrCD R AAGATTGAGAATAAGGCAACCC (12)

PlmrCD R -62bp TTCTAGAGTTAAATAATGTAAAC This work
PlmrCD R muta TTCCTTTCTAGAGTTAAATAACCCAAACTAC This work
PlmrCD R noPadR ACTACTTTACATTAAATTG This work
PlmrR F CGGAGATGATTTTTTCTTATCTTATATAG (12)

PlmrR R CTCCTTGTTTTAGGACATTGAGC (12)

LmrR – promoter binding assay
Responsive promoter regions of both the lmrR and lmrCD genes were amplified using 
primers listed in Table 1. Forward primers contain a 5’- Cy5 fluorophore modification 
for use in the thermophoresis assay, modified primers were ordered from Sigma-
Aldrich. A serial dilution of purified LmrR-Strep was prepared in Binding buffer (20 
mM Tris.HCl, pH 8.0; 1 mM EDTA). To this serial dilution Cy5 – labeled promoter 
DNA was added to a final concentration of 50 nM and the total mixture was incubated 
for 30 minutes at 30 °C. For ligand binding studies an excess (50 µM) of riboflavin was 
added. Samples were loaded in standard treated thermophoresis capillaries and protein 
– DNA binding was measured using a Monolith NT.115 (Nanotemper Technologies), 
with 30% LED power and 40% laser power unless stated otherwise. From the binding 
curves the dissociation constant was calculated using the Hill equation.
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