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Global transcriptional regulators play key roles during bacterial adaptation
to environmental fluctuations. Protein MafR from Enterococcus faecalis was
shown to activate the transcription of many genes on a genome-wide scale.
We proposed that MafR is a global regulator of the Mga/AtxA family.
Here, we purified an untagged form of the MafR protein and found that it
binds to linear double-stranded DNAs in a nonsequence-specific manner.
Moreover, multiple MafR units (likely dimers) bind sequentially to the DNA
molecule generating multimeric complexes. On DNAs that contain the pro-
moter of the mafR gene, MafR recognizes a potentially curved DNA region.
We discuss that a characteristic of the Mga/AtxA regulators might be their
ability to recognize particular DNA shapes across the bacterial genomes.
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Bacterial adaptation to a new niche usually requires
global changes in gene expression. Many of these
changes are coordinated by proteins that function as
global transcriptional regulators. The ability of such
proteins to recognize multiple DNA sites across the
bacterial genome makes possible to adjust the gene
expression pattern in response to environmental fluctu-
ations. Several findings from structural and biochemi-
cal studies have shown that simple protein-DNA
recognition mechanisms do not exist [1]. Rohs ez al. [2]
classified two main readout mechanisms: base readout
and shape readout. In the base readout mechanism,
proteins recognize the unique chemical signatures of
the DNA bases. In contrast, in the shape readout
mechanism, proteins recognize a sequence-dependent
DNA shape. Nevertheless, based on the structures of
numerous protein—-DNA complexes, it has been rea-
soned that particular proteins use likely a combination
of readout mechanisms to achieve DNA-binding speci-

ficity [2].

Abbreviations

The gram-positive bacterium Enterococcus faecalis is
able to colonize different niches of the human host. It is
generally found as a harmless commensal of the gas-
trointestinal tract. However, in immunocompromised
hosts, E. faecalis can cause a variety of infections, such
as urinary tract infections, endocarditis and bacteraemia
[3-5]. Our knowledge of the regulatory elements
involved in the adaptation of E. faecalis to particular
host niches is still very limited. Genome-wide microar-
ray assays designed for the E. faecalis strain OGIRF
showed that protein MafR activates, directly or indi-
rectly, the expression of numerous genes [6]. Some of
them were found to be up-regulated during the growth
of E. faecalis in blood and/or in human urine [7,8].
MafR (482 amino acids) has sequence similarity to three
regulatory proteins: AtxA (40.7%; 475 amino acids)
from Bacillus anthracis, MgaSpn (38.8%; 493 amino
acids) from Streptococcus pneumoniae, and Mga
(31.3%; 530 amino acids) from S. pyogenes [6]. The
three proteins are members of an emerging class of

dsDNA, double-stranded DNA; EMSA, electrophoretic mobility shift assay; OD, optical density.
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global transcriptional regulators involved in virulence
(the Mga/AtxA family) [9-11]. Furthermore, according
to the Pfam database of protein families [12], MafR has
two putative DNA-binding domains within the N-term-
inal region, the so-called HTH_Mga (Family PF08280,
residues 11-69) and Mga (Family PF05043, residues
76-164) domains, which are also present in Mga, AtxA
and MgaSpn [6,13,14]. Based on these findings, we pro-
posed that MafR is a potential regulator of the Mga/
AtxA family. However, the DNA-binding properties of
MafR remain to be investigated.

In vitro protein—DNA interaction studies have been
reported for Mga and MgaSpn, but not for AtxA.
During exponential growth of S. pyogenes, Mga acti-
vates directly the transcription of several virulence
genes. Some of them encode factors important for
adherence to host tissues and for evasion of the host
immune responses [15]. In vitro experiments showed
that a His-tagged Mga protein binds to regions located
upstream of the target promoters. The position of the
Mga-binding sites with respect to the start of tran-
scription differs among the promoters tested [13,16].
Although a consensus Mga-binding sequence was ini-
tially proposed [17], subsequent sequence alignments
revealed that the sites recognized by Mga exhibit a low
sequence identity (13.4%) [16]. Additionally, it has
been shown that the His-tagged Mga protein is able to
form higher order oligomers in solution [18§].

The pneumococcal MgaSpn protein activates directly
the transcription of a four-gene operon (spri623—
spr1626) of unknown function. This activation requires
a region located upstream of the target promoter [14].
In vitro experiments showed that MgaSpn binds to lin-
ear double-stranded (ds) DNAs with little or no
sequence specificity. Moreover, MgaSpn is able to gen-
erate multimeric complexes on linear DNAs [10].
Additional results supported that MgaSpn recognizes
structural features in its target DNA as follows: (a)
MgaSpn binds preferentially to DNA sites that contain
a potential intrinsic curvature flanked by regions of
bendability, (b) MgaSpn has a high affinity for a natu-
rally occurring curved DNA, and (c) MgaSpn has a
preference for AT-rich DNA sites [10,19]. Because of
these results, we proposed that a preference for partic-
ular DNA structures rather than for specific DNA
sequences might be a general feature of the global reg-
ulators that constitute the Mga/AtxA family [19]. In
agreement with this hypothesis, sequence similarities in
the promoter regions of the genes regulated by AtxA
are not apparent, and some of those promoter regions
are intrinsically curved [20].

In the present work, we purified an untagged form
of the MafR protein and analyzed its DNA-binding

Binding of MafR to DNA

properties. By gel retardation assays, we found that
MafR binds to linear dsSDNAs in a nonsequence-speci-
fic manner. Multiple units of MafR (likely dimers)
bind orderly on the same DNA molecule generating
multimeric complexes. Moreover, by footprinting
experiments, we found that MafR binds to a poten-
tially curved DNA region. Our results support that
recognition of sequence-dependent DNA shapes might
be a hallmark of the global regulators that belong to
the Mga/AtxA family.

Materials and methods

Oligonucleotides, bacterial strains, and plasmids

Oligonucleotides used in this work are listed in Table 1.
Chromosomal DNA was isolated from E. faecalis V583
[21], E. faecalis OGIRF [22], and S. pneumoniae R6 [23].
E. faecalis JH2-2 [24] was used as a host for plasmids
based on pDLF [6] and pDLS. The expression vector
pDLS is a pDL287 [25] derivative. It has a unique
restriction site for Sphl downstream of the pneumococcal
PsulA promoter [26]. For its construction, a 202-bp region
(promoter PsulA) of the R6 genome was amplified by PCR
using primers pSulF and pSu/lR. The PCR product
was digested with Clal, and the 181-bp restriction frag-
ment was ligated to Clal-linearized pDL287. Plasmids
pDLFmafRV533 and pDLSmafRV583 carry the P2493::
mafRysgs and PsulA::mafRysgs fusion genes, respectively.
For their construction, a 1546-bp region of the V583 chro-
mosome was amplified using the mafSphF and mafSphR
primers. After Sphl digestion, the 1514-bp restriction frag-
ment was inserted into the Sphl site of both expression vec-
tors pDLF and pDLS.

For protein overproduction, an inducible expression sys-
tem based on Escherichia coli BL21 (DE3) (a gift of F. W.
Studier) and pET24b (Novagen) was used. To overproduce
MafRysg3, a 1502-bp region of the V583 chromosome was
amplified by PCR using the UpmafR and DwmafR primers.
These primers have a single restriction site for Ndel and
Xhol, respectively. The amplified product was digested with
both enzymes, and the 1470-bp digestion product was
inserted into pET24b (plasmid pET24b-mafRysg3). To over-
produce MafRysg3-His and MafRogire-His, a 1481-bp
DNA region was amplified by PCR using the UpmafR and
DwmafR-His primers. The amplified DNA was digested
with Ndel and Xhol, and the 1448-bp digestion product
was inserted into pET24b (plasmids pET24b-mafRysgs-
His and pET24b-mafRocire-His). To  overproduce
MafRoG rrA3N-His, a 1472-bp region of the OGIRF
chromosome was amplified by PCR using the UpmafR-
A3N and DwmafR-His oligonucleotides. The 1439-bp
digestion product was inserted into pET24b (plasmid
pET24b-mquOGlRFA3N-His).
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Table 1. Oligonucleotides used in this work.

S. Ruiz-Cruz et al.

Name Sequence (5" to 3')*

pSulF TGTTAATGG GATQGATTTCTGTTTG

pSulR GACATATCGATCACTCCCGCATGCATTTTCATC
mafSphF TTTTTATCCGTATTCGCATGCAAAAGGAGG
mafSphR AACCAAACGATGCATGCCGAAAGAAAGC
UpmafR GCAAAAGGAGGTTTTCATATGTACTCCATG
DwmafR AGCCAAAA/—\ACTEGAGAATGTCCTCG CTAG
DwmafR-His CCTCGCTAGTTCTCGAGAAAATAAGAATGA
UpmafR-A3N GGTTTTGCCATGTACCATATGTTAAAACGT
3012A AGGAATGGCTGTTGTAACCA

3012B AGTGCGGCTCCTGTCGGTAA

3013A AACAAACGAATTTGCCGAAGC

3013B CAACTGTTCCAACAAACG

3013C CCGTTATCACACGTTTTAACA

0091G2 GGCTATTTTGATGCACATATCTG

0092A2 CCCGCCTTCCTTCCCTTGCTC

EM1 AGTTGAATGTTTAAAGAAATGATGG

26A TTCTTTGTGGTATAATTGCAAGAGGT

26B ACCTCTTGCAATTATACCACAAAGAA

20A TATATTGTCTCCGTAGTGTT

20B AACACTACGGAGACAATATA

40A TATATCATGCTATACCTATTCTTTGTGGTATAATTGCAAG
40B CTTGCAATTATACCACAAAGAATAGGTATAGCATGATATA
32A TTCTTTGTGGTATAATTGCAAGAGGTTTAATC
32B GATTAAACCTCTTGCAATTATACCACAAAGAA

“Restriction sites are in bold, and the base changes that generate restriction sites are underlined.

DNA isolation

For small-scale preparations of plasmid DNA, the High
Pure Plasmid Isolation Kit (Roche Applied Science, Penz-
berg, Germany) was used with the modifications reported
for Enterococcus [6]. Chromosomal DNA was isolated from
E. faecalis and S. pneumoniae as previously described [26].

Growth and transformation of bacteria

The E. faecalis was grown in Bacto™ Brain Heart Infusion
(BHI) medium, which was supplemented with kanamycin
(250 pg-mL~") when the cells harbored a plasmid based on
pDLF or pDLS. E. coli cells carrying a derivative of pET24b
were grown in tryptone-yeast extract (TY) medium supple-
mented with kanamycin (30 pg-mL™"). Bacteria were grown
at 37 °C. The protocols used to transform E. faecalis and
E. coli by electroporation have been described [27,28].

Western blot

Plasmid-carrying enterococcal cells were grown as indicated
above to an optical density at 650 nm (ODgsq) of 0.3 (expo-
nential phase). To prepare whole-cell extracts, cells were con-
centrated 40-fold in buffer LBW (25 mm Tris-HCL, pH 7.6,
0.5mM EDTA, 0.2 mgmL™! lysozyme, 260 units-mL ™!
mutanolysin), and incubated at 37 °C for 10 min. Total

proteins were separated by SDS/PAGE (10%). Prestained
proteins (Invitrogen, Waltham, MA, USA) were run in the
same gel as molecular weight markers. Proteins were trans-
ferred electrophoretically to immunoblot polyvinylidene
difluoride (PVDF) membranes (Bio-Rad) using a Mini Trans
Blot (Bio-Rad, Hercules, CA, USA) as reported previously
[26]. Membranes were probed with rabbit polyclonal anti-
bodies against MafRysg3. Antigen—antibody complexes were
detected using antirabbit horseradish peroxidase-conjugated
antibodies, the Immun-Star™ HRP substrate kit (Bio-Rad),
and the Luminescent Image Analyzer LAS-3000 (Fujifilm
Life Science). Rabbit polyclonal antibodies against
MafRysg3 were produced in the Animal Facility of the Cen-
tro de Investigaciones Bioldgicas, CSIC (Madrid, Spain).
For the immunizations, purified protein (MafRysg3) and tra-
ditional protocols (Freund’s complete adjuvant, Freund’s
incomplete adjuvant, subcutaneous administration) were
used.

Polymerase chain reaction (PCR)

The Phusion High-Fidelity DNA polymerase (Thermo Sci-
entific, Waltham, MA, USA) and the Phusion HF buffer
were used. Reaction mixtures (50 plL) contained 5-30 ng of
template DNA, 20 pmol of each primer, 200 um each
dNTP, and one unit of DNA polymerase. PCR conditions
were reported previously [26]. PCR products were purified
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with the QIAquick PCR purification kit (QIAGEN, Hilden,
Germany).

PCR amplification of chromosomal DNA regions

By PCR, four regions of the V583 chromosome were
amplified: (a) a 217-bp region (coordinates 2888932—
2889148) using the 3012A and 3013A primers, (b) a 227-bp
region (2888932-2889158) using the 3012A and 3013B pri-
mers, (¢) a 260-bp region (coordinates 2888858-2889117)
using the 3012B and 3013C primers, and (d) a 321-bp
region (coordinates 94488-94808) using the 0091G2 and
0092A2 primers. From the S. pneumoniae R6 chromosome,
a 322-bp region (coordinates 1598010-1598331) was ampli-
fied using the 26A and EM1 primers.

Annealing of complementary oligonucleotides

Oligonucleotides 20A, 26A, 32A, 40A and their complemen-
tary oligonucleotides (20B, 26B, 32B, 40B) (Table 1) were
used to generate small dsDNA fragments. Equimolar
amounts of complementary oligonucleotides were annealed
in buffer TE (2 mm Tris-HCI, pH 8.0, 0.2 mm EDTA) con-
taining 50 mm NaCl. Reaction mixtures (150 plL) were incu-
bated at 95 °C for 10 min, cooled down slowly to 37 °C,
kept at 37 °C for 10 min, and placed on ice for 10 min.

Overproduction and purification of proteins

E. coli BL21 (DE3) cells harboring a pET24b derivative
were grown as indicated above to an ODgyy of 0.45.
Then, IPTG (1 mm) was added. After 25 min, cells were
treated with rifampicin (200 pg-mL~") for 60 min. Cells
were then collected by centrifugation, washed twice with
buffer VL (50 mm Tris-HCI, pH 7.6, 5% glycerol, 1 mm
DTT, 1 mm EDTA) containing 200 mm NaCl, and stored
at —80 °C.

To purify MafRysgs, bacterial cells were concentrated
40-fold in buffer VL containing 200 mm NaCl and a pro-
tease inhibitor cocktail (Roche). To purify His-tagged pro-
teins, an EDTA-free protease inhibitor cocktail (Roche)
was used. Cells were lysed using a prechilled French pres-
sure cell, and the whole-cell extract was centrifuged to
remove cell debris. The clarified extract was mixed with
0.2% poly(ethyleneimine), kept on ice for 30 min, and cen-
trifuged at 10 414 g in an Eppendorf F-34-6-38 rotor for
20 min at 4 °C. MafRysg3, as well as the His-tagged vari-
ants, were recovered in the poly(ethyleneimine) pellet,
which was subsequently washed twice with buffer VL con-
taining 200 mm NaCl. MafRysg; and the His-tagged vari-
ants were eluted with buffer VL containing 500 mm NaCl.
Proteins were precipitated with ammonium sulfate (70%
saturation; 60 min on ice), followed by a centrifugation
step (10 414 g for 20 min at 4 °C).

Binding of MafR to DNA

In the case of MafRysg3, the ammonium sulfate precipi-
tate was dissolved in buffer VL containing 200 mm NaCl,
and dialyzed against the same buffer at 4 °C. The protein
preparation was loaded onto a heparin affinity column
(HiPrep Heparin, GE Healthcare, Chicago, IL, USA). To
elute MafRysg3, a linear gradient of NaCl (200-600 mm) in
buffer VL was used. Fractions containing MafRysg3 were
identified by Coomassie-stained SDS-polyacrylamide (12%)
gels, pooled, and dialyzed against buffer VL containing
200 mm NaCl. Then, the protein preparation was concen-
trated (Vivaspin-20, GE Healthcare), applied to a HiLoad
Superdex 200 gel filtration column, and subjected to fast-
pressure liquid chromatography (Biologic Duoflow, Bio-
Rad) at 4 °C. The running buffer contained 200 mm NaCl.
Protein fractions containing MafRysg3 were pooled, concen-
trated and stored at —80 °C.

In the case of His-tagged proteins, the ammonium sul-
fate precipitate was dissolved in buffer S-His (10 mm Tris-
HCI, pH 7.6, 5% glycerol, 300 mm NaCl, 1 mm DTT), and
dialyzed against the same buffer at 4 °C. Imidazole
(10 mm) was added to the protein preparation, which was
then loaded onto a nickel affinity column (HisTrap HP col-
umn, GE Healthcare). To elute the His-tagged protein, a
linear gradient of imidazole (10-250 mm) in buffer S-His
was used. Fractions containing the His-tagged protein were
pooled, dialyzed against buffer VL containing 200 mm
NaCl, concentrated, and stored at —80 °C.

Protein concentration was determined using a NanoDrop
ND-2000 Spectrophotometer (Thermo Scientific).
Mava5g3, MafRoclRF—His and MafROGIRFA3N—His were
subjected to amino terminal sequencing by Edman degrada-
tion using a Procise 494 Sequencer (Perkin Elmer, Wal-
tham, MA, USA).

Gel filtration chromatography

Protein MafRysg3 was injected into a HiLoad Superdex 200
gel filtration column using a Biologic Duoflow system (Bio-
Rad). Buffer VL containing 200 mm NaCl was used to equi-
librate the column and as running buffer. The column was
calibrated with various proteins of known Stokes radius:
alcohol dehydrogenase (ADH; 45 A), albumin (A; 35.5 A),
ovalbumin (O; 30.5 A), and carbonic anhydrase (CA; 20.1
1&). Elution positions were monitored at 280 nm. The K,
value was calculated as (V. — V,)/(Vy — V,), where V., is the
elution volume, V, is the void volume (determined by elution
of blue dextran), and V/, is the total volume of the packed
bed. Data were plotted according to Siegel and Monty [29].

Analytical ultracentrifugation

Experiments were performed at 12 °C in an Optima XL-I
analytical ultracentrifuge (Beckman-Coulter, Brea, CA,
USA) equipped with an UV-visible optical detection sys-
tem, using an AnS50Ti rotor and Epon-charcoal standard
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double sector centerpieces (12 mm optical path). Sedimen-
tation velocity assays were carried out at 185 795 g
MafRysgsz (5 and 10 pm; 350 pL) was equilibrated in buffer
AU (50 mm Tris-HCIL, pH 7.6, 1 mm EDTA, 0.1 mm DTT;
3% glycerol, and 200 mm NaCl). The MafRysg3 sedimenta-
tion coefficient was estimated applying a direct linear least
squares boundary modeling of the sedimentation velocity
data using the SEDFIT program (version 12.0) [30]. The
sedimentation coefficient was corrected to standard condi-
tions to obtain the corresponding S,ow value using the
SEDNTERP program [31]. The translational frictional
coefficient (f) of MafRysg3 was determined from the molec-
ular mass and sedimentation coefficient values [32],
whereas the frictional coefficient of the equivalent hydrated
sphere (fy) was estimated using a hydration of 0.37 g H,0/g
protein [33]. With these parameters the translational fric-
tional ratio (f/fy) was calculated (MafRysg3 hydrodynamic
shape). Sedimentation equilibrium assays were performed
at two protein concentrations (5 and 10 um). Samples
(90 pL) were centrifuged at two successive speeds (5161
and 8064 g) and absorbance readings were done after the
sedimentation equilibrium was reached. The absorbance
scans were taken at 280 and 291 nm, depending on
MafRysg; concentration. In all cases, the baseline signals
were measured after high-speed centrifugation (129 024 g).
Apparent average molecular masses of MafRysg; were
determined using the HETEROANALYSIS program [34].
The partial specific volume of MafRysg; was 0.742 mL-g ™!,
calculated from the amino acid composition with the
SEDNTERP program [31].

Radioactive labeling of DNA fragments

Oligonucleotides were radioactively labeled at the 5 end
using [y-*P]-ATP (3000 Ci/mmol; Perkin Elmer) and T4
polynucleotide kinase (New England Biolabs) as described
[10]. The 5’ labeled oligonucleotides were used for PCR
amplification (labeling at either the coding or the noncod-
ing strand).

Electrophoretic mobility shift assays

In general, binding reactions (10-20 pL) contained either
nonlabeled DNA (10 nm) or 3?P-labeled DNA (1-2 nwm)
and different amounts of the purified protein. The binding
buffer contained 30 mm Tris-HCI, pH 7.6, 1 mm DTT,
0.2 mm EDTA, 1% glycerol, 50 mm NaCl, and
0.5 mg~mL_1 BSA. When indicated, nonlabeled competitor
calf thymus DNA and **P-labeled DNA were added simul-
taneously to the binding reaction. Reaction mixtures were
incubated at room temperature for 20 min. Free and bound
DNA forms were separated by electrophoresis on native
polyacrylamide (6% or 8%) gels (Mini-PROTEAN system,
Bio-Rad). Gels were pre-electrophoresed (20 min) and run

S. Ruiz-Cruz et al.

at 100 V and room temperature. Labeled DNA was visual-
ized using a Fujifilm Image Analyzer FLA-3000.

DNase | footprinting assays

Binding reactions (50 pL) contained 2 nm of *?P-labeled
DNA, 30 mm Tris-HCI, pH 7.6, 1 mm DTT, 0.2 mm
EDTA, 1% glycerol, 50 mm NaCl, 0.5 mg-mL~' BSA,
1 mm CaCl,, 10 mm MgCl,, and different concentrations
of MafRysg3. Reaction mixtures were incubated at room
temperature for 20 min. Then, DNA was digested using
0.04 units of DNase I (Roche Applied Science). After
5 min at room temperature, reactions were stopped by add-
ing 25 pL of Stop DNase I buffer (2 M ammonium acetate;
0.8 mMm sodium acetate, 0.15 m EDTA). DNA was precipi-
tated with ethanol, dried and dissolved in 5 pL of loading
buffer (80% formamide, 10 mm NaOH, 0.1% bromophenol
blue, 0.1% xylene cyanol, 1 mm EDTA). After heating at
95 °C for 5 min, samples were loaded onto 8 m urea-6%
polyacrylamide gels. Dideoxy-mediated chain termination
sequencing reactions were run in the same gel. Labeled
products were visualized using a Fujifilm Image Analyzer
FLA-3000. The intensity of the bands was quantified using
the Quantity One software (Bio-Rad).

In silico prediction of intrinsic curvature

The bendability/curvature propensity plots were calculated
with the bend.it server [35] (http://hydra.icgeb.trieste.it/dna/
bend_it.html) as described previously [10].

Results

Purification of an untagged form of the MafRysg3
protein

To overproduce and then purify an untagged form of
the MafRysg; protein, we used a heterologous system
based on the E. coli strain BL21 (DE3) and the induci-
ble expression vector pET24b. The procedure used to
purify MafRysg3 involved basically four steps: (a) pre-
cipitation of DNA and MafRysg; with poly(ethylenei-
mine) using a low ionic strength buffer; (b) elution of
MafRysgs from the poly(ethyleneimine) pellet using a
higher ionic strength buffer; (c) fractionation of pro-
teins by heparin chromatography; and (d) fractiona-
tion of proteins by gel filtration chromatography
(Fig. 1A). Purified MafRysg3 was analyzed by SDS/
PAGE (12%). It migrated between standard proteins
of 45 and 66 kDa, which is consistent with the theoret-
ical molecular weight of the MafRysg3 monomer
(56 247 Da). Further determination of the N-terminal
amino acid sequence (eight residues) of MafRysgs by
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M

Fig. 1. (A) Purification of MafRysgs. Proteins were analyzed by
SDS/PAGE (12%). Gels were stained with Coomassie Blue. Lane
M: molecular weight standards (in kDa) were run in the same gel
(LMW Marker, GE Healthcare). Lane 1: total proteins from cells
nontreated with IPTG. Lane 2: total proteins from cells treated with
IPTG for 25 min. Lane 3: total proteins from cells treated with
IPTG (25 min) and then with rifampicin (60 min). Purification steps
(lanes 4-10): cleared cell lysate (lane 4); supernatant after DNA
precipitation with poly(ethyleneimine) in the presence of 200 mm
NaCl (lane b); proteins eluted from the poly(ethyleneimine) pellet
using a buffer that contains 200 mm NaCl (lanes 6, 7); proteins
eluted from the poly(ethyleneimine) pellet using a buffer that
contains 500 mm NaCl (lane 8); protein preparation after heparin
affinity chromatography (lane 9); protein preparation after gel
filtration chromatography (lane 10). (B) Detection of MafRysgs in
E. faecalis cell extracts by western blotting. Rabbit polyclonal
antibodies against MafRysgs were used. Total proteins from JH2-2
cells harboring plasmid pDLF (lane 2), plasmid pDLFmafR\sg3 (lane
3), and plasmid pDLSmafRysgs (lane 4) were separated by SDS/
PAGE (10%). Purified MafRysgs (lane 1) was run in the same gel.

Edman degradation showed that the first Met residue
was not removed.

Next, we obtained polyclonal antibodies against
MafRysgs and demonstrated that they are suitable for
detection of MafRysg3 in enterococcal whole-cell
extracts by western blotting (Fig. 1B). Specifically, we
inserted the mafRysg3 gene into the expression vectors
pDLF [6] and pDLS (this work), which are based on
the enterococcal P2493 promoter and the pneumococ-
cal PsulA promoter, respectively [26]. Each recombi-
nant plasmid (pDLFmafRysgs and pDLSmafRysg3)
was introduced into the enterococcal JH2-2 strain,
which is a plasmid-free strain. As internal control,
plasmid pDLF (‘empty’ vector) was introduced into
JH2-2. Compared to cells harboring plasmid
pDLSmafRysg3, the amount of MafRysg3 was ~ 3-fold
higher in cells harboring plasmid pDLFmafRyss3
(Fig. 1B). This result is consistent with our previous
results, which showed that the activity of the P2493
promoter is ~ 3.8-fold higher than the activity of the
PsulA promoter in E. faecalis JH2-2 cells [26].

Binding of MafR to DNA

Hydrodynamic behavior of MafRysg3

Gel filtration chromatography allowed us to determine
the molecular size (Stokes radius) of the untagged
MafRysgs protein. MafRysgs eluted from the column
as a single peak (Fig. 2A). The elution volume was
used to calculate the K,, value as indicated in Materi-
als and Methods. A calibration curve was obtained by
loading onto the column several standard proteins of
known Stokes radius (Fig. 2A). The Stokes radius of
MafRysgs determined from the calibration curve was
43 A, slightly lower than the value of the alcohol
dehydrogenase standard protein (45 A, 150 kDa). This
result indicated that MafRysg3 behaves as a dimer in
solution. This conclusion was further confirmed by
analytical ultracentrifugation experiments (sedimenta-
tion velocity and sedimentation equilibrium) (Fig. 2B).
At 5 and 10 um of MafRysgs3, the sedimentation veloc-
ity profiles showed a major peak (92-98%) with an
S>0.w value of 6 S. A minor peak (4-6%) correspond-
ing to a molecular species of higher sedimentation
coefficient (Sy9w = 6.4 S) was also observed. Sedimen-
tation equilibrium assays showed that, at 5 um of
MafRysgs, the experimental data are best fit to an
average molecular mass (M, ,) of 118 000 = 1000 Da,
a value that corresponds with the theoretical mass of a
MafRysgs dimer (112 495 Da). A similar average
molecular mass was determined at 10 um
(121 000 £ 1000 Da). Thus, under the conditions
tested, the MafRysg3 dimer is the major molecular spe-
cies in the protein preparation. The frictional ratio
(f/fo) calculated from the analytical ultracentrifugation
assays was 1.34, indicating that the hydrodynamic
behavior of the MafRysg; dimer deviates from the
behavior corresponding to a rigid spherical particle
(flfo = 1.0). From these results we conclude that the
shape of the MafRysg3 dimer is an ellipsoid.

MafRysgz generates multimeric complexes on
linear dsDNA

The pneumococcal MgaSpn regulator, a member of the
Mga/AtxA family, was shown to generate multimeric
complexes on linear dsDNAs [10]. In this work, we ana-
lyzed whether MafRysg3 has a similar ability. Firstly, we
performed electrophoretic mobility shift assays (EMSAs)
using a 217-bp DNA fragment (coordinates 2888932—
2889148 of the V583 chromosome) (Fig. 3A), which con-
tains the promoter of the mafR gene (promoter Pma) [6].
The *?P-labeled DNA fragment (2 nM) was incubated
with increasing concentrations of MafRysg3 in the pres-
ence of nonlabeled competitor calf thymus DNA
(5 pgmL™") (Fig. 4A). At 20 nm of MafRysgs, free
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Fig. 2. (A) Stokes radius of MafRysgs determined by gel filtration chromatography. Upper part: elution profile of MafRysgs on a HiLoad
Superdex 200 gel filtration column. Lower part: four standard proteins of known Stokes radius were loaded on the same column. CA:
carbonic anhydrase. O: ovalbumin. A: albumin. ADH: alcohol dehydrogenase. (B) Analytical ultracentrifugation analysis of MafRysgs. The
sedimentation equilibrium profile of MafRysgs (5 uv) was taken at 280 nm. The lower part shows the experimental data (circles) and the
best fit (continuous line) to a single species with a M, , =118 000 Da. The residuals to the fit are shown in the upper part. Inset:

sedimentation velocity profile of the same MafRysgz sample.

DNA and a protein-DNA complex (C1) were observed.
However, as the concentration of MafRysg; was
increased, complexes of lower electrophoretic mobility
appeared sequentially and faster moving complexes dis-
appeared gradually. Secondly, we performed dissocia-
tion experiments (Fig. 4B). The >’P-labeled DNA
fragment (2 nMm) was incubated with MafRysg3 (260 nm)
in the absence of competitor DNA to generate higher
order protein-DNA complexes (Fig. 4B, lane 1). Then,
different amounts of calf thymus DNA were added to
the reaction mixtures. As the concentration of competi-
tor DNA was increased, protein-DNA complexes mov-
ing faster appeared gradually, as well as free DNA
molecules. Taken together, these results indicated that
multiple units of MafRysg3 bind orderly on the same lin-
ear DNA molecule generating multimeric complexes.
Moreover, the MafRysg; units are able to dissociate
orderly from the higher order complexes.

Further EMSAs using different linear dsDNAs indi-
cated that MafRysgs, like the MgaSpn regulator [10],
binds to DNA with little or no sequence specificity.
Specifically, we used a 321-bp DNA fragment from
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the enterococcal V583 chromosome (coordinates
94488-94808) and a 322-bp DNA fragment from the
pneumococcal R6 chromosome (coordinates 1598010—
1598331). Although both DNAs have a similar A + T
content (72.3% and 71.1%, respectively), sequence
similarities between them are not apparent. As shown
in Fig. S1 (Supplementary material), MafRysg3 was
able to form multimeric complexes on both DNA frag-
ments. Moreover, the pattern of complexes was similar
to that generated by MafRysg3 on the 217-bp DNA
fragment (Fig. 4A).

By EMSA, we also analyzed the ability of a His-
tagged MafRysg; protein (MafRysg3-His) to interact
with linear dsDNAs. This variant of MafRysg3 carries
the Leu-Glu-6xHis peptide (His-tag) fused to its C ter-
minus. As shown in Fig. S2 (Supplementary material),
MafRysg3-His was able to generate multiple complexes
on a 260-bp DNA fragment (coordinates 2888858—
2889117 of the V583 chromosome) that contains the
Pma promoter (Fig. 3A). Thus, the presence of the
His-tag at the C-terminal end of MafRysg3 does not
affect its ability to generate multimeric complexes.
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Fig. 3. (A) Relevant features of the region located upstream of the mafR gene. The nucleotide sequence of the region that spans
coordinates 2888932-2889103 of the E. faecalis V5683 chromosome is shown. The stop codon (TAG) of EF3012, the main sequence
elements of the Pma promoter (—35 box and —10 box), and the start codon (ATG) of mafR are indicated in boldface letters. The
transcriptional terminator (TT) of EF3012, the transcription start site (+ 1 position) of mafR, and the putative Shine-Dalgarno sequence (SD)
of mafR [6] are shown. The brackets denote the primary MafRysgz-binding site defined by DNase | footprinting assays in this work. (B) The
region upstream of the Pma promoter is potentially curved. The bendability/curvature propensity plot of the 227-bp DNA fragment
(coordinates 2888932-2889158 of the V583 chromosome) was calculated using the bend.it program [35]. The transcription start site (+ 1) of
the mafRysgz gene is indicated with an arrow. The location of the main sequence elements of the Pma promoter (—35 and —10 elements)
is shown (gray box). The site recognized preferentially by MafRysgz on the 227-bp DNA fragment (this work, Fig. b) is indicated (black box).

MafRysgz binds to a potentially curved DNA 2888932-2889158) that contains the Pma promoter
region (Fig. 3A). Figure 3B shows the bendability/curvature
propensity plot of this DNA fragment according to
the bend.it program [35]. The highest magnitude of
curvature propensity (~ 14 degrees per helical turn) is
located at position —104 relative to the transcription
start site of the mafRysg; gene. Thus, the region
upstream of the Pma promoter is potentially curved.
Moreover, such a predicted curvature is located at a
region of conspicuous bendability.

The 227-bp DNA fragment (2 nm) was >P-labeled
either at the 5'-end of the coding strand or at the 5'-end
of the noncoding strand (Fig. 5). On the coding strand
and at 80 nm of MafRysgs, two regions protected
against DNase I digestion were observed, from position
—69 to —80 and from position —88 to —104. On the

Regulators of the Mga/AtxA family appear to bind
DNA with low sequence specificity. It has been shown
that all established Mga-binding sites exhibit only
13.4% identity [16]. In the case of AtxA, sequence sim-
ilarities in its target promoters are not apparent, and
in silico and in vitro analyses revealed that the pro-
moter regions of several target genes are intrinsically
curved [20]. Moreover, in vitro studies indicated that
MgaSpn recognizes structural features in its DNA tar-
gets rather than specific nucleotide sequences [10,19].
To further investigate the DNA-binding properties of
MafRysg3, we performed DNase I footprinting experi-
ments. We used a 227-bp DNA fragment (coordinates
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Fig. 4. (A) Formation of MafRysss~DNA complexes. The S2P-labeled 217-bp DNA fragment (2 nm) was incubated with the indicated
concentration of MafRysgs in the presence of nonlabeled calf thymus DNA (5 pg-mL™"). Reaction mixtures were loaded onto a native gel
(6% polyacrylamide). All the lanes came from the same gel. Bands corresponding to free DNA (F) and some MafRysgs—~DNA complexes (C1,
C2, C3, and C4) are indicated. (B) Dissociation of MafRysgz-DNA complexes. The indicated concentration of nonlabeled competitor calf
thymus DNA was added to preformed MafRysss—DNA complexes (260 nm MafRysgs, 2 nv *?P-labeled 217-bp DNA).

noncoding strand and at 120 nm of MafRysg3, dimin-
ished cleavages were observed from —73 to —80 and
from —88 to —101. These results indicated that, on the
227-bp DNA, MafRysg3 binds preferentially to a region
located upstream of the Pma promoter (between posi-
tions —69 and —104) (Fig. 3A). Such a site is adjacent
to the peak of the potential curvature (Fig. 3B). On
both DNA strands and at 200 nm of MafRysg3, regions
protected against DNase I digestion were observed
along the DNA fragment, which is consistent with the
pattern of protein—-DNA complexes observed by EMSA
(Fig. 4A).

MafRysgz binds to a 32-bp DNA but not to a 26-
bp DNA

To define the minimum size of DNA needed for bind-
ing of MafRysg3, we used dsDNAs of 20, 26, 32, and
40 bp, which were obtained by annealing of comple-
mentary oligonucleotides. The sequence of such
oligonucleotides (Table 1) was based on the pneumo-
coccal R6 genome, and identical sequences were not
found in the enterococcal V583 genome. The nonla-
beled dsDNAs were incubated with increasing concen-
trations of MafRysgs. Reaction mixtures were then
analyzed by electrophoresis on native polyacrylamide
gels. In the case of the 20-bp DNA, a faint band was
observed at 0.3 um of MafRysg3 (Fig. 6A). However,
its intensity did not change significantly as the protein
concentration was increased. Most of the DNA moved
as free DNA even at high protein concentrations

(6-9 um). In the case of the 26-bp DNA, most of the
DNA moved as free DNA at 4 um of MafRysg;
(Fig. 6B). Different results were obtained with the 32-
bp DNA (Fig. 6B) and the 40-bp DNA (not shown).
In both cases, a protein—-DNA complex was detected
at 0.2 pm of MafRysg3, and its amount increased as
the amount of free DNA decreased. From these results
we conclude that the minimum size of DNA required
for MafRysg3 binding is between 26 bp and 32 bp. In
the case of the pneumococcal MgaSpn regulator, the
minimum DNA size for binding was reported to be
between 20 bp and 26 bp [10].

Protein MafRog1rr-His, but not MafRog1rrA3N-
His, binds to DNA

The genome sequence of the enterococcal OGIRF
strain was published in 2008 [22]. Compared to strain
V583 [21], the OGIRF genome contains 227 unique
open reading frames but has fewer mobile genetic ele-
ments. Despite this difference between both genomes,
the nucleotide sequence of the region that spans coor-
dinates 2888932-2889103 in V583 is identical in
OGIRF (Fig. 3A). Such a region contains the Pma
promoter [6] and the primary binding site of MafRysg3
(this work). However, in contrast to MafRysg3, MafR
encoded by the OG1RF genome (MafRpgrg) has five
amino acid changes (Ala37Thr, GiInl31Leu,
Met145Thr, Ser193Asn, I1e388Ser), and three of them
(Ala37Thr, GInl31Leu, Met145Thr) are located within
the predicted DNA-binding domain (residues 11-164).
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Fig. 5. DNase | footprints of complexes
formed by MafRysgsz on the 227-bp DNA
fragment. Either the coding or the
noncoding strand relative to the Pma
promoter was >2P-labeled at the 5'-end. All
the lanes displayed came from the same
gel. Dideoxy-mediated chain termination
sequencing reactions were run in the
same gel (lanes A, C, G, T). Densitometer
scans corresponding to DNA without
protein (black line) and DNA with the
indicated concentration of protein (gray
line) are shown. The regions protected
against DNase | digestion are indicated
with brackets. The indicated positions are
relative to the transcription start site of the
mafRysgs gene.

To analyze whether these changes affect the formation
of protein-DNA complexes, we purified a His-tagged
MafROGlRF protein (MafROGlRF-His). MafROGlRF-
His carries the His-tag fused to its C terminus. EMSA
experiments showed that MafRogrp-His is able to
form multimeric complexes on the 217-bp DNA frag-
ment that contains the Pma promoter (Fig. 7). The
pattern of complexes was similar to that generated by
MafRysgs (Fig. 4A). Thus, the amino acid substitu-
tions of MafRogrr do not affect its interaction with
DNA.

We identified previously the transcription initiation
site of the mafRysg; gene at coordinate 2889071, and
proposed that the first ATG codon is likely the transla-
tion start site [6] (Fig. 3A). Translation from this ATG
generates a protein of 482 amino acid residues
(MafRysg3 and MafRogirr). However, there is a sec-
ond ATG codon that might function as a translation
start site. Translation from this second ATG would
result in a variant that lacks the first three amino acid
residues (here named MafRogrpA3N). To analyze
whether the lack of these residues (Met-Tyr-Ser)
impairs the formation of protein—-DNA complexes, we

Binding of MafR to DNA
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purified a His-tagged MafRogirpA3N  protein
(MafRog1rrA3N-His). The sequence of its N-terminal
end (eight residues) was confirmed by Edman degrada-
tion. EMSA experiments showed that MafRogrrpA3N-
His has lost the capacity to interact with DNA (Fig. 7).
From these results we conclude that (a) the first ATG
codon is the translation start site, and (b) the first three
amino acid residues of MafRog rp are crucial for its
structure and/or function.

Discussion

Bacteria have evolved complex regulatory networks to
rapidly adapt to environmental fluctuations. Global
transcriptional regulators are key elements in such net-
works due to their ability to activate and/or repress
the expression of multiple genes through a variety of
mechanisms. In E. faecalis, various transcriptome
analyses support the notion that bacterial adaptation
is associated with global changes in gene expression
[7,8,36]. Our previous work identified MafR as a pro-
tein involved in global regulation of gene expression.
Moreover, we proposed that MafR is a member of the
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(A) Oligonucleotides 20A/20B were used to generate the 20-bp DNA. (B) Oligonucleotides 26A/26B and 32A/32B were used to generate the
26- and 32-bp DNAs, respectively. The indicated concentration of MafRysgz was mixed with 300 nm (20 and 26 bp) or 200 nm (32 bp) of
DNA. Binding reactions were analyzed by native polyacrylamide (8%) gel electrophoresis. DNA was stained with GelRed (Biotium) and

visualized using a Gel Doc system (Bio-Rad).
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Fig. 7. EMSAs with MafRogire-His and MafRogireA3N-His The
217-bp DNA fragment (10 nm) was incubated with the indicated
concentration of protein. Reaction mixtures were loaded onto a
native gel (6% polyacrylamide). Bands corresponding to free DNA
(F) and protein-DNA complexes (C1, C2, C3, and C4) are indicated.
DNA was stained with GelRed (Biotium) and visualized using a Gel
Doc system (Bio-Rad).

Mga/AtxA family of global regulators. This proposal
was based on amino acid sequence similarities and pre-
dictions of functional domains [6]. However, the inter-
action of MafR with DNA has not previously been
investigated.

In this work, we purified an untagged form of the
MafRysgs protein. Using MafRysg; and various linear
dsDNAs, we have found that the DNA-binding
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behavior of MafRysgs is very similar to the one
described for the pneumococcal MgaSpn regulator
[10]. First, gel retardation assays indicated that
MafRysgs is able to bind DNA with low sequence
specificity. Second, on a 227-bp DNA fragment that
contains the Pma promoter, footprinting experiments
showed that MafRysgs binds preferentially to a site
that is adjacent to the peak of a potential curvature.
Such a binding site is located upstream of the Pma
promoter (positions —69 to —104). In the case of
MgaSpn, two primary binding sites were identified by
footprinting experiments: the PI/623B promoter site
(positions —60 to —99) and the Pmga promoter site
(positions —23 to + 21) [10]. Both binding sites have a
low sequence identity but contain an intrinsic curva-
ture flanked by regions of bendability. Regarding the
Mga and AtxA regulators, a low sequence identity has
been found in the target promoters [13,16,20]. More-
over, the promoter regions of some AtxA target genes
are intrinsically curved [20].

Another interesting finding of our current study is
that MafRysg3, like MgaSpn [10], is able to generate
multimeric complexes on linear dsDNAs. In both
cases, the pattern of complexes observed by EMSA is
compatible with a sequential binding of multiple pro-
tein units (likely dimers) to the same DNA molecule.
Furthermore, in both cases, the protein units dissociate
sequentially from the higher order complexes in the
presence of increasing amounts of competitor DNA.
Formation of multimeric protein—-DNA complexes has
not been reported for the Mga regulator. Nevertheless,

FEBS Letters 592 (2018) 1412-1425 © 2018 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.



S. Ruiz-Cruz et al.

a correlation between its ability to oligomerize in solu-
tion (without DNA) and its ability to activate tran-
scription has been shown [I8]. Regarding AtxA,
protein-DNA interaction studies have not been
reported, but protein—protein interaction analyses
revealed that AtxA exists in a homo-oligomeric state
[37].

The genome sequence of the E. faecalis V583 clinical
isolate was published in 2003 [21]. Five years later the
genome sequence of the OGIRF strain was published
[22]. This strain is a derivative of the OG1 human iso-
late. At present, 557 E. faecalis genomes have been
totally or partially sequenced (NCBI, Genome Assem-
bly and Annotation Report, 22/12/2017). Among
them, we have found that 146 FE. faecalis genomes
encode a protein that is identical to MafRysg3
(Table S1). Furthermore, we have found that 50
E. faecalis genomes encode a protein that is identical
to MafRogrr (Table S2). Compared to MafRysgs,
MafRoGirr has five amino acid substitutions, and
three of them (Ala37Thr, GInl31Leu, Met145Thr) are
located within the putative DNA-binding domain
(Table 2). Despite this difference between MafRysg3
and MafRogirp, We have shown that both proteins
are able to generate multimeric complexes on linear
dsDNAs, which could be an indication of functional
conservation. Moreover, we have shown that removal
of the first three amino acids in MafRogirp, and
likely in MafRysgs, results in a protein unable to inter-
act with DNA. Similar DNA-binding properties are
expected for MafR from the strains that belong to the
groups GA2, KS19, MTmid8, B653, X98, AZ19 and
Coml (Table S3). Compared to MafRysg3, MafR from
such strains has one to four amino acid substitutions,
and all of them are present in MafRog rp (Table 2).

Table 2. Amino acid substitutions in the indicated MafR proteins
compared to MafRysgz. Data from the National Center for
Biotechnology Information (Identical Protein Groups) (22/12/2017).

Amino acid residue

Strain® 37 131 145 193 388 Identical’
V583 A Q M s [ 146
GA2 T 2
KS19 T T 6
MTmids T S 2
B653 T L T 1
X98 T T S 15
AZ19 T L T N 8
Com1 T L T S 7
OG1RF T L T N S 50

“Name of the E. faecalis strain that represents the group.
PNumber of strains that belong to the group (identical MafR)
(Tables S1, S2, and S3).

Binding of MafR to DNA

In conclusion, recognition of specific sites across the
genome by transcriptional regulators is essential for
controlling gene expression. Different mechanisms for
protein recognition of specific DNA sites have been
characterized. In some cases, DNA-binding proteins
recognize intrinsic DNA structural characteristics
rather than particular nucleotide sequences [2,38].
Examples where both DNA base sequence and shape
recognition are required for protein binding have been
also reported [39-41]. Our study on the DNA-binding
properties of MafR reinforces that recognition of par-
ticular DNA structures might be a general feature of
the global regulators that constitute the Mga/AtxA
family.
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