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Keywords The accumulation of manganese ions is crucial for scavenging reactive oxy-
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manganese homeostasis; metal regulator; However, metal homeostasis still needs to be tightly regulated to avoid tox-
protein-DNA complex icity. DR2539, a dimeric transcription regulator, plays a key role in Dr
manganese homeostasis. Despite comprising three well-conserved domains —
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holo-form and in complex with the 21 base pair pseudo-palindromic repeat

of the dr1709 promoter region, shedding light on these activation and recog-

nition mechanisms. The dimer presents eight manganese binding sites that

doi:10.1111/febs.17140 induce structural conformations essential for DNA binding. The analysis of
the protein-DNA interfaces elucidates the significance of Tyr59 and helix o3
sequence in the interaction with the DNA. Finally, the structure in solution
as determined by small-angle X-ray scattering experiments and supported
by AlphaFold modeling provides a model illustrating the conformational
changes induced upon metal binding.
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Introduction

Deinococcus radiodurans (Dr) is a gram-positive bacte-
rium highly resistant to stress conditions [1]. Since its
discovery in 1956 [2], the molecular basis of its resis-
tance has been the subject of several studies. While dis-
tinctive features such as multiple copies of its genome
[3] and an efficient DNA repair system capable of
restoring the entire genome through homologous
recombination have been identified [4-7], these charac-
teristics alone do not explain the resistance of an
organism to environmental challenges. Beyond this, Dr
presents a unique ability to protect its proteome
against oxidative damage induced by reactive oxygen
species (ROS). This exceptional trait enables Dr pro-
teins to remain fully functional after exposure to stress
conditions and facilitates the recovery and repair of
bacterial DNA [8,9].

Dr presents higher ROS scavenging capacity when
compared with other bacteria [10,11]. The scavenging
is mediated by enzymatic (e.g. catalases, superoxide
dismutases, and peroxidases) and non-enzymatic (e.g.
divalent manganese complexes and carotenoids) com-
ponents. Among these, manganese ions complexed
with phosphates, nucleotides and amino acids emerged
as the most powerful ROS scavengers in this bacte-
rium [11]. The cellular concentration of these ions in
Dr is higher compared with other bacteria, in contrast
with relatively low iron levels [§]. However, if the high
content of manganese benefits ROS scavenging, an
excess of this divalent ion is still toxic to the bacteria
and the manganese/iron homeostasis needs to be
strictly regulated. Within the Dr genome, three types
of manganese-dependent transport genes have been
annotated: dr/236 (encoding a manganese efflux pro-
tein) [12], dr1709 (encoding an Nramp family trans-
porter)  [13-15], and the genes encoding
ATP-dependent transporters (dr2283, dr2284 and
dr2523) [14,16,17]. On the other hand, the genes, which
are implicated in iron-dependent transport, encode two
ABC-type transporters (drb0016, drb0017), two Fe(Il)
transporters (dri219, dri120) and two DNA protection
proteins (Dps) (dr2263, drb0092) [18]. The regulation
of these transport systems is managed by three
oxidation-related regulators, OxyR (DRO0615) [19], the
Ferric uptake regulator (Fur) homologue, DR0865 [20]
and DR2539 [16,17]. DR0615 acts as both a transcrip-
tional repressor of the dps and mntH genes and as an
activator of the katE and drb0125 genes. The Fur
homologue, DR0865, is a positive regulator of dri236
efflux manganese transporter and a negative regulator
of dr2283, dr2284 and dr2523 transporters [20].
DR2539 is reported to be a down-regulator of
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manganese transporter genes (drl/709 and dr2283) and
an up-regulator of iron-dependent transporter genes
(dri219 and drb0125) [17]. DR1709 is a member of the
divalent metal transporters Nramp (natural-associated
macrophage protein) family [15]. Nramp transporters
have been identified in a wide range of organisms,
from bacteria to humans, transporting iron in eukary-
otes, while among prokaryotes, it demonstrates a pref-
erence for manganese transport [21-26]. This
manganese transporter has been revealed to be essen-
tial for Dr growth [14] and one of the key proteins
governing the remarkable manganese/iron homeostasis
in the bacterium. Due to its regulatory role in dri709,
DR2539 has been proposed as the principal regulator
of intracellular manganese homeostasis in Dr [16]. The
diphtheria toxin regulator (DtxR) family, to which
DR2539 belongs, was initially described with
Corynebacterium diphtheriae DtxR (CdDtxR) as an
iron-responsive  repressor [27]. Later, extensive
sequencing of bacterial genomes has revealed the
details of multiple DtxR-like repressors, including
IdeR from Mycobacterium tuberculosis (MtIdeR)
[28,29], Thermoplasma acidophilum (TaldeR) [30] and
Sachararopolyspora erythraea (SeldeR) [31], ScaR
from Streptococus gordonii (SgScar) [32], MntR from
Staphilococcus aureus (SaMntR) Bacillus subtilis
(BsMntR), Bacillus halodurans (BhiMntR) and M.
tuberculosis ~ (MtMntR)  [33-38], TroR from
Treponema pallidum (TpTroR) [39], MtsR from
Streptococcus pyrogenes  (SpMtsR)  [40,41], SirR
Staphylococcus epidermidis (SeSirR) [42], and SloR
from Streptococcus mutans (SmSIloR) [43-45]. Several
structures of CdDtxR homologues have been solved,
revealing a modular domain organisation including an
N-terminal DNA-binding domain (DBD), a dimerisa-
tion domain (DD) and a C-terminal domain, the ancil-
lary domain (AD). Notably, the AD is missing in
some MntRs. The molecular mechanisms of metal-
and DNA-binding were already proposed by several
authors [46-48], but structural differences and the vari-
ation in the number of metal-binding sites suggest dif-
ferent types of regulation among the different
homologues [32].

In this study, we performed biochemical and bio-
physical studies to characterise the DR2539 regulator.
We solved the crystal structures of the DNA binding
and dimerisation domains in the holo-form, and in
complex with the dri709 promoter region with its
physiological cofactor (manganese). In addition to the
primary and ancillary metal-binding sites, observed in
other DtxR regulators, DR2539 reveals a novel metal
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centre. Furthermore, SAXS studies, supported by the
predicted model, contributed additional insights into
the metal-induced conformational changes, the ancil-
lary domain, and the full-length arrangement. These
structures provide insights into the metal sensing and
DNA-binding mechanisms of this key regulator of
manganese/iron homeostasis in Dr.

Results

DR2539 expression and purification

The recombinant DR2539 protein was overexpressed
and purified in two species that corresponded to the
full length (25 kDa) and a cleaved stable form with
16 kDa molecular weight. Both species were
well-separated using heparin affinity column purifica-
tion (Fig. S1) and confirmed by N-terminal sequencing
and by mass spectrometry (ESI-TOF), indicating that
the protein suffered proteolysis in the C-terminus
before the first purification step.

Overall structure of truncated DR2539 in the holo-form

The crystal structure of truncated DR2539 (DR2539tr,
residues 4-142) was determined by SAD phasing using
a dataset collected at 2.5 A resolution at the wave-
length of 1.771 A. DR2539 crystallised in the P4;2,2
space group with unit cell dimensions a = b = 60.8 A,
¢ =187.7 A. The anomalous signal from Cd, present
in the crystallisation buffer, allowed to locate a total
of 17 anomalous peaks that were used to calculate the
experimental phases. The refined model (Ryon and
R values of 20.5% and 25.5%, Table 1, PDB:
8PVT) was used for molecular replacement to solve
the structure of a “native” dataset, collected at 2.0 A
resolution at the wavelength of 0.979 A, which was
eventually refined to crystallographic Ry and Rppee
values of 18.6% and 22.0%, respectively, with good
geometry. This refined model (PDB: 8PVZ) contains
271 amino acid residues from two monomers in the
asymmetric unit. The biological dimer is obtained by a
symmetric operation and presents approximate dimen-
sions of 65.7 x 46.6 x 35.5 A (Fig. 1). Each subunit
is divided into three domains, a N-terminal DNA-
binding domain (DBD, residues 4-64), a dimerisation
domain (DD, residues 65-127) and a coil region (resi-
dues 128-141) that links the missing ancillary domain
(Fig. 1 and Fig. S2). The DBD comprises three o-
-helices and a region that corresponds to a pair of
antiparallel B-strands forming a hairpin, constituting a
winged helix-turn-helix (HTH) motif. The region cor-
responding to the wing, antiparallel B-strands, appears

C. Mota et al.

to be highly flexible, as evidenced by the higher
B-factors. In one of the protomers, this region could
not be fully modelled. The DBD and the DD are con-
nected via o4 (residues 65-91) linking the DNA recog-
nition domain to a5 and a6 helices from the DD. The
solvent-accessible surface buried at the interface
between the DD domains of the two monomers is
840.7 A2 (~ 11% of the surface area), with 21 amino
acid residues participating in the interface (PDBePISA
protein—protein interaction server; http://www.ebi.ac.
uk/msd-srv/prot_int/). The dimeric interface is mainly
constituted by a hydrophobic patch composed by
Leu82, Phe85, Leu86, Ala89, Leu90, Val92, Pro93,
Alal03, Leul04, Alal07, Leul08, Leull2, Ilel16 and
Trpl19 side chains, and by a network of 13 hydrogen
bonds between and 11 salt bridges (Table S1). Gel fil-
tration profiles of DR2539 incubated with manganese
ions or in presence of EDTA yielded a single peak with-
out significant differences between the elution profiles
(Fig. S3) suggesting that DR2539 exists as a functional
dimer in solution either in the apo or holo-form.

Cadmium ions present in the crystallisation buffer
were used to calculate the experimental phases and
provided initial insights into DR2539 metal-binding
sites. The cadmiums bound to the protein were con-
firmed in the anomalous difference map calculated
from the high resolution “native” dataset, which pre-
sents 12 peaks higher than 10 ¢ and four additional
peaks at about 5 o. Although, 22 Cd*" ions were mod-
elled in the final model, only four metal-binding sites
were refined with full occupancy, two for each mono-
mer, with temperature B-factors of 34.1, 34.6, 33.1 and
35.2 A%, for CDI, CD2, CD3 and CD4, respectively.
These four ions are bound to the two ancillary sites
present in the asymmetric unit (Fig. 1) and they form
binuclear metal centres. Two other cadmium ions are
bound to the two primary sites present in the asym-
metric unit (CD5 and CDS8) with occupancies refined
to 0.82 and 0.83 and B-factor of 45.6 and 33.3 Az,
respectively. Additionally, a previously unreported
binding site is observed between o4 and o6 with high
occupancies of 0.89 and 0.92 and B-factor of 36.1 and
34.9 A2, respectively for the two chains (CD7
and CD9) (Table S2). This putative new metal-binding
site 18 hexacoordinated to GIu740E1, His78NE2,
Glul130El1, a bidentate interaction to Glull0 and
one water molecule. The remaining cadmium ions are
solvent exposed and are coordinated by charged resi-
dues, His1SNE2, GIlu500E2, HisS6NE2, His§7NE2,
Asp950D2, Asp990DI1, and His125ND1with partial
occupancies (Table S2) which are lower than the other
sites and are most likely due to the high concentration
of cadmium in the crystallisation solution.
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Table 1. Crystallographic data collection and refinement statistics. Values in parentheses are for the highest resolution shell. Friedel pairs

were merged.

Structure Cd-DR2539 (SAD) Cd-DR2539 (MR) Mn-DR2539-dr7709p
PDB ID 8PVT 8PVZ 8PWO
Data collection and processing
Beamline ID29 (ESRF) ID23-1 (ESRF) ID29 (ESRF)
Wavelength (A) 1.771 0.979 0.976
Resolution (A) 43.6-2.50 (2.64-2.50) 46.9-2.00 (2.11-2.00) 47.9-2.20 (2.32-2.20)
Space group P452,2 P452,2 P4,2,2

Cell dimensions
a b, c (A)

60.8b, 60.85, 187.49

No. unique reflections 12 916 (1752)
Rmerge 0.168 (1.014)
Roneas 0.187 (1.074)
Roim 0.038 (0.256)
I/sigmal 16.2 (2.8)
Completeness (%) 99.4 (96.3)
Multiplicity 23.2 (16.5)
CC1/2 0.998 (0.864)
Anomalous completeness (%) 99.6 (96.3)
Anomalous multiplicity 23.2 (16.5)

Refinement

Resolution (A)
No. of reflections

43.6-2.5 (2.60-2.50)
12 8562

60.78, 60.78, 187.68

24 727 (3534)
0.103 (1.221)
0.113 (1.344)
0.047 (0.555)
11.4(2.2)
99.8 (99.9)
5.5 (5.8)
0.998 (0.622)
97.3 (99.2)
2.9 (2.9

43.6-2.00 (2.08-2.00)

67.71, 67.71, 158.14

19 607 (2768)
0.093 (1.016)
0.099 (1.074)
0.033 (0.339)
13.1(1.9)
100.0 (100.0)
8.81(9.2)
0.998 (0.678)
99.98 (99.8)
4.7 (4.8)

47.88-2.20 (2.26-2.20)

Ruwork! Riree (%) 20.49/25.50
No. of non H-atoms
Protein 2078
DNA —
Metal ions 23
Water 57
B-factors
Protein (A?) 40.00
DNA (A% -
Metal ions (A?) 77.66
R.m.s. deviations
Bond lengths (A) 0.004
Bond angles (A) 0.706
Ramachandran favoured/poor (%)° 99.25/0.75
Rama Zscore® —1.01
Clash score® 6.96
Molprobity score® 1.67

24 643 19 457

18.56/22.00 18.26/22.73

2093 1046

- 856

24 4

139 92

41.00 58.23
50.96

55.78 81.11

0.013 0.008

1.185 1.095

99.26/0.74 97.78/1.48

0.91 -0.38

3.57 3.20

1.28 1.36

@Riee is calculated from a randomly selected subset of ~ 5% of reflections excluded from refinement; "Geometry statistics were calculated

with moLProBITY [78].

Overall structure of DR2539tr-dr1709p-manganese
complex

DR2539 specifically recognises the promoter region
(ATTTTAGTCGCGCCTAAAAT) of its target gene
(dr1709) and affects its transcription [16,17]. We
obtained crystals of DR2539tr bound to the 21 bp
promoter region of the manganese transporter drl709
gene (dr1709p) and we solved the structure of the
complex at 2.2 A by molecular replacement using the
structure of the holo-form (PDB: 8PVZ) as the search
model. This structure, refined to crystallographic

Ryork and Ry values of 18.3% and 22.7% (Table 1)
contains one protein monomer of 136 amino acids
and a 21-mer single strand DNA. Because the DNA
sequence is quasi-palindromic (differing in 2 base
pairs) the 21-mer double-stranded DNA was refined
with 50% occupancy in the asymmetric unit with the
biological dimer generated by a crystallographic two-
fold axis (Fig. 2A). For this reason and because of
the odd number of nucleotides there is ambiguity in
three base pairs (forward Thy8, Cytl3, and Ade2l,
Fig. S4).
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Tertiary site

Dimerization
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Ancillary site

domain

Fig. 1. The three-dimensional structure of holo truncated DR2539 (DR2539tr). The biological dimer, generated by a twofold crystallographic
symmetry operation. Inset images show a close-up view of the primary, ancillary, and tertiary metal-binding sites. The DNA-binding domain
is represented in orange, the dimerization domain in magenta, and the linker that would connect the missing C-terminal ancillary domain is
shown in blue. Cadmium atoms are represented as spheres in wheat colour. Structure images were created with pymoL [78].

The overall structure of DR2539tr in complex with
DNA revealed moderate differences (r.m.s.d. of
1.34 A) in comparison with free holo-protein, however
the DNA-binding resulted in an increased distance of
3 A between carbon-o. of the o-helices 3 from both
monomers (Fig. 2B). DR253%r dimer binding to
DNA B-form results in a slight bending of the DNA,
with a total curvature angle of 3.9° (as calculated by
CURVES+) [49] (Fig. 2A). In fact, the major groove
in correspondence of Cyt9 to Gual2 and Thyl5 to
Adel7, is narrowed by approximately 2 A compared
to canonical B-DNA and accommodates the
DNA-binding helices a3 of the HTH motif. Conse-
quently, the minor groove is widened by about 3 A,
and shallower than in a canonical B-form DNA
(Fig. S5). Circular dichroism spectra titration measure-
ments confirm the DNA bending also in solution,
excluding crystallisation artefacts (Fig. S6).

DR2539 recognises the dr1709 promoter region

The DR2539 recognises the dr1709 promoter region in
both full-length and truncated forms in presence of
manganese (Fig. 2C). The region comprising helices o2
and o3 from the HTH motif (residues Ser26-GIn51)
located in the DBD, is responsible for most of the
DNA binding and recognition (Table S3). Each DBD
recognises a characteristic 5-bases pairs DNA sequence
that constitutes the major groove which nests helix 3.
However, only a few interactions are occurring in the
residue range Ala37-Lys47 (Fig. 2D,E). Several
non-specific polar interactions are observed between
the DBD and the phosphates of the DNA backbone
which are flanking both sides of the major groove.
The side chains of Ser26, Thr27, GIn28, Thr42, Arg46,
His56 are interacting with the 5'-3' forward strand and
Ser40 and Lys47 with the reverse. The reverse strand
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(A) (B)

Fig. 2. DR2539tr-dr1709p interactions. (A) Structure of the biological dimer DR2539tr bound to dr7709 promoter region (21 bp), the DNA
curvature (red line) was calculated by CURVES+; (B) Superposition of DNA bound (green) and free (cyan) DR2539tr forms and relative
distance between the DBDs. Manganese and cadmium as purple and wheat spheres, respectively. (C) EMSA analysis with PAGE of
dr1709p (1 pm) binding by titrating DR2539 (lanes 3-6: 5, 10, 15, 25 um). Negative controls with dr7709p and DR2539 are in lanes 1 and 2,
respectively. DNA presence is revealed by SYBR green. On the left, full-length DR2539; on the right, truncated DR2539 (DR2539tr) was
used. The non-migration of the band of DR2539 full length at concentrations above 10 pum could be explained either by protein aggregation
or formation of bigger complexes. (D) Representation of the interactions between one DR2539 monomer (DNA-binding domain, in orange)
and the dr7709 promoter region. Hydrogen bonds and salt bridges are indicated by dashed grey lines. (E) EMSA analysis on the effect of
different mutations in the DNA recognition sequence (see Table S4). Left gel, from left to right: DR2539, dr1709p_wt, dr1709p_wt and
DR2539, dr1709p_T2G and DR2539, dr1709p_T3G and DR2539, dr1709p_T4G and DR2539, dr1709p_T5G and DR2539, dr1709p_T2345G
and DR2539, dr1709p_T345G and DR2539, dr1709p_T2C and DR2539; Right gel, from left to right: DR2539, dr1709p_wt, dr1709p_wt and
DR2539, dr1709p_T4C and DR2539, dr1709p_A6G and DR2539, dr1709p_T4C/A6C and DR2539. The concentrations of DNA and DR2539
used were 1 and 5 um, respectively. EMSA assays were performed in triplicate. Structure images were created with pymoL [78].
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also establishes polar interactions with the N-terminal
residues, Ser6, Ser8 and Tyrl2 (Fig. 3). The turn
Gly35-Ala39 interacts with nucleotide bases through
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Fig. 3. Schematic representation of the specific interactions
between DR2539 and dr7709p. Nucleotides bases are represented
by one-letter codes and coloured according to their type. Hydrogen
bonds are drawn as blue dashed lines and non-bonded contacts as
red dashed lines. Atom names are coloured blue for nitrogen and
red for oxygen. Water molecules are drawn as cyan circles and
labelled by their PDB number. Figure generated by Nucplot [79].
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hydrophobic interactions between Ala37 and Pro38
with C7 methionine groups from reverse thyminel6
and forward thymined, respectively. This interaction
defines the specificity for the cognate DNA sequence.
Additionally, Ala39 backbone forms hydrogen bonds
with two water molecules, and these further interact
with O4 from thymine 4 and N4 from reverse
cytosine 15.

When with the free form, in the complex, the wings
of the winged helix motif, B-strands Bl and B2 from
both monomers, are 6 A closer (distances measured
between Tyr59 Ca atoms), pinching the forward
strand. Tyr59 is nested into the minor groove and
establishes a specific hydrogen bond with the N3 atom
from the reverse strand adenine 20 (Fig. 2D). Addi-
tional interactions are formed between the main chain
and DNA mediated by water molecules (Fig. 3).

In order to assess the importance of the individual
nucleotide bases at different positions, the binding of
oligos presenting point mutations on the drl709 pro-
moter region (Table S4) to DR2539 was evaluated by
gel mobility shift assays (Fig. 2E). The hydrogen bond
established by Tyr59 and the reverse adenine 20 and
the hydrophobic interactions of helix 3 and the major
groove were probed in this experiment. The results
revealed the role of thymine 4 and reverse thyminel6,
in which their C7 methyl groups establish hydrophobic
interactions with Pro38 and Ala37, respectively. In
addition, these two nucleotides share some hydrogen
bonded waters with the protein backbone. Mutation
of these two nucleotides is enough to dramatically
decrease DNA binding (Fig. 2E), highlighting the fact
that those positions are critical for efficient DNA
binding and specificity. We could observe that muta-
tions that affected the hydrophobic interactions (thy-
mine4 and reverse thyminel6) were disruptive, while
mutations on the reverse adenine 20 and, conse-
quently, hydrogen bond break with the DR2539 wing
amino acid, Tyr59, is not essential in the sequence rec-
ognition (Fig. 2E), but it rather suggests that the role
is mainly in the stacking van der Waals interactions of
the phenol ring that is nested in the DNA minor
groove. Single mutations of forward thymines 3 and 5
showed no shift in the gel while mutation of all nucle-
otides in the major groove resulted in complete loss of
binding (Fig. 2E).

DR2539 presents 4 manganese binding sites

We observed that DR2539 recognises the drl709 pro-
moter region exclusively in the presence of divalent
cations. EMSA assays suggest that DR2539tr has
affinity for different metal ions, with a distinct
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Fig. 4. DR2539 binding to metals. (A) EMSA analysis of DR2539tr (5 um) binding to dr7709p (1 um) when incubated with different metal ions
(0.5 mm): left gel, lane 1: negative control with dr1709p, lanes 2-9: no metal added (—), manganese (Mn), magnesium (Mg), iron (Fe), cadmium
(Cd), lithium (Li), nickel (Ni); right gel, lane 1: negative control with dr7709p, lane 2: incubation in the presence of EDTA. (B) The hydrogen
bonds and coordination network (dashed yellow lines) of the manganese binding sites in one of the DR2539 monomers, manganese ions are
shown in purple and water ligands are represented as small red spheres. (C) Calorimetric titration of DR2539 full-length and truncated forms at
50 pm with 20 injections of 2 pL from MnCl, at 1.5 mwm, and below, the table of thermodynamic parameters calculated by Isothermal Titration
Calorimetry (ITC). EMSA and ITC assays were performed in triplicate. Structure images were created with pymoL [78].

preference for transition metals Mn?>", Zn>", Fe,
Cd,*" and Ni** (Fig. 4A). The negative control per-
formed without metal supplementation (Fig. 4A), indi-
cates that DR2539 can bind to dri709p by uptake of
metals either from the media or electrophoresis
buffers, while in the presence of EDTA no binding is

The FEBS Journal 291 (2024) 3384-3402 © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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observed (Fig. 4A). The same effect is observed when
the DNA is titrated with DR2539 protein and moni-
tored by Circular Dichroism in the 280 nm region
(Fig. S6). Thus, metal binding is required for the rec-
ognition of dri709p DNA sequence by DR2539, pro-
viding a direct mechanism connecting metal binding
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by DR2539 to transcriptional outputs. Contrary to the
previously determined structures from the DtxR fam-
ily, that could bind up to a maximum of three metals
[38.,45], DR2539 presents four manganese binding sites
in each monomer, the first metal-binding site we call
the primary site (coordinated by Aspll1ODI,
Glul020E2, Glul050E2 and His106NE2), a binuclear
ancillary site consisting of ancillary site I and, ancillary
site Il (coordinated by His79NE2, Glu830E2,
His98NDI1, Aspl1260D2, His128ND1 and
Aspl300D2) and an additional site located in the
dimerisation domain, here entitled “tertiary site”
(coordinated by GIlu740E2, His78NE2, GIlull00El
and OE2, and GIlul130El) (Fig. 4B). These residues
forming the new metal-binding site are not conserved
in the DtxR family (Fig. S2), suggesting that this addi-
tional metal site is a peculiarity of DR2539, conserved
in Deinococcus species [50]. The anomalous difference
Fourier map shows strong peaks of llo, 9.30, 6.5¢
and 10.5¢ for primary, ancillary sites I and II and ter-
tiary sites, respectively.

Although the incorporation of metals is essential for
in vitro DR2539 binding to DNA [16], the role of each
individual metal-binding site is still unclear. In order
to further investigate metal binding, isothermal titra-
tion calorimetry (ITC) assays were performed on the
full-length and truncated versions. The titration curve
showed a sigmoidal shape that could be fitted to one
set of sites binding model with 3.4 manganese ions
(Kq = 2.6 M) and 2.2 metals (Kyq = 5.8 um) for the
full-length and the truncated forms, respectively, infer-
ring that the C-terminal domain contributed to the
formation of at least one of the binding sites
(Fig. 4C). The presence of only one transition slope
(although at different stoichiometric ratios, for the two
forms) indicates that the dissociation constants for the
different metal-binding sites are in the same order of
magnitude.

Full-length DR2539 presents a compact conformation in
solution

The ancillary domain appears to be non-essential for
in vitro DNA binding, as both truncated and
full-length protein presented a similar migration profile
in the gel (Fig. 4A). Nevertheless, based on the elution
profiles on heparin columns, DR2539 full-length and
truncated species in presence of manganese ions sug-
gest that they may exhibit different DNA-binding
affinities, proposing that the ancillary domain might
influence in some manner the DNA binding (Fig. S1).
Additionally, the ancillary domain has also been asso-
ciated with protein—protein interaction and the

C. Mota et al.

formation of higher complexes, displaying a critical
role in vivo [51].

Using AlphaFold2 (AF2) [52], a model for the
full-length DR2539 (Fig. 5A and Fig. S7) was gener-
ated and further validated by SAXS experiments. In
this model the AD contacts the DD and Aspl63 is
in position to coordinate the binuclear metal ancillary
site (Fig. 5B). The position of the ancillary domain is
variable in the different crystal structures of the DtxR
family and the AD-DD interaction is proposed to be a
step of the activation mechanism [47]. In order to
probe the interactions of these domains, we performed
SAXS experiments. SAXS data revealed that both
DR2539 full-length and truncated forms are dimers in
solution either in apo or holo-forms (Table S5), with
the calculated Porod’s volumes corresponding to the
mass of the dimer. The analysis of the full-length form
aimed to identify the position of the ancillary domain
and its possible implication in metal regulation. How-
ever, the full-length protein was prone to aggregation,
especially when incubated with manganese or EDTA
(Fig. S8). Dilution series were performed to overcome
this and the least aggregated samples were obtained
for the as-isolated form and the measured scattering
curves were analysed. The Guinier region of the scat-
tering curve yields a radius of gyration of 28 A and
analysis of the pair distribution function (P(r)) derived
from the scattering curve obtained suggests a maxi-
mum intramolecular distance of 83 A. This is in agree-
ment with the AF2 model since the theoretical
scattering calculated for this model reproduces nearly
the experimental data with a x> of 2.9 (Fig. 5C). This
model also docks into the ab initio molecular envelope
(Fig. 5D), indicating that the ancillary domain is likely
facing the dimerisation domain, allowing it to com-
plete the ancillary metal-binding site, likely contribut-
ing with a bidentate coordination of Aspl63.
Furthermore, we wanted to evaluate the possible flexi-
bility of the ancillary domain with respect to the rest
of the protein. For that, an ensemble optimisation
method (EOM) was employed. A pool of 10.000
DR2539 full-length structures was generated, assuming
the ancillary domain fully flexible. The minimal ensem-
ble that better fits the experimental data was mainly
populated by a conformation with a narrower size dis-
tribution than the entire size range of the pool
(Fig. SE). This clearly indicates limited flexibility for
the AD domain and supports a compacted model in
which the ancillary domain should be close to the
dimerisation domain in the as-isolated form.

As mentioned above, full-length protein was more
prone to aggregate in the presence of additives (man-
ganese or EDTA) which made it difficult to analyse
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Fig. 5. DR2539 full length is a dimer in solution and displays compact arrangement. (A) AlphaFold2 model of full-length DR2539 coloured by
confidence (pLDDT: dark blue > 90 very high confidence, cyan 90 > pLLDDT > 70 confident, yellow 70 > pLLDDT > 50 low; orange
50 > pLLDDT very low) superposed with experimental structure (PDB: 8PWO, in magenta). (B) Close-up view of the AD-ancillary site
interactions with the predicted AF2 model superposed. Manganese ions in purple. (C) Experimental Small-angle X-ray Scattering (SAXS)
profile by merging 10 scattering curves obtained at low and high protein concentrations (grey dots) and calculated scattering (blue line) for
the DR2539 dimer (model generated by AlphaFold2). (D) Ribbon representation of DR2539 model (generated by AF2) docked into the
SAXS-derived molecular envelope (semi-transparent surface), generated by bammiF [76], which is the average of 15 independently
reconstructed bead models. Three orthogonal views are shown. (E) Ensemble optimization method analysis of the flexibility between two
rigid segments (DBD-DD and AD) comprising residues 1-126 and 146-233. Frequency distributions of the distances in a pool of models
(blue line) and in the selected ensemble that fits the SAXS data of DR2539 (orange line).

SAXS data (Fig. S8). Nonetheless, aiming to study the with manganese or EDTA. SAXS analysis of the pro-
effect of metal binding in the metal regulator activa- tein solutions in the Guinier region shows a decrease
tion, we also incubated the as-isolated truncated form of the R, upon metal binding, from 27.8 A in the
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EDTA incubated sample to 24.6 A in the manganese
incubated sample (Table S5). These results suggest
flexibility between DD and DBD and the compact
form is achieved at least with insertion of the metal in
the primary site. The experimental model (PDB:
8PVZ) fits better the data of the manganese incubated
sample with a x> of 5.7 (Fig. S9).

Discussion

The role of DR2539 in Deinococcus radiodurans
and its structure

Metalloregulators play a pivotal role in maintaining
the bacterial metal homeostasis by sensing the cellular
metal abundance or shortage. This work highlights the
structural and biophysical features of the manganese
homeostasis regulator, DR2539, crucial in the cellular
oxidation response of Dr [16]. The overall structure of
DR2539 presents the three characteristic domains
of the DtxR family: the N-terminal DBD, the dimeri-
sation domain and the ancillary domain. The latter is
absent in our crystal structure due to spontaneous pro-
teolysis. Although the overall fold is conserved, this
protein revealed unique features both in metal incor-
poration and in protein-DNA interactions that could
be related to the uncommon Mn homeostasis of Dr.
Unlike other reported members of the DtxR family,
for which it was proposed that the metal cofactor
binds to the monomer and consequently promoting
conformational changes that induce the dimerisation,
our study reveals dimerisation is not metal dependent,
with no evidence for monomeric DR2539 in the
absence of metals [46,47].

DR2539 metal-binding sites in comparison with
other DtxR family members

DR2539 presents structural and functional differences
from homologues. The structure of the ternary com-
plex (DR2539tr:DNA:Mn) unveils four manganese
binding sites. The primary binding site in DR2539 is
constituted by acidic residues, characteristic of
manganese-specific regulators, whereas iron-specific
binding regulators present sulphur containing amino
acids. Contrary to the BsMntR and BiMntR homo-
logues, which present a binuclear centre, with a gluta-
mate coordinating the second metal in a bidentate
fashion, DR2539 presents Lys14 in this position, which
impairs the formation of a binuclear centre in the
DBD-DD interface. The presence of a positive charge
is also observed in CdDtxR and MtldeR with an argi-
nine at this position. On the other hand, DR2539

C. Mota et al.

presents a bimetal centre in the ancillary domain,
which further contributes to anchoring this domain
and modulating the activity of the repressor. The
ancillary site, that in the case of CdDtxR and MtIdeR
is a mononuclear centre and it is coordinated by two
residues from the ancillary domain, in DR2539,
SmSloR, SgScar and MtMntR, it is coordinated by
only one residue from the AD, Asp163 (DR2539 num-
bering). Moreover, although the second metal is not
directly coordinated to the AD, it aids the interaction
between DD and AD. While in DR2539 this bimetal
site is shaped by three histidines (His79, His98 and
His128), three aspartates (Aspl26, Aspl30 and
Aspl163) and one Glu83, SmSlor, SgScaR, SpMtsR
and TaldeR present a cysteine replacing the first
aspartate residue (Fig. S2). The presence of binuclear
centres appears to be a peculiarity of Mn activated
regulators from DtxR family, at the point that it has
been suggested that the geometry of the binuclear cen-
tre serves to select manganese over other transition
metals, which is likely the case, given the versatility of
histidine in binding metals [53].

The new metal-binding site identified in the dimeri-
sation domain, between helices a4 and a6, suggests a
role in stabilising the interaction between the dimerisa-
tion and DNA-binding domains. The presence of a
fourth metal in the tertiary site is confirmed by stoi-
chiometric binding ratio of 3.4 manganese ions to the
full-length protein (Fig. 4C) and it seems to be a pecu-
liarity of DR2539. The four metal-binding sites are
part of a hydrogen bonding network, suggesting that,
despite the similar affinities, the metal incorporation is
part of a step-by-step mechanism. In the holo-form,
Glul102 hydrogen bonds to His98 and Glul05 to His79
(Fig. 2D). Furthermore, His78, coordinating the ter-
tiary site, is only 3.8 A from the backbone carbonyl of
Glul05, which coordinates the primary site.

According to the proposed CdDtxR mechanism, the
ancillary site is the highest affinity site, and the pri-
mary site is the low affinity site [47]. However, consid-
ering manganese anomalous signals in the ternary
complex, we found that the primary and tertiary sites
show higher anomalous differences, pointing to tighter
binding compared to the ancillary sites. We should
nevertheless consider the fact that the ancillary domain
is missing, hence the corresponding metal-binding site
could be loose due to the lack of the coordinating resi-
due (Aspl63). Furthermore, in solution, isothermal
titration analysis showed that the truncated form loses
one metal compared to the full-length protein. This
result, supported by the full-length AlphaFold model,
suggests that the ancillary domain may be involved in
the coordination of the missing metal.
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dr1709p sequence recognition by DR2539

According to the mechanism proposed for CdDtxR
[47,54], a multistep metal-binding induces conforma-
tional changes that promote protein-DNA interaction.
The N-terminal amino acids Ser6, Ser8 and the con-
served Tyrl2 establish hydrogen bonds with DNA
phosphate groups promoted by the conformation held
by the primary metal site, while it presents a limited
number of salt bridge interactions (only Arg46 and
Lys47 from o3 helix) when compared with the struc-
tures of MtldeR and CdDtxR in complex with DNA
[55] that show an extended positively charged patch
that interacts with the negatively charged phosphate
backbone.

Helix o3, that is nested in the DNA major groove,
reveals a close sequence similarity among groups of
subfamilies: CdDtxR, SeldeR and MrldeR; SgScaR,
SmSIoR, and SpMtsR; DR2539 and M:MntR; and
TaldeR (Figs S2 and S10). In the first two subfamilies,
the helix o3 first residue is a proline that participates
in the interface with the DNA. In DR2539, the first
residue of o3 is Ala39, which interacts directly with
Thy5 of the forward filament and Thyl6 of the reverse
(Fig. 3). In this position a bulkier side chain would
reshape the interface, likely diminishing the affinity for
the DNA strand. MtMntR does not present any pro-
line in the region, and the first residue is a serine sug-
gesting a different protein-DNA interaction [38].

The fifth residue of helix o3 in the homologous pro-
teins (Gly43 in DR2539, Fig. S2) has been reported
[56,57] to interact directly by hydrogen bonding with
the nucleotides of a G-C base pair and to recognise
the correct DNA sequence [57]. While homologous
proteins have a polar residue with long side chain,
DR2539 presents instead Gly43, which permits to rec-
ognise and bind either binding boxes of drl709p, and
the variability in the DNA sequence in the position
#8, that breaks the palindrome sequence.

DR2539 regulation mechanism

DR2539 is a dimer in the apo-form and is fully loaded
with 8 manganese ions in the holo-form. Primary and
ancillary sites are conserved from homologous pro-
teins, but an additional metal-binding site in the
dimerisation domain was observed for the first time,
contributing to increase metal:protein activation ratio.
The Mn concentration in the whole cell of Dr is
approximately 200 pm, although free Mn ions are esti-
mated at 2 pum [11]. This concentration aligns closely
with the dissociation constants for DR2539 and Mn
determined by ITC, 2.6-5.9 pum (Fig. 4).

Manganese regulator from Deinococcus radiodurans

The flexibility between DBD and DD suggested that
metal-binding site 1 is critical to DR2539 scaffold and
DNA recognition, with SAXS data supporting that
manganese ion binding on the primary site is responsible
for the stabilisation of the DBDs and the correct spacing
between them. The DBD-DNA interaction presents
unique features, differently from the N-terminal
helix-to-coil transition induced by metal binding and
DNA-induced conformational changes observed in
CdDtxR [57,58]. In DR2539, the N-terminal residues
are in the opposite direction compared to CdDtxR:
DNA complex (PDB: 1COW) and Ser6 establishes a
hydrogen bond with O from phosphate of DNA back-
bone. Additionally, contrary to CdDtxR, the
N-terminal is not making any interaction with the pri-
mary binding site. Binding of DNA to DR2539
holo-form triggered conformational changes of the
DBD orientation, thereby favouring the interaction of
certain residues with DNA (Fig. 3). The distance
between the o3 recognition helices is increased to match
the spacing between two consecutive major groove
regions. Additionally, Tyr59 from the antiparallel B-
-sheet motifs, interacts with adenines 19 and 20 from the
forward and reverse strands, respectively. Although the
tyrosine may play a role in a latch closing mode which is
usually occupied by charged residues in the homologous
proteins, the perturbation of the hydrogen bond caused
no visible effects in the “in vitro” qualitative binding
experiments (Fig. 2E). On the other hand, the recogni-
tion of the major groove is essential with special atten-
tion to interactions to thymine 4 and reverse thymine 16
that are crucial in recognition, although single muta-
tions do not completely impair “in vitro” DNA binding.

The role of the ancillary domain in DR2539

In CdDtxR and MtldeR, the C-terminal domain is
either coordinating the ancillary metal site and interact-
ing with dimerisation and DNA binding domains or in
variable positions, stabilised by crystallographic con-
tacts [55,59]. Although several structures from the DtxR
family lack electron density to model this domain due
to the flexibility provided by the long linker, most of
the DR2539 linker (Prol27-Pro140) is well defined in
the electron density map of the truncated protein and
forms a double hairpin, with the first turn involved in
the formation of the ancillary metal-binding site. The
long linker connecting the dimerisation and ancillary
domains is compatible with an extended apo-form in
solution, however the EOM analysis on the SAXS data
excludes a high degree of flexibility of this region, sug-
gesting that, in the as-isolated form, the AD is close to
the DD in a compact form. Although, in absence of

The FEBS Journal 291 (2024) 3384-3402 © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3395

Federation of European Biochemical Societies.

85U8017 SUOLULLOD BATea10 3edldde aup Aq peuseno aJe e YO ‘8sn JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A IM A e1q Ul UO//SANY) SUORIPUOD pUe SWLB | 8L 88S *[7Z0Z/0T/TT] Uo AriqiaulluO A8|IM ‘SSNISUNOA!E [Mod AQ OYT.LT'SERYTTTT OT/I0p/W00 A8 im Arelq 1 [puljuo'SGRY//:SAnY WOy pepeojumod ‘ST ‘%202 ‘859vey.LT


https://doi.org/10.2210/pdb1C0W/pdb

Manganese regulator from Deinococcus radiodurans

metals, DR2539 presented a tendency to aggregate,
potentially indicating an important change in protein
globularity.

The structural comparison with SgScaR, SmSloR and
MtMntR and the AlphaFold model reveals the presence
of structurally conserved aspartate residues (Aspl63 in
DR2539) that participate in forming the ancillary
metal-binding site and could contribute to structure the
double metal-binding site, modulating the repressor
activation in function of the metal ion concentration.

Additional sequence analysis identifies this domain
as a member of the FeoA superfamily (pfam 04023).
FeoA is a small cytoplasmic beta-barrel protein that
presents a SH3-like fold (NMR structural studies of
Escherichia coli FeoA, PDB: 2L.X9). SH3-like domains
are usually involved in protein—protein interactions
[60]. Although protein oligomerisation through the
C-terminal domain was proposed for the SpMstR and
SeldeR homologues [51,61], it is not consensual that
this behaviour is common in the entire DtxR family.
The amino acids proposed in protein—protein interac-
tions (Y167 and F187 in SpMtsR to T171 and A191
in DR2539, respectively) are not conserved in
DR2539, however their chemical nature is conserved
(Fig. S2), therefore, it cannot be excluded a similar oli-
gomerisation behaviour in compatible conditions.

Although the ancillary domain is not essential for in
vitro DNA binding, we observe some differences
between full-length and truncated forms. The AD mod-
ulates the binding, probably through the metal incorpo-
ration into the ancillary metal-binding site, which
stabilises the entire scaffold. These results agree with
CdDtxR in vivo studies, showing that the absence of the
ancillary domain leads to a less active repressor [54].

Conclusion

The current study elucidates the structural determinants
of the metal regulator DR2539 in metal binding and
DNA interaction. This regulator is revealed to be key in
manganese homeostasis and consequently in ROS scav-
enging. DR2539 exhibits specificity for manganese bind-
ing enabling the transcription factor to bind DNA and
activate or inactivate transcription of target genes,
including the known manganese transporter drl709.
When compared to homologues, DR2539 presents the
highest metal loading capacity, which, along with lower
protein-dr1709p specific interactions, may contribute to
enhancing concentration of manganese in Dr. The pres-
ence of the ancillary domain, while it is not essential for
in vitro DNA regulation, shapes the binuclear ancillary
metal-binding site, modulating the DNA binding.
Although no higher oligomeric forms were observed in
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this study, we cannot exclude that in vivo additional
cofactors or higher oligomerisation states may be pre-
sent due to assembly of multiple factors on the
genomic DNA.

Materials and methods

Cloning, expression and purification

The gene encoding DR2539 protein was amplified by poly-
merase chain reaction using the genomic DNA of D.
radiodurans as a template. It was inserted into the
Ehel/HinclIl-digested expression vector pProEx HTb (Life
Technologies, Carlsbad, CA, USA), resulting in a
25-residues hexahistidine-containing tag at the N-terminus.
The recombinant DR2539 was expressed in E. coli BL21
(DE3) (Invitrogen, Waltham, MA, USA). The cells were
grown at 310 K to an OD600 of ~ 0.6 in Luria-Bertani
medium containing 100 pg-mL~' of ampicillin. Protein
expression was induced using 1 mwm isopropyl B-p-1-
thiogalactopyranoside (IPTG). Cell growth continued at
289 K for 14 h after IPTG induction and the cells were
harvested by centrifugation at 7000 g for 20 min at 277 K.

The cell pellet was resuspended in lysis buffer (50 mm
Tris-HCI pH 7.5, 1 m NaCl, 10% (v/v) glycerol, 2 mm B-
-mercaptoethanol, 1.5 M urea) to which DNAse I was
added to a final concentration of 20 pg-mL~"' together with
an EDTA-free protease inhibitor tablet (Roche Applied
Science, Penzberg, Germany). Cells were disrupted by three
cycles of freeze/thaw and the suspension was then homoge-
nised using an ultrasonic processor (QSonica, Newtown,
CT, USA). The crude cell extract was centrifuged at
40 000 g for 45 min at 277 K. The supernatant was filtered
in 0.45 pm filter and loaded into a 5 mL His-trap FF col-
umn (GE Healthcare, Chicago, IL, USA) pre-equilibrated
with buffer A (50 mm Tris—HCI pH 7.5, 500 mm NacCl, 5%
(v/v) glycerol, 1.5 M urea, 5 mm imidazole). The column
was washed with buffer B (50 mm Tris=sHCl pH 7.5,
500 mm NaCl, 5% (v/v) glycerol, 5 mm imidazole). A first
washing step was performed with 10% buffer C (50 mm
TrissHCl pH 7.5, 500 mm NaCl, 5% (v/v) glycerol,
500 mm imidazole) followed by a gradient from 10% to
100% of buffer C, in 20 column volumes. The eluted frac-
tions purity were evaluated by SDS/PAGE, with two forms
of DR2539 (truncated and full-length) being eluted around
250 mm imidazole. Protein fractions were pooled and
tobacco etch virus (TEV) protease (ratio 1:20 (w/w))
added. The buffer was exchanged to TEV cleavage buffer
D (50 mm Tris—=HCI pH7.5, 500 mm NaCl, 5% (v/v) glyc-
erol, | mm DTT) in an overnight dialysis at 277 K. After
incubation, the protein mixture was loaded into a 5 mL
His-trap FF column (GE Healthcare) pre-equilibrated with
buffer B. The mixture of protein truncated and full length
was ecluted with a elution step of 30% buffer C and the
buffer exchanged to buffer E (50 mm Tris—-HCI pH 7.5,

3396 The FEBS Journal 291 (2024) 3384-3402 © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOLULLOD BATea10 3edldde aup Aq peuseno aJe e YO ‘8sn JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A IM A e1q Ul UO//SANY) SUORIPUOD pUe SWLB | 8L 88S *[7Z0Z/0T/TT] Uo AriqiaulluO A8|IM ‘SSNISUNOA!E [Mod AQ OYT.LT'SERYTTTT OT/I0p/W00 A8 im Arelq 1 [puljuo'SGRY//:SAnY WOy pepeojumod ‘ST ‘%202 ‘859vey.LT


https://doi.org/10.2210/pdb2LX9/pdb

C. Mota et al.

150 mm NaCl, 1 mm MnCl,) using a centricon concentra-
tor with a cutoff of 10 kDa (Millipore, Burlington, MA,
USA). The sample was applied onto a Heparin column
(GE Healthcare) which had previously been equilibrated
with buffer E. The two forms (full-length and truncated)
were separated with a linear gradient up to 100% of buffer
F (50 mm Tris-HCI pH 7.5, 1 m NaCl, 1 mm MnCl,) over
8 column volumes. The last step was a gel filtration on a
Superdex 75 column (GE Healthcare) equilibrated with
50 mm Tris—HCI pH 7.5, 300 mm NaCl. The purified sam-
ples were concentrated to 10 mg- mL™", flash-frozen in lig-
uid nitrogen and stored at 193 K until further use.

Preparation of double-stranded DNA

Forward and reverse DNA oligonucleotides containing the
different sequences designed for DNA-binding analysis and
crystallisation studies were obtained from Eurofins
(Table S4). To prepare double-stranded DNA, each forward
and reverse oligonucleotide sample pair was resuspended in
10 mm Tris—HCI pH 7.5 and 100 mm NaCl and mixed to a
final concentration of 100 um for EMSA and 1 mwm for crys-
tallisation assays. All mixtures were then heated at 95 °C for
5 min, slowly cooled down to 56 °C for 30 min in a thermal
cycler and left for 1 h at room temperature.

Crystallisation, data collection, structure solution
and refinement

Initial crystallisation screenings by sitting-drop vapour dif-
fusion method at 277 and 293 K using Greiner Crystal-
Quick 96 well plates were performed with Cartesian PixSys
4200 crystallisation robot (Cartesian Technologies, Irvine,
CA, USA) facility (High Throughput Crystallisation Labo-
ratory (HTX Lab)) at EMBL Grenoble.

DR2539 truncated protein was initially screened by the
following commercial crystallisation screens: Classics Suite
(Qiagen, Hilden, Germany), Salt grid (Hampton Research,
Hampton Research, Journey, CA, USA), Wizard I&II
(Rigaku Reagents, The Woodlands, TX, USA) and JCSG
+ (Molecular Dimensions Limited, Calibre Scientific UK,
Rotherham, UK). A cluster of needles appeared within 15
days on condition D3 from the Classics suite plate (0.1 m
Hepes pH 7.5; 1 M sodium acetate; 0.05 m Cadmium sul-
fate) at 293 K. In order to improve crystal quality and size,
the condition was scaled up to 2 pL drops with 1 : 1
protein : precipitant ratio, and precipitant concentration
and pH were screened. Single crystals were obtained after
3 days in sitting drops (0.1 m Hepes pH 7.0; 1.2 M sodium
acetate; 0.05 m Cadmium sulphate) and grew up to a maxi-
mum size of 0.02 x 0.02 x 0.4 mm in 7 days. An additive
screen (Hampton Research) was performed and better dif-
fracting crystals were obtained in condition C6 (3%
6-Aminohexanoic acid; 0.1 m Hepes pH 7.0; 1.2 M sodium
acetate; 0.05 m Cadmium sulphate).

Manganese regulator from Deinococcus radiodurans

To prepare the complex, Dr2539tr was incubated with
dr1709p_wt and manganese (410, 205 and 820 pm, respec-
tively) in 20 mm Tris—HCI pH7.5, 150 mm NaCl. The com-
plex was initially screened by the following commercial
crystallisation screens: Nucleix (Qiagen) and Wizard 1&II
(Rigaku Reagents). Single crystals were obtained in condi-
tion F12 (PEG 8K 30% (w/v); Imidazole 0.1 m pH 8.0;
NaCl 0.2 m) at 293 K within 24 h and diffracted up to
4 A. The condition was scaled up to 2 pL hanging drops
with 1 : 1 protein-promoter precipitant ratio, and the pre-
cipitant concentration and pH were screened. Single plates
were obtained within 24 h (PEG 8K 26% (w/v); Imidazol
0.1 m pH 7.8; NaCl 0.2 M) and grew up to a maximum size
of 0.05 x 0.02 x 0.2 mm in 7 days.

Crystals were cryoprotected in mother liquor augmented
with 20% (v/v) glycerol. X-ray diffraction data sets were
collected at 100 K using a Pilatus 6M-F detector on 1D29
[62] and ID23-1 [63] beamlines at the European Synchro-
tron Radiation Facility. A highly redundant anomalous dis-
persion data set was collected 1.771 A on ID29 in order to
obtain the maximum anomalous signal from cadmium (the-
oretical K-edge absorption peak at (3.085 A)) without
compromising the beam intensity. X-ray diffraction images
were integrated and scaled with xps [64]. The sHELX [65]
package was used to determine the positions of the cad-
mium atoms and calculate initial phases. Initial model
building and sequence docking was performed with ARP/-
wARP [66]. Finally, manual model building and interactive
refinement were performed using coot [67] and PHENIX [68],
which was also used to refine the metal occupancies.

Final model was refined with a higher resolution dataset
collected from a native crystal at 0.980 A on ID23-1. X-ray
diffraction data set from a crystal of DR2539 in complex
with dr1709 promoter was collected on 1D29. The structure
was solved by molecular replacement with Phaser [69] using
the structure of DR2539 truncated obtained before as the
search model. Model building and refinement were per-
formed with cooT and PHENIX.

Small-angle X-ray scattering

Small-angle X-ray Scattering (SAXS) measurements were
carried out at 293 K on beamline BM29 [70] of the ESRF
at A =0.9919 A. Prior to experiments, all solutions were
centrifuged at 12 000 g for 10 min to remove aggregated
particles. Scattering data were recorded over a scattering-
vector of 0.0035 < ¢ < 0.5 A~ (g = 4m sin (0)/A, 20 is the
scattering angle) with a Pilatus 1M detector (Dectris Ltd.,
Baden, Switzerland). Fifty microlitre of protein solutions
were loaded into a sample capillary in flow mode and were
exposed to X-ray. The scattering data were collected using
multiple exposures with different times (see details in
Table S5). Background buffer measurements were taken
before and after every sample measurement and averaged.
Data were processed and analysed with the aTsas package
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[71,72]. To obtain the zero concentration curves, the scat-
tering curves were merged manually as described in the lit-
erature [73].

Forward scattering /(0) and radius of gyration (Ry) were
calculated following the Guinier approximation [74]. Particle
volume and the maximum particle size (Dmax) were calcu-
lated from the pair distribution function P(r) [75] using PRI-
Mus [73]. Scattering curves from solutions of full-length and
truncated forms were measured at different concentrations
in buffer 50 mm Tris—HCI pH 7.5, 300 mm NaCl. The pro-
teins were also dialysed in buffer supplemented with 5 mm
EDTA or 5 mm MnCl,. The ab initio shape models of
DR2539 were derived from the measured scattering curve
with DAMMIF [76] imposing P2 symmetry. Fifteen indepen-
dently generated ab initio models were aligned, averaged and
filtered using DAMAVER [77]. Theoretical scattering curves of
DR2539 AlphaFold2 model [52], or the experimental model
(PDB: 8PVZ), were calculated and fitted against experimen-
tal scattering curves using cCrRysoL [71].

Electrophoretic mobility shift assay

The electrophoretic mobility shift assays (EMSAs) were
performed as previously described [16] with some modifica-
tions. 5-25 um of DR2539 (full-length or truncated) was
incubated for 30 min at 4 °C with 1 pm of the annealed oli-
gos (Table S4) in EMSA binding buffer (25 mm Tris—HCI
pH7.5, 150 mm NaCl, 0.5 mm MnCl, and 5% glycerol) to
a final volume of 20 pL. Different salts were tested (MnCl,,
MgCl,, ZnCl,, (NHy),Fe(SO,4), CdSO,4, LiCl, NiCly) at
0.5 mm and EDTA at 1 mp. After the incubation, the reac-
tion mixtures were analysed on 5% nondenaturing (i.e.
native) polyacrylamide gels. The gels were eventually incu-
bated with SYBR green (Invitrogen) and revealed under an
UV transilluminator.

Isothermal calorimetry

Isothermal calorimetry assays were conducted in triplicate
at 298 K on a Microcal ITC 200 (Microcal Inc., North-
ampton, MA, USA) with the reference cell filled with
MilliQ water. Proteins were incubated with EDTA (10 mm)
in the storing buffer (25 mm Tris-HCL pH 7.5, 300 mm
NaCl) and dialysed in the titration buffer (50 mm Tris—HCI
pH?7.5, 300 mm NaCl). Full-length and truncated forms of
DR2539 at 50 pm were titrated with 20 injections of 2 pL
of MnCl, (1.5 mMm). The oriGIN software package (North-
ampton, MA, USA) was used to extrapolate the integrated
heat responses.

Circular dichroism measurements

Binding of DR2539 to drl709p was monitored by circular
dichroism (CD) spectroscopy. CD spectra (260-320 nm)
were recorded at 293 K in 1-nm steps on a temperature
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controlled Jasco J-815 spectropolarimeter (Tokyo, Japan),
continuously purged with nitrogen gas. For each sample,
the smoothed average of 16 spectra was considered.
DR2539 protein was added incrementally (250, 500, 1000,
2000, 4000 nm) to a 10 mm-path quartz cuvette (500 pL)
containing drl/709p (2 um) in binding buffer (25 mm Tris—
HCl pH7.5, 150 mm NaCl, 0.5 mm MnCI2) and metal
depletion test was performed in buffer supplemented with
2 mm EDTA.
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