Received: 11 September 2022

Revised: 10 January 2023

Accepted: 14 January 2023

DOI: 10.1002/pro.4567

FULL-LENGTH PAPER

#iEn WILEY

Controlled modulation of the dynamics of the Deinococcus
grandis Dps N-terminal tails by divalent metals

Jodo P. L. Guerra™* © |
Joao C. Waerenborgh*

Alice S. Pereira'? © |

Clement E. Blanchet? |
Nykola C. Jones® © |
Pedro Tavares'?

Bruno J. C. Vieira*© |

Seren Vrenning Hoffmann”

'UCIBIO - Applied Molecular Biosciences Unit, Department of Chemistry, NOVA School of Science and Technology | FCT NOVA, Universidade

NOVA de Lisboa, Caparica, Portugal

2Associate Laboratory i4HB - Institute for Health and Bioeconomy, NOVA School of Science and Technology | FCT NOVA, Universidade NOVA de

Lisboa, Caparica, Portugal

*European Molecular Biology Laboratory, Hamburg Outstation, Hamburg, Germany

“Centro de Ciéncias e Tecnologias Nucleares, DECN, Instituto Superior Técnico, Universidade de Lisboa, Bobadela LRS, Portugal

SISA, Department of Physics and Astronomy, Aarhus University, Aarhus, Denmark

Correspondence

Pedro Tavares and Alice S. Pereira,
Department of Chemistry, NOVA School
of Science and Technology | FCT NOVA,
2829-516 Caparica, Portugal.

Email: pabt@fct.unl.pt (P. T.) and
Email: masp@fct.unl.pt (A. S. P.)

Funding information

Fundacio Ciéncia e Tecnologia - MCTES,
Grant/Award Numbers: COVID/
BD/152497/2022, LA/P/0140/2020,
LISBOA-01-0145-FEDER-022096,
LTHMFL-NECL, PD/00193/2012, PD/
BD/135476/2017, PTDC/BIA-
PRO/111485/2009, PTDC/
QUI/64248/2006, UID/Multi/04349/2019,
UIDB/00068/2020, UIDB/04378/2020;
Horizon 2020 Framework Programme,
Grant/Award Number: 730872 -
CALIPSOplus

Review Editor: Aitziber L. Cortajarena

Abstract

DNA-binding proteins from starved cells (Dps) are small multifunctional nano-
cages expressed by prokaryotes in acute oxidative stress conditions or during
the starvation-induced stationary phase, as a bacterial defense mechanism. Dps
proteins protect bacterial DNA from damage by either direct binding or by
removing precursors of reactive oxygen species from solution. The DNA-
binding properties of most Dps proteins studied so far are related to their unor-
dered, flexible, N- and C-terminal extensions. In a previous work, we revealed
that the N-terminal tails of Deinoccocus grandis Dps shift from an extended to
a compact conformation depending on the ionic strength of the buffer and
detected a novel high-spin ferrous iron center in the proximal ends of those
tails. In this work, we further explore the conformational dynamics of the pro-
tein by probing the effect of divalent metals binding to the tail by comparing
the metal-binding properties of the wild-type protein with a binding site-
impaired D34A variant using size exclusion chromatography, dynamic light
scattering, synchrotron radiation circular dichroism, and small-angle X-ray
scattering. The N-terminal ferrous species was also characterized by Mossbauer
spectroscopy. The results herein presented reveal that the conformation of the

N-terminal tails is altered upon metal binding in a gradual, reversible, and
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SASDQS55, SASDQ65, SASDQ75, available at the Small Angle Scattering Biological Data Bank (SASBDB).
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1 | INTRODUCTION

DNA-binding proteins from starved cells (Dps) protect
bacteria from reactive oxygen species formed during
acute oxidative or starvation stresses. They can shield the
bacterial chromosome directly through DNA binding and
condensation and/or indirectly by removing toxic Fe*"
ions and hydrogen peroxide from the intracellular
medium, via ferroxidation and mineralization reactions
(as members of the Ferritin family) (Guerra et al. 2021).
The structure of Dps proteins resembles a 9-10 nm wide
hollow 3D-squircle shell, resulting from the self-assembly
of 12 identical subunits, and contain 12 catalytic ferroxi-
dase centers (FOCs) (Grant et al. 1998; Crichton and
Declercq 2010). Each monomer is folded in a conserved
four-helix bundle motif and presents N- and C-terminal
tail extensions that vary considerably in amino acid com-
position and length (from 2 to ~50 residues long)
(Guerra et al. 2021; Roy et al. 2007).

The structural properties of the tails remain elusive due
to their disordered nature. While packed against the dodeca-
mer shell in virtually all of the crystal structures published
thus far, recent small-angle X-ray scattering (SAXS) data
revealed that, in certain experimental conditions, the N-
terminal tails extend outwards into a star-shaped conforma-
tion with increased solvent accessibility (Santos et al. 2017;
Dubrovin et al. 2021). The current understanding of the
DNA-binding properties of Dps proteins focus on the elec-
trostatic interactions between positive residues in the N-
terminal tails and the negative phosphate groups in the
DNA (Ceci et al. 2004; Karas et al. 2015). In fact, the modifi-
cation, truncation, or removal of the N-terminal tails impairs
the DNA-binding properties of the protein (Roy et al. 2007;
Bhattacharyya and Grove 2007; Jacinto et al. 2021). Dps
homologues with shorter, neutral, and/or spatially inaccessi-
ble N- or C-terminal tails are generally unable to bind and
compact DNA (Bozzi et al. 1997; Papinutto et al. 2002). The
chemical composition of the solvent (namely pH, concentra-
tion of NaCl or Mg>") is a key factor in the regulation of the
DNA binding process, that also affects the conformation of
the N-terminal tails (Huergo et al. 2013; Lee et al. 2015;
Dadinova et al. 2021; Soshinskaya et al. 2020).

specific manner. These observations may point towards the existence of a regu-
latory process for the DNA-binding properties of Dps proteins through metal
binding to their N- and/or C-terminal extensions.

biological small-angle X-ray scattering, conformational dynamics, DNA-binding protein
from starved cells (Dps), metal binding, mini-ferritin, Mdssbauer spectroscopy, N-terminal

Although iron is the primary substrate of Dps, the
binding of other metals to Dps proteins is a relatively
common topic explored in different areas, such as struc-
tural biochemistry, enzymology, and nanobiotechnology
(Guerra et al. 2021). The interaction with different diva-
lent metal ions has been described, most notably Zn*t
and Mn>", but also Cu**, Co*", Ni**, Cd*", and Mg*"
(Dadinova et al. 2021; Alaleona et al. 2010; Haikarainen
et al. 2011; Kim et al. 2006; Nguyen and Grove 2012;
Yokoyama et al. 2012; Cuypers et al. 2007). Interestingly,
besides the ferroxidase binding sites (located at each
dimer interface; 12 FOCs per protein molecule; Figure 1),
the proximal end of the N-terminal tail of Deinococcus
(D.) radiodurans Dpsl exhibits an additional metal-
binding site, thus far crystallized with Zn®>" and Co**
(Kim et al. 2006; Romao et al. 2006). The functional and
structural impact of this metal-binding site is still rela-
tively uncharacterized, but it is believed to be important
for DNA binding (Bhattacharyya and Grove 2007;
Nguyen and Grove 2012).

Our previous work revealed that the N-terminal tail
of Deinococcus grandis Dps (DgrDps) can adopt a
dynamic range of conformations modulated by the ionic
strength and coordinates a novel iron-binding site within
mini-ferritins (Guerra et al. 2022). Considering these
results and the structural model of DgrDps (which shares
77% identity with homologous D. radiodurans Dpsl
amino acid sequence), we hypothesized that the metal-
binding site found in the proximal end of the N-terminal
tails (conserved residues Asp34, His37, His48, and Glu53,
DgrDps numbering, as represented in Figure 1) might
bind the substrate ferrous iron. Thus, a single-residue
mutation, DgrDps D34A (substitution of aspartate 34 by
an alanine) was designed to impair this metal binding
site. In this work, we confirm that Asp34 is an important
ligand of the novel high-spin ferrous binding site previ-
ously described using Mossbauer spectroscopy and fur-
ther explore the modulation of the conformational
dynamics of the N-terminal tails by different relevant
divalent metals such as Zn**, Co*", Mn*", and Mg>"
using size exclusion chromatography (SEC), dynamic
light scattering (DLS), synchrotron radiation circular
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The iron binding sites in DgrDps. Left: Model of the DgrDps monomer with the four-helix bundle motif in gray and the N-

terminal tail in green. Inset: Amplification of the residues that comprise the tail metal binding site shown as sticks, here termed Site II
(Asp34, His37, His48, and Glu53), obtained via homology modeling (Waterhouse et al. 2018) using D. radiodurans Dpsl (PDB 2C2U) as
template. Middle: The antisymmetric dimer, with the residues that comprise the ferroxidase centers shown as sticks (FOCs, designated as
Site I): His81, His93, Asp97, Asp108, and Glul12. Two FOCs are formed per dimer interface. Right: The quaternary structure of DgrDps is
achieved after self-assembly of six dimers into a spherical cube-shaped dodecamer, with a total of 12 FOCs and 12 N-terminal tail metal

binding sites.

dichroism (SRCD), and small-angle X-ray scatter-

ing (SAXS).
2 | RESULTS
2.1 | Characterization of the DgrDps

D34A protein variant

To confirm the dynamics of the N-terminal tails of the
D34A variant, the effect of the ionic strength was
assessed by SEC and DLS, as previously performed using
the DgrDps WT and AN (with the first 46 amino acid res-
idues truncated) proteins (Guerra et al. 2022). The results
presented in Figure 2 show that the apparent molecular
size of the D34A protein particle in solution is also
dependent on the ionic strength of the buffer, with a sim-
ilar range of apparent Stokes radii and hydrodynamic
diameters. Table S1 comprises the data obtained. Similar
to DgrDps WT, the elution volume of the D34A variant
decreases from 12.1 +0.1 mL to 10.3 + 0.1 mL as the
NaCl concentration increases from 50 to 480 mM, corre-
sponding to an apparent raise of the Rg from 4.9 + 0.1 to
6.6 + 0.1 nm. Likewise, the Z-Average of D34A increases
from 12.6 + 0.6 nm to 15.0 + 0.4, with all PI values below
0.2, indicating low polydispersity (Stetefeld et al. 2016).
Based on the conclusions from our previous work
(Guerra et al. 2022), this increase in the apparent size of
the macromolecule is likely due to the dynamic shift of
the N-terminal tails from the compact to the extended
conformation. Moreover, the single mutation did not

affect the ferroxidation and iron mineralization activity
of D34A. Taken together, these results indicate that the
DgrDps D34A variant behaves like the WT protein at the
structural and functional levels and that the N-terminal
tails maintain their properties, aside from the putative
loss of the metal-binding ability due to the disruption of
the metal coordination sphere.

2.2 | Maéssbauer spectroscopic
characterization of the N-terminal tail
iron-binding site

A novel iron-binding site in DgrDps was characterized in
previous experiments and the origin of the high-spin fer-
rous Mossbauer species was attributed to the binding at
the N-terminal tails site by comparison with a tailless var-
iant of the protein (DgrDps AN). To further study the role
of this metal-binding site, samples of the DgrDps D34A
variant in the extended conformation (in 200 mM MOPS
pH 7.0, 200 mM NaCl) were incubated with >’Fe** ions
in the absence of any oxidating co-substrate and analyzed
using Mossbauer spectroscopy. Figure 3 shows the M0ss-
bauer spectra of D34A samples reacted with different
ratios of ferrous iron per dodecamer. As with DgrDps
AN, the spectra are explained by the contributions of two
quadrupole doublets typical of ferrous species. A single
sharp doublet is detected at the lowest substoichiometry,
6 Fe/D34A protein (6 Fe/D34A protein represents the
addition of 0.5 Fe*" ions per monomer), with parameters
characteristic of the FOC (Site I, with 6 = 1.27
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Macromolecular properties of the DgrDps D34A variant. (a) Elution profile on a calibrated Superdex 200 10/300 SEC

column in 200 mM MOPS pH 7.0, 200 mM NacCl; (b) Dependence of the SEC elution volumes and estimated Stokes radii with the ionic
strength (in 50 mM MOPS pH 7.0 and varying NaCl concentrations, from 50 to 480 mM); (c) Particle size distribution by DLS, in 200 mM
MOPS pH 7.0, 200 mM NaCl; and (d) DLS hydrodynamic diameter (Z-Average) as a function of the ionic strength of the sample buffer, as

described in (b).

+ 0.01 mm/s and AEq = 2.83 + 0.02 mm/s). Incubation
with higher amounts of ferrous substrate results in the
appearance of additional ferrous species (6 = 1.33
+ 0.02 mm/s, AEq = 3.22 + 0.03 mm/s) due to the non-
specific binding of Fe*" ions in the protein channels or
aqueous ferrous complexes (the latter most likely in a
very small percentage due to the high affinity of the pro-
tein to the substrate). Notably, and similar to the tailless
protein variant, the D34A spectra lack the peak at lower
energies found in DgrDps WT, previously attributed to
the N-terminal tail species (named Site II, with § = 1.10
+0.02mm/s and AEq 3.82 + 0.02 mm/s) (Guerra
et al. 2022). As expected, Site I reaches a maximum occu-
pancy at 11.3 + 1 Fe/protein (Figure S1). Based on these
observations, it is reasonable to conclude that Site II spe-
cies, uniquely present in the WT, results from the

coordination of a ferrous ion by residues in the metal-
binding site present at the proximal end of each of the
12 N-terminal tails, with the Asp34 residue being abso-
lutely required to establish the first coordination sphere.
Table 1 summarizes the Mossbauer parameters obtained
by least squares fit analysis of the experimental data.

2.3 | Impact of metal binding on the
dynamic conformation of the N-terminal
tails

Several different physiologically relevant modulators of
the structural and functional properties of the N-terminal
tails may exist in vivo, such as pH, substrate (iron) levels,
interaction with biomolecular partners (other proteins
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FIGURE 3
of DgrDps D34A. Apo-protein samples were incubated with

Massbauer spectra of the anaerobic ferrous loading

different concentrations of *’Fe?" ions: [Fe?"]/[Dps] molar ratio of
6 (a), 12 (b), 24 (c), and 48 (d). The spectra were recorded at 80 K,
with no external magnetic field applied. The solid lines overlaying
the experimental spectra are the result of least squares fits to the
data (relevant parameters listed in Table 1). The contribution of
Site I and additional ferrous species are represented as blue and
green lines, respectively.

and/or DNA), among others. As mentioned before, diva-
lent metals (transition metals such as Zn*", Co*", and
Mn®" or alkaline earth metals such as Mg>") are well
known to interact with Dps proteins. The recently estab-
lished existence of a divalent metal-binding site in the
proximal end of each N-terminal tail of DgrDps and its
ability to bind ferrous ions, as revealed by Mdossbauer
spectroscopy, prompted the question: Can the occupation
of the metal-binding site at the N-terminal tail affect its

& roeny WILEY-L 2o

conformation in a controlled and dynamic process, like
the effect previously described for the ionic strength
dependence? To try to answer, both DgrDps WT and
D34A proteins were reacted with different divalent
metals (Zn**, Co®", Cd*", Ni*", Mn**, Mg®", and Ca*"),
at high ionic strength (50 mM MOPS pH 7.0, 230 mM
NacCl) to ensure a starting point with the stable, extended
conformation.

The SEC elution profiles of the DgrDps WT samples
incubated with 24 molar equivalents (24 M*"/protein
oligomer) of each metal (Figure 4a and Table S2) reveal
two sets of chromatographic peaks. Incubation of the pro-
tein with Ni**, Mn®*, Ca®", and Mg®" ions did not affect
the elution volume (V,) relatively to the apo-form (metal-
free) of the protein, with V., = 10.7 + 0.1 mL, whereas
reaction with Zn**, Co®", and Cd*" increased the elution
volume to ~11.5 + 0.1 mL, which corresponds to a smal-
ler apparent Rg (shifting from 6.1 + 0.1 to 5.5 + 0.1 nm),
closer to the compact conformation behavior. In turn,
superimposable elution profiles were obtained in a paral-
lel experiment with the DgrDps D34A variant
(Figure 4b), analogous to the apo-form of the protein
(with a peak between 10.6 and 10.8 mL), characteristic of
the extended conformation. Moreover, a gradual shift
toward the peak with larger elution volume was observed
when the protein was titrated with Zn** ions (with 6-48
Zn>"/protein), as shown in Figure 4c (V. shifted from
10.6 + 0.1 mL for the apo-form to 11.6 + 0.1 mL for the
sample with 48 Zn>" equivalents). Interestingly, this shift
was almost totally reverted by the addition of an excess of
EDTA to the sample loaded with 48 equivalents of Zn*"
(chromatographic peak at 10.9 + 0.1 mL).

Likewise, DgrDps WT and D34A proteins were
reacted with 12 and 24 molar equivalents of either Zn*",
Co*", Cd**, Mn*", and Mg*" and analyzed using DLS.
The results are presented in Figure 4d and listed in
Table S3. In general, the DLS results corroborate those
obtained by SEC, with the addition of Zn**, Co*", and
Cd*" ions leading to a decrease in the hydrodynamic size
of the DgrDps WT samples from 16.2 + 0.5 nm to 13.3
+ 1.0 nm. On the contrary, addition of Mn*" and Mg*"
ions did not alter the Z-Average value of the protein
(~16 nm). Additionally, the hydrodynamic diameter of
DgrDps D34A variant remained constant within the error
of the technique (14.3 + 0.8 nm) and consistent with the
value determined for the apo-form, regardless of the
amount and type of metal added. Once again, considering
the three metals that affected the DgrDps WT apparent
particle size, incubation with larger amounts of the metal
progressively induced the conversion to a protein popula-
tion with smaller Z-Average values. In terms of homoge-
neity and dispersity of each sample, the addition of the
divalent metals did not affect the PI values, which
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TABLE 1 Modssbauer parameters of iron species in DgrDps D34A variant
Parameters for ferrous species in iron loaded DgrDps D34A
Site I Additional ferrous
5 (mm/s) 1.27 (1) 1.33(2)
AEq (mm/s) 2.83(2) 3.22(3)
Linewidth (mm/s) 0.32(2) 0.41 (4)
Iron ratio % Occupancy % Occupancy
6 100 6 (0) 0 0
12 88 (2) 11 (1) 12 (5) 1)
24 47 (2) 11 (1) 53 (5) 13 (1)
48 24(2) 11 (1) 76 (5) 37 (2)

Note: The contribution of the iron species in each spectrum is given in percentage and occupancy values. Values in brackets are uncertainties of the last

significant digits.

remained between 0.1 and 0.3, throughout the experi-
ment denoting highly monodisperse particles, with uni-
form size and shape.

The overall secondary structure of metal-loaded
DgrDps WT and D34A proteins was analyzed using
SRCD and compared with their apo-forms. Spectra were
recorded after incubating the protein with different
amounts of each divalent metal tested (0-24 M*" per pro-
tein) at 25°C. The results are shown in Figure 5. The
spectra exhibit a significant contribution of helical struc-
tures (with a maximum at 193 nm and minima at
208 and 222 nm) in every condition tested, suggesting
that the binding of the divalent metal does not signifi-
cantly alter the secondary structure of the proteins. The
experimental datasets were then analyzed using Dichro-
Web server for estimation of the content of each second-
ary structure element (Table S4). Using the reference
dataset SP175 optimized for the 175-240 nm range and
the analysis program CDSSTR, DichroWeb analysis
revealed no significant variation of the content of second-
ary elements upon incubating the proteins with Zn>*,
Co®", Mn*", or Mg>", at any concentration, with the per-
centage values differing only within the error of the tech-
nique. Moreover, the results obtained for DgrDps D34A
are similar to DgrDps WT regardless of the experimental
conditions used.

Together, the results from the SEC, DLS, and SRCD
analyses on the effect of divalent metal on the structure
of DgrDps WT and D34A proteins suggest that the bind-
ing to the metal-binding site present in the N-terminal
tail induces a conformational change of the tail without
affecting the overall secondary structure of the protein, in
a behavior apparently similar to the one described for the
ionic strength dependence (Guerra et al. 2022). This
effect is specific, and the occupancy of the binding site is
concentration dependent, since only Zn*", Co*", and

Cd*" led to the decrease in the particle size as per SEC
and DLS. Other transition metals such as Ni** and Mn*"
as well as the alkaline earth Ca>" and Mg>" did not alter
the conformation of the protein N-terminal tails. Further-
more, the effect is specifically associated with the tail
metal-binding site in each monomer since the substitu-
tion of aspartate 34 to an alanine residue (in the D34A
variant) fully impaired the binding of metal to this site.
The partial recovery to the apo-form conformation upon
addition of EDTA further suggests that some divalent
metals may act as modulators of the tail conformation,
since the reversibility of the process is an important
aspect of a putative signaling mechanism.

24 | Structural dynamics upon metal
binding

A set of samples of DgrDps WT and D34A reacted with
different equivalents of Zn*", Co®", and Mn*" ions were
prepared and analyzed using SAXS coupled to an online
SEC system (Blanchet et al. 2015).

For simplicity, the datasets obtained were split into
two sets: a first dataset for the analysis of the impact of
adding increasing amounts of Zn*" to the protein (0, 6,
12, 24, and 48 Zn>" ions per protein), and a second data-
set in which the structural effect of different metals (addi-
tion of 24 Zn*", Co®", or Mn*" per protein) were probed,
comparing both with the results obtained for the apo-
form of DgrDps WT and D34A variant.

The scattering profiles of all samples (Figure 6a) are
similar and consistent with a particle with a hollow
sphere shape (Svergun and Koch 2003) and present a
good signal-to-noise ratio up to s = 2 nm ™', although the
noise increases in some samples (24, 48 Zn>", and
24 Co®" per DgrDps WT). The proper folding and
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FIGURE 4 Macromolecular (a) (©) 1.04 ® Apo
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globular shape of the protein in every sample tested is
confirmed by the Kratky plots (shown in Figures S2 and
S3), which display the characteristic consecutive bell-
shaped Gaussian curves with decreasing intensity. Gui-
nier analysis of the scattering data (Figure 6b,d) shows
good linearity and small deviations at very low s> values
(below 0.005 nm™?) for all samples, indicative of low
levels of aggregation or radiation damage. The radius of
gyration (Rg) determined from the Guinier plots was
affected by the presence of Zn>" ions, decreasing from

[M?*]/[Dps]

4.46 + 0.01 to 4.15 + 0.01 nm with increasing Zn*" con-
centrations. A similar reduction in R, was detected for
the 24 Co*"/DgrDps WT sample, with a R, of 4.21

+ 0.01 nm, but not in the 24 Mn*" reacted sample, for
which the Ry is 4.42 + 0.01 nm. Moreover, the R, of the
WT protein loaded with 24 Zn** and subsequently incu-
bated with EDTA reverted the R, back to 4.49 + 0.01 nm.
Finally, the R, of the D34A samples was calculated to be
between 4.38 + 0.01 and 4.51 + 0.01 nm, regardless of
the divalent metal added to this protein variant.
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FIGURE 5 Secondary structure
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The SAXS datasets were further analyzed using
GNOM to obtain the pair distance distribution functions
(Svergun 1992). All P(r) plots (Figure 6c,e) display
slightly asymmetrical bell-shaped curves with maximum
frequency at ~5.8 nm for all conditions tested, with a
sharp decay until ~10 nm, characteristic of a spherical
protein with a hollow core, with an additional set of
bands between 10 and 20 nm corresponding to the N-
terminal tails with lower P(r) values and varying Dpax,
similar to the P(r) functions previously observed when
studying the effect of the ionic strength (Guerra
et al. 2022). The Dy, of the apo-forms of DgrDps WT
and D34A in this experiment was determined as 20.0 and
19.8 nm (black lines). As the concentration of Zn*" ions
added increases (Figure 6c, yellow to brown) the Dp.x
gradually decreased to 14.1 nm for the 24 Zn**/protein
and 14.4 nm for the 48 Zn>*/protein DgrDps WT sam-
ples. The addition of EDTA after incubation with
24 equivalents of Zn*" reverted the Dy, back to 19.5 nm
(gray line). However, the D., of the corresponding
DgrDps D34A samples was not significantly affected by
the addition of either 24 and 48 Zn>" per protein, varying
between 19 and 21 nm. Regarding the effect of the differ-
ent divalent metals, the addition of 24 Co*" equivalents
to DgrDps WT or D34A proteins induced an effect similar
to the incubation with 24 Zn" (Figure 6e, blue lines),
with a D,y of 13.9 nm for the WT and 20.6 nm for the
D34A variant. Conversely, the P(r) curves of the proteins
reacted with 24 Mn?" ions per protein (green lines) were
analogous to the respective apo-forms, with a Dy, value
of 19.3 nm for the WT protein and 19.5 nm for the D34A
variant.

The R, values deriving from P(r) calculation by
GNOM are consistent with the Guinier linearization,
varying between 4.52 + 0.01 and 4.11 + 0.01 nm for the
DgrDps WT and between 4.60 + 0.01 and 4.46 + 0.01 for
the D34A variant. These results are summarized in
Table 2.

T T T T T T
180 200 220 240 260 280
Wavelength (nm)

analysis.

The low-resolution molecular envelopes of DgrDps
WT and D34A proteins incubated with the different diva-
lent metals were obtained using the ab initio modeling
tool GASBOR. Representative models that best fit the
experimental data are shown in Figure 7a, superimposed
with the three-dimensional homology model for DgrDps
as template. The end-to-end diameter of each model can
be found in Table 2. All models exhibit a spherical core,
~ 10 nm wide, representing the dodecamer cage and
additional variable shapes at the outer regions of the mol-
ecule. The molecular map of the apo-DgrDps WT repre-
sents the expected extended conformation previously
described for higher buffer ionic strength conditions
(Guerra et al. 2022), with the N-terminal tails protruding
outwards in a star-like shape, with an end-to-end diame-
ter of ~17.5 nm (as measured using ChimeraX [Pettersen
et al. 2021]). As the amount of added Zn*" increases the
maps show the gradual decrease in Dy,,y, displaying the
tails with shorter length and more compact conforma-
tions (Figure 7b). The apparent maximum effect is
achieved when 24 Zn**/protein were added, since the
maps of the 24 and 48 Zn>" per protein samples are
almost identical with an end-to-end-diameter of ~14 nm.
A similar shape is observed in the molecular map of the
sample with 24 Co®" per protein, but not in the one with
24 Mn*" per protein, which resembles the conformation
of the apo-form, illustrating the lack of interaction
between the protein and this metal. The addition of
EDTA to a sample previously incubated with 24 Zn*"
ions per protein generated the extended conformation,
thus demonstrating the reversibility of the process. The
molecular maps of DgrDps D34A, all similar to the apo-
form, fully support that the conformational dynamics
observed in the WT protein is triggered by the binding of
some metals (Zn>" and Co®" ions) to the binding site pre-
sent at the N-terminal tails. In these cases, the extended
conformation with a diameter of ~17.5 nm was obtained
regardless of the condition tested.
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FIGURE 6 SAXS data and analysis of DgrDps WT and D34A after incubation with different divalent metals. (a) Experimental scattering

curves and computed GASBOR fits (solid lines) of the apo-form of DgrDps WT and D34A samples (black) and after incubation with a metal/
protein molar ratio of 6 (yellow), 12 (orange), 24 (red), and 48 Zn*" (brown), 24 Zn** and EDTA (gray), 24 Co*" (blue) and 24 Mn*" (green)
in 50 mM MOPS pH 7.0, 230 mM NacCl; (b) and (d) Guinier plots and linear fits (solid lines on top) of the scattering profiles; (c) and (e) Pair
distance distribution curves; the insets are magnifications of the P(r) region between 10 and 20 nm.

Considering the limitations of ab initio methods such
as GASBOR in modeling intrinsically disordered or flexi-
ble regions, the interpretation of the models shown in
Figure 7 (and the impact of divalent metal binding on the
conformation of the tails) was validated using the hybrid
modeling method CORAL. A tailless protein model (AN)
(Guerra et al. 2022) was used as a fixed dodecamer struc-
ture to which 12 flexible N-terminal regions with

46 dummy residues were added. Representative models
that best fit the experimental scattering profiles of
DgrDps WT in the absence and presence of 24 Zn*" per
protein are shown in Figure 8a,b. The models obtained
for other samples can be found in the SASBDB. The
CORAL models agree with the ab initio models and fur-
ther illustrate the tail compacting effect caused by diva-
lent metal binding, as the generally extended tails shown
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FIGURE 7

Representative ab initio models of DgrDps WT and D34A reacted with different divalent metals. (a) Molecular maps

generated by GASBOR from each SAXS dataset, according to the legend on top, superimposed to the dodecamer model of the protein (gray
ribbons); (b) Representative side-by-side comparison of the tails from the molecular maps shown in (a).

in the model of the apo-form (in black) were modeled
pressed against the cage in the sample with 24 Zn*"
equivalents. Moreover, the contribution of zinc atoms
present in the DgrDps structure in the scattering signal
was estimated using CRYSOL. Figure 8c displays the the-
oretical solution scattering obtained with and without
addition of 24 Zn*" atoms to the CORAL model shown
in Figure 8a (solid and dashed red lines). The results indi-
cate that the contribution of zinc scattering to the scatter-
ing datasets obtained (and subsequent interference with
modeling methods) is negligible.

3 | DISCUSSION

The interaction between Dps proteins and non-iron
metals is a relevant topic in both fundamental and trans-
lational research on this subfamily of proteins and most
frequently occurs at the ferroxidase centers or along the
protein channels (in transit to and from the active sites).
Interestingly, the proximal end of the N-terminal tails of
Deinococcus radiodurans Dpsl and Lactococcus lactis
DpsA and DpsB, as well as the C-terminal tails of

D. radiodurans Dps2 exhibit additional metal-binding
sites, by crystallization with Zn**, Mn>*, Mg**, and Co*"
ions (Kim et al. 2006; Cuypers et al. 2007; Romaio
et al. 2006; Stillman et al. 2005).

A putative binding site identical to the one in
D. radiodurans Dpsl exists in the D. grandis Dps mono-
mers, according to sequence alignments and structure
modeling bioinformatics. The impact of a point mutation,
D34A, was investigated. SEC and DLS data in varying
ionic strength conditions, confirmed that the DgrDps
D34A exhibited a behavior similar to the WT protein,
undergoing a conformational change, even though the
metal-binding site was impaired.

Analysis of the anaerobic titration of the iron binding
sites in DgrDps D34A using Mdssbauer spectroscopy
revealed that the high-spin ferrous species previously
detected in DgrDps WT (with parameters § = 1.10
+ 0.02 mm/s, AE; = 3.82 + 0.02 mm/s, therein termed
Site IT) was absent, leading to the conclusion that this
amino acid residue is essential for iron binding. Based on
bioinformatics, the metal-binding site at the proximal
end of the N-terminal tails is most likely composed of res-
idues Asp34, His37, His48, and Glu53, similar to the one
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FIGURE 8 Validation of the

ab initio modeling of the flexible N-
terminal tails using the CORAL
software. (a) Representative CORAL
models of the N-terminal tails in DgrDps
WT in its apo-form (black chains) and
after incubation with 24 equivalents of
Zn*" per protein (red chains). A folded
tailless dodecameric cage model was
imposed as a fixed structure (in gray)
with 12 flexible N-terminal tails. Each
model represents five replicate CORAL
models superimposed. (b) Experimental
scattering profiles and computed
CORAL fits (white and black solid lines)

obtained for each sample. (c) Theoretical
solution scattering of the CORAL
models shown in (a) by CRYSOL. The
red dashed line represents the
theoretical scattering curve of the model
in red with 24 Zn*" atoms artificially
placed in their putative binding sites.
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identified in the crystal structures of D. radiodurans Dpsl
(Kim et al. 2006; Romao et al. 2006). To the best of our
knowledge in the present work, we characterize for the
first time the interaction of Fe** ions to a metal-binding
site involving Asp34, which hints towards the regulation
of protein function between iron storage and DNA-
binding by iron sensing.

Analogous to what was shown in the ionic strength
dependence experiments, the specific interaction of some
divalent metals with the N-terminal tails of DgrDps WT
alters the macromolecular structural properties of the
protein, with the Stokes radius and hydrodynamic diame-
ter gradually decreasing for higher occupancies, without
affecting the overall secondary structure of the protein.
In our study, this effect was however limited to the bind-
ing of Zn**, Co**, and Cd*" ions, with neither Ni*",
Mn?*, Mg®", nor Ca*" rendering a discernible effect. The
comparison with equivalent samples of the variant
DgrDps D34A, in which no significant change was
detected, further confirms that the effect observed is
indeed due to the occupation of the binding site in each
N-terminal tail.

The overall shape of the protein in different divalent
metal conditions was examined using SEC-SAXS. The
SAXS parameters obtained are consistent with the SEC

T

2 3
s (nm™)

and DLS experiments, with the radius of gyration and
maximum diameter ranging from R, ~ 4.5 nm and
Dinax ~ 20 nm for the apo-protein to R, ~ 4.1 nm and
Dyhax ~ 14 nm for the most altered protein form. Overall,
the protein conformations revealed in this experiment
are similar to the extended and compact conformations
previously described (Guerra et al. 2022). While the apo-
protein exhibits the expected star-shaped conformation
with extended tails, the N-terminal tails were gradually
found in a shorter, more compact conformation in metal-
bound protein forms (Zn** and Co®", but not Mn>").
The extended conformation was restored upon metal che-
lation by EDTA. Considering the results from the Moss-
bauer ferrous titration experiments described here and in
agreement with our previous work (Guerra et al. 2022),
the saturation of this effect at 24 equivalents suggests that
these metals may also interact with the FOCs, thus satu-
rating the 12 tail binding sites in parallel with the binding
to the FOCs (12 FOCs per protein), as quantified by
Mossbauer spectral deconvolution. Moreover, it is likely
that the binding of Fe*" ions to the N-terminal binding
site induces a tail compaction effect similar to Zn*" and
Co>". However, it should be noted that the confirmation
and functional role of such is still to be experimentally
demonstrated.
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A similar tail-compaction effect was previously
described through SAXS for the incubation of Escherichia
coli Dps with Mg®" '°. Strikingly, our results seem to con-
tradict this observation since Mg>" produced no discern-
ible effect on DgrDps. However, this may be due to the
differences in length and composition of the N-terminal
tails of both E. coli and D. grandis Dps proteins. The for-
mer comprises half the number of residues and does not
contain a metal-binding site. Also, previous works sug-
gested that Mn** binds to the N-terminal binding site of
D. radiodurans Dpsl (Nguyen and Grove 2012), which is
not in agreement with the results from the DgrDps exper-
iment herein described.

Overall, the results from this work add another layer
to the conclusions gathered throughout recent years in
Dps research: the conformation of the N-terminal tails of
DgrDps (and thus, the structural properties of the pro-
tein) can be modulated by the presence of physiologically
relevant agents, in this case through the binding of spe-
cific metal cations such as Zn**, Co®", Cd*" (and likely
Fe’") to the binding site present in the proximal end of
the N-terminal tails. Given the reported importance of
the tails in protein oligomerization and DNA-binding
properties, these results inspire further investigation on
the effects of metal-binding on the function of the
protein.

4 | MATERIALS AND METHODS

41 | Protein production and purification
Recombinant expression of DgrDps WT and D34A vari-
ant proteins was achieved as described before for the
DgrDps WT (Guerra et al. 2022). The expression vector
for production of the D34A mutant (pET21c:
DgrDpsD34A) was prepared by following a site-directed
mutagenesis kit protocol (NZYTech, Lisboa, Portugal)
using the pET21:DgrDpsWT as parental DNA. The two
synthetic oligonucleotides (Forward 5-CAA GCG GTG
CAG CAA AAG CCG CTG CAG CAC ATC TGA GCA
CC-3' and Reverse 5-GGT GCT CAG ATG TGC TGC
AGC GGC TTT TGC TGC ACC GCT TG-3') with the
desired point mutation (in boldface) were designed
according to the manufacturer guidelines and obtained
from Eurofins Genomics (Ebersberg, Germany). Each
PCR reaction contained 30 ng of parental DNA, 125 ng of
each primer, dNTPs mix and 2.5 U of NZYProof DNA
polymerase in the appropriate buffer, according to manu-
facturer guidelines. The PCR was performed in a thermo-
cycler (Biometra, Invitrogen) following the protocol
instructions using an annealing temperature of 60°C.
After analysis of the efficiency of the amplification on a
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1% agarose gel, the remaining PCR mixture was incu-
bated with 5 pL of Dpnl for 1 h at 37°C for digestion of
the parental template. The hydrolysis reaction products
were used to transform ultracompetent E. coli NZYStar
cells (NZYTech). To confirm the point mutation, the
resulting plasmid DNA pET2lc:DgrDpsD34A was
sequenced (Eurofins Genomics).

The production of DgrDps D34A followed the same
procedure as DgrDps WT (Guerra et al. 2022). Briefly,
transformed E. coli BL21(DE3) cells were cultured in lig-
uid Luria Broth (LB) media (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl, pH 7.0) containing 100 pg/mL
ampicillin until an ODgyg py ~ 0.7 before induction with
0.5 mM IPTG (isopropyl-p-p-1-thiogalactopyranoside) for
3 hr at 37°C. Since the proteins were expressed as inclu-
sion bodies, the pellet obtained after centrifugation of the
cell extract was resuspended in 10 mM Tris-HCI pH 7.0,
250 mM NacCl, 1% Triton X-100 and 1 M urea for 1 hr at
room temperature. The resulting supernatant obtained
after a centrifugation for 30 min at 15,000g was then dia-
lyzed against 10 mM Tris-HCI pH 7.0, 1 M urea for pro-
tein solubilization. The purification procedure was
performed using an AKTAprime plus system (Cytiva)
and included two consecutive anionic exchange and one
SEC chromatographic steps. A preparative step using a
DEAE Fast Flow column (Cytiva) followed by a high-
resolution step using a Resource Q 6 mL pre-packed col-
umn (Cytiva). In both cases the protein was eluted using
a 0-500 mM NaCl linear gradient and protein purity was
assessed using SDS-PAGE. DgrDps D34A containing frac-
tions were pooled, concentrated, and ultimately injected
into a Superdex 200 Prep Grade size-exclusion chroma-
tography column for final polishing and buffer exchange,
in 200 mM MOPS pH 7.0 with 200 mM NaCl. Pure frac-
tions were concentrated and stored at —80°C until
further use.

Protein concentration of DgrDps WT or D34A stock
solutions and samples was determined using the theoreti-
cal molar extinction coefficient of the protein monomer
at 280 nm, equal to 21,430 M~ ' cm ™' for both protein
dodecamers, according to ExPASy ProtParam tool
(Gasteiger et al. 2005).

4.2 | General sample preparation

DgrDps WT and D34A samples were dialyzed against
50 mM MOPS pH 7.0, 230 mM NaCl (or 10 mM MOPS
pH 7.0, 240 mM NaF in the case of SRCD samples) to
ensure a stable extended conformation before reaction
with the different divalent metals used in this work. After
incubation with different concentrations of the metals
(from 6 to 48 M*"/Dps dodecamer, corresponding to 0.5-
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4 M2+/monomer) for 20 min at room temperature, the
resulting metal loaded-protein samples were centrifuged
for 10 min at 15,000g before analysis. When appropriate,
the metal loaded-DgrDps samples were also subsequently
incubated with 5mM ethylenediaminetetraacetate
(EDTA) after incubation with the divalent metals.

The Zn>" stock solution used derived from a commer-
cial metal standard (metallic Zn dissolved in 0.5 M
HNOs;). The stock solutions of the remaining divalent
metals were prepared by dissolving commercial metallic
salts (>98% purity, MERCK) of CoSO,-7H,0,
Cd(NOs),-7H,0, NiCl,-6H,0, MnSO4-H,0, CaCl,-2H,0
and MgCl,-6H,0 in H,O at pH 2.0 (acidified with
H,S0,).

The DgrDps D34A samples for the SEC and DLS mea-
surements in different ionic strength conditions were pre-
pared as described for DgrDps WT (Guerra et al. 2022).

4.3 | Molecular mass and hydrodynamic
radius estimation

A high-performance Superdex 200 10/300 GL column
(Cytiva) was calibrated as described before (Guerra
et al. 2022). A calibration curve was prepared to deter-
mine the apparent molecular mass and hydrodynamic
radius (Stokes radius, Rg) (La Verde et al. 2017):

14
Log,,(MM) = —1.5467‘%L 7.677 and
o
Ve—V
—=——240.99

t— VYo

Log,,(Rs) =—1.028

where MM is the apparent molecular mass in kDa, Rg is
the Stokes radius in nm, V, is the elution volume of the
protein, Vj, is the void volume, and V; is the total volume
of the bed column.

The apparent molecular mass and apparent Stokes
radius of DgrDps WT and D34A in different test condi-
tions were estimated by injecting the samples on the SEC
column pre-equilibrated with 50 mM MOPS pH 7.0,
230 mM NacCl at a flow rate of 0.5 mL/min.

4.4 | Dynamic light scattering analysis

Apo- and metal-loaded DgrDps samples, at 1 mg/mL pro-
tein concentration in 50 mM MOPS pH 7.0, 230 mM
NaCl buffer were centrifuged for 30 min at 14,000g at
room temperature prior measurement in a HORIBA SZ-
100 nanoparticle analyzer equipped with a 10 mW
532 nm laser and detection at a scattering angle of 90°
during 2 min at 25°C, in at least triplicates. The intensity

weighted mean hydrodynamic diameter (Z-Average) and
the polydispersity index (PI) were calculated using the
built-in software of the equipment, assuming a standard
monodisperse form of distribution, and using a particle
refractive index of 1.6 for organic sample and water set-
tings as dispersion medium (refractive index of 1.333).

4.5 | Mossbauer spectroscopy
characterization

DgrDps D34A protein samples at 166 pM in 200 mM
MOPS pH 7.0, 200 mM NaCl were incubated anaerobi-
cally (inside an anaerobic glovebox, MBraun MBLab)
with °"FeSO, at molar ratios of 6, 12, 24, and 48 Fe/Dps
(ca. 1-8 mM Fe) for 20 min at room temperature and
subsequently frozen in liquid nitrogen. Small Fe/protein
molar ratios (moles of iron/moles of Dps dodecamer)
were used, to avoid an excess of added ferrous ions. In
those conditions, the N-terminal binding site will satu-
rate as shown in a previous published work (Guerra et al.
2022). For this reason, and in accordance with previously
obtained data, ferrous iron removal/cleaning procedures
of the Mdssbauer samples to attest the presence/absence
of a tail binding site are not required. The >’FeSO, stock
solution was prepared as described before by acidic disso-
lution of a >’Fe metal foil (> 95% enrichment) in H,SO,4
(Ravi et al. 1994; Penas et al. 2019) and quantified by the
1,10-phenantroline method (Besada 1987).

Mossbauer spectra were measured at 80 K in the
absence of external magnetic field in transmission mode
using a conventional constant acceleration spectrometer
and a *>’Co source in Rh matrix. The velocity scale was
calibrated using an a-Fe foil at room temperature and
the isomer shift values (6) are given relative to this stan-
dard. Global spectral analysis and deconvolution were
carried out taking the values of §, AEq and linewidth as
variables using the WMOSS software. Occupancy
reflects the number of ferrous ions per type of binding
site in each sample and was calculated by multiplying
the contribution (in percentage) of each species by the
amount of iron added to the protein (Fe/Dps molar
ratio).

4.6 | Synchrotron radiation circular
dichroism analysis

Synchrotron radiation circular dichroism (SRCD) spectra
of DgrDps WT and D34A samples were acquired at the
AU-CD beamline at the ASTRID2 synchrotron radiation
facility (ISA, Department of Physics and Astronomy, Aar-
hus University, Denmark).
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The spectra of 1 mg/mL protein samples in 10 mM
MOPS pH 7.0, 240 mM NaF were recorded in 1 nm steps
and a dwell time of 2.1 s per step, in triplicate, using a
nominally 0.01 cm pathlength quartz cell (SUPRASIL,
Hellma GmbH, Germany), for the wavelength range of
170-280 nm, at 25°C. The actual pathlength of the cell
was determined to be 0.01008 cm by an interference tech-
nique (Hoffmann et al. 2016).

The differential molar extinction coefficient, Ae, for
each spectrum was calculated using protein concentra-
tion estimated from the absorbance at 205 nm and the
protein molar extinction coefficient at that wavelength
(Anthis and Clore 2013). Secondary structure content of
the proteins in each sample condition was estimated
using DichroWeb, an online CD structure analysis tool
(Miles et al. 2022), using CDSSTR as analysis program
and SP175 as the reference set. DichroWeb analysis pro-
grams deconvolute the percentages of each type of sec-
ondary structure (helix, strand, turns, or unordered)
present in a sample by simulating each experimental
spectrum using the reference spectra of over 70 proteins
(in the case of the SP175 reference dataset).

4.7 | Small-angle X-ray scattering
analysis

Synchrotron SAXS data was measured at beamline P12
operated by the European Molecular Biology Laboratory,
EMBL, at the PETRA III storage ring (Blanchet
et al. 2015) (DESY, Hamburg, Germany). The scattering
intensity, I(s), was recorded in a momentum transfer
range between 0.05 and 7.0 nm™}, with s = (4msin260)/ 4,
in which 26 is the scattering angle and A the X-ray wave-
length and equal to 0.124 nm. Scattered X-ray photons
were detected on a Pilatus 6 M detector (DECTRIS,
Switzerland) distancing 3 m from the sample.

DgrDps WT and D34A samples at ~10 mg/mL initial
concentration were measured by SEC-SAXS (Graewert
et al. 2015) using a Superdex 200 Increase 5/150 GL col-
umn (Cytiva) in buffer containing 50 mM MOPS pH 7.0,
230 mM NaCl. The 2D images were radially averaged,
frames with no trace of radiation damage were averaged
and used for the analysis. In SEC-SAXS data collection,
3000 successive frames of 1 s were measured during the
chromatographic separation. CHROMIXS (Panjkovich
and Svergun 2018) was used to visualize the SEC-SAXS
data and select relevant sample and buffer frames. Data
were reduced using the SASflow pipeline (Franke
et al. 2012).

The one-dimensional datasets were analyzed and
treated using standard protocols and the ATSAS pro-
gram suite (Manalastas-Cantos et al. 2021) (CHROMIX,
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PRIMUS, GNOM). The scattering profiles, Guinier
plots, Kratky plots are used to determine the R, and I
(0), evaluate the quality of the dataset, assess protein
monodispersity, and to estimate the molecular mass
and Porod volume of the particle in solution. The pair
distance distribution (P(r)) calculations (including R, I
(0) and Dpax) from each scattering profile were per-
formed using GNOM, an indirect transform program
for small-angle scattering data processing. The ab initio
models of DgrDps WT and D34A were obtained from
the SAXS data using GASBOR (Svergun et al. 2001), a
program for ab initio reconstruction of protein struc-
ture from a chain-like ensemble of dummy residues,
using P23 symmetry and 205 dummy residues per
asymmetric part as restrictions. At least 10 independent
iterations of the program were performed per sample
and a representative of the most typical result obtained
for each condition was used to prepare the three-
dimensional molecular maps shown in Figure 7. The
molecular maps were rendered using ChimeraX
(Pettersen et al. 2021) and superimposed on a protein
model of the DgrDps dodecamer obtained through
homology modeling (Waterhouse et al. 2018) using the
structure of D. radiodurans Dpsl (PDB 2C2U) as the
template. The N-terminal tails were further modeled as
flexible chains using CORAL (Petoukhov et al. 2012),
for validation of the GASBOR ab initio modeling.
CORAL is a hybrid method that performs rigid body
modeling of rigid protein domains with unrigid frag-
ments such as termini. To better reflect the inherent
flexibility of the termini in each sample, a pre-
generated library of self-avoiding random loops com-
posed of dummy residues is computed, sampling
20 random structures for every possible end-to-end dis-
tance in each dataset. In this case, a tailless model of
the DgrDps dodecamer was used as a fixed structure
(P1 symmetry) with 12 additional flexible N-terminal
fragments with 46 dummy residues each. Furthermore,
and to confirm that the presence of Zn>" was not signif-
icantly contributing to the scattering signal, the theoret-
ical intensities of the resulting protein models both
with and without Zn atoms (12 Zn*" atoms placed at
the N-terminal binding site and 12 Zn*" at the FOCs in
the protein model), were calculated using CRYSOL
(Franke et al. 2017), which calculates the solution scat-
tering of atomic protein structures (including ligands)
and fits it to an experimental dataset.
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