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ABSTRACT: DNA protection during starvation (Dps) proteins are miniferritins found in bacteria and archaea
that provide protection from uncontrolled Fe(II)/O radical chemistry; thus the catalytic sites are targets for
antibiotics against pathogens, such as anthrax. Ferritin protein cages synthesize ferric oxymineral from Fe(II)
and O,/H,0,, which accumulates in the large central cavity; for Dps, H,O, is the more common Fe(II)
oxidant contrasting with eukaryotic maxiferritins that often prefer dioxygen. To better understand the
differences in the catalytic sites of maxi- versus miniferritins, we used a combination of NIR circular dichroism
(CD), magnetic circular dichroism (MCD), and variable-temperature, variable-field MCD (VTVH MCD) to
study Fe(II) binding to the catalytic sites of the two Bacillus anthracis miniferritins: one in which two Fe(II)
react with O, exclusively (Dpsl) and a second in which both O, or H,O, can react with two Fe(II) (Dps2).
Both result in the formation of iron oxybiomineral. The data show a single 5- or 6-coordinate Fe(II) in the
absence of oxidant; Fe(II) binding to Dps2 is 30 x more stable than Dps1; and the lower limit of Kp, for binding
a second Fe(II), in the absence of oxidant, is 2—3 orders of magnitude weaker than for the binding of the single
Fe(II). The data fit an equilibrium model where binding of oxidant facilitates formation of the catalytic site, in
sharp contrast to eukaryotic M-ferritins where the binuclear Fe(II) centers are preformed before binding of
0,. The two different binding sequences illustrate the mechanistic range possible for catalytic sites of the

family of ferritins.

DNA protection during starvation (Dps)' proteins, also known
as miniferritins, are 12-monomer spherical proteins capable of
storing iron mineral and thus are part of the ferritin super-
family (/—4). Unlike maxi- (24-monomer) ferritins, Dps proteins
have been shown to bind and protect DNA from oxidation (2—4).
The paired Dps proteins in Bacillus anthracis (Dps1 and Dps2),
which share ~60% sequence homology(3), confer greatest pro-
tection when both are present. Dps proteins in pathogens, such as
those from B. anthracis, are of particular interest as better knowl-
edge of how these proteins protect pathogens from oxidative
damage can provide insight into whether Dps proteins could be
possible drug targets against anthrax and other bacterial diseases.
Unfortunately, only a small amount of information is available
about Fe(II) protein interactions in the Dps proteins (5). Crystal
structures of both B. anthracis proteins have been solved (6) and
show significant differences between the maxi- and miniferritin

"This research was supported by NSF-Biophysics Program Grant
MCB-0919027 (E.L.S.), NIH Hematology Program DK20251 (E.C.T.,
X.S.L., T.T.), Cooley’s Anemia Foundation (X.S.L.), and JSPS fellow-
ship for research abroad (T.T.).

*To whom correspondence should be addressed. E.C.T.: e-mail,
etheil@chori.org; phone, 510-450-7670; fax, 510-597-7131. E.L.S.:
e-mail, email:edward.solomon@stanford.edu; phone, 650-723-4694;
fax, 650-725-0259.

"Abbreviations: Dps, DNA protection during starvation; LF, ligand
field; NIR, near-IR; CD, circular dichroism; (VTVH) MCD, (variable-
temperature, variable-field) magnetic circular dichroism; ZFS, zero field
splitting; J, exchange coupling, coupling between the two iron sites
mediated via bridging ligands.

pubs.acs.org/Biochemistry Published on Web 10/28/2010

ferroxidase sites. In contrast to diiron sites in the 24 subunit
ferritins, the active sites in the Dps proteins are located between
subunits rather than within a four-o-helix bundle, with few
exceptions (3, 7). Moreover, there appear to be only enough
ligands to form one available binding site for an Fe(II) at the
proposed active site, despite a stoichiometric ratio of 2Fe(II)
required per site being computed from the kinetic data (3). Both
Dpsl and Dps2 show a single iron atom with tetrahedral co-
ordination bound by histidine, aspartate, and glutamate ligands
plus one water molecule (Figure 1) (8). Several additional water
molecules plus a second histidine are nearby, suggesting a
potential binding location for the second iron, and a few other
crystal structures have been obtained for different Dps or Dps-
like proteins, with varying numbers of iron atoms present (2, 7).
For both Dpsl and Dps2, rates of Fe(II) oxidation with O, are
about 10-fold slower than those of the maxiferritins, and an
intermediate peroxo species is not observed (3). In Dps2, however,
the rate of reactivity between Fe(I) and H,O, is about 3-fold
faster than its rate of O, reactivity, and an intermediate with an
absorption feature at 650 nm, similar to the peroxo species in
maxiferritin, is observed. Dps1 shows no reactivity with H,O, and
in fact has been shown to inhibit protein-independent Fe(IT) +
H,0, reactions (3). These data, along with sequence similarities
between other Dps proteins, suggest that the function of Dpsl is
iron sequestration while the Dps2 carries out H,O, destruction,
accounting for why the pair confers the most DNA protection
when both are present. Because these proteins present an oxidant

©2010 American Chemical Society



Article

A) Dps-1 (PDB ID: 1JI5)

Phe20 Glu43

B) Dps-2 (PDB ID: 1JIG)

His41

[ Tyr22

FIGURE 1: Representation of intersubunit active sites in (A)
Dpsl and (B) Dps2, obtained from crystal structures 1JI5 and
1JIG, respectively. All protein-derived ligands are labeled, and
water is represented in red. In each structure the water that
could occupy the possible second Fe(II) binding site is labeled.
In Dpsl this water is 3.8 A from the first Fe(II) site and 4.1 A
away in Dps2.

continuum from hydrogen peroxide to dioxygen and function in
both anaerobic and aerobic environments, understanding the
structure of the metal binding sites in miniferritins may provide
insights on the evolution of the dioxygen-dependent active sites
present in ferritins of many contemporary organisms.

To determine the Fe(IT) binding properties of this paired set of
Dps proteins in solution and elucidate the relationship between
mini- and maxiferritins, a methodology utilizing circular di-
chroism (CD), magnetic CD (MCD), and variable-temperature,
variable-field (VIVH) MCD was used to probe the geometric
and electronic structural features of the Fe(Il) substrate sites.
This methodology has been developed and applied to a number
of biferrous cofactor sites, in which Fe(II) remains coordinated to
the active site throughout the reaction (9), and has recently been
used to study the ferroxidase site in a maxiferritin, in which the
irons are substrates that are released from the site after reac-
tion (10). Here, CD/MCD titrations are used to provide binding
constants for each of the substrate sites in Dpsl and Dps2 and
find that only a single Fe(II) binds to each site under the anaer-
obic conditions of the experiment. This allows us to develop an
equilibrium model of Fe(IT) binding where O, or H,O, is required
for formation of the binuclear Fe(II) active site. The significant
differences in binding and structure of these substrate sites are
then discussed in terms of their reactivity with O, and H,0, and
the possible relationships to distinct physiological functions of
maxi- and miniferritins.
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MATERIALS AND METHODS

Sample Preparation. MOPS buffer (Sigma), NaCl (EMD
Chemicals, Inc.), deuterium oxide (99.9 atom % D; Aldrich),
sodium dithionite (Sigma), ferrous sulfate heptahydrate (Baker),
and glycerol-dg (98% D; Cambridge Isotope Laboratories) were
commercially purchased and used as obtained. Before use in an
inert atmosphere, D,O was degassed with 99.9% pure argon,
glycerol was degassed by heating under vacuum overnight at 10~
Torr, and solid ferrous sulfate was put under vacuum at 10
Torr for at least 1 h. Fe(II) stock solutions (~60—100 mM
depending on protein concentration), used for reconstitution of
the apoprotein, were freshly prepared before each experiment by
adding anaerobic D,O to a premeasured amount of degassed
solid ferrous sulfate under nitrogen atmosphere.

Recombinant apo Dpsl and Dps2 proteins from B. anthracis
were expressed and purified as previously reported (3). The
protein buffer solution was then exchanged with a deuterium
oxide buffer solution of 100 mM Mops/100 mM NaCl at pD 7.3
until the percentage of D,O was 99.9% of the solvent. One set of
samples was also exchanged into an unsalted buffer solution.
Removal of salt was found to have no effect on CD/MCD data.
All protein solutions were then concentrated to between ~0.75
and 4 mM per subunit with one catalytic site/subunit (0.0625—
0.33mM protein nanocages) and degassed while on ice by rapidly
purging with at least 30 vacuum/argon cycles.

To prepare the CD and MCD samples, incremental amounts
of Fe(Il) stock solution were added to the anaerobic apoprotein
solution, and after incubation for ~10 min, CD samples were
measured in an anaerobic quartz cuvette, which was cooled to
7 °C by a recirculating water bath. MCD samples were similarly
prepared with an additional step of mixing the protein solution
with 50—60% (v/v) glycerol-ds until homogeneous to create a
suitable glass. The protein samples were then injected into the
MCD sample cell (a neoprene spacer of 0.3 cm path length
compressed between two infrasil quartz disks that are held
together between two fitted copper plates) while under an inert
atmosphere and immediately frozen in liquid nitrogen.

CD and MCD Spectroscopy. CD studies were performed
on a JASCO J200D spectropolarimeter operating with a liquid
nitrogen-cooled InSb detector in the 600—2000 nm region. Low-
temperature MCD and VTVH MCD data were acquired on this
spectropolarimeter, modified to accommodate an Oxford Instru-
ment SM4000 7T-superconducting magnet capable of mag-
netic fields up to 7.0 T and temperatures down to 1.5 K. The
depolarization of the protein glass was checked by comparing
CD spectra taken with a freshly prepared nickel (+)-tartrate
solution placed immediately before and then after the MCD
sample compartment (/7). Less than 5% depolarization was
observed.

All CD and MCD spectra were baseline corrected by sub-
tracting the apoprotein solution spectrum or averaging the
corresponding positive and negative field spectra at a particular
temperature. These spectra were then fit with Gaussian band
shapes using a constrained nonlinear least-squares procedure in
order to find the minimum number of ligand field transitions
required to simultaneously fit both spectra. VTVH MCD data
(MCD intensity at a specific wavelength as a function of tem-
perature and applied magnetic field) were fit using a simplex
routine that minimizes the y-squared value. A goodness of fit
parameter (y-squared/number of float parameters) was utilized in
the comparison of fit results.
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RESULTS

Metal Binding to the Ferroxidase Site and Excited State
CD/MCD Spectra. (A) Dpsl.Fe(Il) binding to the apo-Dpsl
protein, the dioxygen selective miniferritin, was monitored using
near-IR (NIR) CD and MCD titrations. In CD, one broad band
is observed upon addition of Fe(II) (Figure 2, black). This band is
slightly perturbed by glycerol, but as temperature decreases, the
sign of the low-energy transition changes (Supporting Informa-
tion, Figure S1). Nearly identical perturbations to the CD are
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FIGURE 2: Anaerobic titration of Dpsl with Fe(II) in (A) CD and
(B) MCD. (C) Binding curve with representative intensity for transi-
tion at 8200 cm™ ' plotted against the concentration of Fe(II) added.
Fit parameters are given in Table 1.
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observed upon addition of an alternative glassing agent, sucrose.
It is possible that because the active site is located between
subunits (6), as opposed to within the four-a-helix bundle of
the subunit as in maxiferritins (/2) and most other diiron
enzymes (13—17), the site is more susceptible to conformational
variation. As this perturbation does not change the energy of the
transitions, it does not appear to affect the actual coordination
environment of the iron center.

Titration of Dpsl with Fe(I) under anaerobic conditions leads
to saturation of this CD signal at approximately 1.2 Fe(II) per
Dps subunit (where 12 subunits make up a Dps protein cage), as
shown in Figure 2A. This band can be resolved into two
transitions at ~8000 and 10000 cm ™" upon simultaneous peak
fitting with low-temperature CD and MCD spectra (vide
infra). These transitions correspond to d — d ligand field
transitions of the ferrous site and must derive from Fe(II) sites
within the protein, as only chiral iron centers will contribute
to the CD spectrum (/8). To determine the Fe(II) binding
affinity for the protein sites, the CD intensity of each transi-
tion (Ae) is plotted against the concentration of Fe(II)
(Figure 2C). As the protein and iron concentrations are of
the same order of magnitude, binding curves from each data
set were fit to eq 1 (19) using Microcal Origin Pro 6.1 (20) to
determine the dissociation constant, Kp, and number of Fe(II)
binding sites, n:

(o tolpe) L) /(K + [Pr] + [L])? — (4n[P] L))
2n[PT]

(1)

where A is the CD intensity at a given wavelength with the
corresponding Ae, [Pr] is the total concentration of Dps
protein (per subunit), and [Lt] is the total concentration of
Fe(II) added. For Dpsl the Kp is determined to be approxi-
mately 77 uM for the first Fe(II) binding site (Table 1). The
binding curve is best fit with n ~ 0.9, indicating that only one
Fe(IT) binding site is present (Figure 2C). Each transition is fit
with the same parameters, further supporting a single Fe(II)
site, which can exhibit at most two LF transitions in the near-
IR CD spectrum. Aerobic kinetic studies determined that a
2Fe(I1):10, ratio was required for reaction (3); therefore, the
lack of a second binding site under anaerobic conditions
suggested that O, might play a role in formation of the active
site. To determine if a second Fe(II) binding site with a much
weaker affinity could be observed under anaerobic condi-
tions, titrations with lower protein concentrations were per-
formed to increase the ratio of Fe(II):protein. (Note that
protein-bound Fe(II) must be at least ~0.2—0.3 mM Fe(II) to
observe ligand field transitions within the sensitivity of the
CD experiment.) A maximum of 9.5 equiv of Fe(Il) per
protein subunit was achieved before protein denaturation;

Table 1: Properties of Dpsl and Dps2 Interactions with Fe(II)

NIR CD
Dpsl Dps2
transition (cm™") 8200 10300 10300 8300
Kpi (uM) 77 £ 32 79 £45 2.1+£6.8 2.03+3.7
n (no. of Fe bound) 0.979 £ 0.093 0.841 £ 0.095 1.315 £ 0.025 1.309 £ 0.013
lower limit for Kp, (M) for Fe2 (computation) 40000 20000
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FiGure 3: (A)278 KCD, 1.7K CD,and 1.7K,7 T MCD spectra
of Dpsl with contribution of excess Fe(II) subtracted. Simul-
taneous peak fitting of these three spectra results in two
transitions (gray): at 7800 and 10870 cm™~'. (B) Overlay of 278 K
CD (black), 2 K CD (red), and 2K, 7 T MCD (green) taken of
Dps2. These spectra are best fit with transitions at 8300 and
10300 cm ™.

however, no additional features were observed in CD. From
these conditions it can be determined that if a second Fe(II)
binding occurs without dioxygen, its Kp must be greater than
~40000 uM, i.e., at least 2—3 orders of magnitude weaker than
the first Fe(I), and therefore cannot be observed within the
sensitivity of this experiment.

From MCD titrations it is observed that, as in CD, there are
two transitions present which grow together upon addition of
Fe(II): a positive band at ~7800 cm ™' and a small negative band
at ~11000 cm ™" (Figure 2B). At Fe(Il) concentrations greater
than 1 equiv per subunit, a large positive feature between 8000
and 11000 cm ™' begins to dominate the spectrum (Figure 2B,
green). While only transitions from protein-bound Fe(II) will be
observed in CD, Fe(IT) in a MOPS buffer solution is 6-coordinate
and will be associated with two large transitions at 9200 and
10785 cm™ ' in MCD that can obscure Fe(II) active site transi-
tions in this region (Supporting Information, Figure S2A,B).
Therefore, to determine if these new MCD features are associated
with the binding of a second Fe(II) center to Dps1 or simply are
from excess Fe(II) in solution, the contribution of excess Fe(II) to
the MCD spectrum was calculated from the Kp value determined
above and subtracted from each MCD spectrum (Supporting
Information, Figure S2B,C). Although the first iron binding site
has a fairly high affinity for Fe(II), there is a 5—15% contribution
from Fe(II) in MOPS solution to each of the MCD spectra.
Figure S2C, in the Supporting Information, shows the spectra
from the MCD titrations, with contributions from ferrous iron in
solution removed, indicating that above 1 equiv of Fe(Il) per
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FIGURE 4: Anaerobic titration of Dps2 with Fe(IT) in (A) CD and
(B)MCD. (C) MCD spectra of Fe(IT) in a MOPS buffer solution
(black), Dps2 with excess Fe(Il) (red), and the subtraction
spectrum of Dps2 minus Fe(Il) in MOPS solution scaled to the
appropriate concentration.

subunit there are no additional MCD features observed that can
be attributed to a second Fe(II) binding site in Dpsl. Thus both
CD and MCD titrations indicate the presence of one Fe(II) center
with a high binding affinity in Dpsl. A simultaneous peak fit of
the CD, low-temperature CD, and MCD spectra with excess
Fe(Il) contributions subtracted confirms that there are two
transitions associated with the iron binding site of Dpsl: one
positive band at 7800 cm ™' and one negative band at 10870 cm ™!
(Figure 3A).

(B) Dps2. The conditions used for Dpsl were also used to
monitor the Fe(IT) binding to the ferroxidase sites of Dps2. One
broad positive feature is observed in the CD spectrum in the
same energy region as in Dpsl (Figure 4A), suggesting that the
ferroxidase sites within each Dps protein have similar conforma-
tions around the active sites. In Dps2 this band saturates at ap-
proximately 1.3 equiv of Fe(Il) per subunit, under anaerobic
conditions (Figure 4A). Fitting with eq 1 yields a smaller Kp
(~2 uM) and larger n (~1.3) relative to Dpsl (Table 1), again
indicating a single Fe(II) binding site with a higher binding
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affinity than Dpsl. The addition of up to 9 equiv per subunit did
not produce any additional change in CD. In the MCD spectrum,
the addition of greater than 1 equiv per subunit again leads
to dominant transitions from the excess Fe(II) in solution
(Figure 4B). Subtraction of the excess Fe(II) signal leads to a
nearly identical spectrum as that observed with less than 1 equiv
of Fe(IT) (Figure 4C, green), again supporting the lack of a
second Fe(II) binding to the ferroxidase site in Dps2. From
these conditions it can be determined similarly that if a second
Fe(Il) binding can occur without dioxygen, its Kp must be
greater than ~20000 M, again more than 2 orders of
magnitude weaker than the first Fe(Il) binding site. Simulta-
neous peak fitting of the CD, low-temperature CD, and
MCD spectra for the single iron binding site in Dps2 yields
two positive transitions at 8300 and 10300 cm™' (Figure 3B).
The splitting between these transitions is ~1000 cm™ ' less than
that observed for Dpsl, and the higher energy transition is now
positive in contrast to the negative band observed in Dpsl
(Figure 3A), suggesting a difference in coordination numbers or
geometries between these two Dps proteins.

VTVH MCD: Ground State Analysis. Increasing field
or decreasing temperature leads to an increase, and eventual
saturation, of the MCD intensity of both transitions, indicating
that each is dominated by an MCD C-term mechanism asso-
ciated with a paramagnetic doublet ground state. Different rates
of temperature and field saturation were observed at differ-
ent energies and can reflect different Fe(I) centers or differ-
ent polarizations associated with each transition (/8). Therefore,
variable-temperature, variable-field (VITVH) MCD data were
collected at energies where there was minimal overlap of resolved
band intensities (Figure 3, arrows). In Dpsl, VTVH MCD data
were obtained at 7185 and 11000 cm ™' and are shown in Figure 5,
where the relative intensities of the VIVH MCD curves are
plotted against SH/2kT. The offset of the low-temperature
isotherms from those at higher temperatures is characteristic of
low-lying excited states and rhombic zero-field splitting (ZFS)
of non-Kramers doublet ground states (2/). Ground state pa-
rameters for a non-Kramers system can be obtained through

Schwartz et al.

0 02 04

B H/2 kT 08 1 12

11,000cm-’

04 B H/2 kT 0.8

FI1GURE 6: Fits to VTVH MCD data collected on Dps2 at 7800 and
11000 cm ™! using eq 2.

doublet fitting of the VTVH MCD intensity (Figures 5 and 6)
using eq 2 (18, 22—24):

/2 cos® O sin 6
Ae = Z (Asat lim),‘(/o Tg\\iﬁHai de

1

G

M. [sin’ 0
= ——g;,fH0; d0) + B;Hy; 2
T A S LR OR T

where

Iy = /07 + (guBH cos 0)° + (g, BH sin 0)
e (Ei _ri/z)/kT —e (EI +rl/2>/kT
T e BT o= (BT
J
o B URT | (B Sk
Vi = e~ (E = Bi/2D/KT | o= (E;+0;/2)/kT
J

Q;

This equation allows for the contribution of C-term intensity,
(Asaiim)i> the rhombic ZFS for a non-Kramers doublet, o, the
effects of a linear B-term from field-induced mixing between states,
B;, and the presence of thermally excited sublevels of the ground
state. E; is the energy of the ith excited state, and the energy of the
ground state is defined as zero. The Boltzmann population over all
states has been included in both the C-term and the B-term
intensities as the factors o; and y,, respectively. H is the applied
magnetic field, & is the Boltzmann constant, M. and M, are the
transition dipole moments for the directions indicated, and g;;and
g1; are the Zeeman splitting parameters of the ith doublet. Each
VTVH MCD data set for Dpsl was fit with eq 2 by exploring all
possible g values that could be associated with each of the possible
ground states for a high-spin Fe(II) dimer and monomer system.
Good fits for each set were independently achieved with g
~9.140.2and 6g~3.7+0.2cm ™", indicative of a M, = £2
ground state. Differences in the (A, jim)o and By parameters
account for the different nesting behaviors of each transition.
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An M, = £2 ground state could derive from a mononuclear or
an exchange-coupled binuclear nonheme iron site. In order to
independently evaluate the later possibility, a full spin Hamilto-
nian analysis for an exchange-coupled dimer system was per-
formed as previously described (/0) to determine if any exchange
coupling between Fe(I) centers is reflected by the data. An
exchange constant of J ~ 0 cm™ ' was found, again supporting a
single Fe(II) site with no interaction with a second Fe(II) under
anaerobic Fe(II) loading conditions. Thus a full analysis for a
mononuclear nonheme iron site was carried out. This analysis
determined that the single Fe(II) center for Dpsl1 is best described
byaA = =300+ 100 cm ™" with | V2A| ~0.20 + 0.02 for the dz
orbital splittings, where A is the energy difference between the d,,
and d,.,. orbitals and V" defines the splitting of the xz and yz
orbitals (22). The positive and negative bands observed in CD/
MCD split by slightly greater than 3000 cm™' are generally
characteristic of a distorted square-pyramidal site; however, the
larger g and 0 ground state parameters, and therefore small A,
suggest that a 6-coordinate site with a weak axial water ligand
may also be possible (25).

The same analysis was carried out for the VTVH MCD data
obtained at 7800 and 11000 cm ™" for Dps2. It was again found
that no exchange coupling is present, and the ground state is well
described by g1 =9.0+0.2and =39+ 0.2cm™". These ground
state parameters give A=—250 £ 100 cm ™' with |I//2A] ~0.19 +
0.01. The combination of these ground state parameters and
the two positive transitions at 8300 and 10300 cm™', which are
split by only 2000 cm™ ', indicate that the site in Dps2 is also
6-coordinate.

Speciation Curves and Correlation to Reactivity. Ground
state analyses of the VTVH MCD data for both Dpsl and
Dps2 were consistent with the excited state titration data, both
indicating that only one Fe site has been loaded under these
experimental conditions. In the Metal Binding to the Ferroxidase
Site and Excited State CD/MCD Spectra section, it was deter-
mined that in Dpsl the dissociation constant for a second Fe(II)
binding must be greater than ~40000 uM and the dissociation
constant for a second Fe(II) binding in Dps2 must be greater than
~20000 M, each more than 2 orders of magnitude weaker than
the first Fe(Il) binding site. Previous kinetics data (3) clearly
demonstrated that the rate of iron oxidation in both Dps proteins
was dependent on the concentration of Fe(II) present and that
there was a significant increase in the rate of oxidation at
approximately 24 Fe(II)/protein dodecamer. This distinct in-
crease was attributed to the filling of all 12 putative diiron sites
within a Dps molecule and the further increase in rate caused by
additional oxidation at the now available mineral core or other
types of protein-bound sites (3). In order assess this model, the
new binding constants in Table 1 were used to calculate a set of
speciation curves that determine the concentrations of mono-
nuclear sites versus binuclear sites available to react.

The system was modeled with the following set of equilibria

Pr + Fey l/‘IE’Dl P, + Fer 1/K<->DZP2+Fef (3)
where Fey is the free (unbound) Fe(Il) in solution, Py is the
concentration of unbound protein monomers, P, is the concen-
tration of monomers with a single iron site loaded, and P, is the
concentration of monomers with diiron sites loaded. A system of
four equations was defined where Fer is the known total Fe(II)
concentration available

[Fer] = [Fer| + [P1] +2[Py] (4)
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Speciation Curves for anaerobic loading of Fe(ll) in Dps
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FiGure 7: [Pg, [Py], [P2], and [Fef are plotted as a function of
log([Fet]/[Pt]) from the numerical solution to eqs 3—7. Total protein
concentration is fixed at 240 uM while total Fe(Il) concentration is
varied from 0 to 1 M (~4200 Fe*"/Dps). Kp, is fixed at 77 uM, and
Kp» is fixed at 40000 uM. The black line is the concentration of
unbound Fe(Il) in solution, red is the concentration of empty active
sites in the Dps monomers, green is the concentration of mononuclear
Fe(II) sites, and blue is the concentration of binuclear Fe(II) sites
formed.

P is the known total protein concentration available

[Pr] = [Pt] + [Py] + [P)] (5)

and the dissociation constants are equal to the following ratios
_ [Pr][Fer]

Kp, = P] (6)
(Py][Fer]

Kpy = 7

o2 = )

Equations 3—7 were solved numerically to determine the con-
centrations of mononuclear and binuclear iron sites available
at a given Fe to protein ratio based on the equilibrium model
proposed in eq 3. Speciation curves from one of these calculations
are shown in Figure 7, where [P, [P], [P,], and [Feg] are plotted
as a function of [Fer]/[P1]. The total protein concentration was
fixed at 240 uM while total Fe(II) concentration was varied from
0 to 1 M (~4200 Fe*/Dps). The dissociation constant Kpp; was
fixed at the experimentally determined (by CD titration) value
of 77 uM, and Kp, was fixed at 40000 uM, the lower limit
determined for the second iron binding in Dpsl (Table 1). It is
clear that the concentration of mononuclear sites rapidly in-
creases due to the strong binding of the first iron; however, the
experimentally determined maximum for the second Fe(II)
binding constant is much weaker, and therefore formation of
the full binuclear site is very limited, even at higher concentra-
tions of Fe(II). At approximately 2 equiv of Fe(II), essentially all
of the active sites have at least one iron bound; however, only 5%
of the active sites have actually formed diiron sites. An overlay of
the calculated concentration of available diiron sites with the
previously measured apparent velocities at varying Fe(IT)/Dps
ratios (Figure 8) indeed shows that the initially low reactivity can
be correlated with the low availability of diiron sites. However, if
the concentration of binuclear Fe(Il) active sites is calculated
using a Kp; of 77 uM and Kp, of 40000 uM, the minimum
possible Kp, allowed by our experimental binding constants
under anaerobic conditions as determined by the CD titration in
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FIGURE 8: The apparent initial rates of Fe** oxidation scaled to
overlay with the calculated concentration of binuclear Fe(II) active
sites occupied at a given Fe?*/Dps ratio. (A) Dps1: The red line is the
concentration of binuclear Fe(II) active sites occupied at a given
Fe**/Dpsl ratio calculated from eqs 3—7 when Ko, is fixed at 77 uM,
Kp» is fixed at 40000 uM, and protein concentration is 240 uM. The
blue line is the concentration of binuclear Fe(II) active sites occupied
when Kp; is fixed at 77 uM and Kp, is lowered to 15000 uM.
(B) Dps2: The red line is the concentration of binuclear Fe(II) active
sites occupied when Kp is fixed at 2.1 uM, Kp is fixed at 40000 «M,
and protein concentration is 240 uM. The blue line is the concentra-
tion of binuclear Fe(II) active sites occupied when Kp, is fixed at
2.1 uM and Kp, is lowered to 15000 uM.

Figure 2, it is clear that the concentration of diiron sites does not
increase as quickly as the apparent velocity of Dpsl (red curve,
Figure 8A, Supporting Information, Figure S3). This suggests
that the addition of oxygen (or hydrogen peroxide in the case of
Dps2) to the protein solution must assist in the formation of the
diiron site by increasing the affinity for one or both irons.
Lowering Kp; was found to decrease the number of P, sites
available at 2 equiv and thus provides a worse fit. Lowering Kp,
to 15000 uM, however, produces a sharper increase in the
availability of diiron sites, correlating well with the increase in
reactivity (blue curve, Figure 8A). This suggests a new equilib-
rium model for this system, in which O, must assist in the binding
of the second iron:

1/K 1/K
Pr + Fer /(_)m P, +Fer +0, /“’F)ZP2+Fef (8)

The data for the O, reaction of Dps2 show a similar effect. An
overlay of the measured apparent velocities of Dps2 (Figure 8B,
Supporting Information, Figure S4) versus the concentrations of
available diiron sites calculated with Kp; of 2.1 uM and Kp, of
20000 M (Table 1) shows that the affinity for the second Fe(II)

Schwartz et al.

must increase (red curve) so that when the second dissociation
constant is lowered to approximately 15000 M, a reasonable fit
is achieved (black curve). Thus with both miniferritins, the
initially low reactivity with dioxygen can be correlated with the
low availability of diiron sites. The availability of diiron sites is
shown to increase in the presence of O,, which assists in the
binding of the second iron.

In Dps2, the aerobic reaction with H,O, was 3-fold faster than
with O, alone, and the anaerobic reaction with H,O, was 5-fold
faster (3). Fitting of the apparent velocities for the reaction of
Dps2 with H,O» thus requires an even higher affinity for the
second iron binding at the Dps2 active site. In contrast, Dpsl
showed no reactivity with H,O,, with or without oxygen; in fact,
Dps! was found to inhibit the solution reaction between Fe(II)
and H»0,, independent of Fe concentration. This can be accounted
for by the high affinity of the first iron binding site, which shows
that there would be little free iron in solution (<100 uM)
available for such a reaction below the addition of 1 equiv of
iron (Figure 7).

DISCUSSION

In the ferritin superfamily, protein-based Fe/O chemistry in
24-subunit (maxi) and 12-subunit (mini) ferritins differs in at least
two significant ways. First, in maxiferritins the primary oxidant
used at the diiron active site tends to be dioxygen, whereas either
dioxygen or hydrogen peroxide can be used in the miniferri-
tins, with hydrogen peroxide being the more common (5, 26).
Second, although Fe(II) reaches the catalytic sites in both maxi-
and miniferritin through pores formed at the junction of three
subunits (26, 27), the location of the catalytic sites is quite
different. In maxiferritins, the Fe(IT) substrates bind at an active
site buried deep within the four-helix bundles of each subunit,
which also contain sites for mineral nucleation among the
catalytic diferric-oxo products (28). By contrast, Fe(II) catalytic
sites in most miniferritins are formed by ligands provided by two
subunits across the dimer interface (5, 6). Thus the mineral
precursors are spatially formed on the protein surface of the
mineralization cavity in miniferritins, making it unlikely that the
protein cage contributes to mineral nucleation and accretion, as
in maxiferritins. In order to further elucidate differences in the
catalytic sites between these two proteins, we used excited state
CD/MCD titrations and ground state VIVH MCD data to
probe the Fe(II) binding at the catalytic sites in two miniferritins
from B. anthracis. From these analyses we have concluded the
following: (1) Only a single Fe(II) binds to the miniferritin active
sites in the absence of oxidant. (2) Fe(I) binding to Dps2, which
uses either O, or H,O, as an oxidant, is much tighter than for
Dpsl. (3) The lower limit for Kp,, the dissociation constant for
the second iron as determined from the CD titration in the
absence of oxidant, shows that the binding of this Fe(II) is at least
hundreds to thousands of times weaker than binding of the first
Fe(I). (4) The O, or H>O, substrate is required to drive the
formation of the diiron site.

From the excited state CD/MCD titrations and the ground
state VIVH MCD analysis it can be concluded that under
anaerobic conditions and concentrations of our experiment
the active sites in Dps1 and Dps2 bind only one Fe(II). In Dpsl
this site is either 5- or 6-coordinate while in Dps2 this site is
definitively 6-coordinate, with weak water ligands probable at the
Fe(Il) centers in both proteins. The ground state parameters
obtained from the VIVH MCD data fitting are analogous,
suggesting that the geometries of the Fe(Il) centers in both
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proteins are comparable as well. This is consistent with the
crystallographic data of Dpsl and Dps2, which show only single
metal centers at the supposed ferroxidase sites (Figure 1) (6);
therefore, we can correlate the single iron binding site identified
by CD and MCD studies of Dpsl and Dps2, with the Fel sites
labeled in panels A and B of Figure 1, respectively. As determined
by the spectroscopic data, the coordination environment sur-
rounding both single Fe centers is similar. In both crystal
structures the iron is ligated by an aspartate, glutamate, and
histidine ligand and a single water (shown by solid bonds in
Figure 1). The Fe—ligand distances in the Dps1 crystal structure
suggest the Fe could be 4-coordinate, although the second oxygen
of Asp54is ~2.7 A from the Fe and may bind in a bidentate mode
when Fe(Il) is present, explaining the higher coordination
number determined from the CD/MCD data. In the Dps2 crystal
structure, the terminal aspartate ligand (Asp56) is well oriented
for bidentate coordination, which could make this metal center
5-coordinate. Bidentate coordination from the carboxylate
(Glu60) seems unlikely; therefore, the sixth ligand, required by
the CD/MCD data, most probably derives from an additional
water molecule. One difference between the metal binding sites of
the two Dps proteins is the proximity of a large aromatic ring,
Phe20, and an alanine residue at the site in Dps1 (Figure 1). This
more hydrophobic site appears to contain fewer water molecules
than the Dps2 site and may explain the preference for dioxygen in
Dpsl, rather than hydrogen peroxide as the oxidant. This could
also help to account for the 40-fold weaker Fe(Il) binding in
Dpsl (Table 1).

The binding of a single Fe(II) at the active sites in both Dpsl
and Dps2 miniferritins in the absence of oxygen contrasts sharply
with some maxiferritins. In the case of M-ferritin from amphib-
ians it has been shown that two Fe(II) bind with higher affinity
under anaerobic conditions to preform a diferrous binding site
that is able to react with dioxygen (/0). Interestingly, in human
H-ferritins and some Escherichia coli ferritins each active site was
also found to preferentially bind one iron center, suggesting a
stepwise binding that could be facilitated by dioxygen in these
proteins (29, 30). In crystal structures of ferritins, and of Dps
proteins in particular, the metal ion occupancy of the site is quite
varied (5). For example, in the Listeria Dps protein crystal
structure, in the absence of air and H,O,, only a single iron is
bound (317), while structures of Dps from Bacillus brevis revealed
dimetal sites when Hg(11) or Ag(I) was used (32). Studies on other
nonheme iron enzymes show that reduction of O, by a mono-
nuclear Fe(II) center is extremely difficult (33, 34), and previous
kinetic studies of Dps indicated a stoichiometry of two Fe(II) per
O, or H,0,, suggesting that a diiron site is required for reaction
with O, in Bacillus Dps proteins (3). Thus it seems unlikely that
the mononuclear Fe(Il) site observed under these anaerobic
conditions is reactive but rather that the oxidant may assist in
driving the formation of a binuclear iron site. To assess this model
and determine the distribution of mononuclear versus binuclear
Fe(II) sites formed in the Dps proteins under anaerobic condi-
tions, speciation curves (Figure 7) were calculated using the
binding constants determined from the CD titration data. The
results show that a high percentage of mononuclear sites were
present below 1 equiv of Fe(II) per ferroxidase site; however, only
~5% binuclear sites were present, even well after the addition of
2 equiv of Fe(Il). Thus, the binding of a single Fe(II) to Dps
proteins in the absence of the oxidant indicates that O, or H,O, is
necessary for completion of the diiron site in miniferritins. The
role of O, or H,0, could be either to shift the equilibrium toward
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the formation of the binuclear iron site by driving the catalytic
reaction or O,/H,0, could form a precursor complex with the
first iron that would then increase the affinity for the second Fe
iron, driving the reaction to completion.

An ordered water appears to preform the active site pocket for
a second Fe center to bind at the oxidoreductase sites in
miniferritins, which is labeled in the Dps crystal structures shown
in Figure 1. The ordered water is hydrogen bonded to a second
histidine ligand near each site (His39 in Dps1 and His41 in Dps2)
and is 3.8 A away from the iron center in Dpsl and 4.1 A away in
Dps2. The absence of any other available protein ligands explains
the very low affinity (20—40000 xM, as the minimum estimated
Kp) for the second Fe(Il) in both Dps proteins. Dioxygen or
hydrogen peroxide could bridge the two iron centers in the site,
driving its formation and catalysis. It is important to note,
however, that while Dps2 shows similar reactivity with both
dioxygen and hydrogen peroxide, Dps1 shows no reactivity with
hydrogen peroxide and, in fact, inhibits the solution reaction of
hydrogen peroxide with Fe(II). The greater hydrophobicity of the
Phe20 and Ala50 found only at the catalytic site in Dpsl may
selectively enhance dioxygen binding while inhibiting H,0,
binding in this protein. In either case, inability of H,O, to assist
in formation of the diiron site appears to prevent its reactivity.
However, the strong affinity of the first Fe(II) binding site would
decrease Fe(II) in solution, thus inhibiting solution reactions of
Fe(II) with peroxide as previously observed in Dpsl (3).

Recognition of single Fe(II) binding to Dpsl and Dps2 in
the absence of the second substrate, dioxygen or hydrogen perox-
ide, also explains the apparently slower reaction kinetics for
mini- versus maxiferritins, where the specific activity for
ferrous oxidation in Dpsl and Dps2 appeared to be only
~10% that of the maxiferritins (3). If, as we deduced from the
data in Figures 7 and 8, only ~5% of the possible diiron sites
are filled, and diiron sites are required for activity, when we
extrapolate the actual specific activity for a Dps protein in
which all diiron sites are loaded, the rate would be ~2600 s
(mg of protein)~'. The specific activity of maxiferritins is
~1220s~ "' mg~" (35). Therefore, when the difference in bind-
ing affinity and reaction mechanisms are considered, the
specific activities of the miniferritins and maxiferritins are
comparable. As we have observed with other nonheme bi-
nuclear iron enzymes (33, 36), when the diiron site is formed
and accessible to O, coordination, O, can bridge the diiron
site facilitating a two- electron transfer. Thus once a diiron
site is formed in either the maxi- or miniferritins, it is possible
that a similar mechanism, and therefore activity, is observed.

The differences in formation of the binuclear iron sites
observed in mini- versus maxiferritins, a preformed diiron site
ready to react with dioxygen in maxiferritins (/0) versus a single
bound Fe(II) able to use dioxygen or hydrogen peroxide to drive
formation of the binuclear site in miniferritins, may be the result
of unique evolutionary origins of mini- and maxiferritins or may
be related to the oxidant selectivity, or both. The stable binding of
a single Fe(II) at the catalytic site, with H,O, required for binding
of the second Fe, provides the advantage of enhanced protein-
based Fe(IT)/H,O, reactions and minimized solution Fe(II)/
H,0, reaction in Dps proteins. In bacteria that contain both
maxiferritins and Dps proteins, such as B. anthracis, Dps proteins
confer peroxide resistance that is absent in deletion mutants,
while bacterial maxiferritins may play a more dominant role in
iron storage (5, 37—39). Due to the importance of Dps proteins in
DNA protection and the preference for H,O, as an oxidant,
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bacteria increase the synthesis of Dps proteins for peroxide
detoxification in response to environmental oxidants, protecting
pathogenic bacteria from host production of H,O,. The higher
affinity Fe(II) sites in maxiferritins (/0) allow these proteins to
function effectively at lower iron concentrations, while Dps
proteins can be reserved for moments of high Fe and oxidant
concentration when they are most efficient. Binding of the first
Fe(II), with H,O, driving formation of the binuclear iron site,
thereby prevents the formation of hydroxyl radical and blocks
Fenton chemistry (2, 40), resulting in more effective DNA protec-
tion by miniferritins when the bacteria are under oxidant stress.

While it is clear that both mini- and maxiferritin reactions
result in the synthesis of caged iron-oxy biominerals, it i$ not yet
known whether these mechanistic differences may have devel-
oped in response to the different biological needs of bacteria
versus eukaryotic organisms or simply as a result of separate
evolutionary tracks. Further studies are needed to better assess
how these unique mechanistic pathways and protein—Fe(II)
interactions have evolved within the ferritin family and how they
might contribute to differences in function.

SUPPORTING INFORMATION AVAILABLE

CD spectra showing effect of temperature on Dpsl transitions;
MCD spectra of Dpsl overlaid with Fe(II) control spectrum and
MCD spectrum with control subtracted; apparent initial rates of
Fe’* oxidation in Dpsl and Dps2 scaled to overlay with the
calculated concentration of binuclear Fe(II) active sites occupied
atagiven Fez+/Dps2 ratio using fixed Kp; and varied Kp, values.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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