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Abstract DNA-binding proteins from starved cells (Dps)

differ in the number and position of charged residues along

the ‘‘ferritin-like’’ pores that are used by iron to reach the

ferroxidase center and the protein cavity. These differences

are shown to affect significantly the electrostatic potential at

the pores, which determines the extent of cooperativity in the

iron uptake kinetics and thereby the mass distribution of the

ferric hydroxide micelles inside the protein cavity. These

conclusions are of biotechnological value in the preparation

of protein-enclosed nanomaterials and are expected to apply

also to ferritins. They were reached after characterization of

the Dps from Listeria innocua, Helicobacter pylori, Ther-

mosynechococcus elongatus, Escherichia coli, and Myco-

bacterium smegmatis. The characterization comprised the

calculation of the electrostatic potential at the pores,

determination of the iron uptake kinetics in the presence of

molecular oxygen or hydrogen peroxide, and analysis of the

proteins by means of the sedimentation velocity after iron

incorporation.

Keywords DNA-binding proteins from starved cells �
Iron uptake � Electrostatic potential � Protein-enclosed

nanominerals

Introduction

Different structural elements take part in the iron oxidation/

incorporation process, which endows the members of the

ferritin superfamily—ferritins proper, bacterioferritins, and

DNA-binding proteins from starved cells (Dps)—with iron

detoxification/storage properties. Two such elements were

identified in the ferritin X-ray crystal structure, namely, the

protein cavity, where iron is incorporated and stored as

ferric hydroxide micelles [1, 2], and the ferroxidase center,

the site of Fe(II) oxidation [3]. In these studies, the

hydrophilic, negatively charged pores formed along

the threefold symmetry axes were suggested to provide the

route taken by Fe(II) to reach the ferroxidase center. This

contention was later proven to be true by means of spec-

troscopic experiments [4] and theoretical studies that

entailed the calculation of the electrostatic potential at the

pores [5, 6]. As expected, the pores have negative elec-

trostatic potentials, with a major contribution by the neg-

atively charged amino acids at the entrance of the pores,

whereas the regions of positive potential surrounding the

pores create an electrostatic field directed toward the

interior cavity [5, 6].

Dps, even though their assembly (12-mers with 23

symmetry) differs relative to the characteristic ferritin one
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(24-mers with 432 symmetry), possess a ferroxidase center

and a shell-like architecture traversed by hydrophilic, neg-

atively charged pores (the so-called ferritin-like pores) at

the threefold symmetry axes [7]. The participation of these

pores in the iron uptake process was the subject of a recent

study on Listeria innocua Dps (Li-Dps) which compared the

behavior of the native protein with that of site-specific

mutants lacking one or more of the negatively charged

residues at the pores [8]. The corresponding decrease in the

negative electrostatic potential was shown to affect the iron

oxidation/incorporation kinetics, which in turn governs the

mass distribution of the iron micelles in the protein cavity.

Thus, the intense electrostatic gradient of the native protein

results in marked kinetic cooperativity, which manifests

itself in sigmoidal iron uptake progress curves, and hence

favors formation of apo-Dps and fully iron loaded Dps

molecules. The weakening of the electrostatic gradient in

the site-specific mutants leads to quasi-hyperbolic progress

curves, i.e., to lower cooperativity during iron uptake, and

consequently to a rather homogeneous distribution of iron

micelles in the Dps molecules [8].

The existence of a correlation between the number of

negative charges along the ferritin-like pores, cooperativity

in the iron uptake process, and mass distribution of the pro-

tein-enclosed iron micelles is of interest not only per se, since

it likely applies to ferritins as well, but also from a biotech-

nological viewpoint. It can be exploited for the production of

protein-enclosed nanominerals with homogeneous and pre-

defined iron uptake properties, a difficult task to achieve

otherwise [9–14]. Surprisingly, in the other members of the

Dps family the iron uptake process has not been character-

ized in terms of kinetic cooperativity and the distribution of

iron micelles, possibly because ferritins and bacterioferritins

are the major players in the storage of bacterial iron [15–17].

Examination of the ferritin-like pores in the X-ray

structures of Dps [18–24] reavels significant differences in

the number and position of charged residues that, on the

basis of the behavior of Li-Dps, are likely to result in

markedly different iron uptake properties. In particular,

two and three aspartic acid residues respectively line the

pores of Escherichia coli Dps (Ec-Dps) and Li-Dps (D142

and D146 in Ec-Dps and D121, D126, and D130 in

Li-Dps); two aspartic acid residues and one glutamic acid

residue (E128, D129, and D136B) coat those of Myco-

bacterium smegmatis Dps (Ms-Dps), and positively

charged residues are also located along the pores of

Thermosynechococcus elongatus Dps (Te-Dps) and Heli-

cobacter pylori Dps (Hp-Dps), namely, D130 and R134 in

Te-Dps and E114, K119, D126, and D127 in Hp-Dps.

In this study, these five Dps were used for the calcula-

tion of the negative electrostatic potential at the ferritin-

like pores and for the determination of the iron uptake

kinetics and mass distribution of the iron micelles

incorporated upon metal oxidation with O2 or H2O2. It may

be recalled that among the selected Dps, Ec-Dps and Ms-

Dps form large Dps-DNA complexes at neutral pH values

owing to the interaction of their positively charged N- or

C-termini with the negatively charged DNA backbone [25].

In the absence of this macromolecular partner, Ec-Dps and

Ms-Dps tend to self-associate and precipitate out of solu-

tion unless their surface charges are shielded by the pres-

ence of 150–200 mM NaCl [23, 26].

As expected, on the basis of the considerations exposed,

the variations in charge distribution that distinguish the

selected Dps influence the iron uptake process markedly.

However, the detailed effects related to the use of O2 or

H2O2 as an iron oxidant and of different ionic strengths

were difficult to anticipate because of the complexity of the

iron uptake process and because of the disparate influence

of the competing iron oxidation reaction in solution.

Materials and methods

Protein expression and purification

Ec-Dps, Li-Dps, Hp-Dps, Te-Dps, and Ms-Dps were

obtained and purified as described previously [20, 23,

26–30]. The purified proteins typically contain less than

five to six iron atoms per dodecamer.

Protein concentrations were determined spectrophoto-

metrically at 280 nm on the basis of the molar extinction

coefficients (on a dodecamer basis, in milliliters per mil-

ligram per centimeter), e: 0.83 (M = 221 kDa) for Ec-Dps,

0.94 (M = 215 kDa) for Li-Dps, 1.0 (M = 202 kDa) for

Hp-Dps, 1.11 (M = 215 kDa) for Te-Dps, and 1.10

(M = 243 kDa) for Ms-Dps.

Iron oxidation and incorporation

The Fe(II) oxidation/incorporation kinetics caused by O2

and H2O2 in the presence of the Dps under study was

followed at 450 nm with a Hewlett-Packard (Palo Alto,

CA, USA) diode-array spectrophotometer at a constant

temperature of 25 �C. All the traces were analyzed with

Origin 8 (OriginLab, Northampton, MA, USA).

Ferrous sulfate was used as the Fe(II) source. Stock

solutions (25 mM) were prepared freshly in Thunberg

tubes prior to the experiments and used within a few hours

of their preparation. When O2 was used as the Fe(II) oxi-

dant, 250 Fe(II) atoms per dodecamer were added in a

single addition to 2 lM apo-Dps solutions kept under

constant stirring in air; when H2O2 was used (at a 1:2 molar

ratio with respect to iron), the metal was added in five steps

of 50 Fe(II) per dodecamer to 1 lM apo-Dps solutions. The

Dps that do not bind DNA were in 100 mM 3-(N-
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morpholino)propanesulfonic acid (MOPS)–NaOH buffer

pH 7.0, and those which bind DNA were in 50 mM

MOPS–NaOH containing 200 mM NaCl. At the end of the

experiments, to avoid formation of ferric hydroxide

aggregates and their precipitation, sodium citrate was

added in a 1:1 molar ratio relative to iron. As a control, the

rate of Fe(II) autooxidation was measured in parallel. The

ferric hydroxide aggregates formed during Fe(II) autooxi-

dation under the conditions used tend to precipitate out of

solution as indicated by the decrease in absorbance during

the later stages of the reaction.

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out with a

Beckman Optima XL-I analytical ultracentrifuge using

absorbance optics. Experiments were conducted at

30,000 rpm and 20 �C at the Dps concentrations (1.0 or

2.0 lM) and in the buffers used in the iron oxidation/

incorporation kinetic experiments. Radial absorbance scans

were obtained in a continuous scan mode at 280 and

350 nm at a spacing of 0.003 cm; three scans were aver-

aged. Sedimentation coefficients were calculated using the

program Sedfit (provided by P. Schuck, National Institutes

of Health) and were reduced to water and 20 �C (s20,w)

using standard procedures. The buffer density and viscosity

were calculated by the program Sednterp. The particle size

distribution was calculated by converting the sedimentation

coefficient distribution into size distributions, and taking

into account the density and thickness of the protein shell

(1.35 g/cm3 and 2 nm, respectively) and the density of the

ferric core in the form of maghemite (3.8 g/cm3) [25].

Calculation of electrostatic potentials

The electrostatic potentials were calculated from the X-ray

crystal structures of the chosen Dps (Table 1). The amino

acids that are not visible in the X-ray structures were added by

molecular modeling as reported in the same table. The

N-terminal regions of the Dps monomers were built using the

program SYBYL 6.0 (http://www.tripos.com), whereas the

19 residues missing at the C-terminus of Ms-Dps were mod-

eled with the I-Tasser server (http://zhanglab.ccmb.

med.umich.edu/I-TASSER/) [31]. The structure of the

monomer was used as a reference for the orientation of the

fragment modeled by I-Tasser that has been extended toward

solvent.

The calculations were performed through the program

APBS [32], which solves the Poisson–Boltzmann equation

by a finite difference method using the charges of the

AMBER force field [33].

To calculate the electrostatic potential, the protein was

placed into a cubic grid with a 110–120-Å side, depending

on the dodecamer size. The grid spacing was 0.5 Å for a

total of about 12 million potential values calculated. The

potential was calculated for each channel, overlapping the

axis passing through the pore on the x-axis of the grid. To

ensure the correct orientation, a program for the roto-

translation of the dodecamer was designed specifically. The

axes chosen for the calculation cross the four iron-entry

pores perpendicularly and converge toward the center of

the dodecamer. The zero value of the axis corresponds to

the geometric center calculated between the residues that

form the inner edge of the pore. The axis of the electro-

static potential extends from -10 Å (inside the pore toward

the center of the dodecamer) to ?15 Å (over the pore

toward the outer surface of the dodecamer). The potential

values are expressed in units of kT/e (where k is the

Boltzmann constant, T = 298 K, e is the electronic charge,

and 1 kT/e = 0.0257 V).

In the calculation of electrostatic potentials, the APBS

program assumes the same value of ionic strength both

inside and outside the dodecamer cavity. The ionic

strength within the Dps cavity is not known and it is

likewise unknown how it is influenced by the ionic

selectivity of the pores. For this reason, to highlight solely

the contribution of the protein structure, we chose to

compare the electrostatic potentials calculated at zero

ionic strength.

The modelled monomer chains are indicated by capital

letters. The addition of the indicated amino acids to the

respective monomers does not affect the electrostatic

potential of the dodecamer.

Results

Iron oxidation/uptake in the presence of molecular

oxygen

The electrostatic potential at the ferritin-like pores will be

illustrated prior to the iron incorporation data to underscore

its relevance in determining the kinetic features of the

uptake process and the consequent distribution of the

protein-enclosed iron micelles.

Figure 1 shows the electrostatic surface of Li-Dps, Te-

Dps, and Hp-Dps, including a blowup of the pores with the

charged residues highlighted, and the electrostatic potential

calculated along the pores at zero ionic strength (see

‘‘Materials and methods’’ for details). Li-Dps is charac-

terized by a strong negative potential due mainly to the

three aspartic acid residues (namely, D121, D126, and

D130) that line the pores. The electrostatic potential

changes from about -70 kT/e at the external surface to

about -270 kT/e within a 2 Å distance toward the center of

the molecule. In Te-Dps, the electrostatic potential is

J Biol Inorg Chem (2011) 16:869–880 871
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Table 1 Scheme of the structural modeling performed to complete the N- and C-termini with the amino acids that are not visible in the X-ray

structure

Dps Amino acids added to the N-terminus Amino acids added to the C-terminus PDB ID

Escherichia coli 8 in A; 13 in BCDEFGHIJKL – 1DPS

Helicobacter pylori – – 1JI4

Listeria innocua 6 in all monomers – 1QGH

Mycobacterium smegmatis 4 in all monomers 19 in all monomers 1UVH

Thermosynechococcus elongatus 3 in A, I; 4 in BDEGH; 1in C; 2 in F; 5 in JK – 2C21

Dps DNA-binding proteins from starved cells, PDB Protein Data Bank

Fig. 1 DNA-binding proteins from starved cells (Dps) from Listeria
innocua (Li-Dps) (a), Thermosynechococcus elongatus (Te-Dps) (b),

and Helicobacter pylori (Hp-Dps) (c): protein surface colored

according to charge, ‘‘ferritin-like’’ pores, and electrostatic potential

at the pores. Red negatively charged residues, blue positively charged

residues, white uncharged residues. Highlighted residues in Li-Dps

(a) D121, D126, and D130; in Te-Dps (b) D130 and R134; in Hp-Dps

(c) E114, K119, D126, and D127. The figure was created with the

program PyMOL (version 0.99) [34]. The electrostatic potential is

measured as a function of distance (from -10 to ?15 Å) from the

geometric center of the pore and is expressed in kT/e

872 J Biol Inorg Chem (2011) 16:869–880
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significantly less marked owing to the presence along the

pores of both negative and positive residues, D130 and

R134, respectively. Thus, it changes from -25 to -175 kT/

e over a similar distance when moving from the external

surface of the molecule toward its center. A different sit-

uation applies to Hp-Dps given the unusually high number

of positively charged residues on the molecular surface and

the presence of negative (E114, D126, and D127) and

positive (K119) residues on the rather wide pores. The

resulting electrostatic potential is shallow and changes

from -25 kT/e at the external surface to -175 kT/e over a

distance of about 20 Å toward the internal cavity.

Fig. 2 Iron oxidation/uptake of 250 Fe(II) atoms per dodecamer by

Li-Dps (a), Te-Dps (b), and Hp-Dps (c) in the presence of O2 as an

oxidant. Left Incorporation kinetics in 100 mM 3-(N-morpholino)pro-

panesulfonic acid (MOPS) pH 7.0 (I = 28 mM); the red curve represents

the autooxidation of Fe(II) in absence of protein. The inset shows the first

derivative of the process (the red interpolated curve was obtained with the

program Origin 8). Right Sedimentation profile of the incorporated

samples
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These electrostatic potential differences are reflected in

the kinetics of iron uptake in the presence of O2 as

expected from the work of Bellapadrona et al. [8]. Iron

uptake was followed under the experimental conditions

used in this work, namely, 25 �C in 100 mM MOPS, pH

7.0 (I = 28 mM), after a single addition of 250 Fe(II)

atoms per dodecamer so as to reach half the Dps iron

storage capacity [27]. The rationale for adding iron in one

aliquot rather than several aliquots resides in the very

nature of the uptake process. When the amount of iron

Fig. 3 Iron oxidation/uptake of 250 Fe(II) atoms per dodecamer by Li-Dps added in 50 atoms per step in the presence of O2 as an oxidant.

a Kinetics of iron oxidation/uptake by Li-Dps in 100 mM MOPS at pH 7.0 (I = 28 mM). b Sedimentation profile at the end of the reaction

Fig. 4 Escherichia coli Dps (Ec-Dps) (a) and Mycobacterium
smegmatis Dps (Ms-Dps) (b): protein surface colored according to

charge, ferritin-like pores, and electrostatic potential at the pores. Red
negatively charged residues, blue positively charged residues, white
uncharged residues. Highlighted residues: in Ec-Dps (a) D142 and

D146; in Ms-Dps (b) E128, D129 and D136. The figure was created

with PyMOL. The electrostatic potential is measured as a function of

distance (from -10 to ?15 Å) from the geometric center of the pore

and is expressed in kT/e. In one of the pores of Ms-Dps, three

glutamine residues have a different conformation than in the other

pores; this gives rise to the slightly different potential indicated by the

red line

874 J Biol Inorg Chem (2011) 16:869–880
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added exceeds by far the binding capacity of the ferroxi-

dase center (24 Fe(II) atoms per dodecamer), the contri-

bution of the electrostatic gradient is the largest since iron

oxidation on the growing ferric micelle becomes relevant

[8].

The steep negative potentials of Li-Dps and Te-Dps give

rise to sigmoidal progress curves, whereas the shallow

potential of Hp-Dps yields quasi-hyperbolic iron uptake

kinetics (Fig. 2). The sigmoidal progress curves point to a

complex kinetic landscape and are typical of crystal for-

mation where a slow nucleation step is followed by fast

growth of the crystal. In mechanistic terms, the corre-

sponding increase in rate is often referred to as kinetic

cooperativity [8]. Thus, kinetic cooperativity, evidenced by

the derivative of the progress curve (Fig. 2, insets), is

marked in Li-Dps and Te-Dps, but almost zero in Hp-Dps.

Consequently, the size distribution of the protein-enclosed

iron micelles assessed in sedimentation velocity experi-

ments differs. Hence, the patterns pertaining to Li-Dps and

Te-Dps reflect a highly cooperative process which favors

formation of two distinct populations, namely, apoprotein

(10 S) and fully mineralized protein (19.5 S). In contrast,

iron-incorporated Hp-Dps sediments as a single fairly

homogeneous peak whose velocity (14.3 S) is intermediate

between the velocities of the apoprotein and the fully

loaded protein, in accord with the decreased cooperativity

of the uptake process which favors formation of partially

filled protein molecules (Fig. 2). It is worth noting that the

protein-catalyzed rates are faster than the rate of iron

autooxidation such that all the iron added is incorporated in

the protein cavity.

To confirm the relevance of kinetic cooperativity in

determining the size distribution of the ferric cores, 250

Fe(II) atoms per dodecamer were added in steps of 50

atoms to Li-Dps. The kinetics of iron uptake is hyperbolic

(Fig. 3). As a result, a situation resembling that of Hp-Dps

is realized: no apoprotein peak is present at the end of the

reaction, and the mass distribution of the ferric cores is

Fig. 5 Iron oxidation/uptake of 250 Fe(II) atoms per dodecamer by

Ec-Dps (a) and Ms-Dps (b) in the presence of O2 as an oxidant. Left
Incorporation kinetics in 50 mM MOPS pH 7.0 containing 200 mM

NaCl (I = 214 mM); The red curve represents the autooxidation of

Fe(II) in the absence of protein. Right Sedimentation profile of the

incorporated samples
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significantly wider than in the case of a single-step addition

(cf. Fig. 2a).

Ec-Dps and Ms-Dps bind DNA at neutral pH values, at

variance with Li-Dps, Te-Dps, and Hp-Dps, and tend to

self-aggregate in the absence of this macromolecular

partner at ionic strengths below 150–200 mM [23, 26].

Figure 4 depicts the respective electrostatic surface, ferri-

tin-like pores, and electrostatic potential at the pores. In

Ec-Dps, the D142 and D146 residues lining the pores give

the major contribution to the potential, which changes from

-75 to -175 kT/e over about 1 Å in going from the

external surface to the protein cavity. The pattern therefore

resembles that of Te-Dps (see Fig. 2). In Ms-Dps, the

electrostatic potential, due primarily to the E128, D129,

and D136 residues along the pores, changes in a stepwise

fashion from -30 to -270 kT/e over a distance of roughly

20 Å.

The kinetics of iron uptake by Ec-Dps and Ms-Dps was

followed in 50 mM MOPS buffer containing 200 mM

NaCl (I = 214 mM). Figure 5 shows that salt decreases the

Fig. 6 Effect of ionic strength on the kinetics of Fe(II) oxidation/

uptake by Li-Dps and on the distribution of iron micelles in the

protein cavity in the presence of O2. Top Iron oxidation/uptake

kinetics upon addition of 250 Fe(II) atoms per dodecamer in MOPS–

NaOH buffer containing NaCl at pH 7.0 of the indicated ionic

strength; the red curve represents the autooxidation of Fe(II) in the

absence of protein. In view of the sigmoidal shape of the progress

curves, the ionic strength effect on the overall rate of the process was

assessed by comparing the t1/2 values calculated from the final

absorbance value at 450 nm, corresponding to 99% oxidation of

Fe(II). From left to right the t1/2 values are 92, 222, 480 and

2,240 min. Bottom Sedimentation profile of the incorporated samples

Fig. 7 Sedimentation profiles of Te-Dps (a) and Hp-Dps (b) after oxidation/uptake of 250 Fe(II) atoms per dodecamer in the presence of O2 in

20 mM MOPS–NaOH buffer at pH 7.0 (I = 5.6 mM)

876 J Biol Inorg Chem (2011) 16:869–880
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iron oxidation rate such that the rate of autooxidation

becomes faster than the protein-catalyzed oxidation (see

Fig. 2). As a result, despite the sigmoidal character of the

iron uptake kinetics, a significant part of iron is oxidized

outside the protein. Accordingly, the sedimentation pattern

of iron-incorporated Ec-Dps displays mostly apoprotein

(10 S) and little fully loaded protein (18.1 S) and iron-

incorporated Ms-Dps shows small amounts of peaks/

shoulders at 18, 26, and 44.5 S. These can be attributed to

iron hydroxide aggregates that are maintained in solution

by sodium citrate and by the relatively high ionic strength.

The behavior of Ec-Dps and Ms-Dps just described

prompted a systematic study of the effect of ionic strength

on the iron uptake kinetics of the Dps that do not bind

DNA. Firstly, Li-Dps was studied over the ionic strength

range from 5.6 to 214 mM. The higher ionic strengths,

namely, 85.6 and 214 mM, were obtained by addition of

NaCl at increasing concentrations. At the same time, the

concentration of MOPS was likewise increased to enhance

its buffering capacity. Figure 6 shows clearly that the

increase in ionic strength hardly affects the sigmoidal

character of the progress curve. However, it slows down

the protein-catalyzed oxidation reaction significantly more

than autooxidation, such that the two rates are very similar

at the highest ionic strength studied. The distribution of the

iron micelles incorporated in the Li-Dps cavity varies

accordingly. At the lower ionic strengths investigated (5.6

and 28 mM, corresponding to 20 and 100 mM MOPS at

pH 7.0, respectively), apoprotein (10 S) and fully loaded

protein (19 S) are both present in substantial amounts. At

the higher ionic strengths, apo-Dps is predominant, indicating

that iron is oxidized preferentially outside the protein cavity.

Thus, the sedimentation pattern at I = 85.6 mM (20 mM

MOPS at pH 7.0 containing 80 mM NaCl) shows partially

loaded protein molecules (s20,w * 17 S) and significant

amounts of soluble ferric hydroxide aggregates (s20,w [
20 S). At I = 214 mM (50 mM MOPS containing 200 mM

NaCl), ferric hydroxide aggregation outside the protein

increases further, such that the ferric aggregates become

larger and insoluble as indicated by the decrease in concen-

tration of the soluble protein.

To establish the generality of these results, i.e., that a

decrease in ionic strength favors iron incorporation, Te-Dps

and Hp-Dps were assayed at 5.6 mM ionic strength (20 mM

MOPS at pH 7.0). The sedimentation patterns (Fig. 7) show

distinct differences relative to those obtained at I = 28 mM

(100 mM MOPS) depicted in Fig. 2. The iron micelles are

distributed in a considerably more homogeneous fashion.

Thus, in Te-Dps there is only a small shoulder attributable to

the apoprotein (s20,w * 11.8 S), whereas most molecules

give rise to a homogeneous peak at 16.6 S. In Hp-Dps, only a

single peak centered at approximately 15.5 S, pertaining to

iron-containing molecules, is observed. This assignment was

confirmed in gel filtration experiments (not shown).

The sedimentation velocity data obtained and the esti-

mate of the size of the iron core formed in the various Dps

under the ionic strength conditions analyzed are compiled

in Table 2.

Iron oxidation by hydrogen peroxide

Hydrogen peroxide is a more efficient Fe(II) oxidant than

oxygen for the vast majority of Dps and the rate of Fe(II)

oxidation is about 100-fold higher than in the presence of

Table 2 Amount of apoprotein

and holoprotein upon oxidation/

uptake of 250 Fe(II) atoms per

Dps dodecamer as calculated

from the sedimentation velocity

patterns

The percentages of apo-Dps and

iron-containing Dps were

calculated after integration of

the respective analytical

ultracentrifugation peaks by

means of the program Origin.

The amount of precipitate was

estimated from the decrease of

the total area under the

sedimentation peaks and the

average core size as detailed in

‘‘Materials and methods’’

Protein Ionic strength

(mM)

Apoprotein

(%)

Holoprotein

(%)

Precipitate

(%)

Average core

size (nm)

Molecular oxygen

L. innocua Dps 5.6 29 71 0 4.0

28 32 68 0 4.6

85.6 64 36 0 2.9; 4.9

214 94 6 0 4.6

T. elongatus Dps 5.6 14 86 0 2.0; 3.8

28 39 61 0 4.0

H. pylori Dps 5.6 0 100 0 3.0

28 0 100 5 2.8

E. coli Dps 214 77 23 54 3.7

M. smegmatis Dps 214 0 20 60 Not applicable

Hydrogen peroxide

L. innocua Dps 28 0 100 0 2.5

T. elongatus Dps 28 0 100 0 2.5

H. pylori Dps 28 0 100 0 2.6

E. coli Dps 214 50 50 52 3.7

M. smegmatis Dps 214 40 60 62 Not applicable
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molecular oxygen [7, 27]. In the presence of H2O2, Fe(II) is

added in small amounts to achieve effective iron incorpo-

ration in the Dps cavity and avoid Fe(III) precipitation

outside the protein. Therefore, the experiments were car-

ried out in 50 mM MOPS buffer (I = 14 mM) at pH 7.0

and entailed five successive additions of 50 Fe(II) atoms

per dodecamer.

In Li-Dps, Te-Dps, and Hp-Dps the progress curves are

hyperbolic and iron is incorporated homogeneously in all

the protein molecules as shown by the sedimentation

velocity peaks centered at 12.8, 12.5, and 13 S, respec-

tively. In the case of Te-Dps, there is also a small peak at

20 S due to the formation of soluble Fe(III) aggregates

outside the protein shell (Fig. 8).

Ec-Dps and Ms-Dps, the two DNA-binding proteins

investigated, were analyzed in the same 50 mM MOPS

buffer containing 200 mM NaCl (I = 214 mM). Massive

precipitation of ferric hydroxide aggregates takes place and

very little iron is incorporated. Thereafter, Li-Dps was

analyzed at this ionic strength. The iron micelles grown in

the protein cavity are distributed in a considerably more

heterogeneous fashion than at I = 14 mM. To facilitate

comparison with iron uptake in the presence of molecular

oxygen, the sedimentation velocity data have been inclu-

ded in Table 2.

Discussion

This survey of the iron uptake process by Dps differing in

number and position of charged residues at the ferritin-like

pores illustrates the functional effects of such differences

under the various conditions used typically in iron oxida-

tion/uptake experiments. These effects have never been

analyzed systematically even though they could be

expected to be large on theoretical grounds as they

Fig. 8 Iron oxidation/uptake upon successive additions of 50 Fe(II)

atoms per dodecamer in the presence of H2O2 as an oxidant.

a Kinetics of iron oxidation/uptake by Li-Dps in 100 mM MOPS at

pH 7.0 (I = 28 mM); the curve at the bottom represents the

autooxidation of Fe(II) in the absence of protein. Sedimentation

profiles after the oxidation/uptake reaction of Li-Dps (b), Te-Dps (c),

and Hp-Dps (d)
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influence the negative electrostatic potential at the pores

and thereby the force driving iron toward the catalytic

centers and the protein cavity [5, 6].

The sedimentation velocity data summarized in Table 2

show that the amount of iron taken up by a given Dps and

the distribution of the metal within the protein population

depend on the outcome of the competition between con-

comitant phenomena [namely, Fe(II) autooxidation, iron

oxidation/uptake by the protein, Fe(II) oxidation outside

the protein shell and formation of Fe(III) aggregates]

whose contribution varies depending on the experimental

conditions used [nature of the Fe(II) oxidant and ionic

strength].

The consequences of using O2 or H2O2 as an iron oxi-

dant will be discussed first. Molecular oxygen is charac-

terized by slower Fe(II) oxidation rates with respect to

H2O2 such that relatively large amounts of iron [up to 300

Fe(II) atoms per dodecamer] can be added to the protein

solutions at neutral pH without precipitation of ferric

hydroxide aggregates outside the protein shell. Iron

incorporation is cooperative and favors full loading of the

protein cavity in only part of the molecules (Fig. 2). The

more efficient H2O2, on the other hand, requires that iron

be added in small amounts, e.g., 50 Fe(II) atoms per

dodecamer (Fig. 8a), to minimize iron oxidation outside

the protein shell. In turn, these conditions result in the

absence of cooperativity in iron uptake and in a homoge-

nous distribution of iron micelles in all the Dps molecules

(Fig. 8b–d). These observations are of value from a bio-

technological perspective, since the dependence of the iron

uptake kinetics and thereby of the size and homogeneity of

the protein-enclosed iron micelles on the nature of the

oxidant can be exploited in the preparation of nanoparticles

with desired characteristics. On the other hand, their

physiological relevance is difficult to predict. Thus, the

iron oxidant may differ depending on the environment or

growth conditions (e.g., pathogenic bacteria will prefer

H2O2 during host infection when its production increases

considerably) as well as iron availability.

The interplay between O2 as an iron oxidant and ionic

strength was difficult to anticipate. The most extensive

study was carried out over the range I = 5.6–214 mM

using Li-Dps as a model protein. The Fe(II) oxidation rate

is decreased, in particular in the presence of protein, and

the solubility of ferric hydroxide is increased at

I C 30 mM. As a result, with increase in ionic strength,

Fe(II) autooxidation competes more effectively with the

protein-catalyzed reaction, whose efficiency decreases.

However, the Fe(III) aggregates formed outside the protein

tend to remain in solution even under the action of the

centrifugal force (Fig. 6).

In conclusion, the complex pattern that links iron uptake

by Dps to the hitherto neglected charge distribution at the

ferritin-like pores, to the nature of the oxidant, and to ionic

strength leads to an unsuspected functional versatility of

clear physiological and biotechnological value also

because a similar linkage pattern most likely applies to

ferritins.
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