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ABSTRACT. The role of the ferroxidase center in iron uptake and hydrogen peroxide detoxification was
investigated irListeria innocuaDps by substituting the iron ligands His31, His43, and Asp58 with glycine

or alanine residues either individually or in combination. The X-ray crystal structures of the variants
reveal only small alterations in the ferroxidase center region compared to the native protein. Quenching
of the protein fluorescence was exploited to assess stoichiometry and affinity of metal binding. Substitution
of either His31 or His43 decreases Fe(ll) affinity significantly with respect th.iwinocuaDps (K ~10°

vs ~10" M™1) but does not alter the binding stoichiometry [12 Fe(ll)/dodecamer]. In the H31G-H43G
and H31G-H43G-D58A variants, binding of Fe(ll) does not take place with measurable affinity. Oxidation
of protein-bound Fe(ll) increases the binding stoichiometry to 24 Fe(lll)/dodecamer. However, the extent
of fluorescence quenching upon Fe(lll) binding decreases, and the end point near 24 Fe(lll)/dodecamer
becomes less distinct with increase in the number of mutated residues. In the presence of dioxygen, the
mutations have little or no effect on the kinetics of iron uptake and in the formation of micelles inside the
protein shell. In contrast, in the presence of hydrogen peroxide, with increase in the number of substitutions
the rate of iron oxidation and the capacity to inhibit Fenton chemistry, thereby protecting DNA from
oxidative damage, appear increasingly compromised, a further indication of the role of ferroxidation in
conferring peroxide tolerance to the bacterium.

When first characterized,isteria innocuaDps' (DNA- crystal structureX0). It concerns the ferroxidase center, the
binding proteins fromstarved cells) was named ferritin since site where Fe(ll) is oxidized catalytically in the first step of
it does not bind DNA but resembles closely mammalian the process of iron deposition in the protein. Whereas all
ferritins in terms of iron oxidation/uptake capacith).(Later known ferroxidase centers are dinuclear sites embedded
studies showed that other members of the Dps family are within the four-helix bundle of an individual polypeptide
unable to bind DNA [e.g. DIp-1 and Dlp-2 froBacillus chain, in Dps proteins the ferroxidase center has an unusual
anthracis (2), HP-NAP from Helicobacter pylori(3) and location at the interface of 2-fold symmetry-related subunits
Agrobacterium tumefacien®ps @)], whereas all Dps  such that the iron ligands are contributed by both symmetry-
proteins are endowed with some ferritin-like properties. Most related monomerslQ, 11). In canonical ferritins, the bound
importantly, these proteins play a major role in the protection iron atoms are at a distance of ab8uA and are connected
of DNA from oxidative damage and in conferring resistance by an oxo-bridge. The so-called A site typically uses a
to hydrogen peroxide stress in vive-<9). histidine residue and carboxylates as iron coordinating
In Dps proteins the iron oxidation/uptake process has ligands and binds iron with higher affinity than the so-called
distinctive features relative to canonical ferritins. The most B site where the metal is coordinated only by means of
relevant one was revealed by the innocuaDps X-ray carboxylates. In the X-ray crystal structurelateria Dps,
the ferroxidase center contains one bound iron coordinated
" This work was supported by Grant MIUR PRIN 2002 (S.S.), py Glu62 and Asp58 from one subunit, by His31 from the
fg%‘fizéf%eNﬁ)ﬁséer‘;rmcsgi'gﬂoggféﬂ ?ﬁ_dD.GCr_‘;m MIUR PRIN 2003 symmetry-related one, and by a water molecule, at about 3
*The atomic coordinates of tHesteria innocuaDps mutants have A from the iron, that forms a hydrogen bond with His43
been deposited with the Protein Data Bank (accession code: 2BK6 from the same monomer. A diiron site was modeled, in which
O o G 15)  ppoga.op. he second ion atom repiaces he wter molecuie and hence
49910761, Fax: +39-06-4440062. E-mail: emilia.chiancone@ IS coordinated by His43, while Glu62 provides the oxo-bridge
uniromal.it. between the two metal ion&@). Importantly, the iron ligands
ﬁgrf:ii\\:g::iitt‘a'aéf‘ Sg@i‘ﬂgg- shire are highly conserved throughout the Dps family. In accord
1Abbrevia)t/ions: Dps,DNFjA\-binding protein from starved cells; Wlth the deCIGQr nature O_f_the !Jnus_ual mt_ers_u_b_umt fer-
EcFtnA, E. coli bacterial ferritin type A; ITC, isothermal titration ~ roxidase center, iron deposition Listeria Dps is initiated
calorimetry; Mops, 34-morpholino)propanesulfonic acid. by the oxidation of two Fe(ll) per monomer. In contrast with
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Table 1: Oligonucleotides for the PCR Reactions

primer sequence

Al 5'-GGA GGA AGA TAC ATATG A AAA CAATC-3'

B2 5-GTT TTG GAT CCATCT TAT TCT AAT GG-3

H43f2 5-GGC CAC AACTTC TTC ACT TTAGGT GAA AAA ATG GAT GAT TTA TAT AGC G-3'
H43r 5-CGC TAT ATAAAT CATCCATTT TTT CAC CTA AAG TGA AGA AGT TGT GGC C-3
H31f 5-CGT ATT CAC AGT AAA AAT TCATCAAAT T GG TTG GTA TAT GCG AGG CC-3
H31f2 5-CAA ATT GGT TGG TAT ATG CG-3

H31r 5-GGC CTC GCA TAT ACC AAC CAATTT GAT GAATTT TTA CTG TGA ATA CG-3'
H31r2 8-CGC ATATAC CAACCAATT TG-3

D58f 5-GTG AAC AAATGG CTG AAG TAG CAG AAC TG-3

D58r 5-CAG TTC TGC TAC TTCAGC CATTTG TTC AC-3

T7pro 8-TAATAC GAC TCA CTATAG G-3

T7term B8-GCT AGT TAT TGC TCA GCG-3

canonical ferritins, the oxidation of the ferroxidase site  The His31— Gly mutant (H31G) was generated by the
complex by dioxygen irListeria Dps proceeds more slowly  PCR technique with the wild-typiei gene as template. H31f
than the oxidation/mineralization phase that takes place insideand H31r (Table 1) were used as forward and reverse
the protein shellX2). In fact, hydrogen peroxide is a better primers, respectively. PCR reactions were performed by the
Fe(ll) oxidant than dioxygen, a property related to the Qiagen method using Pfu Turbo DNA polymerase (Strata-
peroxide tolerance conferred by Dps proteifs 9). gene).

The present study of site-specific mutants of tigteria The His43— Gly mutant (H43G) was generated by three-
Dps ferroxidase center was undertaken to obtain insight into Stage PCR utilizing A1 and H43r as primers for PCR1 and
the possible reasons for these differences and to better defind143f2 and B2 for PCR2 (Table 1). Equimolar amounts of
the relationships between its structural and functional proper- the PCR1 and PCR2 fragments were utilized to carry out
ties. In human H-chain ferritin anBischerichia coliferritin the third PCR reaction (PCR3) with oligonucleotides Al and
(EcFtnA), the behavior of site-specific mutants with altered B2.

A and B site ligands indicated that modification of site A~ The double mutant His3%~ Gly,His43— Gly (H31G-
interferes with Fe(ll) binding, whereas modification of site H43G) was constructed with the same method utilized for

B drastically inhibits oxidation without preventing Fe(ll) the H43G mutant which was used as template. Two PCR
binding at site A. Site A was thought to be preferred for reactions were performed with primers H31f2 and T7
Fe(ll) binding due to the presence of mixed oxygen and terminator for PCR1 and the T7 promoter and H31r2 for
nitrogen ligands 13, 14). This situation does not apply to PCR2 (Table 1). Further amplification (PCR3) was per-
Listeria Dps where both the A and the proposed B sites formed using the T7 promoter and T7 terminator.

contain a histidine ligand, namely, His31 and His43. To  The triple mutant His31~ Gly,His43— Gly,Asp58—
establish their contribution to the functionality of the Ala (H31G-H43G-D58A) was generated using the double
ferroxidase center, these histidine residues were replaced bynutant as template. Three different PCR reactions were
glycine either individually in the H31G and H43G mutants Pperformed utilizing primers A1 and D58r (PCR1), B2 and
or together in the double mutant H31G-H43G. An additional D58f (PCR2), and equimolar amounts of the PCR1 and
A site iron ligand, Asp58, was substituted by alanine in the PCR2 products for PCR3 containing the A1 and B2 primers
triple mutant, H31G-H43G-D58A. (Table 1).

The structural and functional characterization of the site- Al PCR ffagme”ts are digested witidd and qul .
specific mutants shows that modifications of the ferroxidase and c!oned into pET-11a. All products were pur|f|gd with
center do not affect the iron oxidation/uptake properties of th€ Qiagen kit; the purified DNA was transformed iro
Listeria Dps significantly when dioxygen is the oxidant. Cfo“ strain BL21(DES3). The variant constructs were con-
However, with hydrogen peroxide as the oxidant, such firmed *?y DNA, sequencing. L .
modifications significantly reduce the rate of Fe(ll) oxidation  Protein Purification and Characterizatiohe recombi-
and diminish the hydrogen peroxide detoxification capacity Nant wild-type (wt) protein and the site-specific mutants were
of the protein and hence provide yet another proof of the purified essentially as described by Bozzi et &).\ith one

relevance of Dps proteins in conferring hydrogen peroxide modification. The gel filtration step was substituted by ion-
exchange chromatography on a DEAE-52 column equili-

tolerance. ) : ’
brated with 20 mM Tris-HCI buffer at pH 7.8. The wt protein
MATERIALS AND METHODS and its site-specific mutants were eluted with a-€013 M
NacCl gradient.
Plasmid ConstructionRecombinant.. innocuaferritin The wt protein contains 1-8.0 Fe/dodecamer as assessed

was overexpressed 8. coli strain BL21(DE3). The gene, by atomic absorption spectroscopy or the ferrozine method
fri, was obtained by means of PCR techniques using pTZ35(Fluka), whereas the variants are iron-free. Protein concen-
as template X5) and primers Al (forward primer) and B2 tration was determined spectrophotometrically on the basis
(reverse primer) containing the cleavage sites for restriction of the molar M, 216 kDa) absorption coefficient,= 2.59
enzymesNdd and BanHI (Table 1). The resulting 468-bp  x 10° M~t cmt at 280 nm 1).

product was doubly digested witthdd andBanHl, isolated Circular dichroism spectra were recorded on a Jasco J-720
using the QIAquick gel extraction kit (Qiagen), and sub- spectropolarimeter. Near-UV CD (25@50 nm) measure-
cloned into the expression vector pET-11a (Novagen). ments were performed on 4/M protein solutions in 50
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Fe(ll) and Fe(lll) Binding Fluorescence measurements

Table 2: Crystallographic Data Statistics ; .
were carried out on a Fluoromax (Spex Industry) or a Varian

parameter ;3368 |' H43G H31G-HA3G  cary Eclipse fluorometer. Anaerobic titrations with Fe(ll)

_ ata scaling and Fe(lll) were carried out in gastight cells (path length
g?ﬁgleefgkg'sosn(%) 293'7 Zgﬁ_s Zéi% 1 cm) under a nitrogen or argon atmosphere. Freshly prepared
Rmerge(%) 9.9 75 9.9 anaerobic 3 mM ferrous ammonium sulfate solutions were
space group 14,22 P2, P212:2; added in increments of 12 Fe(Il) up to 72 Fe(ll)/dodecamer.
unit cell content hexamer 2 dodecamers  dodecamer Anaerobic titrations with Fe(lll) were performed in a gas-
Ceg‘g}{;‘ens'ons 13633 90.73 86.6 tight quartz cell under an argon atmosphere with the

b (A) 13633 175.65 1322 incremental addition of 4 Fe(ll)/dodecamer followed by 0.5
c(®) 242.49 135.96 168.0 H.O./Fe(ll) each time.
$ (deg) 90 92.52 90 The Fe(ll) oxidation and Fe(Ill) hydrolysis reactions were
Refinement Statistics followed using a specially designed 600 cell fitted with
Reys (%) 21 20.8 21 Clark-type oxygen and a combination glagsy/AgCl pH
mese(d/ef’z/iaﬂon 23 26:5 25 microelectrode. The apparatus enables one to measure
bonds (A) 0.016 0.018 0.019 simultaneously the kinetics of both oxygen consumption and
angles (deg) 1.9 1.6 2.1 proton production under buffer-free conditions as well as
residues in most 96.6 96.3 97.1 the stoichiometry of the reaction when Fe(ll) is introduced
E‘;ﬂ:ghraer?é?gﬁ of into the protein to initiate iron oxidation and mineralization.
plot (%) The procedures and standardization reactions of the oxygen
electrode/pH stat apparatus are described in detail elsewhere
(21).

mM Mops—NaOH, pH 7.0. The results are expressed as

?g:ﬁ;e;t?é'ﬁgizz?mmg amean residue weight of 110 per perform_ed by addition of freshly prepared angierobi_c_ ferrous
i o o ammonium sulfate solutions (10 mM) to air-equilibrated
Protein Crystallization Crystallization of the H31G, protein solutions (5.&M) in 50 mM Mops—NaOH, pH 7.0.
H43G, and H31G-H43G mutants was achieved at 293 K by Fe(1) was added in increments corresponding to 12 or 24
the hanging drop vapor diffusion technique. AR volume Fe/dodecamer. The kinetics of iron oxidation and uptake were
of the protein sample (32M), equilibrated against 30 MM fo|jowed at 25°C by measuring the absorbance of the ferric
Tris-HCI, pH 7.5, and 200 mM NaCl, was mixed with an  pydrous oxide micelle at either 304 or 310 nm using the
equal amount of the reservoir solution containing 0.1 M olar absorption coefficient = 450 (2). The solutions

acetate buffers at pH values between 5.5 and 6.5 and PEGyere maintained under continuous stirring during the course
1000 in the range of 530% (w/v). The H31G, H43G, and  of the experiments. As a control, the rate of Fe(ll) autoxi-

H31G-H43G crystals grew in 1 week and showed different gation was measured in parallel.

morphologies. Sedimentation velocity experiments were carried out to
Data Collection and Processindpata were collected as  assess the distribution of micellar iron after addition of 150
1.0 oscillation frames using the MAR CCD detector on the Fe/dodecamer to &M solutions of the wt protein and its
X-ray beamline at ELETTRA, Basovizza (Trieste, Italy) at variants in 50 mM MopsNaOH, pH 7.0. The experiments
a wavelength of 1.0 A. Data were collected at 100 K using were conducted at 30000 rev/min and ZDin a Beckman
10-15% PEG 200 as cryoprotectant. The data analysis, Optima XL-A analytical ultracentrifuge equipped with ab-
performed with DENZO 16), indicates that the crystals sorbance optics. Data were collected at 280 and 310 nm and
belong to different space groups: the H31G-H43G crystals analyzed with the program Sedfit. The sedimentation coef-
being orthorhombic (space gro@2:2:2;; a= 86.6 A,b = ficients were reduced tsyw by standard procedures.
132.2 A,c = 168.0 A), the H31G crystals being tetragonal ~ DNA Protection AssayDNA protection from oxidative
(space group4,22;a=136.33 Ab=136.33Ac=242.48  damage was assessed in vitro using pET-11a plasmid DNA
A), and the H43G crystals being monoclinic (space group (5600 bp, 20 nM), purified by a Qiaprep spin plasmid

Iron Incorporation.lron incorporation experiments were

P2; a=90.72 A,b = 175.648 A,c = 135.957 A3 = miniprep kit (Qiagen). The total volume reaction wasd2
92.52). The data were scaled using SCALEPAQR){ data in 30 mM Tris-HCI and 150 mM NaCl, pH 7.3. The wt
scaling statistics are presented in Table 2. protein and its site-specific mutants®1) were allowed to

Structure Solution and Refinemeiithe structures were interact with DNA for 10 min prior to introduction of variable
solved by molecular replacement using as search probe nativeamounts of FeSg£and HO, in large molar excess over iron.
L. innocuaferritin (RCSB entry 1ggh). The rotational and The reaction mixtures were incubated for 3 min at room
translational searches, performed with the program AmoRetemperature to allow oxidation and mineralization of added
(17) in the resolution range of 8.0 A, produced clear iron (23) and thereafter were treated with 2% SDS ar85
solutions. Refinement of the atomic coordinates and dis- for 5 min. Plasmid DNA was resolved by electrophoresis
placement parameters was carried out by the maximumon 1% agarose gel. The gel was stained with ethidium
likelihood method with the program REFMACLE). The bromide, imaged by ImageMaster VDS, and quantitated
refinement statistics are presented in Table 2. Model building using the Image Master Total Lab software.
was performed using the program package XTALVIEWS)( Protection against Fe(ll)-Mediated Hydroxyl Radical
Water molecules were added to the model manually. The Formation.The fluorometric assay described by Yamamoto
quality of the model was assessed by the program PRO-et al. 4) and Ceci et al.4) was used. It is based on the
CHECK (20). Fe(Il)-mediated production of hydroxyl radicals that degrade
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50+ dodecamers in the ultracentrifuggdw ~ 10.5 S), and their
absorption and far-UV CD spectra are superimposable (data
not shown). The near-UV CD spectra likewise are very
similar, apart from a small difference in the peak at about
253 nm whose ellipticity has a positive value only in the wt
and H31G proteins (Figure 1). The fluorescence emission
of all variants displays a small red shift,(x 338—340 nm)
relative to the wt proteiniax 334 nm).

In accord with the spectroscopic data in solution, the X-ray

0
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Molar ellipticity (deg cm? dmol™)

200 crystal structures of the native and variant proteins are all
250 . . r r ) very similar as indicated by the superpositions of the
260 280 300 320 340 respective @ positions which yield root-mean-square devia-
Wavelength (nm) tions (rms) between 0.964 and 1.091 A. Distinct differences
er?dusti %érr’:e%rég: éieir:tlélfr gri%hnrgs_rpthggtrg_ r?fcigggg#t?;p;n asare apparent only in the ferroxidase center regions. In the
IS Terroxi variants. in col lon WaSnative protein (Figure 2A), site A contains one iron ion
?il%l\lﬂén(s -0 -)Tmu\élgp(stS?SSHll();u-ﬁHirégH(jlo;)}fiyélgﬁ A?S?_G( ligated by Asp58 (OD1) and Glu62 (OE2) located on one
D58A (— ++ —). All the spectra were recorded at 20. subunit, by His31 (NE2) located on the symmetry-related

monomer, and by a water molecule (w35), indicated as Wb
deoxyribose to a fluorescent chromogen. The chromogenin the figure and in Table 3, that lies atodi A from the
fluorescence at 553 nmi 532 nm) was measured in 30 jron and is hydrogen bonded to His43 from the latter
mM potassium phosphate buffer at pH 7.4 containing 63 MM monomer. In the dinuclear site the second iron is believed
NaCl, 1 mM deoxyribose, and 22V ferrous ammonium g replace this water molecule. Notable features of the center
sulfate.Listeria Dps and its ferroxidase center variants were zre (i) the salt bridged= 2.9 A) formed by OE1 of Glu62
at a concentration of 0.22M. with Nz of Lys141 which belongs to a subunit related by
RESULTS 3-fold symmetry to the subunit containing His31 and His43,

(i) the hydrogen bond between the iron ligand Asp58 (OD2)

Structural Characterization in Solution and in the Crystal and Trp32 (NE1), (iii) the presence of an additional aspartate

The solution properties of theisteria Dps variants under ~ (Asp47) at 3.7 A from the iron that may contribute to
study are essentially the same as those of the native andccompensate its positive charge, (iv) the location of His43
recombinant wt protein. Thus, all proteins sediment as near Asp47 and Glu44, two carboxylates facing the internal

FiGure 2: X-ray crystal structure of the ferroxidase centetiinnocuaDps and its ferroxidase center variants. Panels: (A) native Dps;
(B) H31G; (C) H43G; (D) H31G-H43G. The pictures were generated by the program P28)ol (
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Table 3: Relevant Distances (in A) in the Ferroxidase Center of wt — 2
Listeria Dps and Its Variants H31G, H43G, and H31G-H43G 1OO-W
e e&— @@

WT H31G H43G H31G-H43G sl Ve * °b
GIU2OE1-Lys*NZ 30 38 34 3.4 A=t
GIU¥OE2-Wa 22 25 60
Asp®OD1-A—TrpNE1 2.8 3.0 2.7 2.6 v 1 1a
AspfOD1-A—Fe(lll)Wa 1.8 2.8 =
Asp®0D1-A—GIlus?0E2 2.22 2.69 404
Asp’®0D2-A—Wa 3.0
Asp80D2-A—Wb 3.2 20+
Asp>80D1-B—His?*NE 2.7
AspPEOD2-B—Gly5%40 2.7 0 ——
Asp*®0D2-B—GIus?0E2 2.22 0 10 20 30 40 50 60 70 80
H!§1NE2—FE(|||)NV6. 2.4 Fe(ll)/protein
His**NE2—-Wb 2.5 3.9 . e L .
HisZNE2—We 3.0 3.7 Ficure 3: Fluorimetric titration in anaerobiosis bf innocuaDps
Aspt’OD1-Wc 3.8 29 3.7 and its ferroxidase center variants with Fe(ll). Curves: (a) wt Dps;
Asp’OD1-Wa 28 (b) H31G; (c) H43G; (d) H31G-H43G; (e) H31G-H43G-D58A. The
Asp*’OD2—-Wb 27 protein concentration was 181 in 50 mM Mops—NaOH buffer,
wa/Fe(lll)-Wb 3.0 3.3 pH 7.0. All of the spectra were recorded at 360 nm and 25
Wc—Wa 3.9 °C. Excitation was at 290 nm.

2 A indicates the conformation adopted by the Zsgide chain in - . . .
the native protein; B indicates the alternative conformation adopted in follow Fe(ll) binding to the ferroxidase center given its short

the H43G mutant. distance from the tryptophan residues5(A). The Fe(ll)
complex does not absorb in the spectral region of tryptophan
emission so quenching is largely attributed to paramagnetism
of the Fe(ll) itself. It should be recalled that the wt protein
contains 1.8-2.0 Fe/dodecamer whereas the variants are iron-
free.

In wt Dps quenching reaches a maximum upon anaerobic
addition of 12 Fe(ll)/polymer, whereas in the H43G and
H31G variants, fluorescence decreases monotonically, albeit
to a different extent, with increase in Fe(ll) concentration

cavity of the protein shell that could provide the nucleation
sites for iron micelle formation, and (v) the presence of a
third water molecule (Wc in the figure and in Table 3)
hydrogen bonded to His28 and Asn21 in a position that may
be occupied by Fe(ll) in transit to the ferroxidase site.

The replacement of His31 with glycine (Figure 2B) leads
to a reorganization of the ferroxidase center without large

alterations in the interaction network just described. In H31G, (Fi . .

. . . . gure 3). The apparent affinity constaafor Fe(ll) binding
Aspd7 lies nearer to the site A iron ligands, AspS8 and y, e wt protein has been determined by isothermal titration
Glu62, as compared to the native protein. The ferroxidase calorimetry (ITC) to be~10" M~1 (23). In the case of the
center contains three water molecules (see Table 3): Wb'single mutants. we estimaketo bewlc.ﬁ M- from the Fe-
in th.e B site near HisA3 as in the native protein, Wa} replacing () concentrat,ion producing half-maximal fluorescence
the Iron atom |n.t.he Asite, and We p'aceo_' near S'tajAF(. quenching in Figure 3. In wt Dps Fe(ll) binding is ac-
6.7 A) in a position similar to that occupied in the native companied by a blue shift of the emission maximuitia
protein. A hydrogen bond network links the water molecules 334-330 nm). In both single mutans.ais at 338 nm and
as foIIowsi: Wa 'i bon(%(\ad fo OD2 of Asp8 (:_3'0 A),ﬁ:co shifts to 336 nm only in the H43G protein. In the double
OE2of Glu62 = 2.6 A), to OD1 of Aspd7d =2.84 A), ;4 trinle mutants, H31G-H43G and H31G-H43G-D58A, the

and to Wb @ = 3.27 A); Wc is bonded only to His28 (Table  jyyinsic fluorescence, characterized Byax at 340 nm, is
3). In turn, compared to the native protein where iron is in essentially unaffected by Fe(ll).

the place of Wa, all of the distances between Wa and the In a different type of experiment the proton production

iron Iigand; are increased as well as the di;tance bemee'ﬁssociated with Fe(ll) binding to the ferroxidase center was
Wb and His43 ¢ = 3.9 A). Further_, Trp32 "?S at 3'1. A assessed. To this end, the number of protons liberated at pH
from Asp58 as compared to 2.5 A in the native protein. 7.0 upon anaerobic titration with Fe(ll) &f innocuaDps

The ferroxidase center in H43G (Figure 2C) and in the and its variants was measured by autotitration with standard
double variant H31G-H43G (Figure 2D) contains no iron or NaOH (50 mM) using the pH stat apparatusl Electrode
water molecules. However, in H43G, there is a water oximetry was used simultaneously to ensure that the solution
molecule (Wc) near the ferroxidase center, in the same remained anaerobic throughout the experimeéf).(The
position as in the native protein. Most interestingly, in the resultant H/Fe(ll) stoichiometries for Fe(ll) loadings in two
H43G protein, Asp58 can clearly adopt two configurations: steps of 12 Fe/dodecamer are listed in Table 4. With the wt
in one (configuration A) it is hydrogen bonded to Trp32 and protein,~1 H* is liberated per Fe(ll) added for the first 12
to Glu62 such that the site architecture resembles that of there(i1)/dodecamer whereas minimaltHproduction is ob-
native protein despite the absence of the metal; in the otherseryed for the second addition of 12 Fe(ll)/dodecamer, a
(configuration B) Asp58 forms a hydrogen bond with His28. result in accord with the binding of 12 Fe(ll) to the protein
In the double variant H31G-H43G, the two iron ligands, as established by ITC and fluorescence titratid®).(The
Asp58 and Glu62, are positioned as in the native protein coordinating His31 and/or His43 residues of the ferroxidase
such that the distances between Asp58 and Trp32 andcenter are most likely the source of the protons. For the single
between Glu62 and Lys 141 are practically unaltered. mutants H31G and H43Gy;1 H' is released per Fe(ll) added

Fe(ll) Binding Stoichiometry and Proton Releadéhe for the first 12 Fe(Il)/dodecamer, dropping td.2 H'/Fe-
quenching of the intrinsic protein fluorescence was used to (Il) for the second 12 Fe(ll)/dodecamer addition, an observa-
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Table 4: Specific H/Fe(ll) Stoichiometries upon Fe(ll) Binding to
Listeria Dps and Its Variants H31G, H43G, H31G-H43G, and
H31G-H43G-D58A under Different Fe(ll)/Dodecamer Loadigs

H*/Fet stoichiometry
first 12 F&*/ second 12 P&/

protein dodecamer dodecamer
wt 1.04+0.16 N=7) 0.16+£0.01 N=2)
H31G 1.1% 006 N=4) 0.13+0.03(N=3)
H43G 0.92+ 0.05(N=5) 0.21+0.08 N=4)
H31G-H43G 0.22:0.11(N=4) 0.20+0.05(N=23)

H31G-H43G-D58A  0.18N = 1) 0.174+0.03 N =2)

a Conditions: 2.0uM protein in 3 mM Mops and 100 mM NacCl,
pH 7.3, pH stat proportional bare 0.5, and tritation speed 80 or
60; N is the number of determinations.

oToO o o

Normalized fluorescence

0.0 T T T T ’
0 12 24 36 48 60

Fe(lll)/protein

Ficure 4: Fluorescence titration of. innocua Dps and its
ferroxidase center variants with Fe(lll). Curves: W), wt Dps,
1.1uM; (b, ®) H31G, 1.2uM; (c, A) H43G, 1.54M; (d, ¥v) H31G-
H43G, 1.5uM; (e, ¢) H31G-H43G-D58A, 1.4uM. Each point
corresponds to the addition of 4 Fe(ll)/protein followed by 00
Fe(ll). Conditions were as followslex = 280 nM,Aem = 335 nm,
slits for both excitation and emission were 5 nm, anaerobic, 100
mM Mops, 0.05 M NaCl, pH 7.0.

tion in accord with binding of 12 Fe(ll) to these variants.
Little H™ production is observed for the double and triple
mutants H31G-H43G and H31G-H43G-D58A (Table 4).

Fe(lll) Binding. To determine the stoichiometry of Fe-
(1) binding to Listeria Dps, a careful fluorescence titration
with Fe(ll) was carried out anaerobically with additions of
4 Fe(ll)/protein, followed by addition of 0.54,/Fe(ll) each
time. Fe(lll) quenching of tryptophan fluorescence has both
paramagnetic and resonance energy transfer compo2énts (
owing to the overlap of the emission spectrum of tryptophan
with the absorption spectrum of the hydrolyzed Fe(lll). The
quenching of the intrinsic fluorescence upon Fe(ll) binding
and oxidation shows a discontinuity at 22.7 Fe(lll)/
dodecamer (Figure 4), indicating24 Fe(lll) binding sites
on the protein shell, 2 sites per subunit.
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Ficure 5: Progress curves of iron uptake hyinnocuaDps and
its ferroxidase center variants after addition of 12 (A) and 24 (B)
Fe(ll) per dodecamer in the presence of dioxygen. Curves: (a) wt
Dps; (b) H31G; (c) H43G; (d) H31G-H43G; (e) H31G-H43G-
D58A,; (f) iron autoxidation. The protein concentration was/a\0
in 50 mM Mops-NaOH buffer, pH 7.0. The temperature was 25
°C. For all proteins the absorbance recorded at the end of the
reaction was 0.20. In the absence of protein (f) the decrease in
absorbance reflects precipitation of the Fe(lll) hydroxide micelles.

T
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measured after addition of 12 or 24 Fe(ll)/dodecamer to the
wt and variant proteins (6.06M) in 50 mM Mops—NaOH,

pH 7.0. The initial rates and the progress curves of iron
oxidation monitored from the increase in absorbance at 310
nm show minimal differences (Figure 5). In particular, the
initial rates do not differ significantly from Fe(ll) autoxida-
tion (Figure 5B). No significant differences are observed
when the iron added amounts to 150 and 400 Fe(ll)/
dodecamer, and the kinetics of mineralization is followed at
310 nm or the distribution of the micellar iron core is
assessed by sedimentation velocity. Thus, the sedimentation
profile of all proteins under study loaded with 150 Fe(ll)/
dodecamer (about one-third of the maximum capacity) shows
a slow-moving peak pertaining to the apoprotes § ~

10.5 S) and a faster moving peak pertaining to the iron-
containing protein%ow ~ 17—20 S). In the triple mutant

Subsequently, the same experiments were performed foran additional peaksfyw ~ 30 S) ascribable to iron aggregates

the ferroxidase center variants. The Fe(lll)/protein stoichi-
ometries obtained for H31G, H43G, the double and triple

is observed (data not shown).
A second set of kinetic experiments was performed in the

mutants were 21.3, 21.6, 22.1, and 24.2, respectively. Aspresence of kD,, which has been shown to carry out Fe(ll)
the number of mutated ferroxidase center residues increasesxidation more efficiently than ©in Listeria Dps 23).

the extent of fluorescence quenching arising from Fe(lll)

Experiments of Fe(ll) oxidation with thesteria Dps variants

binding decreases and the end point near 24 Fe(lll)/ were performed anaerobically by adding®d immediately
dodecamer becomes less distinct (Figure 4), in accord with after 12 Fe(ll)/dodecamer. The measured initial rates versus

decreased occupation of the ferroxidase center with Fe(lll).

Kinetics of Fe(Il) Oxidation and Mineralizatiomn a first

the amount of iron loaded are plotted in Figure 6. For the
first two injections of 12 Fe(ll)/dodecamer, compared to the

set of experiments molecular oxygen was used as oxidant.wt protein (curve a, first two points), all of the variants

The rate of Fe(ll) oxidation at the ferroxidase center was

display greatly attenuated initial rates (curveseh first two
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Ficure 6: Initial rates of Fe(ll) oxidation by kD, in L. innocua
Dps and its ferroxidase center variants. Curves#jayt Dps, 1.1
uM; (b, ®) H31G, 0.86uM; (c, o) H43G, 1.1uM; (d, ¥) H31G-
H43G, 1.0uM; (e, ¢) H31G-H43G-D58A, 1.1uM. Each point

L Ficure 7: DNA protection byL. innocuaDps and the H31G-H43G
corresponds to an addition of 12 Fe(ll)/dodecamer followed by 0.5 H31G-H43pG-D58A va?iLants. All rez;)ction mixtures contained

FEOJPe(), Condtons aneronic 01 M ope 005 NaCL 551 bEr 112 anes 1 pasria Dk sxpose s 10
Eh'rd-.or.der e o thep  bsorbance 6?304 m vs fime 2 Plasmid DNA exposed first to 288V FeSQ and then to 10
! dp YI y I @Ire S VS UIME MM H,0,; 3, plasmid DNA with 3uM Listeria Dps exposed first
curves as detailed in rei3. to 288uM FeSQ and then to 10 mM bD,; 4, conditions as in
lane 3 but with 3«M H31G-H43G; 5, conditions as in lanes 3 and
points), indicating decreased ferroxidase activity and the 4 but with 3uM H31G-H43G-D58A,; 6, plasmid DNA with ZM

; : ; i~ Listeria Dps exposed to 576M FeSQ and then to 10 mM kD;
involvement of His31 and His43 (and probably AspS8) in 7, conditions as in lane 6 but withydVl H31G-H43G; 8, conditions

catalysis. The initial rate for the wt protein falls off .55 janes 6 and 7 but with @V H31G-H43G-D58A.
dramatically after addition of 24 Fe(ll)/dodecamer, becoming
comparable to the variants by addition of 48 Fe(ll)/ DISCUSSION

dodecamer, where mineralization is operative in all of the ) _ )
proteins (Figure 6). The ferroxidase centers in Dps proteins are unusual not

) ) ) only for the intersubunit location but also because the

DNA Protection AssaysTo establish whether the site-  erroxidation reaction has distinctive features compared to
specific mutations introduced at the ferroxidase center affect canonical ferritins. The present site-directed mutagenesis
the DNA protection capacity df. innocuaDps, an in vitro  stydy onL. innocuaDps, where the ferroxidase center was
DNA damage assay was useB|. The combined effect of  first described and characterizetd( 12), provides insight
10 mM R0, and Fe(ll) at different concentrations on the into the role played by specific iron ligands and by the
integrity of plasmid pET-11a (5600 bp) was assessed in theferroxidase center itself in the iron oxidation/uptake process
presence and absence of proteimuk®). At 24 Fe/dodecamer,  and in hydrogen peroxide detoxification.
there is no significant difference in the protection afforded  Ferroxidase activity requires binding of two Fe(ll) to the
by the wild-type protein and the variants (data not shown). A and B site of the catalytic center and depends on the
However, at 96 Fe/dodecamer (Figure 7) the double (lane multiplicity of iron—protein interactions thereby established.
4) and triple (lane 5) mutants protect DNA roughly one- In canonical ferritins only the A site harbors a histidine
third as efficiently as the wild-type protein (lane 3). The residue, whereas ihisteria Dps this relatively strong iron
H31G and H43G mutants protect DNA about 10% less than ligand is present in both the A and B sites which host His31
the wild-type protein (data not shown). When the amount and His43, respectively10). The X-ray crystal structure of
of iron is increased further to 192 Fe/dodecamer, the wt the native protein shows that these two histidine residues
protein is still Capab|e of protecting DNA, albeit to a lesser have a different affinity for iron in its oxidized state. Thus,
extent than at the lower Fe(ll) concentration (lane 6 vs lane His31 is ligated to iron at the A site, where metal coordina-

3), whereas the double (lane 7) and triple (lane 8) mutantstion involves also Asp58, Glu62, and a water molecule (Wh),
are unable to afford protection. which in turn is hydrogen bonded to His43. In the modeled

) S ] ) bimetallic center, the B site iron replaces this water molecule,
The capacity of wt.isteria Dps and its variants to quench 5344 the iron coordination sphere comprises Glu62 that
the Fe(ll)-mediated production of hydroxyl radicals with provides a bridging ligand to Wh. Interestingly, in most Dps
H2O; as the oxidant was assessed also by means of astructures where iron is present, Wb is conserved just as the
fluorometric assay that measures the degradation of deoxy-interactions it establishes with the A site iron and His43, a
ribose to a fluorescent chromogen induced by such radicalsconserved amino acid among the family membd;s26).
(4, 24). At 100 Fe(ll)/dodecamer, about 41% degradation  The X-ray crystal structures of the mutant proteins display

of deoxyribose is obtained in the presence of the wt protein. small, yet significant changes in the ferroxidase center region
The extent of degradation is 4A5% for the H31G and  with respect to nativelisteria Dps (Figure 2) with no

H43G mutants and increases to&2% for the double and  significant alterations in the conformation of the subunits or
triple mutants. It follows that the mutants inhibit degradation in their arrangement in the protein shell. Accordingly, the

35—42% less efficiently than the wt protein, in accord with circular dichroic properties are essentially unaffected by the
the data presented in Figure 7. ferroxidase center mutations (Figure 1). In the H31G variant,
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removal of His31 results in the loss of bound iron that is do not act in isolation but rather have some influence on
replaced by a water molecule (Wa) which occupies the one another.

ferroxidase center in addition to Wb. Consequently, an In the double and triple mutants binding of Fe(ll) to the
extended hydrogen bond network is formed comprising the ferroxidase center does not take place based on the titration
two water molecules, the iron ligands, Asp58 (OD2), Glu62 experiments depicted in Figure 3. Thus, the small amount
(OE2), and His43, and in addition Asp47 (OD1), which is of protons released (Table 4) can be taken to result from
closer to Asp58 and Glu62 than in native Dps. A further nonspecific binding of Fe(ll) that may proceed directly
hydrogen bond is established between Wb and His43toward the carboxylate ligands involved in core nucleation
although these residues are further apart than in the nativedue to the drastically decreased affinity of the ferroxidase
protein. The presence of His43 appears to be essential forcenter for the metal. In this connection it may be recalled
the stabilization of this hydrogen bond network and for the that, in the native protein, Asp47 and Glu44, two carboxy-
binding of Wa and Wb. Thus, in H43G and in the double lates facing the internal protein surface, are located near
mutant H31G-H43G the ferroxidase center contains no iron His43.

or water molecules such that the iron ligands, being free from  The different extent of quenching of the protein fluores-
hydrogen-bonding interactions, undergo small movementscence in the H31G and H43G variants attendant Fe(ll)
or have different side chain arrangements relative to the binding deserves comment. The significantly stronger quench-
native protein. In the H43G mutant, for example, Glu62 ing of the protein fluorescence observed in the H43G mutant
moves away from Lys141, and the Asp58 side chain can relative to the H31G variant cannot be easily accounted for
adopt two different conformations. One resembles that of since the small alterations in the ferroxidase center do not
the native protein, despite the absence of the metal ion, duealter the distances between either Trp32 or Trpl44 and the
to hydrogen bonding to Trp32 and Glu62. The other protein-bound Fe in the variants compared to the native
conformation, where Asp58 is hydrogen bonded to Gly54 protein. Small conformational changes undetected by X-ray
and His28, resembles that &. coli Dps where a lysine  crystallography may be invoked. As expected from the
residue (Lys48) occupies the position of His2B. (In the involvement of carboxylate residues as iron ligands, when
variants, therefore, the side chain movements are restrictedron is oxidized immediately after binding, the apparent
to the carboxylate residues whereas the positioning of thestoichiometry of the reaction corresponds to 24 ions/
His31 and His43 residues remains essentially unaltered.dodecamer both in the wt protein and in the H43G and H31G
Previous work orA. tumefaciengnd Bacillus. breis Dps mutants (Figure 4). In the double and triple mutants the
in their iron-free and iron-containing forms likewise evi- stoichiometry is less distinct, again in accord with nonspecific
denced the conformational flexibility of the Asp58 and Asp47 binding.

side chains 4, 27). Taken together, these observations The functional ramifications of the ferroxidase center
indicate that the A and B sites are essentially preformed andmutations differ dramatically depending on the nature of the
that metal binding does not require extensive ligand move- oxidant. In the presence of dioxygen, in accord with the
ment, just as in the ferroxidase centers of canonical ferritins scarce efficacy of this oxidani), little or no effect of the

(13, 14). The mobility of the negatively charged side chains mutations is apparent in the kinetics of the oxidation process
is likely to be used by isteria Dps also to ensure movement (Figure 5) and in the size and distribution of the iron micelles
of iron to and from the ferroxidase center. In particular, formed inside the protein shell. In contrast, in the presence

Asp47 and the nearby Glu44, which face the internal cavity
of the protein shell, could play a role in nucleation of the
iron micelle. In the H31G variant, however, Asp47 may
substitute the mutated H31 residue in the ligation of iron
since it is hydrogen bonded to both Wa and Wb, which
occupy the position of the protein-bound iron in native
Listeria Dps.

Intriguingly, the rather similar affinity¢10° M~1) of the
H43G and H31G variants for Fe(ll) is an indication that both
His31 and His43 are capable of coordinating Fe(ll) individu-
ally with modest affinity. The liberation of a single proton
in the single mutants H31G and H43G suggests that the
unaltered His residue where Fe(ll) binds is the likely source
of the proton in each case. The binding of 12 Fe(ll)/
dodecamer in the wt protein with the higher affinity 107
M~ see also reR3) probably occurs at His31, based on
the fluorescence quenching data of Figure 3 (curve c¢) and
on the X-ray structure showing occupancy of this site by
iron (10). However, the possibility that binding occurs at
either His31 or His43 to give one Fe(ll) complexed per
ferroxidase center or solely at His43 is not precluded by the
data. The 100-fold reduction in binding affinity associated
with either single mutation corresponds to a loss-8fkcal/
mol in free energy of binding compared to the wt protein
and indicates that the A and B sites of the ferroxidase center

of hydrogen peroxide in the mutants the kinetics of iron
oxidation decreases markedly (Figure 6), and the capacity
to inhibit Fenton chemistry, and hence to protect DNA from
oxidative damage, appears increasingly compromised with
increase in iron concentration and in the number of mutated
residues (Figure 7).

In conclusion, the behavior of the ferroxidase center
variants ofListeria Dps shows that an intact ferroxidase
center is not required when the bacterium is in an aerobic
environment but is necessary to withstand the damaging
effects of hydrogen peroxide and provides yet another proof
that the biological role of ferroxidation in Dps proteins is
related to peroxide tolerance.
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