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ABSTRACT: Iron oxidation in the bacterial ferritin ECFtnA froBscherichia colshows marked differences

from its homologue human H-chain ferritin (HuHF). While the amino acid residues that constitute the
dinuclear center in these proteins are highly conserved, EcFtnA has a third iron-binding site (C site) in
close proximity to the dinuclear center that is seemingly responsible for these differences. Here, we describe
the first thermodynamic study of Febinding to EcCFtnA and its variants to determine the location of the
primary ferrous ion-binding sites on the protein and to better understand the role of the third C site in iron
binding. Isothermal titration calorimetric analyses of the wild-type protein reveal the presence of two
main classes of binding sites in the pH range of-6/%, ascribed to P& binding, first at the A and then

the B sites. Site-directed mutagenesis of ligands in the A, B, or C sites affects the appardningimg
stoichiometries at the unaltered sites. The data imply some degree of inter- and intrasubunit negative
cooperative interaction between sites. Unlike HUHF where only the A site initially binefs Beth A

and B sites in EcFtnA bind P&, implying a role for the C site in influencing the binding of#eat the

B site of the di-iron center of ECFtnA. The ITC equations describing a binding model for three classes of
independent binding sites are reported here for the first time.

Despite its essential role in many metabolic processes, iron The bacteriumEscherichia coliis known to produce at
can promote oxygen toxicity and generate highly reactive least three different iron-storage proteins that are chemically
oxygen specieslj. A variety of efficient mechanisms have and structurally different: one bacterioferritin (EcBFRhd
been adopted by different organisms to overcome the low two bacterial ferritins (EcFtnA and EcFtnB},(5). Unlike
solubility and bioavailability of iron, one of which is iron mammalian or bacterial ferritin, bacterioferritin is a heme-
storage by ferritin, a ubiquitous iron biomineralization and containing protein, where up to 12 protoporphyrin IX groups,
detoxification proteinZ, 3). Up to 4500 iron atoms can be of unknown function, bind between two subunits with one
stored inside the approximately 8 nm cavity of the protein methionine from each subunit serving as the heme ligand
as a mineral iron core that resembles in structure the mineral(1, 3—6).
ferrihydrite, 5Fg05:9H,0. In mammals, ferritins consist of Fast oxidation of iron in ferritin is associated with the
24 subunits of two types, H and L, whereas in microbes and presence of conserved amino acid residues at the di-iron
plants, ferritins are homopolymers composed of 24 identical ferroxidase center of the proteii-{4). Both ECBFR and
“H-type” subunits. Despite their low amino acid sequence EcFtnA rapidly oxidize iron at their ferroxidase centes-(
homology (as low as 15% in some cases), typical ferritins 8), whereas some of the residues critical for fast iron
from different origins share a conserved three-dimensional oxidation are missing in EcFtnB and its function remains
structure, where the 24 subunits form a hollow sphere with unknown ¢, 9). ECBFR has the typical di-iron ferroxidase
4:3:2 symmetry 1—4). A conserved di-iron ferroxidase center found in mammalian ferritins, whereas EcFtnA has
center, which is typically embedded within the four-helix an additional third iron binding site (C site) that is unique
bundle of the H but not the L subunits, serves to oxidize to this protein {, 10, 11 and Figure 1). Thus, in principle,
Fet to FE' catalytically. a total of 72 Fé&' can possibly bind to EcFtnA, one in each
of the 24 sites of the A, B, and C trinuclear center. Hydrogen
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Ficure 1: Diagram showing the dinuclear ferroxidase center (A
and B) and the third proximal C site of EcFtnA fron coli. The
drawing is based on the crystal structure of thé'Faerivative of
EcFtnA (1) and was made with the ISIS Draw 2.4 program
manufactured by MDL (Molecular Design Limited, www.mdl.com).

an odd iron oxidation stoichiometry of3.5 F&'/O; is

observed, suggesting that hydrogen peroxide is a byproduc

of oxygen reduction in this proteirv).

Isothermal titration calorimetry (ITC) has been shown to
be an excellent tool for studying metal ion binding to amino

acids, peptides, and proteins in solutidd-{19). In a recent
investigation, we used ITC to determine the number an
location of the primary binding sites for Fein recombinant
H-chain ferritin and their affinity for iron14). In addition,

we have identified with the aid of site-directed mutagenesis

the principal pathway by which Petravels to the dinuclear
ferroxidase center of the H-subunit prior to its oxidation to

Fe*t (14, 15). To our knowledge, there have been no direct

studies of F&" binding to EcFtnA, and the primary binding
sites for F&" on this protein remain unknown. The identity

of these sites in ECFtnA is particularly important because of
the presence of the third iron-binding site (C site) in close

proximity to the di-iron ferroxidase center. Comparatively
little is known about the effect of this site on the iron-binding
and oxidation properties of the protein.

Here, we again use ITC to elucidate the primary'Fe
binding sites in the recombinant bacterial ferritin (ECFtnA)

and to define the thermodynamic profile of this interaction.

Bou-Abdallah et al.

indicating a strong interdependence among the sites in their
ability to complex iron. The binding equations for three
classes of independent binding sites are reported here for
the first time and used to fit the complex isotherms
encountered in this study (see the Materials and Methods).

MATERIALS AND METHODS

All chemicals were of reagent grade and used directly
without further purification: ferrous sulfate heptahydrate,
FeSQ:7H,O (J. T. Baker Chemical Co.), zinc sulfate
heptahydrate, ZnSE7H,O (Mallinckrodt Chemical Works),
Mes and Mops (Research Organics, Inc.), and-@iyridyl
and sodium chloride (Aldrich Chemical Co.).

Site-directed mutagenesis was performed onEheoli
ferritin A (EcFtnA) gene ftnA) carried by the plasmid
pGS761 (pAlterEx1 pludtnA, ApR; 8) using a modified
QuickChange method (Stratagene) in which the antibiotic
resistance genes were not targeted and electrocompEnent
coli XL1-Blue (Stratagene) was used for transformations.
l/—\II site-directed variants were produced using pairs of
mutagenic PCR primers to introduce the desired codon
changes. The identity of each site-directed mutant was
confirmed by determining the nucleotide sequence (MWG
AG Biotech, U.K.) of the entirétnA structural gene. ECFtnA

d and its variants were overexpressed and purified as described

previously @0) except that MRW2 [BL2IWDE3-StarftnA;

F~, ompT, hsdS, (rs~, mg~), dcm gal, rnel31 AftnA:spg
ADE3] was the host strain and 1 mM IPTG was added to
induce expression once the optical density (at 650 nm) of
cultures reached 0.5. Any residual iron was subsequently
removed from the pure proteins by dialysis against sodium
hydrosulfite (dithionite), Ng5,04, and 2,2-bipyridyl at pH

6.0 21). Protein concentrations were determined spectro-
photometrically using the molar absorptivity of 24 000¢m
M~* at 280 nm for the apoprotein (this paper).

ITC measurements were carried out at 252@on an
upgraded CSC Model 4200 isothermal titration calorimeter
(Calorimetry Science Corporation). The fundamental prin-
ciples of ITC are described elsewher22) All of the
experiments were conducted under anaerobic conditions
using 1 mM dithionite (Ng5,0,) and an atmosphere of argon

The results of this study show that, under anaerobic condi- {0 prevent F&" oxidation from possible residual OEach

tions and dilute protein solutions{% uM) at pH 6.5-7.5,

at least two classes of Pebinding sites are observed in the
wild-type (WT) protein. The first class of strong binding sites
corresponds to binding of24 Fe&*/protein at pH 7.0 to the

ITC titration was carried out using a 250 syringe and
consecutive injections of 14L titrant into the ITC reaction
cell containing the protein solution with stirring at 297 rpm
(14). To correct for dilution and mixing effects, a series of

histidine containing site A at the ferroxidase center, similarly control injections was carried out, in which small aliquots

to what has been previously observed with HuHH)(

of ferrous or zinc sulfate solutions prepared in the same

Mutation of the ferroxidase center residue (H53A) at the A buffer as the protein were titrated into buffer alone. The heat

site eliminates the first class of strong?Féinding sites,
confirming the involvement of the histidine-containing A site
in the initial and strong P& binding. The second class of

signal of the control was then subtracted from the raw data
obtained for ferritin. In variant H53A, where only two classes
of binding sites are observed, the ITC analysis software from

binding sites is pH-independent and corresponds to bindingCSC was used to fit the data and the values of the fitting

of an additional 24 Fe/protein to the B site of the dinuclear
center in the pH range of 6:5.5. Consistent with the X-ray

parameters were then confirmed with our developed model
of three sets of independent binding sites in whighKy,

data, ZA" titration into the apoprotein showed the presence and AH; were set equal to 0. The errors given in Table 1
of mainly two classes of binding sites each with a stoichio- from curve fitting are from replicate measurements. Condi-

metry of ~24 Zr?*/protein, ascribed to 2 binding to the
dinuclear sites A and BLQ). Complicated binding isotherms
with multiple classes of binding sites quite different from

tions for the individual experiments are given in the figure
captions.
ITC Data AnalysisA model of three classes of indepen-

those observed for the WT protein were obtained for various dent binding sites was employed to analyze the calorimetric

site-directed mutants of the A-, B-, and C-site ligands,

titrations. The macromolecule, M, contains three sets of
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independent binding sites for the ligand, L, with binding free ligand and, therefore, the concentration of ligand bound
affinities K;, binding enthalpied\H;, and stoichiometries, to the clasg of binding sites

(=1, 2, and 3). To fit the experimental data, it is necessary
to estimate the heat associated with any injection in the
calorimeter. To do that, the concentration of all species in
equilibrium, free and bound, after each injectipmust be . o .
calculated from the total concentration of the macromolecule ~ Although an exact analytical solution is possible for other
[M]+ and ligand [L} in the calorimetric cell. Briefly, from  |€SS complex binding equilibrium systen2), in our case,
the mass balance equations for the macromolecule and théVhich involves a quartic algebraic equation, a numerical
ligand and the chemical equilibrium equations (mass action solution is more convenient. To solve eq 2 numerically for
law, where it is assumed that activity coefficients are equal @1y Set of assumed values fof and K, the Newton-
to unity), it is possible to express the total concentration of Raphson method was employed. This iterative algorithm is

KL
gy = Ml ©

+ nK[L]

ligand [L]t in terms of the concentration of free ligand [L],

easy to implement and is characterized by a very fast

the total concentration of the macromolecule, and the binding convergencey). If f(x) = 0 is the equation to be solved, a

affinity and stoichiometry of each class of binding sit23, (
24)

sequence of values is generated starting with an initial
value xg

_ f(
LI+ =[] + xm:xk—f,—xk) (6)
y n,K,[L] nK,[L] NoK,[L] . (%
Mlr 1+KL] 1+KjL] 1+K;,L] @) wheref'(x) is the derivative of the functiofi(x), until the

convergence criterion is satisfied
where the second term on the right side is the concentration < 7
of ligand bound to the macromolecule, §.Jand each of Xerr =% <€ (7)

the terms inside the parenthesis is the number of ligandy,5,es of 0.5 and 105 for xo ande, respectively, were used,

molecules bound per macromolecule for each class of sites,5ng convergence was achieved before 10 iterations in every
[L]e;/[M] T, where [L, is the concentration of ligand bound  5qa

to the clasg of binding sites. Itis possible to rearrange €9 after each injectioni, the total concentrations of the
1 to arrive at a quartic polynomial equation in terms of & 5cromolecule and ligand in the calorimetric cell are given

more convenient variable, the free ligand molar fraction, |
y
= [LVIL] + A
Ml =[M] 1—5
aX+ b+l +dx+e=0 2) Ml =1 ]O( V)
where the parametess b, ¢, d, ande are given by Ly = L] 0(1 _ (1 _ \_/)) ®)
a= . _— . .
Bs where [M} is the initial concentration of macromolecule in
1 the cell, [L), is the concentration of ligand in the syringe,
b= H(ﬂz + ag[M]+ — B4lL] ) is the injection volume, an¥ is the cell volume.
T As stated above, solving eq 2 for each injectidn the
1 calorimeter allows the estimation of the composition of the
c= L z(ﬂl"' o[M] 7 = BlL] 1) solution in the calorimetric cell after any injection, and
T therefore, it is possible to calculate the heat associated with
1 any injectioni, g
d= % F(1+ oyM] = By[L] 1) ’
T q=Q — Qi—l(l - \_/) =
e=——1 3) : y
[L]+ VZ AH|([M gj; — [Llgji-1|1 — \_/ + a4 (9)
J:

and thea's andf’s are given b
“ p ¢ y where [LE;; is the concentration of ligand bound to the class

j of binding sites after injection The termqy is introduced

to account for a residual heat effect after complete saturation
of the macromolecule and reflects nonspecific injection and
dilution phenomena. Thermodynamic binding parametrs (
AH;, andn;) were estimated through nonlinear least-squares
fitting of the experimental data using eq 9, employing the
Levenberg-Marquardt minimization algorithm.

o, = K, + nK, + ngKy
o = (N + KK, + (ny + N KK + (ny + ngKKy
o3 = (N + N, + NgK KoK
pr=Ki+ K+ Kq
Ba = KiKs + KKg + KKq

RESULTS
B3 = KKK

4
Fe?™ Binding to WT EcFtnAThe heats produced from
Solving eq 2 allows the calculation of the concentration of the anaerobic incremental additions of o the wild-type



Table 1. Best Fit Parameters for ITC Measurements éf B@d Zri#+ Binding to EcFtnA and Its Variants at 25.0Q2

Ky AH;° AS°P AG;°° Kz AH° ASP AGy*®

protein m M1 (kJ/mol) [J/(mol K)] (kJ/mol) ny M) (kJ/mol) [J/(mol K)] (kJ/mol) nsKsAH3z°
WT EcFtnA 21.1+05 (35+0.8) 3.4+0.2 136.5+2.1 —37.3+£06 19.8+0.7 1.8+0.4) 9.9+0.3 133.8+ 2.2 —30.0+£ 0.6 (8.5+16.1)
and Fé" x 10° x 10° x 10P
atpH 7.0
WT EcFtnA 11.2+0.2 (3.56+0.3) 11.7+0.2 1452+1.0 -31.6+0.2 19.5+0.3 (4.6+0.3) 255+05 174.8+1.8 —26.6+:0.2 (4.2+3.8)
and Fé* x 10° x 10¢ x 1P
atpH 6.50
His53A, 26.5+3.9 (34+04) 29.1+5.6 165.3+18.8 —20.2+0.3 very weak
A-site variant and x 108
Fe*tatpH 7.0
E94A, 71+01 (1.7£0.3) —49+02 1221+15 —-41.3+04 135+01 (1.3+£0.1) -9.5+0.1 85.2+ 0.7 —34.9+0.2 (1.8+0.3)
B-site variant and x 107 x 108 x 10
FetatpH 7.0
E126A, 6.7+ 0.2 (22+05) 5.3+02 158.3+ 2.1 —41.9+06 31.6£0.2 (3.5+£05) 2.2+0.1 1325+1.4  —-37.3+04 (2.7+£1.9)
C-site variant and x 10 x 10° x 100
Fe&tatpH 7.0
E49A, 10.3+2.1 (21+03) 44+10 155.0+-3.5 —41.8+£0.3 422+35 (2.2:0.2) —-1.1+0.2 117.7+ 1.0 —36.2+ 0.2 (7.8+3.1)
C-site variant and x 107 x 10° x 10°
FetatpH 7.0
E130A, B- 78+0.2 (5.4+5.4) 10.4+0.1 182.8£8.4 —44.1+25 16.1+0.2 (3.2+0.5) 9.1+0.1 135.8+ 1.4 —-31.4+04 (7.2+0.8)
and C-site x 107 x 10P x 10°
variant and
Fe&tatpH 7.0
WT EcFtnA 42+12 (1.0£0.1) 1.2+0.7 138.2£ 25 —40.0+£0.2 22.14+0.5 (3.7+£0.2) —2444+0.2 44.0+0.7 —375+0.1 n3=27.7£0.8
and zZri#+ x 107 x 10° K3=(9.6+0.8)x 16°M?
atpH 7.0 AH3z° = 47.94+ 1.3 kJ/mol

AS® = 236.9+ 1.6 J/(mol K)
AGy® = —22.7+ 0.2 kd/mol

G002 ‘Z¥ "ON ‘v¥ "|oA ‘Ansiwayoolg 0¥8ET

aThe reported thermodynamic parameters are apparent values including contributions to the overall equilibrium from ferritin and buffer sifgsimst istates of protonation. Standard errors from

replicate determinations are indicated. The errors associated with each class of sites were obtained from fits where the parameters of thasstbsrofrgites were fixefl Calculated fromAS® = (AH°

— AG®)/T. ¢ Calculated fromAG®

= —RTIn K.
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FIGURE 2: Calorimetric titration of WT EcFtnA with Pe under ) o .e(II)IProtem )

anaerobic conditions. (A) Raw data. (B) Plot of the integrated heat FIGURE 3: Calorimetric titration of WT EcFtnA with Fe under
versus the P /protein molar ratio. Conditions: 4.728/ ECFtnA anaerobic conditions. (A) Raw data. (B) Plot of the integrated heat
titrated with 10xL injections of 3.12 mM FeS@ Both protein versus the F&/protein molar ratio. Conditions: 56M EcFtnA

and Fé" solutions are in 100 mM Mops buffer, 50 mM NaCl, and  titrated with 10uL injections of 1.78 mM FeS® Both protein
1 mM NaS,0, at pH 7.0 and 25.00C. and Fé* solutions are in 100 mM Mes buffer, 50 mM NacCl, and

1 mM N&S,0, at pH 6.50 and 25.00C.

EcFtnA at pH 7.0 are shown in Figure 2A. The integrated
heats J) for each injection as a function of the molar ratio
of FE" to the apoprotein are displayed in Figure 2B. As involve binding at either the B or C site of the protein, but
shown in Figure 2A, F& titration into an anaerobic EcFtnA  zinc/iron competitive binding data presented below combined
solution produces two strong endothermic reactions (negativewith published X-ray data indicate that binding occurs at
peaks correspond to an endothermic reaction in the CSCthe B site (1, 29).
isothermal titration calorimeter). The heats at the end of the  The individual thermodynamic parameters of the third
titration in Figure 2 are in excess of the heats of dilution class of very weak binding sites cannot be determined under
from Fe' in buffer alone, indicating the presence of the dilute solution conditions of the ITC experiment (Table
additional weak iron binding to the protein. Accordingly, a 1), and only the produchsKsAH; is obtained (Table 1).
model of three sets of independent binding sites was usedThese very weak binding sites may reflect nonspecific
to curve fit the data (see the Materials and Methods), where binding to the protein or weak binding to functional sites.
an excellent fit is achieved (Figure 2B). (The data could not  Fe?" Binding to A-Site Variant H53A.o gain more insight
be fitted with the CSC BindWorks software, which handles into the location of F&-binding sites on the protein, several
only two classes of independent binding sites.) The resulting variants of ECFtnA were prepared. H53A is an A-site variant,
parameters are summarized in Table 1. where the coordinating ligand, His53, is mutated to the

The first two classes of independent binding sites, one noncoordinating ligand, alanine. The effect of this mutation
strong and the other weak, are well-resolved with stoichio- on the iron-binding stoichiometry resulted in the elimination
metries ofn; ~ 21 andn, ~ 20 Fe&*/protein for each class  of the first class of strong Pé-binding sites (Figure 4),
of sites at pH 7.0 (Figure 2). At a lower pH of 6.5, the thereby confirming the identity of the 24 A sites as primary
anaerobic titration of WT EcFtnA with Pe resulted in a Fe#*-binding sites on the protein. Only the second class of
binding isotherm with a first inflection point af ~ 11 Fe*/ binding sites i) with additional weak binding at the third
EcFtnA for the first class of strong binding sites and a second class of sites rs) is observed. Accordingly, a model
inflection point atn, ~ 20 F&*/EcFtnA for the second class  consisting of two sets of independent binding sites, one strong
of weaker binding sites (Figure 3). These results indicate (ny) and the other wealng), was used to curve fit the data
that the first class of strong binding sites most likely involves in Figure 4, and the derived parameters are summarized in
binding of Fé* at the A sites that contain a histidine residue, Table 1. Similarly to the WT EcFtnA, variant H53A displays

EcFtnA. The second class of weaker sites{ 20) could

because histidinely, values are typically in this pH range.
A recent ITC investigation of P& binding to HUHF has

an endothermic reaction for Pebinding with a binding
stoichiometry ofn, ~ 26 Fé*/protein but with a binding

shown that His65 at the A site of this protein is responsible affinity of approximately 360 times weaker than that of the

for the first strong class of binding site$4), similarly to

n, sites of the WT protein (Table 1). Thus, the mutation of
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Ficure 4: Calorimetric titration of A-site variant (His53A) of
EcFtnA with Fé" under anaerobic conditions. (A) Raw data. (B)
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the His53 ligand of the A site causes a loss in A-site binding

but also weakens the strength ofFéinding at the B site.
Fe** Binding to B-Site Variant E94An contrast to variant

H53A and to the WT protein, variant E94A, a B-site variant,
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FicurRe 5: Calorimetric titration of B-site variant (E94A) of EcFtnA
with FE" under anaerobic conditions. (A) Raw data. (B) Plot of
the integrated heat versus the?Hprotein molar ratio. Condi-
tions: 5.0uM EcFtnA titrated with 1QuL injections of 1.95 mM
FeSQ. Both protein and e solutions are in 100 mM Mops buffer,
50 mM NaCl, and 1 mM Ng5,0, at pH 7.0 and 25.00C.

three sites A, B, or C is~24 Fé'/site, these apparent
stoichiometries (i.e.n; + n, = 39 Fé'/protein) probably
represent the total Fe-binding stoichiometry of both A and
B sites (more below). In the C-site variant E49A, a similar
pattern for Fé&" titration is observed (Figure 7) with

displays exothermic heats for the first two classes of sites somewhat higher Pé-binding stoichiometries (i.en; ~ 10

(n, andnyp) and an endothermic heat for the third class of
weak sitesifs) when the apoprotein is titrated with #en
Mops buffer at pH 7.0 (Figure 5). Accordingly, the e
binding isotherm was fitted to a model consisting of three

andn, ~ 42 Fé'/protein) than variant E126A (Table 1).
The product of the three thermodynamic parameteksAH3)
for the weakest sites are reported in Table 1.

Fe?t Binding to B- and C-Site Variant E130&Iul130 is

classes of independent binding sites (Figure 5B and Tablea bridging ligand between the B and C site with average

1). Apparent binding stoichiometries of ~ 7 andn, ~ 13
Fe*t/protein were obtained. It is clear that the mutation of

metal-ligand distances of 2.38 and 1.89 A, respectively, for
the two sites of the Pé derivative (1). When Fé" is titrated

residue E94 of the B site has a profound effect on both the anaerobically into the apoprotein solution of E130A, two

n; and n, binding stoichiometries. This result does not
unequivocally establish the location of the?Fdinding sites

binding isotherms with endothermic heats of reaction are
observed (Figure 8). The first isotherm corresponds to a first

in this variant, but as discussed below, these apparentclass of sites with an apparent binding stoichiometryiof
stoichiometries most likely represent binding at either the A ~ 8 Fe*/protein and high binding affinity45 x 10’ M~1)

and/or B sites. The values o, K3, and AH;3 for the third

similar to the B- and C-site variants, E94A and E126A,

class of binding sites cannot be measured independently, butespectively (Table 1). As to the second class of sites, an

their product was determined to be (#8).3) x 10° (Table
1).
Fe?t Binding to C-Site Variants E126A and E49R¢*"

apparent binding stoichiometry @b ~ 16 Fé&*/protein is
observed similar to the B-site variant E94. However, the
Fe*"-binding affinity is weakened from-1 x 10° M1 in

titration into the C-site variant E126A shows at least three variant E94A to~3 x 10° M~1in variant E130A (Table 1).

endothermic binding events in Mops buffer at pH 7.0.

Zr¢t Binding to WT EcFtnATo gain further knowledge

Despite the complex pattern of this isotherm as shown in about the strong binding sites of ¥eon the protein, we

Figure 6B, a very good fit was obtained using a model of

examined the thermodynamics of Znbinding to the

three sets of independent binding sites (Table 1). Here again,apoprotein. ZA", among other metal ions, has been often

apparent F&-binding stoichiometries of; ~ 7 andn, ~
32 Fé'/protein are obtained with this variant. However,

used to probe Fé& binding and oxidation in ferritins1(Q,
15, 26) and has been recently used in the crystal structure

because the maximum binding stoichiometry of any of the determination of EcFtnA, where it is found bound at both
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Ficure 6: Calorimetric titration of C-site variant (E126A) of
EcFtnA with Fé* under anaerobic conditions. (A) Raw data. (B)
Plot of the integrated heat versus the?H#protein molar ratio.
Conditions: 5.uM EcFtnA titrated with 1QuL injections of 1.95
mM FeSQ. Both protein and Fe solutions are in 200 mM Mops
buffer, 50 mM NaCl, and 1 mM N&,0, at pH 7.0 and 25.06C.

the A and B sites(1, 29). Figure 9 shows the raw ITC data
and the integrated heats from zinc binding to WT EcFtnA
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FiGure 7: Calorimetric titration of C-site variant (E49A) of ECFtnA
with FE* under anaerobic conditions. (A) Raw data. (B) Plot of
the integrated heat versus theZHprotein molar ratio. Condi-
tions: 3.75uM EcFtnA titrated with 1QuL injections of 1.95 mM
FeSQ. Both protein and P& solutions are in 100 mM Mops buffer,
50 mM NaCl, and 1 mM Ng5,0,4 at pH 7.0 and 25.00C.

When Zr#+ or Fe* were titrated into the apoprotein at pH

in Mops buffer at pH 7.0. The data suggest the presence of /-5 higher binding affinities but similar apparent stoichio-
three classes of binding sites and were therefore fitted usingMetries to those reported at pH 7.0 were obtaftigderefore,

a model with three sets of independent binding sites. "€ Negative cooperativity between binding sites in ECFtnA
Interestingly, the derived parameters for the first two classes @PP€ars to be pH-dependent and is associated with high

of sites show similar binding affinities for Zn and a total
binding stoichiometryrf; + ny) of ~26 molar equivalents/
protein (Table 1). The third class of sites has a much lower
affinity for Zn?* (Table 1) but a binding stoichiometry of

~ 28 Zrtt/protein.

Because the X-ray structure of the Znderivative of
EcFtnA shows saturation of the A and B site with?Znwe
assume that the first and second classgsH n, ~ 26) of
binding sites observed here by ITC represent'Zrinding
to the A site, while the third class of sites ¢~ 28) represents
Zn?* binding to the B site. To confirm this assertion, an ITC
competition experiment between ¥Feand Zrf™ was per-
formed at pH 7.0, in which 48 2n were first added to the
apoprotein under anaerobic conditions followed by titration
with FE*. No Fe* binding isotherm was observed (data not
shown) when the protein was preloaded with a stoichiometric
amount of ZA" (i.e., 2 Zrf*/subunit), a result confirming
the binding of ZA* at the dinuclear sites A and B and its
competition with F&". Under the conditions of this experi-
ment (3.2uM protein, 48 ZA*/protein, and 4 F&/injection/
protein in 0.1 M Mops and 50 mM NacCl at pH 7.0), constant

binding affinities (i.e.K = 10" M) of the two metal ions
to the initial class of A sites (Table 1).

DISCUSSION

In the present study, we have characterized the thermo-
dynamic interaction of P& with WT EcFtnA and its site-
directed variants. The advantage of ITC is that all thermo-
dynamic parameters (i.e., binding stoichiometrybinding
affinity K, enthalpyAH®, entropyAS’, and Gibbs free energy
AG°®) can be determined in a single experiment. However,
when complex binding isotherms with multiple overlapping
binding events are involved, the analysis of the data can
become a challenge. The present study demonstrates for the
first time that such complex isotherms can be successfully

2 Thermodynamic parameters of Zntitration into ECFtnA at pH
75Mm=37+04,K =(14+01)x 1° ML AH; = 2.44+1.0
kJ/mol,n, = 21.6+ 0.4,K, = (3.24+ 0.2) x 10’ M™%, AH, = —31.6
+ 0.2 kd/mol,ng = 21.24+ 0.3,Ks = (6.8 + 0.3) x 10* M~%, AH; =
33.9+ 0.1 kJ/mol). Thermodynamic parameters of Fttration into
EcFtnA at pH 7.51f, = 3.1+ 0.4,K; = (3.3+ 1.8) x 10" M™%, AH;
= 7.941.0 kd/mol,n; = 18.54+ 0.4,K, = (9.3 £ 3.8) x 1P M1,

and very small heats of reaction were observed that were inAHz = 3.2+ 0.2 kJ/mol,n; = 15.1+ 2.8, K3 = (1.9 + 0.5) x 10*

slight excess of the heat of dilution and possibly correspond
to the very weak association of #ewith the protein (i.e., a
third class of binding sites) as discussed above far.Fe

M1, AHz = 18.0+ 4.2 kJ/mol). Thus, similarly to all B and C variants,
the first few metal ions that bind to the WT protein (i.e.,~ 3—4, at
pH 7.0-7.50 for Zr#* and at pH 7.50 for &) negatively affect the
binding of subsequent metal ions at the same sites on the protein.
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of EcFtnA with Fé* under anaerobic conditions. (A) Raw data. . o .

(B) Plot of the integrated heat versus thé®protein molar ratio. ~ FIGURE 9: Calorimetric titration of WT EcFtnA with Z&t. (A)
Conditions: 5.QuM EcFtnA titrated with 1QuL injections of 1.95 ~ Raw data. (B) Plot of the integrated heat versus th&/Beotein
mM FeSQ. Both protein and Fé solutions are in 100 mM Mops ~ Molar ratio. Conditions: 6.6xM EcFtnA titrated with 10uL

buffer, 50 mM NaCl, and 1 mM N&,0, at pH 7.0 and 25.00C. injections of 1.625 mM ZnS@ Both protein and Z# solutions
are in 100 mM Mops buffer and 50 mM NacCl at pH 7.0 and 25.00

simulated and that previously noninterpretable isotheB@s (  “C-
may yield to a similar analysis. However, the binding model stoichiometries ofrf; + n;) ~ 39 and 50 in the C-site variants
employed here assumes independent binding sites, which iSE126A and E49A) are consistent with simultaneous binding
rigorously not the case as seen with the site-directed variantsof F€* to both A and B sites corresponding to almost full
where mutation of one ligand in any of the three sites (A, saturation of the dinuclear centers. In accordance with this
B, or C) affects binding at the other two sites andthand interpretation, Maesbauer and X-ray studies have shown the
n, stoichiometries are either greater or less than the theoreti-presence of iron at the A and B sites but not at the C site of
cal value of 24 metal ions/class of sites (Table 1). These variant E49A (0, 29). Second, the apparent binding stoi-
effects suggest some degree of intra- and intersubunitchiometries for the second class of sites are lowest for the
cooperativity in binding as discussed below. Despite these B-site variants E94A and E130A, an observation consistent
effects and the markedly different binding isotherms (Figures with partial occupancy of these sites and the importance of
2—9), excellent curve fits are obtained using a model of residues E94 and E130 in Febinding at the B site (Table
multiple independent binding sites with good agreement 1). Third, previous Z#A" and TI¥" competition experiments
between the apparent thermodynamic parameters fromshowed that iron oxidation occurs at the A and B sites of
replicate determinations. Finally, the fact that all of the variant E130A with very little iron at the C site, a result
mutations perturb the binding stoichiometries strongly argues consistent with our ITC data and with A and B sites being
that binding principally occurs at the ferroxidase center of the primary sites of Pe binding and oxidationX0). Fourth,
the protein. the X-ray structure of WT EcFtnA showed similar structural
Our ITC results indicate that at pH 7.0 the first class of positions of the A- and B-site residues in thé’F&ee and
sites (u ~ 24) corresponds to Pe binding at the A sites  Fe**-bound structures, indicating very little or no residue
followed by a second class of sites, (~ 24) assigned to  reorientation of the Fe-binding structureX1). In contrast,
Fe** binding at the B sites (Figure 2 and Table 1). These the Zr**-binding structure showed more movement of side
findings are in accordance with stopped-flow and ITC chains at the di-iron center. The X-ray data are consistent
investigations of F& binding and oxidation in EcFtnA and  with our ITC observations (Figures 2, 3, and 9 and Table
HuHF, where a preferred order of Febinding to site A 1), where the F&-binding isotherms in the WT protein
and then to site B was observed followed by fast oxidation consisted of mainly two classes of binding sites at the di-
of the diferrous complexi@, 27). While the A-site variant  iron center A and B, whereas the Zrtitration shows three
H53A conclusively demonstrates that the first class of sites classes of sites that possibly reflect the flexibility of the side-
are those involving A sites (see the Results), there are fourchain ligands in Z#" binding.
principal lines of evidence supporting the assignment of the  Alteration of any of the A-, B-, or C-site ligands in ECFtnA
second class of sites to the B sites. First, the apparent bindingi.e., His53, Glu94, Glu130, Glul126, or Glu49) results in
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pronounced changes in the overalPFeinding properties

of the protein, a result indicating that all of these residues
are important in F& binding and that all three sites are
highly interactive (Table 1). All variants, except His53A,
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Fe*t- and Zrt™-binding affinities for ECFtnA are similar to
those for HUHF within the experimental errofsd( 15 and
Table 1).

In summary, despite the complex binding isotherms, the

show the presence of at least three classes of binding sitepresent work has identified the primary?Febinding sites

in which the firstn; ~ 7—10 Fe* ions that bind to the protein
appear to influence the binding of subsequert'Re, ~
13—42) such that the totah({ + n,) Fe*" stoichiometry is
~24 for saturation of A sites or48 for saturation of A and

B sites. This type of behavior can be rationalized if we

in EcFtnA and helped to clarify the molecular events prior
to iron oxidation. The ITC results confirm previous observa-
tions that suggested that the A sites are the preferred and
strongest F&-binding sites on the protein. In the WT
EcFtnA and at pH 7.0, two main classes of binding sites

assume that there is some degree of negative cooperativitywere observed corresponding to binding-¢f4 Fe* at each

between ferroxidase centers in the binding of'fFevhereby
the binding of the first few Fe ions to the protein decreases
the affinity of subsequently bound #eto varying degrees

of the two sites of the di-iron ferroxidase center. At a higher
pH of 7.0-7.5, there appears to be a degree of negative
cooperativity between binding sites, whereby the first few

depending upon the variant under study (Table 1). ConsistentFe*" or Zr?* ions to bind at the A sites lower the affinity of

with this scheme, a recent study of iron binding and oxidation
in the mitochondrial ferritin MtF suggested the presence of
negative cooperativity between the ferroxidase centers,
whereby only half of the 24 ferroxidase centers of MtF bind

and oxidize F&" (28).

One of the important questions in the bacterial ferritin
EcFtnA is the role of the third C site. Previous studies have
suggested a role for this site in influencing the iron oxidation
stoichiometry and the fate of the oxidized iron. In addition,
it has been shown that the presence of the C site is not
essential for fast oxidation of Feat the dinuclear centers

but rather increases the iron turnover rate of these centers

(7). Our ITC data indicate that the C site is not a strong
Fet-binding site but that its presence influences the binding
of Fe* at the dinuclear ferroxidase center. Thus, while HUHF
binds only 1 Fé&"/subunit at the A site initiallyX4), ECFtnA
binds 2 Féf/subunit, one at each of the dinuclear sites A
and B.

In the case of Z#f binding to WT EcFtnA, the ITC data
reveal an initial endothermic reaction followed by exothermic
and then endothermic events (Table 1). The first fe®'Zn
to bind (. ~ 4) have high binding affinity followed by
additional Z@* binding to the same sites but with slightly
weaker affinity until saturation is achieved a (+ ny) ~
26, which is essentially the theoretical stoichiometry of 24
Zn?*/site (Figure 9 and Table 1). The third binding event
exhibits endothermic heats of reaction with lower affinity
but a binding stoichiometry of- 28 Zr?*/protein corre-
sponding to saturation of all B sites-{ Zr#t/site). This
interpretation is in agreement with the X-ray crystallographic
data of the ZA" derivative of EcFtnA, showing full oc-
cupancy of the A and B sites of the protein by?Zii11, 29)
with no Zr?t found at the C site. This is also consistent with
Zn?* being an inhibitor of iron oxidation in EcFTnA
presumably because Zncompetes with F& ions for the
dinuclear ferroxidase sitesl@ 26). The Zit/Fet ITC

competition experiment further supports this assignment (see

the Results) and indicates thatZrand Fé&" compete for
the same binding sites on the protein.

The large positive entropy values [avera§y& ~ 140
J/(mol K)] obtained with all protein samples (Table 1)
indicate that F& binding to EcFtnA is entropically driven
as previously observed with Pe Zn?*, and TE" binding
to HUHF and other proteinsl4, 15, 18, 19). The B-site
variant E94A is the only variant to exhibit both favorable
enthalpy and entropy changes (Table 1). Under similar
experimental conditions and in the pH range of-6/%5, the

metal ions for the other ferroxidase centers. The third binding
site in EcFtnA (C site) does not appear to be involved in
strong Fé" binding, at least initially, but seems to modulate
Fe** binding at the adjacent dinuclear iron sites A and B.
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