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ABSTRACT: Ferric binding protein inNeisseria gonorrhoeae(nFbpA) transports iron from outer membrane
receptors for host proteins across the periplasm to a permease in an alternative pathway to the use of
siderophores in some pathogenic bacteria. Phosphate and nitrilotriacetate, both at pH 8, and vanadate at
pH 9 are shown to be synergistic in promoting ferric binding to nFbpA, in contrast to carbonate and
sulfate. Interestingly, only phosphate produces the fully closed conformation of nFbpA as defined by
native electrophoresis. The role of phosphate was probed by constructing three mutants: Q58E, Q58R,
and G140H. The anion and iron binding properties of the Q58E mutant are similar to the wild-type protein,
implying that one phosphate oxygen is a hydrogen bond donor and may in part define the specificity of
nFbpA for phosphate over sulfate. Phosphate is a weakly synergistic anion in the Q58R and G140H
mutants, and these mutants do not form completely closed structures. Ferric binding was investigated by
both isothermal titration and differential scanning calorimetry. The apparent affinity of nFbpA for iron in
a solution of 30 mM citrate is 1 order of magnitude larger in the presence (Kapp ) 1.7 × 105 M-1) of
phosphate than in its absence (Kapp) 1.6× 104 M-1) at pH 7. Similar results were obtained at pH 8. This
increase in affinity with phosphate as well as the formation of closed structure allows nFbpA to compete
for free ferric ions in solution and suggests that ferric binding to nFbpA is regulated by the synergistic
phosphate anion at sites of iron uptake.

Iron is a scarce but essential nutrient for most pathogens,
and acquisition of iron from the host is a requirement for
growth (1). As a result, host organisms have developed iron
transport systems using proteins such as transferrin and
lactoferrin that sequester iron tightly in an attempt to make
iron unavailable to microbial pathogens. In response, patho-
gens have evolved complex systems to acquire iron from
the host environment (for a review, see refs2 and3). The
well-known bacterial systems involve the elaborate synthesis
of siderophores, small molecules that compete for iron with
host proteins by chelating iron more tightly prior to binding
to siderophore receptors on the bacterial cell surface. Another
mechanism for iron sequestration is found in pathogens such
asNeisseriaandHaemophilusspecies that produce receptors

for host iron containing molecules such as transferrin and
lactoferrin (4-6). Ferric binding protein (FbpA)1 is a soluble
protein expressed under iron limiting conditions and localized
to the periplasm (7). FbpA receives ferric ion (Fe3+) from
bacterial receptors for host iron proteins located on the outer
membrane for transport to an iron permease at the inner
membrane (8). The increase in virulence ofNeisseriacultured
under limiting iron (9) and the central link FbpA plays in
the movement of iron from external receptors to the cell
indicate that this protein is a promising therapeutic target.

FbpA is conserved among pathogenicNeisseriaspecies
(10), and homologues have been identified in other patho-
genic bacteria such asHaemophilus influenzae, Serratia
marcescens, and Yersinia enterocolitica(11, 12). nFbpA
purified from Neisseria gonorrhoeaeis a 34-kDa basic
protein (pI> 9.35) that binds one ferric ion (13-15). The
crystal structure of HitA, the nFbpA homologue fromH.
influenzae(71% amino acid sequence identity), revealed that
the protein comprises two domains with folds typical of the
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periplasmic Fe3+-binding protein family and transferrin (16).
The iron is bound at the interface between these two domains
and is ligated by a phosphate anion, a water molecule, and
a complement of protein residues: His9, Glu57, Tyr195, and
Tyr196, all of which are conserved in the nFbpA. A similar
lower resolution crystal structure of nFbpA (entry 1D9Y) is
deposited in the Protein Data Bank.

nFbpA shares several physical and functional properties
with transferrin. Both proteins possess similar protein ligands
to iron (16), reversibly binding iron with high affinity, and
display visible absorbance maxima in the 460-480 nm range
(13). nFbpA and the individual lobes of transferrin exist in
two distinct conformations depending on whether metal is
bound (17, 18). The most notable feature of nFbpA is the
participation of a phosphate anion as a monodentate ligand
to the ferric ion (16). The analogous synergistic carbonate
anion in transferrin at neutral pH is a bidentate ligand to the
iron; however, at pH 6 the carbonate becomes monodentate
likely due to protonation (19). Iron release from transferrin
occurs in acidified vesicles after cellular internalization. In
contrast, nFbpA release of iron within the periplasm is not
likely to be pH dependent and occurs by some alternative
mechanism. Iron reduction has been suggested (20), although
no reductase has been identified.

The objective of this study is to define experimentally the
functional role of phosphate in ferric binding to nFbpA. The
phosphate binding site in nFbpA involves direct interaction
with seven residues: Glu57, Gln58, Ser139, Gly140, Ala141,
Asn175, and Asn193, two of which were selected for
mutagenesis to assess the role of phosphate in ferric binding.
The mutant G140H was designed to provide an additional
hydrogen bond to bound phosphate. The variant Q58E is
observed in nFbpA homologues, and the Q58R mutation was
designed to completely displace phosphate. The binding of
synergistic anions and iron was assessed using UV-visible
spectroscopy and both isothermal titration (ITC) and dif-
ferential scanning (DSC) calorimetry.

EXPERIMENTAL PROCEDURES

Materials. To remove trace metal contamination, all
glassware was soaked in 6 M HCl and rinsed with deionized
water (passed through a Millipore Milli-Q system). All
chemical reagents were of analytical grade. Tris and sodium
phosphate (dibasic) were purchased from Fisher Scientific,
and all other reagents came from Sigma. Stock solutions of
sodium phosphate, disodium salt of nitrilotriacetic acid
(NTA), sodium bicarbonate, sodium sulfate, sodium citrate
(1 M), and sodium orthovanadate (0.1 M) were prepared by
dissolving the salts in Milli-Q water and adjusting the pH to
8 with 1 N NaOH or HCl. A solution of ferric chloride (10
mM) was prepared fresh every day and stored at 4°C during
the working day. To make a 3.5 mM solution of FeCl3 in 30
mM citrate, 10 mM Tris buffer, pH 7 or 8, ferric chloride
was first dissolved in the buffer and then the pH was adjusted
with 1 N KOH. Solutions of 3.5 mM of ferric chloride
containing 0.1 M phosphate were prepared by dissolving
ferric chloride and sodium phosphate (monobasic and dibasic
forms) in 30 mM citrate, 10 mM Tris buffer and then
adjusting the pH with 1 N KOH. Ultrafiltration membranes
(YM 10) were from Amicon.

Cloning and Protein Expression.For mutagenesis, thefbpA
gene (21) was subcloned into Bluescript II SK-. This

construct was used to prepare the G140H, Q58E, and Q58R
mutants as described by Nelson and Long (22) using the
following primers to introduce the desired mutations: G140H,
5′-CAAGAACGCGTGGGAAGT-3′; Q58E, 5′-GGGATTTC-
TTCGGAATAGAATAC-3′; Q58R, 5′-GGGATTCGTTCG-
GAATAGA ATAC-3 ′. In each primer, the mutated codon
is underlined. The complete nucleotide sequence of each
mutant was determined to confirm the introduction of the
specific mutations prior to recombinant expression inEs-
cherichia coliby transformation with the relevant gene clone
into the pTrc99a vector (Amersham). The recombinant
proteins were purified as described previously with minor
modifications (13). Purification was initiated by cell lysis
with cetyltrimethylammonium bromide followed by one-step
chromatography on CM-Sepharose CL-6B (Amersham).
Holo-proteins were eluted from a column of CM-Sepharose
with 300 mM NaCl in 25 mM Tris buffer, pH 8. To obtain
the apo-form of the proteins, a CM-Sepharose column with
protein adsorbed under initial conditions was washed with
10 mM citrate, 10 mM Tris buffer, pH 8 (3 column volumes),
and then the protein was eluted from the column with 30
mM citrate, 10 mM Tris, pH 8. Apo- and holo-proteins were
concentrated using YM10 Amicon ultrafiltration membrane
and stored at-70 °C in 30 mM citrate, 10 mM Tris buffer,
pH 8 and 300 mM NaCl, 25 mM Tris buffer, pH 8,
respectively. For protein quantification, an extinction coef-
ficient of 1.0 (mg/mL)-1 cm-1 at 280 nm was used based
on both the Lowry (23) and Bradford (24) methods. Samples
of wild-type nFbpA and mutants were analyzed by mass
spectrometry, and the expected mass was observed for each
sample (Table 1).

Iron Release and Binding. For deferration of holo-protein
with citrate as a chelator, a solution of nFbpA diluted to 3
mg/mL (0.089 mM) in 200 mM NaCl, 10 mM Tris, pH 8
(buffer A), was exposed to a 1300-fold molar excess (0.12
M) of sodium citrate for 10 min. Sodium citrate was removed
from the deferrated protein by gel filtration on a Bio-Gel
P-6 column (Biorad Ltd.) equilibrated with buffer A.

Solutions of apo-proteins (2.6 mg/mL) in buffer A were
adjusted to 0.075 mM FeCl3 at room temperature. Visible
spectra were measured for 10 min before a 700-fold molar
excess of the corresponding salt, pH 8, was added. The salts
Na2HPO4, NaHCO3, Na2C6H7NO6 (Na2-NTA), Na2SO4,
Na2C4H4O4 (Na2-succinate), NaCH3COO, Na2C10H14N2O8

(Na2-EDTA), C6H8O7Na3 (Na3-citrate) were used as a source
of phosphate, carbonate, nitrilotriacetate, sulfate, succinate,
acetate, EDTA and citrate anions, respectively. After anion
addition, visible spectra were taken every 2 min until the
readings no longer changed (20 min). Vanadate anion,
VO4

3-, is stable in dilute and basic (pH 8-13) solutions (25);

Table 1: Properties of Native and Mutant Forms of nFbpA

nFbpA mass (Da) λmax
a (nm)

wild-type 33,648 (33,639)b 480
Q58E 2 (1) 475
G140H 79 (80) 460
Q58R 26 (27) 430

a Maximal wavelength for holo-proteins obtained from spectra of
Figure 1.b The absolute mass of the wild-type nFbpA is given along
with the theoretical mass in parentheses. The values for the mutants
are the observed and theoretical mass (in parentheses) differences
relative to the wild-type.
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at lower pH values, protonation and dehydration occur to
form (V2O7)4- and higher vanadates. For this reason, all
experiments with vanadate anion were performed at pH 9
and only with a 70-fold molar excess of anion over protein.
The wavelength of maximum absorbance of the Fe3+-
protein-phosphate complex was selected to follow the
changes in iron binding (Table 1). When NTA and vanadate
binding were studied, the absorbance at 460 nm was used.
Equimolar citrate anion was added because higher concentra-
tions chelate iron from the protein.

All visible spectra and kinetic curves were obtained with
a Cary50 Bio UV-visible spectrophotometer. Spectra of the
proteins (3 mg/mL) in buffer A were recorded in the 350-
700 nm range.

NatiVe Electrophoresis.Native gels were made using a
separating gel buffer of 0.2 M MES adjusted to pH 6.8 by
1 M KOH (8% polyacrylamide gel) and the stacking gel
buffer of 0.06 M MES adjusted to pH 8 by 1 M KOH (4%
PAAG). Protein samples were diluted with sample buffer
consisting of 0.03 M MES buffer, pH 8 and 10% glycerol
to 1.5 mg/mL before loading. Electrophoresis was carried
out at 40 mA for 2 h in0.02 M MES/0.036 M imidazole
buffer, pH 6.8. Proteins were stained with Coomassie blue
R. After destaining, gels were scanned using AlphaImager
1200 software.

Calorimetry. ITC of apo-nFbpA and apo-forms of the
mutants were carried out on a MCS-ITC (MicroCal LLC,
Northampton, MA). Data analysis was performed using
software (Origin) supplied by MicroCal. All titrations were
performed in 30 mM citrate, 10 mM Tris, pH 7 or 8;
phosphate, when present, was 0.1 M. For each titration, 26
consecutive 10µL aliquots of 3.5 mM ferric chloride in 30
mM citrate, 10 mM Tris buffer, pH 7 or 8 were injected
into the sample cell (volume) 1.3528 mL) containing 130-
177µM protein in the same buffer, pH 7 or 8, respectively.
The time between each injection varied from 5 to 20 min
depending on the kinetics of the binding reactions. Control
experiments were performed by injecting 10µL aliquots of
ferric chloride into protein-free buffer. These heats were
subtracted from the heats generated in the titrations with
protein. Each ITC experiment was performed 2-3 times,
and the average binding parameters and associated error were
calculated.

Kapp is the equilibrium constant for the overall binding
reaction that occurs in the ITC cell and therefore includes
Fe‚ligand dissociation and ferric ion binding to nFbpA. We
wish to determine the equilibrium constant,K, for the binding
of free ferric ion to nFbpA according to the following
reaction:

whereK ) ([Fe‚nFbpA][H+]3/[Fe3+][nFbpAH3]). In the Fe
binding literature, an effective binding constant,K′eff, is
often reported instead ofK. The binding constantsK and
K′eff are related by (26)

Knowledge of the reaction pH therefore allows one to
calculateK′eff from a measuredK value. At each injection

point during an ITC titration, [Fe‚nFbpA] can be calculated
from the ratio of the cumulative heat and the apparent
enthalpy of binding,∆Hb,app. The total iron concentration,
[Fe]tot, after each injection is given by

whereâabc,i is the formation constant for theith Fea-ligandb-
Hc complex, and [ligand], [Fe], and [H] are the free
concentrations of ligand, iron, and proton ions, respectively.
Negative values ofc indicate the number of hydroxyl ions.
An equivalent total mass balance can be written for the
ligand, and for the proton (hydroxyl). Solution of the set of
mass balance equations for iron, nFbpA, ligand, and protons
using formation constants obtained from the literature for
the Fea-ligandb-Hc complexes gives the free ferric ion and
nFbpA concentrations in the ITC cell at any time. These
results then allow calculation ofK′eff using eq 2.

DSC experiments were carried out on a Calorimetry
Sciences Corp. MC-DSC (CSC, Provo, UT) in 0.1 M
phosphate, 30 mM citrate, 10 mM Tris buffer, pH 7.
Thermograms were obtained at different Fe/apo-nFbpA molar
ratios from 0 (i.e., apo-nFbpA) to 4. Data analysis was
performed using software provided with the calorimeter;
fitting the thermograms to a two-state model with ligand
dissociation (27, 28) provided an estimate of the Fe-nFbpA
binding constant.

RESULTS

Spectroscopic Characterization of Wild-Type and Mutant
nFbpA. Visible spectra of solutions (3 mg/mL) of purified
recombinant wild-type and mutant nFbpA’s have an absorp-
tion band in the 400-500 nm range (Figure 1, Table 1),
indicating the formation of iron-phenolate bonds. Compared
with pink colored wild-type nFbpA, the visible band of the
Q58E mutant is slightly blue-shifted, whereas larger blue
shifts of 20 and 50 nm are observed for the G140H and Q58R
mutants, respectively. As a result, Q58R nFbpA is orange.

Fe3+ + nFbpAH3 798
K

Fe‚nFbpA+ 3H+ (1)

K′eff )
[Fe‚nFbpA]

[Fe3+][nFbpAH3]
) K

[H+]3
(2)

FIGURE 1: Visible spectra of wild-type nFbpA (1), Q58E (2),
G140H (3), and Q58R (4) mutants (81µM) in 200 mM NaCl, 10
mM Tris, pH 8.

[Fe]tot ) [Fe] + [Fe‚nFbpA] + ∑
i)1

m

aiFealigandbHc (3a)

[Fe]tot ) [Fe] + [Fe‚nFbpA] +

∑
i)1

m

aiâabc,i[Fe]a[ligand]b[H] c (3b)
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Ferric uptake by the apo-forms of wild-type and mutant
nFbpA’s was estimated by visible spectroscopy in the
presence of a variety of potential synergistic anions. When
equimolar ferric chloride was added to apo-nFbpA, weak
ferric binding was detected by a small increase in visible
absorbance (Figure 2). The addition of phosphate anions,
the likely in vivo synergistic anion, produced a large increase
in absorbance (Figure 2A), showing a role for phosphate in
iron binding. The effect of carbonate anions on iron binding
by the wild-type and mutant nFbpA’s is much weaker than
that of phosphate anions (Figure 2B). Notably, iron binding
by wild-type nFbpA is promoted by vanadate anion (at pH
9) producing an absorbance peak at 460 nm. The synergistic

effect of vanadate on the iron binding was less for the three
mutant nFbpA’s (Figure 2C). Nitrilotriacetic acid is a ferric
ion chelator that is commonly used to provide soluble ferric
ions to biological systems. Adding NTA anion to both wild-
type and mutant nFbpA’s resulted in a sharp increase in ferric
binding (Figure 2D), suggesting that NTA3- serves as a
nonphysiological synergistic anion for nFbpA. Interestingly,
all Fe-nFbpA-NTA complexes have the same absorbance
maximum (460 nm) independent of the wild-type or mutant
form of nFbpA studied. Furthermore, the increase in absorp-
tion upon NTA addition is nearly the same for all nFbpA’s
tested. Sulfate anions did not promote ferric binding to either
wild-type or mutant nFbpA’s. Succinate, acetate, EDTA, and
equimolar citrate were also not synergistic for ferric binding
to wild-type nFbpA.

Conformational States of apo- and holo-nFbpA’s.In the
absence of ligand, the lobes of hTf are observed to have a
more open structure (29). Similarly, periplasmic binding
proteins have open and closed conformations in the absence
and presence of ligand, respectively (30). The open and
closed states of nFbpA were characterized previously by
measuring trypsin sensitivity (18). A native gel electrophore-
sis method was developed to more directly assess the
conformational state of wild-type and mutant nFbpA’s. This
method distinguishes clearly between the apo-, binary Fe3+-
nFbpA complex, and ternary Fe3+-nFbpA-phosphate com-
plex conformations. Apo-nFbpA has an open conformation
and lower mobility on native gels relative to holo-nFbpA,
which has a higher mobility and “closed conformation”
(Figure 3A, lanes 1 and 3). The electrophoretic mobilities
of native and mutant forms of nFbpA are similar due to the
large net charge (+10) of native nFbpA. Apo-nFbpA plus
FeCl3 but without a synergistic anion displays two bands on
these gels corresponding to the presence of both conforma-
tions in the sample (Figure 3A, lane 2). The observation of
two bands is referred to as the half-closed conformation.
When phosphate anion is added to the binary Fe3+-nFbpA
complex, the protein adopts the closed conformation char-
acteristic of holo-nFbpA. Interestingly, the open conforma-
tion is obtained when NTA is added (Figure 3A, lane 4),

FIGURE 2: Anion dependence of iron binding. Apo-wild-type
nFbpA (1), Q58E (2), G140H (3), and Q58R (4) mutants (75µM)
were incubated with ferric chloride (75µM) for 10 min and then
with phosphate (50 mM) (A), carbonate (50 mM) (B), vanadate
(C) (5 mM), or nitrilotriacetate (D) (50 mM) for 20 min, in 200
mM NaCl, 10 mM Tris buffer, pH 8. (A, B) 480 nm (wild-type),
475 nm (Q58E), 460 nm (G140H), and 430 nm (Q58R), (C, D)
460 nm (all proteins). Absorbances of apo-proteins (A-D) and
vanadate (C) were subtracted.

FIGURE 3: (A) Native electrophoresis of apo-proteins, complexes with Fe3+, and complexes with Fe3+ and different anions in 200 mM
NaCl, 10 mM Tris buffer, pH 8. (B) Native electrophoresis of Fe3+-nFbpA-phosphate complexes at different Fe3+/nFbpA ratios in 0.1
M phosphate, 30 mM citrate, 10 mM Tris buffer, pH 7. (C) Native electrophoresis of Fe3+-nFbpA complexes at different Fe3+/nFbpA
ratios in 30 mM citrate, 10 mM Tris buffer, pH 7.
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whereas the addition of vanadate (at pH 9) did not alter the
half-closed conformation of Fe3+-nFbpA’s as defined by
this method (Figure 3A, lane 5). Migration of the Q58E
mutant is similar to wild-type in the presence of the same
anions except the closed conformation appears less compact
(Figure 3A, lanes 6-10). In the case of the G140H and Q58R
mutants, both the apo- and holo- forms are in the open
conformation, as are the apo-forms reconstituted with iron
and the panel of anions tested (Figure 3A, lanes 11-14, data
with NTA and vanadate not shown). These results confirm
that the mobility of nFbpA is not dependent on the net charge
of the bound ligands but on the compactness of the resulting
structure.

Native electrophoresis of the titration of apo-nFbpA with
ferric chloride in the presence of phosphate and 30 mM
citrate pH 7 is presented in Figure 3B. As expected, the
change from the open to closed conformation is complete
when the iron/apo-nFbpA ratio becomes 1:1 or higher. Native
electrophoresis results of the nFbpA samples titrated with
iron in the presence of phosphate at pH 8 are similar to the
results at pH 7. The conformational state of the protein
changes at different ratios of iron to apo-nFbpA even in the
absence of phosphate (Figure 3C). As the iron-to-nFbpA ratio
increased to three, the band corresponding to the closed
conformation is detected. Above a ratio of five Fe/apo-
nFbpA, a new band migrating slower than the apo-form
appeared. Addition of excess ferric ions in the absence of
phosphate has been shown to form a ferric hydroxide cluster
at the iron binding site of nFbpA (31). This iron cluster may
reduce the mobility of nFbpA in the gel by altering the
protein conformation. Similar iron clusters are observed in
mutant forms of HitA (32). Adjusting the pH to 8 resulted
in similar conformational changes as observed by native
electrophoresis.

Calorimetry. Figure 4A shows ITC data for the titration
of apo-nFbpA with iron at pH 8 in the presence of phosphate
(0.1 M). The integrated heats, after subtraction of the heat
of dilution and normalized with the moles of iron injected,
are shown in Figure 4B together with the binding-model fit.
One iron binding site was observed on wild-type apo-nFbpA,
with a Kapp of 4.6 × 105 M-1 and a∆Hb,app of 1.48 kcal/
mol. At pH 8, in the absence of phosphate, the apparent
binding constant and enthalpy of binding of iron to wild-
type apo-nFbpA were 1.8× 104 M-1 and 0.51 kcal/mol,
respectively. The ITC data for iron binding to the Q58E
mutant at pH 8 in the presence of phosphate give a binding
stoichiometry of about one, aKapp of 1.0 × 105 M-1, and a
∆Hb,app of 2.1 kcal/mol. For Q58R and G140H mutants,
regressedKapp values were lower, 2.1× 104 and 8× 103

M-1, respectively.
At pH 7, in the absence of phosphate, an apparent binding

constant and an enthalpy of binding of iron to wild-type apo-
nFbpA were similar to those observed for the same system
at pH 8,Kapp of 1.6 × 104 M-1 and ∆Hb,app of 0.46 kcal/
mol, respectively. Because of the complex nature of the ITC
data at pH 7 in the presence of phosphate, it was not possible
to use this technique to determine an apparent iron binding
constant for nFbpA at this pH. An alternate method, DSC,
was therefore used to estimate the apparent binding constant
of iron to wild-type nFbpA at this pH.

Figure 4C presents denaturation thermograms for apo-
nFbpA and holo-nFbpA in the presence of increasing iron

in 0.1 M phosphate, 30 mM citrate, 10 mM Tris buffer, pH
7. Unfolding of nFbpA is irreversible under these conditions;
rescanning the samples results in little to no endotherm, and
a white precipitate is found in the calorimetry cell following
the experiment. Although unfolding is irreversible, Sa´nchez-
Ruiz (33) has shown that the unfolding process can be
modeled as reversible provided the shape and location of
the unfolding thermogram (peak) are independent of scan
rate. The thermogram shape and position were essentially
identical for scan rates of 0.5 and 1°C/min in our experi-
ments, and the DSC data were therefore analyzed according
to the two-state equilibrium model of Privalov (34) assuming
no difference in the heat capacities of the native and
denatured protein.

The DSC results support the binding of one iron per apo-
nFbpA molecule. When the ratio of iron to nFbpA is greater
than one, the shape of the thermograms does not change,
and only a shift in the peak to a higher melting temperature
Tm is observed. In addition, the shape of the thermogram
for nFbpA in the presence of equimolar amounts of iron and
nFbpA is independent of the total concentration of iron and
nFbpA up to a nFbpA concentration of 7 mg/mL. Binding
thermodynamics for this system can therefore be determined
from a global fit of the two-dimensional DSC model of
Creagh et al. (28) to the DSC data by assuming that all
transitions are two-state and the ligand binds only to the

FIGURE 4: Raw data (A) and integrated heat changes fitted to one-
site model (B) of ITC titration of 138µM wild-type nFbpA with
3.5 mM FeCl3 in 0.1 M phosphate, 30 mM citrate, 10 mM Tris
buffer, pH 8. DSC scans (C) of nFbpA in 0.1 M phosphate, 30
mM citrate, 10 mM Tris pH 7 with different Fe-nFbpA ratios.
Protein concentration varied in the samples from 0.12 to 0.16 mM,
and the scan rate was 1°C/min. For better understanding, DSC
scans are arbitrarily shifted by the ordinate scale.
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native state of the protein. On the basis of this approach,
∆HN-U(Tm), K(Tm), ∆Cp(Tm), and Tm (60.3 °C) data from
DSC results for apo-nFbpA at pH 7 were used to regress a
value forKb(Tm) of 1.8× 105 M-1. Using∆Hb,appand∆Cpb

from ITC results then allows determination of an apparent
binding constant for iron to nFbpA at 25°C, (1.7( 0.4)×
105 M-1. This value is similar to that determined by ITC for
iron binding to nFbpA in the presence of phosphate at pH 8
and 25°C.

DISCUSSION

Phosphate as a Synergistic Anion.Of the physiological
inorganic anions tested, phosphate is the strongly preferred
synergistic anion for ferric binding to native and mutant
nFbpA’s (Figure 2). Carbonate anion was described as
promoting ferric binding (13) and is able to replace phosphate
in native nFbpA with prolonged incubation (21). The present
assay demonstrates that nFbpA plus anion can directly
compete for ferric ions with polymerization of ferric
hydroxide. In this assay, carbonate is a much poorer
synergistic anion than phosphate, suggesting that carbonate
is not preferred for ferric ion uptake within the periplasm,
where sufficient phosphate is available. Equimolar citrate
also failed to enhance ferric binding to nFbpA by this assay.
Vanadate (VO43-) is able to substitute partially for phosphate
in native nFbpA. On the basis of the similar extinction
coefficients for hTf and nFbpA (21, 35), we assume that
molar absorptivity from bound iron does not depend on the
nature or presence of the anion but is primarily determined
by the number of coordinating tyrosines.

Interestingly, although sulfate is structurally similar to
phosphate, little synergistic activity is observed. In the crystal
structures of HitA and nFbpA, two of the three available
phosphate oxygen atoms form hydrogen bonds with protein
groups. Asn193, Asn175, and the main-chain amide of
Gly140 are proton donors to one of these oxygens. The
second oxygen of the phosphate appears to be a hydrogen
bond donor to the Oε1 atom of the Gln58 side-chain amide,
indicating that the phosphate is bound in a protonated form.
The fourth oxygen of phosphate bound to nFbpA does not
interact with protein groups and is satisfied by water
molecules instead. This free phosphate oxygen allows nFbpA
to bind phosphate in both the mono- and dibasic forms. The
structural determinants for specificity of phosphate over
sulfate may be determined by the protonation state of the
anion. At pH 8, sulfate (SO42-) is unprotonated, whereas
phosphate is protonated (HPO4

-). Structural analysis and
mutagenesis of a periplasmic binding protein that specifically
recognizes phosphate but not sulfate reveal that Asp56 is
the key determinant of specificity (36, 37). The side-chain
carboxylate of Asp56 acts as a hydrogen bond acceptor from
bound dibasic phosphate. A requirement for a protonated
phosphate for interaction with residue Gln58 of nFbpA would
suggest that this residue plays a similar role in the specificity
of phosphate over sulfate. Thus, as expected, the Q58E
mutation does not greatly reduce phosphate synergism.
Vanadate is also unprotonated at pH 9 but appears to be
synergistic, likely due to a stronger interaction with ferric
iron than sulfate. The Q58E mutation which introduces a
negative charge into the anion binding site further weakens
the interaction of vanadate with nFbpA, resulting in an
observed loss of synergism (Figure 2C).

NTA, an organic nonphysiological ferric chelator, pro-
motes ferric binding to nFbpA. NTA appears to be a
universal synergistic anion, promoting ferric binding equally
to mutant and native forms, suggesting that NTA binds
independently of the nature of the phosphate binding site.
NTA, pyrophosphate, and oxalate were found by UV-visible
studies to be able to form Fe3+-nFbpA-anion complexes
(21, 38). In hTf, a number of organic anions such as
glyoxylate, glycolate, thioglycolate, glycine, oxalate, mal-
onate bind weakly at the anion-binding site and substitute
partially for bicarbonate (29, 39). Recently, the crystal
structure of the H9Q mutant of HitA revealed that EDTA
may coordinate to the bound ferric ion; however, the overall
structure is in an apo-like open conformation (40) analogous
to the open structure for NTA observed by native electro-
phoresis.

Ferric-Phosphate CooperatiVity. Phosphate binding is
essential for forming the completely closed conformation of
nFbpA (Figure 3A). Of all anions tested, none yield a
nativelike closed conformation as observed in wild-type
nFbpA, including NTA and vanadate, which are synergistic.
Phosphate is poorly synergistic for iron binding to G140H
and Q58R nFbpA, indicating that phosphate binding is
important for iron binding. In addition, these mutants do not
form the fully closed nFbpA conformation in the presence
of phosphate (Figure 3A). These results suggest that the role
of phosphate is not primarily to promote ferric binding but
to stabilize the closed protein conformation to limit iron
release. Interestingly, iron release is found to occur after
protonation and dissociation of the phosphate from the
protein (41). The native gel and calorimetry experiments are
performed under equilibrium conditions, and kinetic data are
needed to provide a complete description of the functional
role of the phosphate.

Weakening of the phosphate nFbpA interaction strengthens
the ferric tyrosine ligand interaction as shown by the blue
shift in the visible absorption maxima. In general, the
wavelength of maximum absorbance may indicate if ferric
ions are bound in the closed conformation. Forms of nFbpA
with a closed conformation (native and Q58E nFbpA with
phosphate) show absorbance maxima at 480 nm, whereas
for the open forms (native and mutant nFbpA’s with NTA
or vanadate, G140H and Q58R nFbpA with any anion) the
maxima are shifted to the 430-460 nm region.

Thermodynamics of Ferric Binding to nFbpA and Fe(III)
Speciation.While our initial spectroscopic studies confirm
the role of the phosphate anion as the physiologically relevant
synergistic ion, they do not quantify iron binding thermo-
dynamics in the absence and presence of phosphate. Two
modes of calorimetry were therefore used to further study
nFbpA binding thermodynamics with the aim of establishing
a more accurate comparison with the iron binding properties
of human transferrin. All calorimetry experiments were
performed in the presence of 30 mM citrate as a chelating
ligand to keep iron soluble and as a competing agent to be
able to measure the high binding affinity of nFbpA for iron.
Our ITC results indicate that the apparent association
constant,Kapp, of iron to nFbpA in the presence of phosphate
is 1 order of magnitude larger than in its absence.

In the absence of phosphate, citrate serves as the sole
ligand for the ferric ion. On the basis of the set of iron-
citrate complexes and associated formation constants reported
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by Aisen et al. (26, 42, 43), our ITC data give aK′eff for
wild-type nFbpA of ca. 2× 1019 M-1 at pH 7 and 6× 1020

M-1 at pH 8 (Table 2). Using the same set of iron-citrate
complexes and formation constants, Dhungana et al. (38)
report aK′eff of 1.4 × 1017 M-1 for ferric binding to nFbpA
at pH 6.5 in the presence of citrate based on spectroscopic
determination of [Fe-nFbpA]. Considering differences in
pH, the results from the two independent methods are
therefore fairly similar, indicating (particularly in the case
of our results) that nFbpA binds iron with sufficient affinity
to effectively eliminate any free iron (i.e., [Fe3+] ≈ 0) from
the solution phase at total iron concentrations below the total
concentration of nFbpA.

The value ofK′eff derived from either ITC or spectro-
scopic data is, however, very sensitive to the set of iron-
citrate complexes assumed present in the reaction mixture
at the reaction pH. A number of iron-citrate species have
been reported from potentiometric, polarographic, spectro-
photometric, and magnetic susceptibility data (42-47).
Regrettably, these studies, many of which were carried out
prior to 1980, are highly conflicting; there is significant
disagreement as to which ferric-citrate species (complexes)
form, and, for a given species, there are usually differences
in the reported formation constants. In addition, most of these
studies were carried out under acidic conditions. In their
studies of iron binding to transferrin, Aisen et al. (26) used
a composite set of formation constants from the studies of
Warner and Weber (43), in the pH range 1-5, augmented
with data of Spiro et al. (42) taken in the pH range 7-10.
However, Ribas et al. (46) have more recently used poten-
tiometric titrations to provide a more comprehensive picture
of iron-citrate speciation over the pH range 1.4-9.7. If the
formation constants from this more complete analysis are
used to calculateK′eff from ITC data, values 4-6 orders of
magnitude higher than those calculated using the Aisen
constants are obtained (Table 2).

The iron-citrate speciation data used by Aisen et al. (26)
and the more comprehensive data of Ribas et al. (46) were
also each used to calculateK′eff for iron binding to nFbpA in
the presence of phosphate (Table 2). Using either the Aisen
constants (26) or the Ribas constants (46), K′eff is 1 order of
magnitude higher in the presence of phosphate than in its
absence at pH 8 (Table 2). Dhungana et al. (38) also reported
a 1 order of magnitude increase inK′eff when phosphate is
present at pH 6.5.

Our ITC studies show that the mutant Q58E has similar
binding characteristics to wild-type nFbpA. The other two

mutants studied, Q58R and G140H, however, display
significantly different binding thermodynamics for iron
binding.

From DSC scans, the difference inTm between the apo-
and holo-forms of wild-type nFbpA, 6.2°C is not as large
as observed for the C- or N-lobes of hTf (29 and 19°C,
respectively), which suggests a much lower apparent binding
constant for Fe-citrate to nFbpA than for Fe-NTA to hTf.
Indeed, the calculated apparent binding constant of iron to
nFbpA by DSC is 8-16 orders of magnitude lower than that
calculated from DSC data for hTf in the presence of Fe-
NTA (1:2 molar ratio) and 25 mM bicarbonate at pH 7.5
(1.1 × 1022 M-1 for the C-site and 8× 1013 M-1 for the
N-site) (27). Although the higher values for hTf may be
overestimates because theTm values were controlled by
kinetic factors at the scan rates used in the DSC experiments,
nFbpA is unlikely to directly outcompete hTf for ferric ion,
supporting a model for active transport of iron across the
outer membrane.

Comparison to Transferrin. On the basis of the crystal
structures of apo- and holo-HitA, Bruns et al. proposed that
phosphate binds first to HitA preparing the protein for high
affinity iron binding (16, 48). In hTf, carbonate is a bidentate
ligand that forms extensive hydrogen bond interactions with
Arg124, Thr120 and backbone amides. The carbonate anion
is proposed to bind first and neutralize the positive charge
of Arg124 to prepare the site for metal binding by providing
two potential ligands (29). In nFbpA, there are no positively
charged groups near the active site and the anion provides
only one ligand for the metal, and the active site in nFbpA
is more solvent exposed than in transferrin (48). All these
factors can explain why the affinity of wild-type nFbpA for
iron in the absence of phosphate is only 10× weaker than
in the presence of phosphate (apparent binding constants of
1.6 × 104 versus 1.7× 105 M-1 in 30 mM citrate, 10 mM
Tris buffer pH 7). Furthermore, when excess iron is added
to nFbpA in the presence of citrate but without phosphate,
iron can bind and partly close the protein (Figure 3C). For
hTf, the difference in apparent binding constants in the
presence and absence of carbonate is much larger: 15 orders
of magnitude for the C-lobe and 7 orders of magnitude for
the N-lobe (27, 49). By dialysis, the phosphate bound to holo-
nFbpA may be replaced with other anions such as pyro-
phosphate, NTA, citrate, and carbonate (38). Interestingly,
replacement of phosphate by these anions reduce the ferric
binding constant by only 20× (38), suggesting that the nature
of the anion is not critical for high-affinity iron binding.

Table 2: Calculated Free Ferric Ion Concentrationa andK′eff
a for Fe3+ Binding to nFbpA from ITC Data and Multiple-Chemical Equilibriab

protein [Fe3+]free (M)c K′eff (M-1)c [Fe3+]free (M)d K′eff (M-1)d

In the Absence of Phosphate
wild-type 4× 10-21 6 × 1020 6 × 10-27 4 × 1026

wild-typee (1.4( 0.1)× 10-19 (2 ( 1) × 1019 (7.3( 0.7)× 10-24 (3 ( 2) × 1023

In the Presence of Phosphate
wild-type (2.7( 0.2)× 10-21 (7.2( 0.4)× 1021 (3.5( 0.2)× 10-27 (5.5( 0.3)× 1027

Q58E (2.4( 0.7)× 10-21 (3 ( 3) × 1021 (3 ( 1) × 10-27 (2 ( 2) × 1027

Q58R (4.5( 0.1)× 10-21 (6.0( 0.1)× 1020 (5.8( 0.1)× 10-27 (4.6( 0.1)× 1026

G140H (3.2( 0.2)× 10-21 (6 ( 2) × 1020 (4.2( 0.3)× 10-27 (4 ( 1) × 1026

a Values reported are the averages of values calculated for data points in the center of the ITC titration, i.e., when the change in [Fe-nFbpA]
is most significant.b All solutions are 30 mM citrate, 10 mM Tris and pH 8 except where indicated; all ITC experiments were performed at 25°C.
c Calculated using composite set of iron-citrate complexes suggested by Aisen et al. (26). d Calculated using iron-citrate complexes reported by
Ribas et al. (46). e pH 7.
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However, phosphate appears to be essential for rapid iron
uptake and formation of the closed conformation of the
protein required for biological transport. The requirement
of phosphate for ferric binding supports a model of nFbpA
iron transport across the periplasm (38).
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