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ABSTRACT: Iron transport across the periplasmic space to the cytoplasmic membrane of certain Gram-
negative bacteria is mediated by a ferric binding protein (Fbp). This requires Fe3+ loading of Fbp at the
inner leaflet of the outer membrane. A synergistic anion is required for tight Fe3+ sequestration by Fbp.
Although phosphate fills this role in the protein isolated from bacterial cell lysates, nitrilotriacetate anion
(NTA) can also satisfy this requirement in vitro. Here, we report the kinetics and mechanism of Fe3+

loading of Fbp from Fe(NTA)aq in the presence of phosphate at pH 6.5. The reaction proceeds in four
kinetically distinguishable steps to produce Fe3+Fbp(PO4) as a final product. The first three steps exhibit
half-lives ranging from ca. 20 ms to 0.5 min, depending on the concentrations, and produce Fe3+Fbp-
(NTA) as an intermediate product of significant stability. The rate for the first step is accelerated with an
increasing phosphate concentration, while that of the third step is retarded by phosphate. Conversion of
Fe3+Fbp(NTA) to Fe3+Fbp(PO4) in the fourth step is a slow process (half-life∼ 2 h) and is facilitated by
free phosphate. A mechanism for the Fe3+-loading process is proposed in which the synergistic anions,
phosphate and NTA, play key roles. These data suggest that not only is a synergistic anion required for
tight Fe3+ sequestration by Fbp, but also the synergistic anion plays a critical role in the process of inserting
Fe3+ into the Fbp binding site.

We are investigating the mechanism of the ferric binding
protein (FbpA)-mediated1 iron transport in pathogenicNeis-
seria spp. (N. gonorrheaeand N. meningitidis) and other
Gram-negative bacteria. For pathogenicNeisseriaspp., iron
transport from human-serum transferrin, docked at outer
membrane receptors, into the periplasm is facilitated by FbpA
that functions as a periplasmic binding protein (1, 2). An
investigation of the mechanism for this process is of
importance, because acquisition of growth-essential iron from
the infected host is related to virulence. A fundamental
understanding of iron transport may provide a basis for the
control of disease mediated by pathogenicNeisseriaspp. and
extrapolated to other microbial pathogens (1).

Two hypotheses that are relevant to the mechanism of
FbpA-mediated periplasmic iron transport are currently being
explored by our laboratories. In the first hypothesis, iron

released from receptor-docked transferrin is assisted by Fe3+

f Fe2+ reduction and subsequent sequestration by FbpA
occurs at the inner leaflet of the outer membrane, followed
by reoxidation to Fe3+ (3, 4). In the second hypothesis, iron
removal from transferrin, transported across the outer
membrane, and sequestration by Fbp proceed without change
in the iron (+3) oxidation state. In both hypotheses, a
synergistic anion associated with the binding site plays an
important structural and thermodynamic role in iron binding
and release by FbpA.

FbpA is a mono-lobal protein of 35 kDa with a single
iron binding site between two domains. In the crystal struc-
ture of the wild-type recombinant form of iron-loaded FbpA,
water and monodentate phosphate ligands are bound in the
first coordination shell of Fe3+ (5). The presence of this
synergistic phosphate anion is required for tight Fe3+ seques-
tration by FbpA (Kb ) 1018 M-1 in the presence of phos-
phate) (3). This is also the case for mammalian transferrin,
where carbonate serves as the synergistic anion required for
iron sequestration (6). FbpA exhibits a binding-site tertiary
structure similar to that of mammalian transferrin, as well
as similar coordinating amino acid side chains (two tyrosines,
a histidine, and a glutamate for FbpA and two tyrosines, a
histidine, and an aspartate for mammalian transferrin) (5, 7,
8). In addition to the structural similarities between FbpA
and the transferrins, FbpA is also functionally similar to
mammalian transferrin because both proteins transport tightly
bound iron between membrane receptors in vivo.

A structural role for phosphate in the apo form of FbpA
is supported by the presence of a phosphate anion associated
with the anion binding site in the crystal structure of apo
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hFbp (9). The PO4
3- anion is within hydrogen-bonding

distance of several residues of the anion-binding helix as
well as tyrosine 196, a residue utilized in Fe3+ binding. This
is illustrated in Figure 1, on the basis of the crystal structure
of apo hFbpA. This result has led us to postulate that the
presence of the phosphate anion serves to preorganize the
C-terminal binding-site domain for iron binding. On the basis
of a comparison of the crystal structures for the apo and holo
forms of Fbp, we may conclude that the N-terminal binding-
site domain reorganizes upon Fe3+ binding and the two
domains clamp shut with a 21° rotation about the central
interdomain hinge (5, 9).

In this paper, we report the kinetics and mechanism of
Fe3+ insertion into Fbp via a nonredox process mediated by
the exogenous anion, phosphate. Our kinetic results expand
on the structural (5, 9) and thermodynamic (3, 4) roles
previously identified for the phosphate synergistic anion and
have important implications in the mechanism of iron loading
into Fbp. Results reported here complement our recent Fbp-
kinetics study that identified the importance of the synergistic
anion in the proton-driven dissociation of Fe3+ (10). The
significance of our solution-kinetics studies is enhanced by
the fact that Fbp is one of the few periplasmic binding
proteins whose solid-state structure is known for both the
liganded (holo) and free (apo) states of the protein (5, 9).
Our kinetic studies represent a “real-time” investigation of
the dynamic processes that occur between these two solid-
state structures.

EXPERIMENTAL PROCEDURES

Materials.Deionized water was used in all experiments.
Stock solutions of NaOH (Fisher Chemicals), nitrilotriacetic
acid trisodium salt monohydrate (Acros), MES (Sigma-
Aldrich), acetohydroxamic acid (Sigma-Aldrich), and Na2-
HPO4 (Sigma-Aldrich) were used without further purifica-
tion. Desferrioxamine B solutions were prepared from the
recrystallized mesylate salt. A stock solution of NaClO4 was
prepared from anhydrous NaClO4 (Sigma-Aldrich), filtered,
and standardized by passage through a DOWEX 50W-X8
strong acid cation exchange column in the H+ form by
titration against standard NaOH to the phenolphthalein end
point. A Fe(NTA)aq working solution was prepared by slow
addition of the appropriate volume of an acidic Fe(ClO4)3

stock solution (0.087 M Fe(ClO4)3/0.1 M HClO4) to a
vigorously stirred solution of nitrilotriacetic acid trisodium
salt monohydrate (NTA) in MES buffer (final molar ratio
of Fe3+:NTA ) 1:1.05). A MES buffer (50 mM) at pH 6.5
andI ) 0.15 (NaClO4) was used in all experiments. All Fe-
(NTA)aq working solutions (0.4-4 mM) were allowed to
stabilize>1 h after preparation prior to use. Recombinant
Fbp was prepared by a variation of the previously described
method (11). In all kinetic experiments probing phosphate
dependence, phosphate was present in both Fbp and Fe-
(NTA)aq solutions prior to mixing.

Physical Measurements.Spectral studies were performed
using a Varian Cary 100-Bio UV-Vis spectrophotometer

FIGURE 1: Anion binding site in C-terminal domain of apo hFbp. Probable hydrogen-bonding interactions with phosphate with distances
in angstroms are as follows: (1) Ser 139 OH, 1.627; (2) Gly 140 backbone NH, 1.926; (3) Ala 141 backbone NH, 1.972; (4) Asn 193 NH,
1.983; (5) Tyr 196 OH, 2.192. Data obtained from PDB 1D9V and the model formulated using Prekin and Mage (28) and Reduce and
Probe (29).
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and Applied Photophysics stopped-flow (SX.18 MV) equipped
with a diode array spectrophotometer with an approximate
range of 380-750 nm for rapid-scan measurements. Kinetic
studies were performed using an Applied Photophysics
stopped-flow spectrophotometer (SX.18 MV) in absorbance
and fluorescence mode at 463 and 280 nm, respectively. Data
were analyzed using Applied Photophysics kinetic software.
Reactions were monitored in both time-resolved fluorescence
and absorbance modes, with equivalent values ofkobs

obtained for both detection modes. All kinetic data illustrated
in the figures are from fluorescence measurements and were
performed under pseudo-first-order conditions of excess Fe-
(NTA)aq, at 25°C, pH 6.5, andI ) 0.15 (NaClO4). Buffer
pH adjustments were made using an Orion pH-meter model
230 A. Each kinetic data point in the figures represents an
average of 3-7 replicate runs. Estimated errors are less than
the data-point size.

RESULTS

General ObserVations.The kinetics of delivery of Fe3+

to Fbp were investigated at pH 6.5, the estimated pH of the
periplasm where the protein resides in vivo (12). This
necessitates using chelated Fe3+ to prevent hydrolysis and
precipitation. Fe(NTA)aq was selected as an Fe3+ chelate
source to load Fbp because of its well-characterized aqueous-
solution chemistry (13, 14) and wide use in mammalian-
transferrin-loading experiments. The overall reaction inves-
tigated is that shown in eq 1. The exchange of Fe3+ from

Fe(NTA)aq to Fbp at pH 6.5 proceeds in four kinetically
distinguishable steps as illustrated in Scheme 1. The numbers
in parentheses represent the half-time of each kinetic step
when [Fe(NTA)aq] ) 0.1 mM, [HxPO4

y-] ) 1 mM, and [Fbp]
) 7 µM. Px (x ) 1-4) represents the product of each step.

After mixing solutions containing Fe(NTA)aq and phos-
phate, the equilibria in Scheme 2 are rapidly established (14).
Equilibrium data show that at our experimental conditions
(pH 6.5) only one phosphate molecule is bound per molecule
of Fe(NTA)aq (14) and >90% is present as the ternary
complex Fe(NTA)(OH)(HxPO4)z- (15).

Figure 2A represents quasi-equilibrium absorbance spectra
for Steps I-III (P1, P2, and P3) and the final product Step
IV (P4) illustrated in Scheme 1. Spectrum P3 with λmax )
465 nm corresponds to that observed for FeFbp(NTA)
prepared independently (also shown in Figure 2A), while
spectra P1 and P2 exhibit λmax ∼ 465 nm but with different
absorbancies suggesting related but distinct species. Subse-
quently, in Step IV after a few hours,λmax is shifted to 480

Scheme 1

Scheme 2

FIGURE 2: (A) Absorbance spectra corresponding to quasi-
equilibrium species P1, P2, P3, and the final product P4 in Scheme
1. Conditions: [Fe(NTA)]tot ) 0.1 mM, [Fbp]) 50µM, [HxPO4

y-]
) 1.0 mM, [MES]) 50 mM at pH 6.5,I ) 0.15 (NaClO4). Quasi-
equilibrium spectra were obtained by choosing the appropriate
spectrum from rapid-scan measurements after each kinetic step
using the Applied Photophysics SX.18 stopped-flow diode array
spectrophotometer. The spectrum labeled FeFbpNTA was obtained
by mixing equal concentrations of Fbp and Fe(NTA)aq and
equilibrating for 30 min, filtering, and diluting to give the following
final conditions: [FeFbpNTA]) 70 µM, [MES] ) 50 mM at pH
6.5, I ) 0.15 (NaClO4). (B) Bottom spectrum: FeFbp(NTA) was
obtained by mixing equal concentrations of Fbp and Fe(NTA)aq
and equilibrating for 30 min, followed by filtration and dilution.
Conditions: [Fe(NTA)]tot ) [Fbp] ) 70 µM, [MES] ) 50 mM at
pH 6.5, I ) 0.15 (NaClO4). Middle spectrum: FeFbp(PO4) was
obtained by adding HxPO4

y- to FeFbp(NTA) and equilibrating for
∼4 h. Conditions: [Fe3+]tot ) 70µM, [MES] ) 50 mM, [HxPO4

y-]
) 5 mM at pH 6.5,I ) 0.15 (NaClO4). Top spectrum: FeFbpNTA#
was obtained by adding NTA to Fe-Fbp-PO4 and equilibrating
for ∼2 h. Conditions: [Fe3+]tot ) 100 µM, [NTA] tot ) 500 µM,
[MES] ) 50 mM at pH 6.5,I ) 0.15 (NaClO4).

Fbp+ HxPO4
y- + Fe(NTA)aq f FeFbpPO4 + NTA (1)
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nm, which corresponds to the phosphate substitution of NTA
to give FeFbp(PO4) (P4 spectrum, Figure 2A) (16). Step IV
is reversible as illustrated in Figure 2B, where the spectrum
of FeFbp(NTA) is generated by reacting FeFbp(PO4) with
NTA and vice versa.

Evidence for the pivotal role of phosphate in the Fe3+

insertion reaction can be deduced by the observation that in
the absence of phosphate the rates are significantly altered
and only two steps corresponding to Steps II and III in
Scheme 1 are observed (see results associated with Scheme
4 as described below).

Kinetic Data in the Presence of Phosphate.Our working
model for the overall process described in eq 1 and Scheme
1 is illustrated in Scheme 3, where Step I in Scheme 1
corresponds to eqs 2-4, Step II, to eqs 2-5, Step III, to eqs
6 and 7, and Step IV, to eq 8.

In Step I (eqs 2-4), the observed pseudo-first-order rate
constant (kI

obs) is dependent on both phosphate and Fe-
(NTA)tot concentrations (Figure 3). Increasing the concentra-
tion of phosphate or Fe(NTA)tot results in an increased change
in the fluorescence signal amplitude, indicating a shift of

the equilibrium toward the products represented as P1.
Consequently, the intercept in Figure 3 may be attributed to
the back reaction, which is represented as the reverse of eq
4. Because both Fe(NTA)aq and Fbp react with phosphate
ions producing FbpPO4 and a ternary Fe3+ complex
Fe(NTA)(OH)(HxPO4)y- (9, 14, 15, 17), a mechanism for
Step I can be written as depicted in eqs 2-4 in Scheme 3.
At pseudo-first-order conditions ([Fe3+] . [Fbp]) and
assuming eqs 2 and 3 are rapid preequilibria to the rate-
determining eq 4, we obtain eq 9. BecauseK2 is relatively

large (logK2 ) 6.84) (17) and, at our experimental conditions
>90% (in most cases>95%) of Fe(NTA)aq, is in the Fe-
NTA-phosphate form, eq 9 can be further simplified to eq
10 (15). A fit of eq 10 to the experimental data in Figure 3

while holdingK1 constant at its literature value (K1 ) 4.2×
102 M-1) (9) produces the values for parametersk3, k-3, and
k′-3 listed in Table 1. We can eliminate phosphate-free Fbp
and Fe(NTA)aq as a reactive species in Step I because of a
poor fit of the derived rate expressions to the experimental
data when they are included.

The data in Figure 4 illustrate the variation of the observed
rate constant (kobs

II ) with respect to both the Fe(NTA)tot and
phosphate concentrations for Step II (Scheme 1). If we
consider that eqs 2-4 are rapid preequilibria to eq 5 (the
rate-determining reaction in Step II), eq 11 can be derived.
Equation 11 was fit to the data presented in Figure 4A to

Scheme 3a

a Water ligands are not shown for simplicity. Species marked with a single and double asterisk represent the transient kinetic intermediates that
are not isolated. Tentative structures are illustrated in Scheme 5.

FIGURE 3: kobs
I versus [HxPO4

y-] (b) and [Fe(NTA)]tot (15) (9) for
Step I (Scheme 1) of eq 1. Conditions: (b), [FeNTA]tot ) 0.1 mM,
[Fbp] ) 7 µM at pH 6.5, I ) 0.15 (NaClO4) at 25 °C. (9),
[HxPO4

y-] ) 5 mM, [Fbp] ) 7 µM at pH 6.5,I ) 0.15 (NaClO4)
at 25°C. In both cases, the solid line represents a fit of eq 10 to
the data.

kobs
I )

k3K1K2[HxPO4
y-]2[Fe(NTA)]tot

1 + (K1 + K2)[HxPO4
y-] + K1K2[HxPO4

y-]2

+ k-3[HxPO4
y-] + k′-3 (9)

kobs
I )

k3K1[HxPO4
y-]

1 + K1[HxPO4
y-]

[Fe(NTA)]tot +

k-3[HxPO4
y-] + k′-3 (10)

kobs
II )

k4K1K3[Fe(NTA)]tot

1 + K1[HxPO4
y-] + K1K3[Fe(NTA)]tot

+ k-4 (11)
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obtain values fork4, k-4, andK3, which are listed in Table 1
for the case whereK1 was held constant at its previously
reported value (9). TreatingK1 as an adjustable parameter
yields a value consistent with that previously reported in the
literature and comparable values fork4, k-4, andK3, although

with larger standard deviations. At the conditions of the
variable phosphate kinetic experiments shown in Figure 4B,
the denominator in the first term of eq 11 is dominated by
theK1K3[Fe(NTA)]tot term and consequently eq 11 simplifies
to kobs

II ≈ k4 + k-4. The constant value observed forkobs
II in

Figure 4B (0.64 s-1) is consistent with the sum ofk4 and
k-4 obtained from a fit of eq 11 to the data in Figure 4A,
within experimental error.

In Step III (Scheme 1),kobs
III was found to be inversely

dependent on the phosphate concentration and independent
of the [Fe(NTA)]tot concentration (Figure 5). The simplest
mechanism consistent with these data is depicted in eqs 6
and 7 (Scheme 3), where eq 6 is a rapid equilibrium step
prior to eq 7, and the rate law is depicted in eq 12. A fit of
eq 12 to the data in Figure 5 yields thek6 andK5 parameters
listed in Table 1. Including a term for the reverse of eq 7

did not improve the fit. Consequently, we conclude that at
our experimental conditions the back reaction in Step III is
negligible.

The product of Step III is the NTA form of iron-Fbp,
FeFbp(NTA), where NTA is the synergistic anion required
for tight iron binding. This is established by the spectra
shown in Figure 2, which are consistent with our previous

Table 1: Microscopic Rate and Equilibrium Constants

parameter equation number valuea comment

K1 2, 9, 10 4.2× 102 M-1 b
K2 3, 9 6.9× 106 M-1 c
k3 4, 9, 10 3.6(0.2)× 104 M-1 s-1 d
K3 4, 11 1.5(0.8)× 102 e
k-3 4, 9, 10 5.2(1.5)× 103 M-1 s-1 d
k′-3 4, 9, 10 2.0(0.3)× 101 s-1 d
k4 5, 11 0.52(0.08) s-1 e
k-4 5, 11 0.3(0.1) s-1 e
K5 6, 12 3.0(0.3)× 10-3 M f
k6 7, 12 2.47(0.05)× 10-2 s-1 f
k7 14, 16 2.6(0.1)× 103 M-1 s-1 g
k-7 14, 16 0.24(0.03) s-1 g
k8 15 2.2(0.1)× 10-2 s-1 h

a Number in parentheses denotes the standard deviation.b ref 9. c ref
17. d Value was obtained from a fit of eq 10 to the data (Figure 3),
whereK1 was fixed at 4.2× 102 M-1. e Value was obtained from a fit
of eq 11 to the data (Figure 4A).f Value was obtained from a fit of eq
12 to the data (Figure 5A).g Value was obtained from a fit of eq 16 to
the data (Figure 6).h Value was obtained from the data in Figure 6.

FIGURE 4: (A) kobs
II versus [Fe(NTA)]tot for Step II (Scheme 1) of

eq 1. Conditions: [HxPO4
y-] ) 5 mM, [Fbp] ) 7 µM at pH 6.5,I

) 0.15 (NaClO4) at 25°C. The solid line represents a fit of eq 11
to the data. (B)kobs

II versus [HxPO4
y-] for Step II (Scheme 1) of eq

1. Conditions: [Fe(NTA)]tot ) 0.2 mM, [Fbp]) 7 µM at pH 6.5,
I ) 0.15 (NaClO4) at 25°C. The solid line represents a fit of eq 11
to the data at the experimental conditions, wherekobs

II ≈ k4 + k-4;
see the text.

FIGURE 5: (A) kobs
III versus [HxPO4

y-] for Step III (Scheme 1) of eq
1. Conditions: [Fe(NTA)]tot ) 0.1 mM, [Fbp]) 7 µM at pH 6.5,
I ) 0.15 (NaClO4). The solid line represents a fit of eq 12 to the
data. (B)kobs

III versus [Fe(NTA)]tot (15) for Step III (Scheme 1) of
eq 1. Conditions: [HxPO4

y-] ) 0.5 mM, [Fbp]) 7 µM at pH 6.5,
I ) 0.15 (NaClO4) at 25°C.

kobs
III )

k6K5

K5 + [HxPO4
y-]

(12)
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observations (4). In Step IV, the phosphate anion slowly
exchanges with NTA in two stages to produce FeFbp(PO4)
as the final product. The kinetics and mechanism of Step
IV as illustrated in the anion exchange reaction (eq 8) will
be reported in detail elsewhere (18), because the focus of
this paper is the phosphate-anion-assisted insertion of Fe3+

into apo Fbp.
Other ReleVant FeNTAaq Ligation Reactions in the Pres-

ence of Phosphate.To evaluate the uniqueness of the
phosphate dependence observed in the exchange of Fe3+

between NTA and Fbp (eq 1), we investigated the influence
of the phosphate ion on the kinetics of eq 13 at pH 6.5, where
L ) acetohydroxamic acid or desferrioxamine B (H4DFB+),

and FeL represents tris(acetohydroxamato)iron(III) (Fe-
(CH3C(O)N(O)H)3) or ferrioxamine B (FeHDFB+). Proton
stoichiometries are omitted for simplicity. The reaction
conditions were [Fe(NTA)]tot ) 0.1 mM, [L] ) 1 mM,
[MES] ) 50 mM, I ) 0.15 (NaClO4), and pH 6.5. The
observed pseudo-first-order rate constant for eq 13 is
independent of the phosphate concentration (data not shown)
up to 10 mM (100-fold molar excess over Fe(NTA)aq) for
both L ) acetohydroxamic acid (kobs ) 1.2 × 102 s-1) or
desferrioxamine B (kobs ) 2.0 × 101 s-1). Clearly, there is
no phosphate anion effect on the kinetics of eq 13, which is
strongly suggestive of a specific mechanism for the phos-
phate anion effect on the kinetics of Fe3+ exchange between
FeNTAaq and apo Fbp (eq 1).

Fe(NTA)aq Reaction with Fbp in the Absence of Phosphate.
To further explore the critical role of phosphate in the
exchange of Fe3+ from Fe(NTA)aq to apo Fbp, we investi-
gated the process in the absence of phosphate. In this case,
only two steps appear in the formation of FeFbp(NTA), as
illustrated in Scheme 4. The numbers in parentheses in
Scheme 4 represent the half-time of each kinetic step at the
following conditions: [Fe(NTA)aq] ) 0.1 mM, [Fbp] ) 7
µM, MES ) 50 mM at pH 6.5, andI ) 0.15 M (NaClO4).
Changes in the fluorescence signal amplitudes for Steps Ia
and IIa are equivalent. Spectra corresponding to the quasi-
equilibrium species P1a and equilibrium species P2a exhibit
λmax at 465 nm, corresponding to FeFbp(NTA) (4). Fe3+

insertion from FeNTAaq into apo Fbp may be viewed as a
two-step process as illustrated in eqs 14 and 15, where
FeFbpNTA* represents Fe(NTA) that is only partially
sequestered by Fbp. Thekobs values for eq 14 are linearly

dependent on [Fe(NTA)aq] (Figure 6). A fit of eq 16 to the

data in Figure 6 for eq 14 yieldsk7 ) 2.6(0.1)× 103 M-1

s-1 andk-7 ) 0.24(0.03) s-1 from the slope and intercept.

Thekobsvalues for eq 15 exhibit no Fe(NTA)aq concentration
dependence (Figure 6) andk8 ) 2.2(0.1)× 10-2 s-1.

DISCUSSION

Results presented here clearly demonstrate that phosphate
plays a role in inserting Fe3+ into apo Fbp from FeNTAaq.
Furthermore, this kinetic role is distinct from the thermo-
dynamic role that phosphate plays as an exogenous anion
required for the tight sequestration of Fe3+ by Fbp in the
ternary assembly FeFbp(PO4) (3, 4). This is illustrated on a
qualitative level by comparison of Schemes 1 and 4 for the
Fe3+-insertion process in the presence and absence of
phosphate, respectively. Both processes produce FeFbp-
(NTA) (P3 in Scheme 1 and P2a in Scheme 4), but at different
rates and in a different number of kinetically distinguishable
steps. The kinetics of Scheme 1 are dependent on the
phosphate concentration. An additional slow step involving
exogenous anion exchange is added in the phosphate reaction
to produce the more stable FeFbp(PO4) as the final product.
The unique role of phosphate in the iron Fbp insertion
reaction is emphasized by the lack of phosphate influence
on eq 13 involving the exchange of Fe3+ between NTA and
acetohydroxamic acid or desferrioxamine B.

Scheme 5 is a molecular cartoon that summarizes our
model for phosphate-facilitated insertion of Fe3+ into Fbp.
In Step I (Scheme 1 and eqs 2-4), the phosphate anion
facilitates the initial Fe3+ insertion into Fbp. This is supported
by two observations: (1) the observed rate constant (kobs

I )
increases with increasing [HxPO4

y-] (Figure 3), and (2) a
comparison of the second-order rate constants for the rate-
determining process in the first step of Fe3+ insertion in the
presence (k3 ) 3.6× 104 M-1 s-1) and absence (k7 ) 2.6×
103 M-1 s-1) of phosphate shows a phosphate anion
enhancement (k3/k7 ≈ 15). This rate-constant increase in the
presence of phosphate suggests a catalytic role for this anion
in the Fe3+-insertion process. Because phosphate does not
similarly enhance the reaction of Fe(NTA)aq with acetohy-
droxamic acid or desferrioxamine B (eq 13), we can deduce
that this effect may be specific to the Fbp protein. Apparently,
the rate acceleration effect in Step I (Figure 3) comes from
a preequilibrium reaction involving phosphate and the protein

Scheme 4

FIGURE 6: Pseudo-first-order rate constants (kobs) versus [Fe-
(NTA)aq] for Step Ia, eq 14, (b) and Step IIa, eq 15, (9) in Scheme
4 in the absence of phosphate. Conditions: [Fbp]) 8 µM, [MES]
) 50 mM at pH 6.5,I ) 0.15 (NaClO4) at 25 °C. Solid line
represents a linear least-squares fit of eq 16 to the data for eq 14.

Fe(NTA)aq + L f FeL + NTA3- (13)

Fe(NTA)aq + Fbp {\}
k7

k-7
FeFbpNTA* (14)

FeFbpNTA*98
k8

FeFbp(NTA) (15)

kobs) k7[Fe(NTA)aq] + k-7 (16)
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(eq 2), represented in Scheme 5 as the preorganization of
tyrosines 195 and 196 in the C-terminal binding domain.
This preequilibrium is consistent with the X-ray crystal
structure of apo Fbp (9) that shows phosphate associated with
the anion binding site and hydrogen bonded to tyrosine 196
as illustrated in Figure 1. Our model is further supported by
the fact that whenK1 in eq 10 is treated as a variable
parameter the value obtained in our data analysis is in
reasonable agreement with the published value for phosphate
binding to apo Fbp (9). The phosphate in solution may
stabilize a specific protein tertiary structure by taking it from
a molten globule to a defined conformation that preorganizes
the C-terminal domain in a transition-state-like structure for
Fe3+ sequestration and thus is responsible for our observation
that k3 > k7.

In Scheme 5, we propose the initial FeNTAaq coordination
to His or Glu in the binding cleft based on the observed
absorbance and fluorescence amplitudes for Step I. Absor-
bance changes are consistent with ligation at the Fe3+ center.

Tyrosine fluorescence will be quenched by binding or close
proximity to the paramagnetic Fe3+ ion and hydrogen
bonding or dissociation of the phenolic proton (19). The ratio
of relative fluorescence amplitudes for Steps I-III are 10:
45:45%, consistent with the initial coordination through His
or Glu, rather than Tyr (data not shown). His and Glu
coordination are supported by the X-ray crystal structure for
holo Fbp (5).

The relative fluorescence amplitudes of 45% suggest direct
coordination of Fe3+ with the two tyrosine residues in Steps
II and III. The inverse phosphate ion dependence on the
observed rate constant in Step III (Figure 5A) arises from
the dissociation of phosphate from Fbp prior to the rate-
determining (k6) protein-binding site closure and coordination
of the second tyrosine to Fe3+ to form FeFbp(NTA) (Scheme
5). This interpretation is consistent withk6 ≈ k8 (Table 1)
because both eqs 7 and 15 involve the final stage of protein
closure to form FeFbp(NTA) and do not involve phosphate.

Scheme 5
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Step IV is a relatively slow exchange of a water and
phosphate for NTA in fully Fe3+-loaded FeFbp(NTA). The
incorporation of a water ligand along with the synergistic
anion in the first coordination shell of Fe3+ is one of the
distinguishing features of Fbp relative to mammalian trans-
ferrin. Our results show that Step IV occurs in two steps
involving a phosphate-independent and phosphate-dependent
process.

Previous kinetic studies of mammalian transferrin inves-
tigated the role of the iron chelate and synergistic carbonate
anion on the mechanisms of iron loading (20, 21). The Fe3+

exchange reaction between tris(acetohydroxamato)iron(III)
and transferrin was studied by Cowart and co-workers, who
report a role for the synergistic anion carbonate that is related
to that proposed here for phosphate (22). More recently, El
Hage Chahine and co-workers (23) propose three kinetic
steps in loading the tris(acetohydroxamato)iron(III) complex
into the C-lobe site of human transferrin, on the basis of
time-resolved fluorescence and absorbance data. Lindley and
co-workers utilized X-ray structural data for the 18 kDa NII
domain fragment of duck ovotransferrin to suggest the
formation of an iron-NTA-transferrin ternary complex
when iron is exchanged from Fe(NTA)aq to the protein (24).

Although FeFbp(PO4) is the thermodynamic end product
in our experiments, the fact that eq 1 in the presence of
phosphate produces FeFbp(NTA) as a stable initial product
suggests an important role for the amine carboxylate chelator
in the Fe3+-insertion process. This is consistent with the
recent crystal structure of a mutant form of Fbp in which
Fe3+ is partially sequestered by Fbp while still being
tetracoordinated to EDTA (25, 26).

This paper represents the time-dependent sequence of
events associated with closure of the interdomain hinge, a
dynamic Fe3+ sequestration process that induces the change
in conformation between the “static” solid-state structures
of apo and holo Fbp (5, 9). The phosphate anion has
previously been shown to influence the thermodynamics of
Fe3+ sequestration by Fbp (3, 4). An exogenous anion is
required for strong complexation of Fe3+ at the active site,
and while several anions may participate in this role (4, 27),
phosphate is the anion found in the protein when isolated
from bacterial cultures and has been shown to produce the
most stable iron-loaded form of Fbp, FeFbp(PO4)(OH2) (4).
In our previous kinetics investigation, we observed that, in
the proton-driven dissociation of Fe3+ from FeFbp(PO4)-
(OH2), protonation and dissociation of the PO4

3- are initial
steps in the release of iron from the protein (10). In this paper,
we establish that phosphate also plays a pivotal kinetic role
in the in vitro Fe3+ loading of Fbp. Whether this role extends
to in vivo conditions and whether our observed phosphate
behavior warrants its consideration as an anion with insertase
activity remain to be established.

Careful examination of the role of the synergistic anion
in the mechanism by which Fbp sequesters iron is justified
because bacteria respond rapidly to changes in their environ-
ment. The periplasm, the compartment of Gram-negative
bacteria that lies between the outer and cytoplasmic mem-
branes, comprises up to 30% of the cellular volume (12). It
is clear that polyphosphate anions accumulate in the peri-
plasm of organisms such asNeisseriaspp., from which Fbp
was derived (12). In addition, a gradient of anions (e.g.,
lactate or acetate) derived from fermentation or from res-

piration (e.g., citrate, oxalate, etc.) will be present because
of diffusion from the cytosol through the periplasm and into
the external milieu or from diffusion through porins from
the external environment into the periplasm. In either case,
the periplasmic space is a complex mixture of anions that
will change depending on the physiologic status of the
organism. On the basis of our previous work (4), the
composition of the anion pool will influence which anion
occupies the Fbp anion binding site, which in turn may
influence the ease by which iron is inserted (i.e., insertase
activity) or released.
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