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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 requifgddaling of Fbp at the

inner leaflet of the outer membrane. A synergistic anion is required for tight $equestration 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 mechanisnm*of Fe
loading of Fbp from Fe(NTA), in the presence of phosphate at pH 6.5. The reaction proceeds in four
kinetically distinguishable steps to produceéebp(PQ) 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 produEbg-e

(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
FeFbp(NTA) to FéTFbp(PQ) in the fourth step is a slow process (half-life2 h) and is facilitated by

free phosphate. A mechanism for the*Fpading 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 Fe* sequestration by Fbp, but also the synergistic anion plays a critical role in the process of inserting
Fe*t into the Fbp binding site.

We are investigating the mechanism of the ferric binding released from receptor-docked transferrin is assisted by Fe
protein (FbpA)-mediatédron transport in pathogenideis- — Fe?* reduction and subsequent sequestration by FbpA
seria spp. (N. gonorrheaeand N. meningitidi$ and other occurs at the inner leaflet of the outer membrane, followed
Gram-negative bacteria. For pathogeNeisseriaspp., iron by reoxidation to F& (3, 4). In the second hypothesis, iron
transport from human-serum transferrin, docked at outer removal from transferrin, transported across the outer
membrane receptors, into the periplasm is facilitated by FbpA membrane, and sequestration by Fbp proceed without change
that functions as a periplasmic binding protein 2). An in the iron (+3) oxidation state. In both hypotheses, a
investigation of the mechanism for this process is of synergistic anion associated with the binding site plays an
importance, because acquisition of growth-essential iron from important structural and thermodynamic role in iron binding
the infected host is related to virulence. A fundamental and release by FbpA.
understanding of iron transport may provide a basis for the  FbpA is a mono-lobal protein of 35 kDa with a single
control of disease mediated by pathogeM@sseriaspp. and  iron binding site between two domains. In the crystal struc-
extrapolated to other microbial pathoges. ( ture of the wild-type recombinant form of iron-loaded FbpA,

Two hypotheses that are relevant to the mechanism of water and monodentate phosphate ligands are bound in the
FbpA-mediated periplasmic iron transport are currently being first coordination shell of F& (5). The presence of this
explored by our laboratories. In the first hypothesis, iron Synergistic phosphate anion is required for tight'Feeques-

tration by FbpA K, = 10'® M1 in the presence of phos-
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CHE-0079066 and DGE-0209592 to A.L.C.) and the National Institutes /€re carbonate serves as the synergistic anion required for

of Health Grant (R29A132226 to T.A.M.) is gratefully acknowledged. iron Seque.Str?ltiorBQ- FbpA exhibits a binding'Sit? tertiary
*To whom correspondence should be addressed: Department ofstructure similar to that of mammalian transferrin, as well
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* Abbreviations: Fbp, ferric iron-binding protein, is used throughout - 8). |n addition to the structural similarities between FbpA

the paper to indicate nFbpA or FbpA, the recombinant protein used ; ; ; oo
for these studies; unless specifically indicated, these terms should beand the transferrins, FbpA is also functionally similar to

used synonymously; hFbp, Fbp frafaemophilius influenzaenFbp, mammalian transferrin because both proteins transport tightly
recombinant Fbp fronNeisseria meningitidisNTA, nitrilotriacetate bound iron between membrane receptors in vivo.

anion; Desferrioxamine B, GJ&(O)N(OH)(CH,)sNHC(O)(CH,).C(O)N- ;
(OH)(CHo)sNHC(O)(CHb),C(O)N(OH)(CH)sNHs) - Ferrioxamine B, _ A structural role for phosphate in the apo for_m of Fpr
Fe(CHC(O)N(O)(CH)sNHC(O)(CH):C(O)N(O)(CH)sNHC(O)(CHy).C- is supported by the presence of a phosphate anion associated
(O)N(O)(CHy)sNH3)*. with the anion binding site in the crystal structure of apo
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Ser 139

Ficure 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 and28aged Reduce and

Probe R9).

hFbp ©). The PQ3 anion is within hydrogen-bonding EXPERIMENTAL PROCEDURES
distance of several residues of the anion-binding helix as
well as tyrosine 196, a residue utilized in®Fdinding. This Materials. Deionized water was used in all experiments.
is illustrated in Figure 1, on the basis of the crystal structure Stock solutions of NaOH (Fisher Chemicals), nitrilotriacetic
of apo hFbpA. This result has led us to postulate that the acid trisodium salt monohydrate (Acros), MES (Sigma
presence of the phosphate anion serves to preorganize théldrich), acetohydroxamic acid (Sigmahldrich), and Na-
C-terminal binding-site domain for iron binding. On the basis HPO: (Sigma-Aldrich) were used without further purifica-
of a comparison of the crystal structures for the apo and holo tion. Desferrioxamine B solutions were prepared from the
forms of Fbp, we may conclude that the N-terminal binding- recrystallized mesylate salt. A stock solution of Nagi@s
site domain reorganizes upon 3£ebinding and the two  Prepared from anhydrous NaGI(Bigma-Aldrich), filtered,
domains clamp shut with a 2Xotation about the central ~and standardized by passage through a DOWEX 50W-X8
interdomain hinge§, 9). strong acid cation exchange column in thée Form by

In this paper, we report the kinetics and mechanism of titrgtion against standar_d NaOH_ to the phenolphthalein end
Fe** insertion into Fbp via a nonredox process mediated by POINt: A FE(NTA)qworking solution was prepared by slow
the exogenous anion, phosphate. Our kinetic results expandtddition of the appropriate volume of an acidic Fe(QO
on the structural §, 9) and thermodynamic3( 4) roles stock solution (0.087 M Fe(Cly/0.1 M HCIO) to a
previously identified for the phosphate synergistic anion and vigorously stirred solutlon_ of nltrllotrlaceth acid tnsodlu_m
have important implications in the mechanism of iron loading Salt monohydrate (NTA) in MES buffer (final molar ratio
into Fbp. Results reported here complement our recent Fbp-0f FE:NTA = 1:1.05). A MES buffer (50 mM) at pH 6.5
kinetics study that identified the importance of the synergistic 2"d! = 0.15 (NaClQ) was used in all experiments. All Fe-
anion in the proton-driven dissociation of ¥¢(10). The (NTA)aq working solutions (0.44 mM) were allowed to
significance of our solution-kinetics studies is enhanced by Stabilize>1 h after preparation prior to use. Recombinant
the fact that Fbp is one of the few periplasmic binding Fbp was prepared b_y a variation of the preV|_oust described
proteins whose solid-state structure is known for both the Method (1). In all kinetic experiments probing phosphate
liganded (holo) and free (apo) states of the prot&ngj. dependence,_ phosp_hate was present in both Fbp and Fe-
Our kinetic studies represent a “real-time” investigation of (NTA)aq Solutions prior to mixing.
the dynamic processes that occur between these two solid- Physical MeasurementSpectral studies were performed
state structures. using a Varian Cary 100-Bio U¥Vis spectrophotometer
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Scheme 1
- k,(0.025) k,(1s) k, (355) k. (2h)
Fop+ H.PO,"+ Fe(NTA),, STEP I B STEP II B STEP INI B STEP IV B
Scheme 2
K K
Fe(NTA)(H,0), ————Fe(NTA)(H,0)(OH)” ————=Fe(NTA)(OH);"
+H" +H"
H POY | K, H POY £,
Fe(NTA)(H,O)(H PO,)” —%ﬁFe(N TA)(OH)(H,PO,)”
and Applied Photophysics stopped-flow (SX.18 MV) equipped %4 -
with a diode array spectrophotometer with an approximate /Y./-"”“‘"-\ -
range of 386-750 nm for rapid-scan measurements. Kinetic Lo FefbpNTA "\.\
studies were performed using an Applied Photophysics 03 —‘/-/ 7 AN AN

stopped-flow spectrophotometer (SX.18 MV) in absorbance
and fluorescence mode at 463 and 280 nm, respectively. Dat
were analyzed using Applied Photophysics kinetic software.
Reactions were monitored in both time-resolved fluorescence
and absorbance modes, with equivalent valueskgf
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)4q at 25C, pH 6.5, and = 0.15 (NaClQ). Buffer

pH adjustments were made using an Orion pH-meter model ", 450 500 550 600 650 700
230 A. Each kinetic data point in the figures represents an 05
average of 3-7 replicate runs. Estimated errors are less than FeFbpNTA’
the data-point size.
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RESULTS

General Obserations. The kinetics of delivery of F&
to Fbp were investigated at pH 6.5, the estimated pH of the
periplasm where the protein resides in vivb2), This
necessitates using chelated®Féo prevent hydrolysis and
precipitation. Fe(NTA), was selected as an Fechelate
source to load Fbp because of its well-characterized aqueous- S
solution chemistry 13, 14) and wide use in mammalian- 0.1 1
transferrin-loading experiments. The overall reaction inves- S~
tigated is that shown in eq 1. The exchange of'Feom |  TUee——

0.0

0.3 A

/
/ A
0.2 4 AN

Absorbance

Fbp+ H,PO, + Fe(NTA),,— FeFbpPQ+ NTA (1) nm

Fe(NTA)q to Fbp at pH 6.5 proceeds in four kinetically §:IGURE 2: (A) Absorbance spectra corresponding to quasi
distinguishable steps as illustrated in Scheme 1. The number equilibriur.n species P Py, Py, and the final product An Scheme

in parentheses represent the half-time of each kinetic step; ‘conditions: [Fe(NTA):= 0.1 mM, [Fbp]= 50 uM, [HxPO¥"]

when [Fe(NTA)J = 0.1 mM, [HPOY"] =1 mM, and [Fbp] = 1.0 mM, [MES]= 50 mM at pH 6.5) = 0.15 (NaCIQ). Quasi-
= 7 uM. P, (x = 1—4) represents the product of each step. equilibrium spectra were obtained by choosing the appropriate
After mixing solutions containing Fe(NTA)and phos- spectrum from rapid-scan measurements after each kinetic step

e - . using the Applied Photophysics SX.18 stopped-flow diode array
phate, the equilibria in Scheme 2 are rapidly establishéd ( spectrophotometer. The spectrum labeled FeFbpNTA was obtained

Equilibrium data show that at our exp_erimental conditions py mixing equal concentrations of Fbp and Fe(NTARnd
(pH 6.5) only one phosphate molecule is bound per molecule equilibrating for 30 min, filtering, and diluting to give the following
of Fe(NTA)q (14) and >90% is present as the ternary final conditions: [FeFbpNTA[E 70 M, [MES] = 50 mM at pH
complex Fe(NTA)(OH)(HPOy)* (15). 6.5,1 = 0.15 (NaClQ). (B) Bottom spectrum: FeFbp(NTA) was

. ; S obtained by mixing equal concentrations of Fbp and Fe(NJA)
Figure 2A represents quasi-equilibrium absorbance Spectraand equilibrating for 30 min, followed by filtration and dilution.

for Steps Il (P4, P, and B) and the final product Step  conditions: [Fe(NTA)} = [Fbp] = 70 uM, [MES] = 50 mM at
IV (P,) illustrated in Scheme 1. Spectrum Rith Anax = pH 6.5,1 = 0.15 (NaClQ). Middle spectrum: FeFbp(Ppwas
465 nm corresponds to that observed for FeFbp(NTA) obtained by adding #°Oy~ to FeFbp(NTA) and equilibrating for

; S 14 ~4h. Conditions: [F& = 70uM, [MES] = 50 mM, [HPOp ]
prepared independently (also shown in Figure 2A), while — 5 mM at pH 6.5/ — 045 (NaCIQ). Top spectrum: Felx=pr'|#A

spectra iPand R exhibit Amax ~ 465 nm but with different a5 optained by adding NTA to Fébp—PQ; and equilibrating
absorbancies suggesting related but distinct species. Subs&or ~2 h. Conditions: [F& it = 100 uM, [NTA] ot = 500 uM,
quently, in Step IV after a few hourdyax is shifted to 480 [MES] = 50 mM at pH 6.5] = 0.15 (NaCIQ).
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Scheme 3
Fbp + H,PO? == Fbp-PO, ) )
Fe(NTA) + H PO} ===Fe(NTA)(H,PO,)" k, @ \Stepl &
k . Step 11
Fbp-PO, + Fe(NTA)(H, PO,)” &————>Fe(NTA)(Fbp-PO,)* + H,PO} K, (4 P
k -3 -3‘ P]
Fe(NTA)(Fbp-PO, )* '<_k—>4__Fe(NTA)(Fbp-PO4)** K, (5 )
4 PZ
5 ol td y- K 6
Fe(NTA)(Fbp-PO,)"™ ———=Fe(NTA)(Fbp)* + H,PO} ; (6) Step III
Fe(NTA)(Fbp)* —X¢—> Fe(Fbp)(NTA) (7
P
Fe(Fbp)(NTA) + H PO —— Fe(Fbp)(NTA)™ —— Fe(Fbp)(PO,) + NTA ®) } Step TV
P4

aWater 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.

140 the equilibrium toward the products represented as P
Consequently, the intercept in Figure 3 may be attributed to

120 A . . .
the back reaction, which is represented as the reverse of eq

100 A 4. Because both Fe(NTA)and Fbp react with phosphate
o 80 ions producing FbpPOand a ternary F& complex
- Fe(NTA)(OH)(HPO)Y~ (9, 14, 15, 17), a mechanism for
£ 6. Step | can be written as depicted in egs&in Scheme 3.
x At pseudo-first-order conditions ([Fg > [Fbp]) and
01 = g assuming eqs 2 and 3 are rapid preequilibria to the rate-

20 | ...'—‘—/‘9’/ determining eq 4, we obtain eq 9. Becalsseis relatively

0

kaK1Ko[H, PO, 1 Fe(NTA)],

0.0 05 10 15 20 2.5 klobs: - —
[Fe(NTA)l,,, and [ H,PO,"'1/ mM 1+ (K + K)H PO ] + KKy[H,PO, ]
FiIGURE 3: K. versus [HPOy ] (@) and [Fe(NTA)]y (15) (m) for + K_HPO) T+ K 5 (9)
Step | (Scheme 1) of eq 1. Condition®)([FENTA]t = 0.1 mM,
[Fop] = 7 uM at pH 6.5,1 = 0.15 (NaClQ) at 25 °C. (m), large (logK, = 6.84) (L7) and, at our experimental conditions

[HX2PO°4(V;] =b5 VEM, [Fbpli Yﬂll\'/ldall't pH 6.5 = 0-15f(Nf:1fCIQ) 0 >90% (in most cases 95%) of Fe(NTA), is in the Fe-
f‘rfe gata[. In both cases, the solid line represents a fit of eq 10 to 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

nm, which corresponds to the phosphate substitution of NTA y—

to give FeFbp(PQ (P4 spectrum, Figure 2A)16). Step IV I KKy[H,PO," ] [Fe(NTA)L,., +

is reversible as illustrated in Figure 2B, where the spectrum °° 1 4 K,[H,PO)] tot

of FeFbp(NTA) is generated by reacting FeFbp{P@ith _ ,

NTA and vice versa. k_s[H,PO ]+ k.5 (10)
Evidence for the pivotal role of phosphate in the’Fe
insertion reaction can be deduced by the observation that in
the absence of phosphate the rates are significantly altere
and only two steps corresponding to Steps Il and Il in
Scheme 1 are observed (see results associated with Sche

4 as described below).

while holdingK; constant at its literature valu&{= 4.2 x

* MY (9) produces the values for parametkssk_3, and

' ; listed in Table 1. We can eliminate phosphate-free Fbp
m%nd Fe(NTA)q as a reactive species in Step | because of a
poor fit of the derived rate expressions to the experimental

data when they are included.
Kinetic Data in the Presence of PhosphaBar working W y e

model for the overall process described in eq 1 and Scheme The data in Figure 4 illustrate the variation of the observed
| .
1 is illustrated in Scheme 3, where Step | in Scheme 1 rate constantk()bs) with respect to both the Fe(NT4)and

phosphate concentrations for Step Il (Scheme 1). If we
corresponds to eqs24, Step |l, to eqs 25, Step I, to eqs ; . S
6 and 7, and Step IV, to eq 8. consider that eqs-24 are rapid preequilibria to eq 5 (the

rate-determining reaction in Step Il), eq 11 can be derived.

In Step | (eqs 2:4), the observed pseudo-first-order rate  gqyation 11 was fit to the data presented in Figure 4A to
constant Kop9) is dependent on both phosphate and Fe-

(NTA)«xt concentrations (Figure 3). Increasing the concentra- | kK, K [Fe(NTA)],
tion of phosphate or Fe(NTA)results in an increased change Kyps= - +k_, (11)
in the fluorescence signal amplitude, indicating a shift of 1+ KH,PO ] + KiK;[Fe(NTA)]
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Table 1: Microscopic Rate and Equilibrium Constants

parameter equation number value comment
Ky 2,9,10 4.2x 1M b
Ka 3,9 6.9x 1P M1 c
ks 4,9,10 3.6(0.2x 10 M ts? d
Ks 4,11 1.5(0.8)x 17 e
ks 4,9,10 52(1.5x 1PMts? d
K 5 4,9,10 2.0(0.3x 10s! d
ks 5,11 0.52(0.08) e
ks 5,11 0.3(0.1) st e
Ks 6,12 3.0(0.3)x 10°M f
Ks 7,12 2.47(0.05x 10725t f
kz 14,16 2.6(0.1x 1®M1s? g
k-7 14,16 0.24(0.03) ¢ g
ks 15 2.2(0.1)x 102s? h

aNumber in parentheses denotes the standard deviétien9. ¢ ref
17.9Value was obtained from a fit of eq 10 to the data (Figure 3),
whereK; was fixed at 4.2x 10? M. ¢ Value was obtained from a fit
of eq 11 to the data (Figure 4A)Value was obtained from a fit of eq
12 to the data (Figure 5A}.Value was obtained from a fit of eq 16 to
the data (Figure 6)!Value was obtained from the data in Figure 6.
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0.0
0.00

010 015 020 025 0.30

[Fe(NTA)];, / mM

0.05 0.35

1.2

1.0

0.8 A

0.6 1

| -1
I\Jobsls

0.4

0.2

0.0
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FIGURE 4: (A) K., versus [Fe(NTA)}, for Step Il (Scheme 1) of
eq 1. Conditions: [FPOY~] =5 mM, [Fbp]= 7 uM at pH 6.5,
= 0.15 (NaClQ) at 25°C. The solid line represents a fit of eq 11

to the data. (B}(L'bsversus [HPOy ] for Step Il (Scheme 1) of eq
1. Conditions: [Fe(NTA): = 0.2 mM, [Fbp]= 7 uM at pH 6.5,
| = 0.15 (NaClQ) at 25°C. The solid line represents a fit of eq 11

to the data at the experimental conditions, whegg~ ks + k_s;
see the text.

obtain values foks, k-4, andKs, which are listed in Table 1
for the case wher&; was held constant at its previously
reported value9). TreatingK; as an adjustable parameter
yields a value consistent with that previously reported in the
literature and comparable values fark-,, andKs, although
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0.024

Ny

0.020 -

obs /

X 0.016 -

0.012 -

0.04

Il -1
kl obs I's

0.00
0.00

0.10 0.15 0.20

[Fe(NTA)];,, / mM

FIGURE 5: (A) kit versus [HPOy-] for Step IIl (Scheme 1) of eq
1. Conditions: [Fe(NTA)}: = 0.1 mM, [Fbp]= 7 uM at pH 6.5,

I = 0.15 (NaClQ). The solid line represents a fit of eq 12 to the
data. (B)K), versus [Fe(NTA) (15) for Step Ill (Scheme 1) of
eq 1. Conditions: [KPOy~] = 0.5 mM, [Fbp]= 7 uM at pH 6.5,

| = 0.15 (NaClQ) at 25°C.

0.05 0.25

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
the KiK3[Fe(NTA)]i: term and consequently eq 11 simplifies
to ks ~ ks + k. The constant value observed i, in
Figure 4B (0.64 s') is consistent with the sum d§ and

k4, obtained from a fit of eq 11 to the data in Figure 4A,
within experimental error.

In Step Il (Scheme 1)K, was found to be inversely
dependent on the phosphate concentration and independent
of the [Fe(NTA)]x: 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 tkeandKs parameters
listed in Table 1. Including a term for the reverse of eq 7

keKs
K5 + [H XPO4y7]

bs ™ (12)

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

The product of Step Ill is the NTA form of iroAFbp,
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
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Scheme 4 1.4
k,(1s) k,, (305) 12 1
+ Ia Ila

Fbp+ Fe(NTA),, STEP Ia B STEP Ila Fa 10
observations4). In Step 1V, the phosphate anion slowly < 08 °
exchanges with NTA in two stages to produce FeFbp{PO 2 056
as the final product. The kinetics and mechanism of Step é‘% '
IV as illustrated in the anion exchange reaction (eq 8) will 0.4 -
be reported in detail elsewher&§], because the focus of 02 1
this paper is the phosphate-anion-assisted insertion f Fe am = . .
into apo Fbp. 007

Other Releant FeNTAq Ligation Reactions in the Pres-
ence of PhosphateTo evaluate the uniqueness of the
phosphate dependence observed in the exchange®6f Fe [Fe(NTA), ]/ mM
between NTA and Fbp (eq 1), we investigated the influence ggyre 6: Pseudo-first-order rate constants,) versus [Fe-
of the phosphate ion on the kinetics of eq 13 at pH 6.5, where (NTA), for Step la, eq 14,8) and Step lla, eq 15K) in Scheme
L = acetohydroxamic acid or desferrioxamine B,{HFB™), 4 in the absence of phosphate. Conditions: [Fbd uM, [MES]
= 50 mM at pH 6.5,| = 0.15 (NaClQ) at 25 °C. Solid line
represents a linear least-squares fit of eq 16 to the data for eq 14.

0.0 0.1 0.2 0.3 0.4 0.5

Fe(NTA),,+ L — FeL+ NTA® (13)

and Fel represents tris(acetohydroxamato)iron(lll) (Fe- 1h€kessvalues for eq 15 exhibit no Fe(NT&jconcentration
(CHsC(O)N(O)H)) or ferrioxamine B (FeHDFB). Proton  dependence (Figure 6) akel = 2.2(0.1)x 1072 s™™.
stoichiometries are omitted for simplicity. The reaction
conditions were [Fe(NTA); = 0.1 mM, [L] = 1 mm,  DISCUSSION
[MES] = 50 mM, | = 0.15 (NaClQ), 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(NT4)for
both L = acetohydroxamic acidkf,s = 1.2 x 10* s™1) or
desferrioxamine Bky,s = 2.0 x 10! s1). 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 offF@xchange between
FeNTAy and apo Fbp (eq 1).

Fe(NTA)q Reaction with Fbp in the Absence of Phosphate.
To further explore the critical role of phosphate in the
exchange of F& from Fe(NTA)q to apo Fbp, we investi-

Results presented here clearly demonstrate that phosphate
lays a role in inserting Fé into apo Fbp from FeNTA,
urthermore, this kinetic role is distinct from the thermo-

dynamic role that phosphate plays as an exogenous anion
required for the tight sequestration of3Feby Fbp in the
ternary assembly FeFbp(R)d3, 4). This is illustrated on a
gualitative level by comparison of Schemes 1 and 4 for the
Fe**-insertion process in the presence and absence of
phosphate, respectively. Both processes produce FeFbp-
(NTA) (Psin Scheme 1 and#®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
é)hosphate concentration. An additional slow step involving

gated the process in the absence of phosphate. In this cas eéxogenous anion exchange is added in the phosphate reaction
only two steps appear in the formation of FeFbp(NTA), as to produce the more stable FeFbp(p@s the final product.

illustrated in Scheme 4. The numbers in parentheses in . ' . . .
P The unique role of phosphate in the iron Fbp insertion

Scheme 4 represent the half-time of each kinetic step at the oo . .
following conditions: [Fe(NTA)] = 0.1 mM, [Fbp]= 7 reaction is emphasized by the lack of phosphate influence
4M, MES = 50 mM at pH 6.5, and = 0.15 M (NaClQ) on eq 13 involving the exchange of Febetween NTA and

Changes in the fluorescence signal amplitudes for Steps la2c€tohydroxamic acid or desferrioxamine B.

and lla are equivalent. Spectra corresponding to the quasi- Scheme 5 is a molecular cartoon that summarizes our
equilibrium species B and equilibrium species,Rexhibit model for phosphate-facilitated insertion of*Fénto Fbp.
Amax @t 465 nm, corresponding to FeFbp(NTA)).(Fet In Step | (Scheme 1 and eqgs-2), the phosphate anion
insertion from FeNTA, into apo Fop may be viewed as a facilitates the initial F&" insertion into Fbp. This is supported
two-step process as illustrated in eqs 14 and 15, whereby two observations: (1) the observed rate constip)(
FeFbpNTA represents Fe(NTA) that is only partially increases with increasing jFOy] (Figure 3), and (2) a
sequestered by Fbp. Thigys values for eq 14 are linearly  comparison of the second-order rate constants for the rate-
determining process in the first step offFénsertion in the
presencekz = 3.6 x 10* M1 s71) and absencek{ = 2.6 x
10® M1 s1) of phosphate shows a phosphate anion
kg enhancemenkg/k; ~ 15). This rate-constant increase in the
FeFbpNTA*— FeFbp(NTA) (15)  presence of phosphate suggests a catalytic role for this anion
dependent on [Fe(NTA]J (Figure 6). A fit of eq 16 to the in_ the Fé*-insertion process. Because pho_sphate does not
similarly enhance the reaction of Fe(NTAith acetohy-
kops = kelFE(NTA),J + k - (16) droxamic acid or desferrioxamine B (eq 13), we can deduce
that this effect may be specific to the Fbp protein. Apparently,
data in Figure 6 for eq 14 yields = 2.6(0.1)x 10* M1 the rate acceleration effect in Step | (Figure 3) comes from
st andk_7; = 0.24(0.03) s! from the slope and intercept. a preequilibrium reaction involving phosphate and the protein

k.
Fe(NTA),,+ Fbpk%? FeFbpNTA* (14)
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Scheme 5

Fe(NTA),, + HxPO,"

f

Fbp-HyPO,*" + Fe-NTA-HyPO,”"

f

Fbp + H)(PO,;);-

Step I

JO-PO4(H)

%
s,
b

(eq 2), represented in Scheme 5 as the preorganization ofTyrosine fluorescence will be quenched by binding or close
tyrosines 195 and 196 in the C-terminal binding domain. proximity to the paramagnetic Fe ion and hydrogen
This preequilibrium is consistent with the X-ray crystal bonding or dissociation of the phenolic protdr). The ratio
structure of apo Fb®j that shows phosphate associated with of relative fluorescence amplitudes for Stepdll are 10:
the anion binding site and hydrogen bonded to tyrosine 196 45:45%, consistent with the initial coordination through His
as illustrated in Figure 1. Our model is further supported by or GJu, rather than Tyr (data not shown). His and Glu

the fact that wherK; in eq 10 is treated as a variable cqordination are supported by the X-ray crystal structure for
parameter the value obtained in our data analysis is inpgjg Fpp ).

reasonable agreement with the published value for phosphate X . .
binding to apo Fbp9). The phosphate in solution may The relative fluorescence amplitudes of 45% suggest direct

stabilize a specific protein tertiary structure by taking it from coOrdination of F& with the two tyrosine residues in Steps

a molten globule to a defined conformation that preorganizes!! @nd Ill. The inverse phosphate ion dependence on the

the C-terminal domain in a transition-state-like structure for OPserved rate constant in Step Il (Figure 5A) arises from

Fe* sequestration and thus is responsible for our observationthe dissociation of phosphate from Fbp prior to the rate-

thatks > k. determining Ks) protein-binding site closure and coordination
In Scheme 5, we propose the initial FeN8oordination  0f the second tyrosine to Feto form FeFbp(NTA) (Scheme

to His or Glu in the binding cleft based on the observed 5). This interpretation is consistent wiky ~ ks (Table 1)

absorbance and fluorescence amplitudes for Step |. Absor-because both egs 7 and 15 involve the final stage of protein

bance changes are consistent with ligation at tif& Eenter. closure to form FeFbp(NTA) and do not involve phosphate.
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Step IV is a relatively slow exchange of a water and piration (e.g., citrate, oxalate, etc.) will be present because
phosphate for NTA in fully F&-loaded FeFbp(NTA). The  of diffusion from the cytosol through the periplasm and into
incorporation of a water ligand along with the synergistic the external milieu or from diffusion through porins from
anion in the first coordination shell of Feis one of the the external environment into the periplasm. In either case,
distinguishing features of Fbp relative to mammalian trans- the periplasmic space is a complex mixture of anions that
ferrin. Our results show that Step IV occurs in two steps will change depending on the physiologic status of the
involving a phosphate-independent and phosphate-dependentrganism. On the basis of our previous wor),(the
process. composition of the anion pool will influence which anion

Previous kinetic studies of mammalian transferrin inves- occupies the Fbp anion binding site, which in turn may
tigated the role of the iron chelate and synergistic carbonateinfluence the ease by which iron is inserted (i.e., insertase
anion on the mechanisms of iron loadir&p(21). The F&" activity) or released.
exchange reaction between tris(acetohydroxamato)iron(lll)
and transferrin was studied by Cowart and co-workers, who ACKNOWLEDGMENT
report a role for the synergistic anion carbonate that is related
to that proposed here for phospha2@)( More recently, El
Hage Chahine and co-worker23] propose three kinetic
steps in loading the tris(acetohydroxamato)iron(lll) complex
into the C-lobe site of human transferrin, on the basis of
time-resolved fluorescence and absorbance data. Lindley an
co—wo_rkers utilized X-ray structural data for the 18 kDa NI REFERENCES
domain fragment of duck ovotransferrin to suggest the

We thank Katherine D. Weaver, Duke University, for
helpful discussions and the modeling and construction of
Figure 1 and Suraj Dhungana and Kassy Mies, Duke
University, for helpful discussions and assistance with the
dgraphics.
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