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ABSTRACT. The ferric binding protein (FbpA) transports iron across the periplasmic space of certain Gram-
negative bacteria and is an important component involved in iron acquisition by pathd¢gisgeria

spp. (eisseria gonorrheaandNeisseria meningitidjs Previous work has demonstrated that the synergistic
anion, required for tight Fe sequestration by FbpA, also plays a key role in inserting Fieto the

FbpA binding site. Here, we investigate the iron release process from various forms of holo-FBpA, Fe
FbpA-X, during the course of a chelator competition reaction using EDTA and TiroiiFBpA-X
represents the protein assembly complex with different synergistic anicrR®,2~ and NTA. Stepwise
mechanisms of P& release are proposed on the basis of kinetic profiles of these chelator competition
reactions. FEFbpA-PQ and FE"FbpA-NTA react differently with EDTA and Tiron during the ¥e
exchange process. EDTA replaces,fQand NTA from the first coordination shell of Feand acts as

a synergistic anion to give a spectroscopically distinguishable intermedigte;feA-EDTA, prior to
pulling FE" out of the protein. Tiron, on the other hand, does not act as a synergistic anion but is a more
efficient competing chelator as it removes*F&om FbpA at rate much faster than EDTA. These results
reaffirm the contribution of the synergistic anion to the FbpA iron transport process as the anion, in
addition to playing a facilitative role in iron binding, appears to have a “gatekeeper” role, thereby modulating
the Fé* release process.

Many pathogenic bacteria that cause disease in humanmease and the FbpC ATP binding prote®). (Once inside
hosts rely on iron-transport proteins as their iron souige ( the cytosol iron can be assimilated into growth essential
Transferrin, the mammalian iron transport protein, is the proteins such as cytochromes (for energy generation) or
predominant source of iron for pathogenic bacteria infecting ribonucleotide reductase (for DNA synthesis).
humansNeisseria gonorrheais a Gram-negative bacterium FbpA is referred to as a bacterial transferrin because of
that efficiently utilizes F& bound to human transferrin and s structural and functional similarities to mammalian
assimilates this element for its metabolic requirements. In ansferrin ¢). FbpA and transferrin both use a similar
contrast to many bacterid). gonorrheaeforegoes the  congtellation of amino acid side chains as part of th¥ Fe
production of iron-chelating siderophores that compete for binding pocket, employing two tyrosines, one carboxylic
transferrin-bound iron and instead expresses surface receptorgeid and a histidine as part of the assembled coordination
that bind transferrin directly. Iron is extracted from transferrin sphere §, 6). In addition, both require a synergistic or

and transported across the outer membrane and into theexogenous anion for Fe binding @, 5, 7). FbpA is a less
periplasm by the transferrin binding protein (TOpA/TBPB) - ¢omplex protein because it is only half the size of transferrin,

(2). Within the periplasm, Fe is sequestered bgerric is not glycosylated, and contains only a single iron binding
binding protein (FbpA} which shuttles F& across the site, thus resembling a half-transferrin.

periplasmic space where it is eventually delivered to the inner . ) .
membrane transport complex composed of the FbpB per- Compara‘uvt_a s_tud@s between FbpA and a h_alf—transferrln
demonstrate similarities between these crucial iron transport-
ers. One similarity is high-affinity iron binding. Both proteins
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In mammalian systems this transferrin 3Fetransport Scheme 1: Competing Fe(lll) Chelators (A) EDTA and (B)

OH

SO;-

band of Fé"FbpA-NTA). All exchange kinetics with Tiron
were monitored by measuring the absorbance at 470 nm
corresponding to the formation of the Fe(lll)(Tirgh)

dilemma is resolved by labilization of transferrin-bound iron Tiron
in part controlled by binding to the human transferrin receptor o OH
(22) and the acidification within the endosom&3). How > o -058
bacteria likeN. gonorrheaeremove iron from transferrin
using the transferrin receptor complex is unknown. Likewise, HO Nx
how iron bound to FbpA within the periplasm of the N OH
gonococcus and released to the FbpBC complex is unknown. OH \_<

This study focuses on the release of iron from FbpA. FbpA
uses a series of anions [e.g., phosphate, pyrophosphate, ° °
citrate, oxalate, arsenate, nitrilotriacetate (NTA)] as syner- (A) (B)
gistic ligands during the iron binding process in viteh T, . )
24). The nature of these synergistic anions significantly  Preparation of Fé"FbpA-X and Chelating Agentse*-
influences the kinetics and thermodynamics ofFeind- ~ FPPA-PQ and FEé'FbpA-NTA were prepared from apo-
ing: the affinity of the FbpA assembly for Fe the F&'/ Epr as deS(_:rlbed previoush)(and after preparation were
Fe* redox properties of FéFbpA-X, and the kinetics of ~ dialyzed against 0.05 M MES buffer at pH 6.5 with 0.1
proton-driven F&" release 4, 7, 25, 26). The coordination =~ M NaClO, as a background electrolyte. Solutions of the
of phosphate ester as a synergistic anion has been shown t§0mpeting chelators, EDTA and Tiron (Scheme 1), were
induce ester hydrolysis, suggesting the possibility of poly- Prepared in 0.05 M MES buffer at pH 6.5 with 0.1 M
phosphate hydrolysis as a parallel function of FbpA in NaClQs background electrolyte. All pH measurements were
addition to F&" transport 27). Facile anion exchange from ~ carried out using an Orion pH meter, model 230A, and the
Fe*FbpA-X has been observed, (25, 27), which has pH of the buffer solutions was adjusted with HGl@nd
significant implications for the P& chelation and release ~NaOH. _
processes within the periplasmic space. Physical MeasurementSpectral studies were performed

The mechanism of Fé release from FeFbpA-X is of @t 25.0+ 0.1°C using a Cary 100 spectrophotometer for
considerable interest as the transport of the essential nutrienftatic and slow-exchange kinetic measurements and an
iron into the cytosol is directly related to bacterial virulence. ApPplied Photophysics stopped-flow (SX.18 MV) equipped
An understanding of the delivery process may suggest With a diode array spectrophotometer with an approximate
approaches to control disease mediatediibisseriaspp. and  range of 386-750 nm for rapid-exchange kinetics. Reaction
other pathogens by inhibiting iron uptake. A mechanistic kinetics were monitored in the absorbance mode, and the
study of the H-driven dissociation of Fe& from Fe*- data were analyzed using Applied Photophysics and Sigma-
Fpr_X Suggests that the Synergistic anion p|ays a gate- p|0t SOﬁWare. The Standard errors were in the range_O—f—].O .
keeper role in the release proceg8)( To further explore  107° when the time-dependent decay curves were fitted with
this observation at less extreme pH conditions, we report Single and double decay profiles. The time-resolved absor-
here our investigation of competing chelator-driven dissocia- bance measurements for the competition reaction with EDTA
tion of F&* from F&*FbpA-X at in vivo pH (6.5). Together, ~ Were monitored by recording the decay in absorbance at 481
these studies will allow for the development of a detailed "M [Amax for the ligand to metal charge transfer (LMCT)
mechanistic profile of F& release from FbpA and further band of FE'FbpA-PQ] and 467 nm Amax for the LMCT
define the role of the synergistic anion.

In this work we investigate the kinetics of the3Feelease
process from two forms of holo-FbpA, Eé&bpA-NTA and : i C
FetFbpA-PQ, in an attempt to understand the mechanism complex using Applied Photophysics stopped-flow (SX.18
of Fe' release during the course of a chelator competition MV) equipment. Slow kinetic_experiments involving the
reaction with EDTA and Tiron. A kinetic profile of these reaction between FeFbpA-PQ/Fe*"FbpA-NTA and EDTA
reactions allows us to describe the effectiveness of a chelator(Stage 1) were monitored using a Cary 100 spectrophotom-
Fe*FbpA-X. The exchange of iron from FbpA at the Mixed ina conventional spectrophotometer cuvette, and the
cytosolic membrane may take place with or without reduction réaction was monitored within 15 s of mixing. Each kinetic
to Fe&*. Intimate knowledge of the in vitro mechanism for Qata point in the figures represents an average of three to
Fe* release to compare with the reductive mechanism five replicate runs.
hypothesis4) is necessary to completely evaluate the likely RESULTS
in vivo mechanism. Here we also compare the kinetics and
mechanism of F& release from FbpA to the well-studied General Considerationg.he kinetics of F&" release from
chelator-facilitated F& release from human transferripg). two different forms of holo-FbpA, FéFbpA-PQ and Fé*-
FbpA-NTA, were studied at pH 6.5 using two different
MATERIALS AND METHODS competing chelators, EDTA and Tiron (Scheme 1). This
Reagents and ProteinEDTA (Aldrich), Tiron (1,2- approach allows us to study the influence of both the
dihydroxybenzene-3,5-disulfonic acid disodium salt mono- synergistic anion and competing chelator on the kinetics of
hydrate; Aldrich) (Scheme 1), MES (Sigma-Aldrich), and Fe** release from FbpA. In biocoordination chemistry terms,
NaClO, (Aldrich 99+%) were obtained commercially. this study will determine the influence of the leaving group
Recombinant apo-FbpA was purified and prepared as (PO~ or NTA) and entering group (EDTA or Tiron) on
described previously7( 29). the exchange kinetics. The overall exchange reaction is
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represented by the equation: Amax =481 nm A
0.06

Fe'FbpA-X + Y — FeY + apo-FbpA-X (1)
0.04 .. 4@
where X represents the synergistic anion required &t Fe iy
binding by FbpA (PG~ or NTA) and Y represents the
competing chelator (EDTA or Tiron) used forFaemoval
from FeFbpA-X. Degrees of protonation and the charges
in eq 1 are omitted for clarity. . e,
Fe3*FbpA-X+ EDTA. The reaction between EDTA and Wavelength (nm)
FEtFbpA-X (X = PO or NTA) proceeds in two well-  assomeance -
separated stages (stage | and stage Il). The kinetic profile B
within stage | differs for the two forms of the protein but is
the same for stage |II. 0.055
At the end of stage |, both FeFbpA-PQ, (Anax = 481
nm) and F&"FbpA-NTA (Amax= 467 nm) exhibit a spectral
shift and stabilization ilmax at ca. 460 nm. This is attributed 0048
to the formation of a quasi-equilibrium species at the end of
stage | of composition FéFbpA-EDTA, with EDTA filling
the role of the synergistic anion. This structural assignment 003
is based on the spectral similarity to3FEbpA-NTA (Amax noa
= 467 nm) where the NTA synergistic anion is structurally o0 20 260 P
similar to EDTA. Furthermore, a recent crystal structure of Tima{secs)
a mutated FbpArqutFbpA) shows that EDTA can act as a FIGURE 1. (A) Representative spectral changes corresponding to

it ; ; . stage | of the reaction between3FEbpA-PQ and EDTA under
Synﬁrgllstlcl_:han!on tob.g'\é? ﬁérnul::ppA EDTA §30’ 3?’ a_lnd d pseudo-first-order conditions (EDTA in excess). (B) A representa-
simiarly, ? iron binding pro elnslserum .ra'ns ernn and e apsorbance decay profile at 481 nm. Data presented for (A)
ovotransferrin, structurally and functionally similar to FbpA,  and (B) are from different experiments under identical conditions.
also have been shown to use EDTA as a synergistic anionConditions for (A) and (B): [FEFbpA-PQ] = 9.26 x 1075 M,
(32). Consequently, we propose that botifFdpA-PQ and [EDTA] = 2.5x 10 M, pH 6.5, 0.05 M MES, 0.1 M NaCl®

Fe*FbpA-NTA react with EDTA in stage | to form a 25°C.

Abs

0.02

0.05

0.04

spectroscopically identical intermediate *FebpA-EDTA, 0.25

which appears not to include the original synergistic anion,

PO2~ or NTA. Residual binding of P&~ or NTA to the 0.20 4 . ®

protein surface and not to the¥&on may or may not occur. .
The comparative crystal structure analysis offFeufFbpA- - o

EDTA and F&FbpA-PQ indicates that the Fé binding w 0157

cleft for the Fé*mufbpA-EDTA is much more exposed and "g

accessible to solvent and other molecul8&§, (31). By — ° 0101

analogy, the production of E&-bpA-EDTA as an interme-

diate during the kinetic experiments will conceivably gener- 0.05 - ¢

ate a FbpA assembly with an exposed'Feenter susceptible

to attack by another EDTA molecule, facilitating 3Fe 0.00

release. Stage Il for FeFbpA-PQ and F&'FbpA-NTA 0.000 0.005 0.010 0.015 0.020
shows equivalent time-resolved decays in absorbantg.at
= 460 nm, which is attributed to the depletion of the [EDTAIM

intermediate FEFbpA-EDTA complex with F& release FIGURE 2: Plot of the observed stage | rate c_onstak’t&sl as a
to produce FEEDTA and apo-FbpA. function of EDTA concentration for the reaction betweerdtFe

" FbpA-PQ and EDTA. The solid line represents a nonlinear fit of
Fe*'FbpA-PQ + EDTA. The stage | and stage |l eq 5 to the data. Conditions: [Fé&bpA-PQ] = 9.26 x 1075 M,

successive absorbance decays corresponding to the reactiopy 6.5, 0.05 M MES, 0.1 M NaClg) 25 °C.

between F&€FbpA-PQ and EDTA (eq 1; X=PO#, Y =

EDTA) both follow a single exponential profile. The time-  petween F&FbpA-PQ and EDTA is shown in Figure 1A.
dependent absorbance decay data recorded for each stagehe /..« = 481 nm corresponding to FdbpA-PQ

were fitted using the equation: decreases in intensity by 230% and shifts to 460 nm in a
- single exponential decay over time (Figure 1). The apparent
Abs — Abs,,= Be Kokt 2 rate constant for the decay process in stageéld is

dependent on the EDTA concentration and exhibits saturation
where Absis the time-dependent absorbance, 4lis the at high EDTA concentration (Figure 2). These results are
absorbance at the equilibrium positidg,sis the rate constant  attributed to a two-step process consisting of a rapidly
associated with the decay profile, amdl is the decay established pre-equilibrium (reaction 3) followed by a rate-
amplitude. determining step (reaction 4), with a rate law described by
(A) Stage | for F&"FbpA-PQ + EDTA.A representative  eq 5. FE'FbpA-PQ-+--EDTA represents a nonspecific in-
time-dependent spectral change for stage | of the reactionteraction between FeFbpA-PQ and EDTA. A nonlinear
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Fe'"FbpA-PQ, + EDTA = 0.22
Fe'FbpA-PQ-+-EDTA  Q, (3) e %7 A
< 018
Fe" FbpA-PQ-+-EDTA — g 0.16
Fe'FbpA-EDTA+ PO, k, (4) 2 0.4
E 0.12
| k,[EDTA] 5
Kobs= 5) 2 010
(1/Q,) + [EDTA] <
0.08
fit of eq 5 to the data (Figure 2) yields the microscopic 0.06 : : : :
constantsQ; = 1.43 x 1® M tandk, = 2.8 x 10t s 0 200 400 600 800 1000
(B) Stage Il for Fé'FbpA-PQ + EDTA. At the end of Time (min)
stage | thelmax has shifted and stabilized at 460 nm. Stage 4.0
Il shows further decrease in absorbance at 460 nm in a slow
process requiring several hours for completion, which B
ultimately results in a complete loss in the LMCT band (due 3.0 1
to the protein coordination to 8. The decay profile follows 77;
a single exponential (Figure 3A) according to eq 2, which 220
is linearly dependent on the EDTA concentration (Figure 5
3B). A mechanism and the associated rate law consistent ~
with these data are shown in the equations: € 104
Fe’'FbpA-EDTA+ EDTA = ‘
apo-FbpA+ FEEDTA  k;, k5 (6) 0.0 : : . .
0.00 0.01 0.02 0.03 0.04 0.05
K'ops= K[EDTA] + k_, @) [EDTA] M

Ficure 3: (A) A representative absorbance decay profile for stage

where ks and k_3 represent the microscopic forward and ! OI th%rea"tioé‘.t.bet""?ggﬁz.pr'PQ a;ndCEDJ? “”de#gie"&do'
: rst-order conditions in excess). Conditions: pA-
reverse rate constants. The complete disappearance of th%o4] =0.26x 10-5M, [EDTA] = 2.5 x 10-3 M, pH 6.5, 0.05 M

LMCT band in the visible spectral region supports the MES, 0.1 M NaCIQ, 25°C. (B) Plot of the observed stage Il rate
formation of apo-FbpA and FEEDTA. Apo-FbpA may be constantsK!,g for the reaction between FebpA-PQ and EDTA.
present as apo-FbpA-EDTA or apo-FbpA-P@nder the The solid line represents the linear fit of eq 7 to the data.
given experimental conditions we cannot differentiate be- Conditions: [FEFbpA-PQ] = 9.26 x 10°° M, pH 6.5, 0.05 M
. . . MES, 0.1 M NacCIQ, 25°C.

tween possible apo-FbpA species, and more importantly they
do not change our data analysis or the interpretation of the
results. A linear fit of eq 7 to the data (Figure 3B) givgs ~50% absorbance loss. The larger rate conskigid shows
=57x 10°Mtstandk3= 2.3 x 10°s* from the a saturation profile at high EDTA concentrations, while the
slope and intercept. smaller rate constank'o,g is linearly dependent on the

Fe**'FbpA-NTA+ EDTA.Similar to the reaction between EDTA concentration (Figure 5). This behavior is interpreted
Fe*FbpA-PQ and EDTA, the reaction between¥EbpA- to be due to two competing parallel paths for the reaction
NTA and EDTA also occurs in two stages, stage | and stage between F&€FbpA-NTA and EDTA. The larger rate constant
Il. However, the stage | absorbance decay followed a doubleis attributed to two successive reactions shown in egs 9 and

exponential profile according to the equation: 10. Assuming reaction 9 is a rapidly established preequilib-
. . rium to the rate-determining reaction 10, the rate law may
Abs, — Abs,, = Be 1!  Ce 2 (8)  be described by eq 11:

where Absand Absg,are the time-dependent and equilibrium Fe*'FbpA-NTA + EDTA =

absorbance, respectivelk'iops and Koops are two rate Fe3+Fpr-NTA---EDTA Q; (9
constants associated with the double exponential decay

profilz, andlj andct:)arebthe codrresponding amp:jlitudes. The Fe3+Fpr-NTA---EDTA -

time-dependent absorbance decay corresponding to stage |l 3+

showed a single-exponential profile similar to that seen for Fe”FbpA-EDTA+ NTA k; (10)
Fe*FbpA-PQ, and the data were fitted using eq 2.

(A) Stage | for F&FbpA-NTA+ EDTA. Stage | of the Q. [IEDTA]
reaction between BeFbpA-NTA and EDTA is distinctly 1obs ™ (1/Q,) + [EDTA]
different from that seen for the Fe~bpA-PQ, system. The
Amax = 467 nm corresponding to Fe&FbpA-NTA decreases  whereQ; represents the equilibrium constant associated with
with a slight blue shift to 460 nm. Representative spectral the formation of the outer-sphere assembl§FopA-NTA-
change profiles are summarized in Figure 4. The decay --EDTA andk'i4ssis the apparent rate constant. A nonlinear
profile follows a double exponential (eq 8) and results in fit of eq 11 to the data (Figure 5A) yields the microscopic

(11)
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0.04 }»max =467 nm

2 o024
-1

Amax = 460 nm
n |
400 450 500 550 600 650 700
Wavelength (nm)
Absorbance
0.3
B
025
0.2
0.15
o1
« 40 50 30

Time{secs)

Ficure 4: (A) Representative time-dependent spectral changes
corresponding to stage | of the reaction betweefrFepA-NTA

and EDTA under pseudo-first-order conditions (EDTA in excess).
(B) A representative absorbance decay profile at 467 nm. Data
presented for (A) and (B) are from different experiments under
identical conditions. Conditions for (A) and (B): [Fé&-bpA-NTA]
=1.02x 10*M, [EDTA] =5.0x 103 M, pH 6.5, 0.05 M MES,

0.1 M NacClQ, 25°C.

constantsQ; = 0.98 x 1* Mt andk, = 6.2 x 10t s,
This reaction profile is equivalent to that seen for the EDTA
reaction with F& FbpA-PQ, within experimental uncer-
tainty.

The smaller rate constarM 4,9 shows a linear dependency
on the EDTA concentration. Such behavior is attributed to
the direct attack of EDTA on FeéFbpA-NTA to form an
Fe*FbpA-EDTA intermediate complex as shown in eq 12,
with the corresponding rate law in eq 13. A linear fit of eq

Fe’'FbpA-NTA+ EDTA =

Fe'FOpA-EDTA+ NTA K, k_, (12)

K yops= K4[EDTA] + K _; (13)
13 to the data (Figure 5B) gives, = 2.3 Mt st andk'_;
=1.3x 10 %s ! from the slope and intercept, respectively.

(B) Stage Il for Fé"FbpA-NTA+ EDTA. Stage Il of the
reaction between FEFbpA-NTA and EDTA is equivalent
to stage Il of the reaction between3FEbpA-PQ and EDTA

Dhungana et al.

0.4

A

0.3 1

0.2 -

1 obs

0.1 1

0.0
0.000

0.010 0.015

[EDTA] M

0.005 0.020

0.10

0.08 -

0.06 -

)

2 obs

0.04 -

—

0.02

0.00

0.000 0.008 0.012 0.016

[EDTA] M

Ficure 5: (A) Plot of the observed stage | larger rate constants
(K'1009 for the reaction between FeFbpA-NTA and EDTA. The
solid line represents the nonlinear fit of eq 11 to the data. (B) Plot
of the observed stage | smaller rate constakits,f for the reaction
between FEFbpA-NTA and EDTA. The solid line represents the
fit of eq 13 to the data. Conditions for (A) and (B): [F€&bpA-
NTA] = 1.02x 104 M, pH 6.5, 0.05 M MES, 0.1 M NaClg 25

°C.

0.004 0.020

Fe**FbpA-X+ Tiron. Although the reactions with Tiron
(Scheme 1) also occur in two stages, their profiles are
distinctly different from the reactions with EDTA. This is
indicative of the formation of different reaction intermediates
as presented below. The changes in spectral profiles associ-
ated with the reaction between Tiron andfebpA-PQ and
Fe*"FbpA-NTA are similar, and representative stage | and
stage Il data for FeFbpA-NTA are shown in Figure 7.
Initially, the Amax corresponding to the LMCT band of the
Fe*"-loaded protein undergoes a red shift (from 481 nm for
Fe*"FbpA-PQ or 467 nm for F&"FbpA-NTA) to 520 nm,
corresponding to stage | of the reaction. This new absorbance
maximum at quasi-equilibrium then shifts to 470 nm,

described above. The slow absorbance decrease at 460 nroorresponding to the characteristic LMCT band due to the

due to the depletion of the intermediate’>feébpA-EDTA
formed at the end of stage | upon further reaction with EDTA
ultimately results in a complete loss in the LMCT band
corresponding to Fé binding to FbpA. The decay profile
follows a single exponential (Figure 6A) and is fitted using
eq 2. The apparent rate constant for the decay proktsg (

is linearly dependent on the EDTA concentration (Figure

triscatecholateiron(lll) complex (Fe(Tiras)) (33), during
stage Il of the reaction. These two stages are well separated
for the FE"FbpA-NTA complex and display two distinct
single exponential absorbance increases (Figure 7). For the
Fe*FbpA-PQ system the two processes could not be
isolated and analyzed separately but were observed and
studied as a double exponential profile.

6B). The proposed mechanism and rate law correspond to Fe*"FbpA-PQ, + Tiron. A time-dependent absorbance

egs 6 and 7. A linear fit of eq 7 to the data (Figure 6B)
yieldsks = 1.1 x 103 M tstandk 3 =4.2x 10°5s!
from the slope and intercept, respectively.

increase profile for the reaction betweery FebpA-PQ and
Tiron (Figure 8) is fitted with a double exponential (eq 8),
corresponding to stage | and stage Il. Both rate constants
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Absorbance @ 467 nm

600 800

Time (min)

200 400 1000

0.4
0.00

0.02 0.03 0.04

[EDTA] M

Ficure 6: (A) A representative absorbance decay profile for stage
Il of the reaction between Fe&FbpA-NTA and EDTA under
pseudo-first-order conditions (EDTA in excess). A remnant of stage
| is also observed at the initial stages of the reaction. Conditions:
[FEtFbpA-NTA] = 1.02 x 104 M, [EDTA] = 2.5 x 1073 M,

pH 6.5, 0.05 M MES, 0.1 M NacClg) 25 °C. (B) Plot of the
observed stage Il rate constankd.f) for the reaction between
Fe"FbpA-NTA and EDTA as a function of EDTA concentration.
The solid line represents the linear fit of eq 7 to the data.
Conditions: [F&"FbpA-NTA] =1.02x 104 M, pH 6.5, 0.05 M
MES, 0.1 M NaCIQ, 25°C.

0.01 0.05
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FIGURE 7: A representative spectral change for the reaction between
FeEtFbpA-NTA and Tiron under pseudo-first-order conditions
(Tiron in excess). (A) Initially, thé.,ax corresponding to the LMCT
band of F&"FbpA-NTA undergoes a red shift (from 467 to 520
nm) in stage |. (B) In stage |l this new intermediate absorbance
maximum shifts to 470 nm, corresponding to the characteristic
LMCT band of the Fe(Tirony~ complex. Conditions for (A) and
(B): [Fe*"FbpA-NTA] = 1.02 x 104 M, [Tiron] = 2.5 x 1073

M, pH 6.5, 0.05 M MES, 0.1 M NaClg 25 °C.

400 450 500

with the observed red shift in the spectral profile resulting
from a first coordination shell interaction between Tiron, a
catecholate, and Fe (33). The intermediate generated at
the end of stage I, FeéFbpA(PQ)(Tiron), is significantly

show a dependency on Tiron concentration. The larger of different from the intermediate generated at the end of stage

the two apparent rate constaritgdy, corresponding to stage

I, is linearly dependent on Tiron concentration (Figure 9A),
while the smaller apparent rate constdiityy), corresponding

to stage Il, shows saturation at high Tiron concentration

I in the reaction between FeFbpA-PQ and EDTA, Fé'-
FbpA-EDTA.

(B) Stage Il for Fé*FbpA-PQ + Tiron. The smaller rate
constantk'',n9 for stage Il shows a saturation profile at high

(Figure 9B). These dependencies on the chelate concentratiorTiron concentrations (Figure 9B), which is attributed to two

are different from that seen for the reaction of FebpA-
PO, with EDTA: stage | for EDTA shows a saturation
profile while stage Il shows a linear dependency.

(A) Stage | for Fé'FbpA-PQ + Tiron. The stage | rate
constant K9 is linearly dependent on the Tiron concentra-
tion (Figure 9A) and is attributed to a direct attack of Tiron
on FETFbpA-PQ (eq 14). A linear fit of the rate law (eq

Fe*"FbpA-PQ, + Tiron—

Fe* FbpA(PQ)(Tiron)  k, (14)

K ops = ky[Tiron] (15)

15) to the data (Figure 9A) yieldg = 1.6 x 100 Mt s

from the slope and a zero intercept. At the end of stage | an

intermediate FEFbpA(PQ)(Tiron) is generated, in which
Tiron has a direct interaction with Fe This is consistent

successive reactions involving one Tiron molecule and the
intermediate species generated at the end of stage®l; Fe
FbpA(PQ)(Tiron), as shown in eqs 16 and 17. A rate law
assuming reaction 16 is a rapid preequilibrium is given by
eg 18. A nonlinear fit of eq 18 to the data (Figure 9B) yields

Fe’"FbpA(PQ)(Tiron) + Tiron =

Fe*"FbpA(PQ)(Tiron)+Tiron  Q, (16)
Fe*" FbpA(PQ)(Tiron)-++Tiron —
apo-FbpA-PQ+ Fe-Tiron  k; (17)
ks[Tiron
! [ Tiron] (18)

°s™ (1/Q,) + [Tiron]

Q:=19x 1M tandk;=28x 102?s L
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FIGURE 8: A representative absorbance increase at 470 nm for the
reaction between FeFbpA-PQ and Tiron under pseudo-first-order
conditions (Tiron in excess). Conditions: FE&bpA-PQ] = 9.26
x 1075 M, [Tiron] = 2.5 x 103 M, pH 6.5, 0.05 M MES, 0.1 M
NaClQ,, 25 °C.
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FiIGURE 9: (A) Plot of the observed rate constaritgy,s for stage

I as a function of Tiron concentration for the reaction betweéri-Fe
FbpA-PQ and Tiron. The solid line represents a fit of eq 15 to the
data. (B) Plot of the observed rate constakigs for stage Il for

the reaction between Fe=bpA-PQ, and Tiron. The solid line
represents the nonlinear fit of eq 18 to the data. Conditions for (A)
and (B): [FEé*FbpA-PQ] =9.26x 1075 M, pH 6.5, 0.05 M MES,
0.1 M NaClQ, 25°C.

Fe**FbpA-NTA+ Tiron. The reaction between Fe-bpA-
NTA and Tiron shows two distinct single exponential rises
in absorbance atmax = 470 nm described by eq 2, which

Dhungana et al.
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FIGURE 10: A representative absorbance increase at 470 nm for
the reaction between FeFbpA-NTA and Tiron under pseudo-first-
order conditions (Tiron in excess). (A) Stage |. (B) Stage II.
Conditions for (A) and (B): [FEFbpA-NTA] = 9.26x 1075 M,
[Tiron] = 1.0 x 1073 M, pH 6.5, 0.05 M MES, 0.1 M NacCl@ 25

°C.

concentration (Figure 11B). THeys profiles are equivalent
to those observed for the F&bpA-PQ and Tiron system.
(A) Stage | for F&'FbpA-NTA+ Tiron. A proposed
mechanism for stage | attributed to a direct attack of Tiron
on FEtFbpA-NTA and the rate law are shown in egs 19
and 20. A fit of eq 20 to the data (Figure 11A) yielks=

Fe*"FbpA-NTA + Tiron —

Fe*'FopA(NTA)(Tiron)  k; (19)

K s = ky[Tiron] (20)
1.7 x 100 M~1 s from the slope and a zero intercept. At
the end of stage | an intermediate>AebpA(NTA)(Tiron)
is generated witlinax= 520 nm, in which Tiron has a direct
interaction with F&" in Fe¥*FbpA-NTA. This is consistent
with the observed red shift in the spectral profile, and it is
almost identical to that seen for the®FEbpA-PQ system.
(B) Stage Il for Fé"FbpA-NTA+ Tiron. The observed

correspond to stage | and stage Il (Figure 10). The observedrate constant for stage Ik'(,,9 shows a saturation profile at
rate constants for both processes show a dependency on Tirohigh Tiron concentrations (Figure 11B). This behavior is

concentration. The faster process, corresponding to stage
(K'ob9), is linearly dependent on Tiron concentration (Figure
11A), while the slower apparent rate constamt oy,

corresponding to stage I, shows saturation at high Tiron

attributed to two successive reactions involving one Tiron
molecule and the intermediate species generated at the end
of stage |, F&"FbpA(NTA)(Tiron), as shown in egs 21 and

22. Assuming eq 21 is a rapid preequilibrium, the rate law
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Ficure 11: (A) Plot of the observed rate constants for stage | for
the reaction between Fe-bpA-NTA and Tiron as a function of
Tiron concentration. The solid line represents a fit of eq 20 to the
data. (B) Plot of the observed rate constants for stage Il for the
reaction between BeFbpA-NTA and Tiron as a function of Tiron
concentration. The solid line represents the nonlinear fit of eq 23
to the data. Conditions for (A) and (B): [Fa=bpA-NTA] = 9.26

x 1075 M, pH 6.5, 0.05 M MES, 0.1 M NaClg) 25 °C.

in eq 23 may be derived. A nonlinear fit of eq 23 to the data

Fe*"FbpA(NTA)(Tiron) + Tiron =

Fe*" FbpA(NTA)(Tirony--Tiron  Q, (21)
Fe*"FbpA(NTA)(Tiron)+-Tiron —
apo-FbpA-NTA+ Fe-Tiron  k; (22)
ky[Tiron
k|| 3[ ] (23)

°s™ (1/Q,) + [Tiron]

(Figure 11B) yieldsQ, = 2.8 x 10* M~* andkz = 1.6 x
1071 s The overall reaction profiles for both FdbpA-
PO, and FE"FbpA-NTA with Tiron look similar; however,
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FbpA-X and EDTA. For the most part F&bpA-PQ and
FE"FbpA-NTA react similarly with EDTA. A common
guasi-equilibrium intermediate is formed at the end of stage
| which is assumed to have the structure shown in Scheme
2, where EDTA assumes a synergistic anion role, based on
spectral datai(nax = 460 nm, in close proximity tdmax =

467 nm for FE"FbpA-NTA where the structurally similar
NTA acts as a synergistic anion). This is consistent with a
recent crystal structure of a FbpA mutant that shows EDTA
is capable to acting as a synergistic anigf, 31).

Stage Il for both FEFbpA-PQ and FE&tFbpA-NTA
involves the displacement of #e from the common
intermediate FEFbpA-EDTA by a second EDTA molecule.
Figure 12 shows the Eebinding pocket and ribbon diagram
for FEFbpA-PQ and Fé*mutFbpA-EDTA adapted from
their respective crystal structures. This comparative analysis
indicates that in both structures the anion is acting as a
synergistic anion; however, the #ebinding pocket in F&'-
FbpA-PQ appears much less solvent exposed compared to
the FE" binding pocket in FEmutFbpA-EDTA. The forma-
tion of FEtFbpA-EDTA as an intermediate at the end of
stage | would generate a FbpA complex with an exposed
Fe*t center susceptible to attack by another EDTA molecule.
We apply these solid-state structural arguments to our
mechanistic study with some caution as the two crystal
structures were obtained from different yet highly homolo-
gous forms of protein, wild-type FbpA froid. gonorrheae
and a H9Q mutant frorilaemophilus influenzaé\ common
intermediate for the product of stage | implies noninvolve-
ment of the leaving group P& or NTA3" in the species,
which is supported by the equivalent values obtained for the
microscopic rate constants in stage Il for both FeFbpA-PO
and FE'FbpA-NTA (Scheme 2; Table 1), and a common
Amax Value (460 nm) for the intermediate reactaBd)(

The microscopic constant®,, k., and ks for EDTA
reaction with F&"FbpA-PQ and FE&"FbpA-NTA are equiva-
lent (Scheme 2; Table 1), suggesting a similar mechanistic
pathway in both cases. The ¥EbpA-X---EDTA species
formed in a rapid preequilibrium in each case involves
nonspecific EDTA association with the protein in the second
coordination shell of F&.

Fe"FbpA-NTA also exhibits a parallel path in stage |
involving direct attack by EDTA that is not observed for
Fe*FbpA-PQ. Since NTA is larger than PO, it is reason-
able to suggest a slight opening of the*Fbinding cleft

the microscopic constants determined for the two sets of gimjlar to that seen in the FemuFbpA-EDTA crystal struc-

reactions are significantly different.

DISCUSSION

Table 1 summarizes the microscopic rate constants ob-

tained for the F&-exchange reaction (eq 1) on changing
the leaving group (synergistic anion X) and entering group

ture (Figure 12) 30, 31), thus allowing direct attack by a
competing chelator on the Fecenter. Weaker Fe binding
and a more positive F&/Fe*" redox potential for FEFbpA-
NTA relative to FeFbpA-PgX4) also suggest a more solvent-
exposed F¥ site in FETFbpA-NTA, making the F& more
susceptible to direct attack by a competing chelator.

(competing chelator L). These data demonstrate that there Fe*"FbpA-X+ Tiron. Scheme 3 summarizes the reaction
is a pronounced entering group effect resulting in a change paths and microscopic rate constants for the reaction®f Fe

in the reactivity and number of detectable steps in th& Fe

FbpA-X and Tiron. Both FEFbpA-PQ and F& 'FbpA-NTA

release process upon changing the competing chelator fronreact with Tiron via similar pathways but with different

EDTA to Tiron. There is an increased rate of displacement
of NTA over PQ® from Fe&'FbpA-X with the Tiron

macroscopic and microscopic rate constants (Scheme 3;
Table 1). The observed rate constants fof'FepA-NTA

competing chelator, and this difference disappears whenare larger, indicating a more labile system. This is consistent

EDTA is the competing chelator in reaction 1.
Fe**FbpA-X+ EDTA.Scheme 2 summarizes the reaction
paths and microscopic rate constants for the reaction®of Fe

with thermodynamic data for Ee&~bpA-PQ and F&"FbpA-
NTA, which show that FbpA affinity for F is greater when
PO is the synergistic anion and that the FeFbpA;PO
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Table 1: Kinetic and Thermodynamic Parameters for Ligand-Exchange Kinetics betw&éii&-X and Competing Chelators, EDTA and

Tiron?
reaction,
protein chelator eq no. parametets values comment
FeTFbpA-PQ EDTA 3,5 Q1 (MY 14.3(0.5)x 10 c
Fe+tFbpA-PQ EDTA 4,5 ka (s 2.8(0.3)x 101 c
FeTFbpA-PQ EDTA 6,7 ks (M~1s7Y) 5.7(0.2)x 102 d
Fe*FbpA-PQ EDTA 6,7 ks (s 2.3(0.4)x 105 d
FETFbpA-NTA EDTA 9,11 Q1 (MY 9.8(0.2)x 10 c
Fe*FbpA-NTA EDTA 10, 11 ka (s 6.2(0.6)x 1071 c
FETFbpA-NTA EDTA 12,13 kKi(M1sh) 2.3(0.4) c
Fe*FbpA-NTA EDTA 12,13 K_1(sh 1.3(0.5)x 1073 c
Fe"FbpA-NTA EDTA 6,7 ks (M~1s71) 1.1(0.1)x 103 d
FeTFbpA-NTA EDTA 6,7 ks (s 4.2(0.2)x 10°° d
Fe**FbpA-PQ Tiron 14,15 ki (M~1s™}) 1.6(0.4)x 10 c
FeFbpA-PQ Tiron 16, 18 Q: (MY 1.9(0.3)x 17 c
Fe**FbpA-PQ Tiron 17,18 ks (st 2.8(0.1)x 102 c
FETFbpA-NTA Tiron 19, 20 ki (M™1s™) 1.7(0.1)x 10 c
Fe*FbpA-NTA Tiron 21,23 Q: (MY 2.8(0.2)x 17 c
FETFbpA-NTA Tiron 22,23 ks (s7) 1.6(0.1)x 10t c

a Conditions: pH 6.5, 0.05 M MES, 0.1 M NaClO25 °C.  Parameters defined as in the equations listed in column 3 and in Scheme 2 or 3.
¢ Stopped-flow kinetic datef Rapid-mixing kinetic data.

Scheme 2: Stepwise Mechanisms for Reaction betweérFBpA-PQ, and EDTA, and F&FbpA-NTA and EDTA, along with
Experimentally Obtained Microscopic Constants

Fe*'FbpA-NTA Fe*'FbpA-PO,

+ +
EDTA EDTA

_ -1
Q, =98 M Q, =143 M

K, =23M's"

I 93¥)S

K, =13x107s" Fe*"FbpA-PO i EDTA

Fe*'FbpA-NTA i EDTA

ky=0.62s" k,=0.28s"!
3- PO,*
— NTA Fe ™ FbpA-EDTA | 3 =460 nm =
+
EDTA
g k= 1.1x10°MsT A ks=57x10° M5!
02 k3=42x1075" k3=23x1075"
]
o)
Apo-FbpA
+
Fe*'EDTA

NTA anion-exchange reaction favors FeFbpAsR@, 7). ecule forms a second-coordination shell complex and reacts
Additionally, this pronounced NTA lability is consistent with ~ with the intermediate. Lastly, the final step offFeemoval

a more exposed Eecenter in the FEFbpA-NTA complex has different rates for the FeFbpA-PQ and FE&"FbpA-

as discussed above. The mechanistic details presented ilNTA systems, suggesting a possible involvement of the
Scheme 3 indicate a direct attack by Tiron orit'Fe Fe*t- synergistic anion in the final release process.

FbpA-X. As expected, the major influence of the synergistic  Kinetics and the Synergistic Aniofv.significant difference
anion leaving group is felt in stage | (¢4 values in Scheme  in the EDTA and Tiron competition reactions is that EDTA
3). The preequilibrium first step in stage Il involving attack also acts as a synergistic anion and Tiron does not. For the
of a second Tiron chelator does not involve displacement of Tiron reactions, the Tiron directly attacks the protein without
the synergistic anion, &3, is essentially the same for He completely displacing the synergistic anion prior to the attack
FbpA-PQ and FE'FbpA-NTA. Here a second Tiron mol-  of a second Tiron; however, the energetics of these processes
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Ficure 12: FéT binding pocket and ribbon diagram for (A) ¥&bpA-PQ, (PDB ID 1IMRPH) and (B) F&'mufFbpA-EDTA (PDB ID

1NNFH). Fé* binding pocket and ribbon diagram forF&bpA-PQ and Fé mutFbpA-EDTA generated using crystallographic data from
refs 5 and 30, respectively.

Scheme 3: Stepwise Mechanisms for Reaction betweérFBpA-PQ, and Tiron, and F&FbpA-NTA and Tiron, along with
Experimentally Obtained Microscopic Constants

Fe>'FbpA-NTA Fe*'FbpA-PO,
+ +
w Tiron Tiron
g k=16x10'MTs!
o k; =1.7x10* M5! =1L
]
Fe*'FbpA-NTA 1 Tiron Fe’"FbpA-PO i Tiron
+ +
Tiron Tiron
Q2=2.8x102M" 1} 1} Q2:1-9X102M1
74 Fe*'FbpA-NTA i1t (Tiron), Fe*'FbpA-PO it (Tiron),
&
S
- 2 -1
— ky=1.6x10"s" k;=2.8x107s
Apo-FbpA
L . |
Fe(Tiron)39'

are controlled by the identity of the synergistic anion Tiron competition reactions. The larger NTA anion may
(Scheme 3). In the mechanism for the EDTA competition, prevent complete closure of the C and N domains around
the EDTA acts as a synergistic anion in the process of the Fé" binding cleft, leaving the Fé more exposed and
removing F&" from FbpA (Scheme 2). Once the intermediate thus enabling a more facile direct attack by Tiron and EDTA.
Fe"FbpA-EDTA is formed, EDTA then becomes the new This may also be related to the lower*Féinding affinity
synergistic anion and the leaving group. of the protein in the presence of NTA)(

The Fé' release process from FbpA is strongly modulated =~ Comparison of Chelator Competition and Proton-Dn
by the nature of the synergistic anion present at the first Fe3* ReleaseThe important role of the synergistic anion
coordination shell of F&. The synergistic anion appears to during the Fé" release process is also supported by the
act as the gatekeeper for¥eaelease in both the EDTA and  proton-driven dissociation of Fe from FbpA, where pro-
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tonation of the synergistic anion was found to be the initial release to a chelator have also been interpreted to indicate
step, followed by dissociation of the synergistic anion to form the presence of anion binding sites on the protein surface.
the quasi-intermediate speciesHebpA(OH), (25). There- A recent review of the kinetics of chelator-driven*Feelease
fore, a synergistic anion in the B&bpA-X complex may from mammalian transferrin has been publish28) (

also be considered as a “gatekeeper” that controfS Fe  hile these general observations for the chelator-driven
release, whether this process is via a chelator competitionrelease of F& from mammalian transferrin are in concert
reaction or a proton-driven dissociation. with our observations for EDTA- and Tiron-driven release
It is of interest to compare our results for Tiron- and of Fe* from Fé*FbpA-PQ and F& FbpA-NTA, the details
EDTA-driven Fé" dissociation from FEFbpA-PQ with are not. As we report here for FbpA, competing chelators
those of our previous study of the'Hiriven dissociation of  capable of acting as synergistic anions at thé" Fending
Fe*" from the same proteir2f). Extrapolation of our data  site in transferrin, such as NTA, give rise to a different kinetic
for H*-driven dissociation of Feé from micromolar Fé*- profile for competing chelator-driven Ferelease, compared
FbpA-PQ to pH 6.5 @9) yields the same overall rate as the to competing chelators that are incapable of acting as a
corresponding reaction in the presence of micromolar EDTA. synergistic anion. A similar variation on the ¥erelease
The difference of course is that EDTA provides a thermo- kinetic profile is also observed for Ed=bpA-X reacting with
dynamic driving force for the reaction and prevents precipi- EDTA that can act as a synergistic anion and Tiron, which
tation of Fé*,qat higher pH. The F& dissociation rate will  apparently does not act as a synergistic anion. However, a
also increase Iinearly as the EDTA concentration ianeaseS.SpeciﬁC Comparison of EDTA and Tiron reactions witbEe
The dissociation of F& from micromolar F&FbpA-PQ FbpA-X and with Fe-transferrin shows that the kinetic profile
in the presence of micromolar Tiron at pH 6.5 proceeds at and the mechanism of Ferelease from FbpA and transferrin
a rate 1000-fold greater than either the EDTA- gr-tiven are different 89—45).
reaction at comparable conditions. These semiquantitative
considerations convey the importance and role(s) of a
competing F&" binding site in the in vivo release of Feat
the cytoplasmic membrane. In this respect, the FbpB
membrane permease may contain such a competifig Fe
binding site and thereby provide the driving force for release
of Fe* from FbpA.

A major difference between FbpA and transferrin during
a chelator competition reaction is the rate of'Feelease.
Fe** release from FbpA is much faster than that seen for
transferrin at comparable conditiond4(-46). The ability
of the FbpA to easily exchange its synergistic anion to form
a new ternary complex with the competing chelator during
the FE' release process may contribute to the observed faster

FbpA and Mammalian Transferritt is useful to compare  g4a of Fét release from FbpA. The Egin FbpA is also
aspects of F€ release from FEFbpA-X driven by a  5noaratively more exposed to solvent than thé*Fia

competing c.helator as rgported here Wi.th similar k[netic data transferrin, and this added exposure may also contribute to
for mammalian transferrin. Both bacterial transferrin (FbpA) a more facile exchange. The rate of chelator-facilitated Fe

and mamm;llljan transfernnbsatlsfy an In vivo functlonhto release from mammalian transferrin is apparently limited by
transport F&" between membrane receptors. However, there 5 “breathing mode”, which allows the transferrin to be in an

are definlitelyé IimiFs to the \llalidity of this cr(])mparison f]?r ._open conformation, thus enabling the attack by a competing
structural and environmental reasons. First, human transferrin.pqajator at the F center p8, 47, 48). This conformational

is a bilobal protein _in which t_he two Fe binding site; change or so-called breathing mode kinetic dependence
bghave spmgwhat differently with respec;t tgFeelease in appears to be absent in FbpA, and the more solvent-exposed
vivo and in vitro g, 35). Monolobal FbpA is eg:e_st compared £t center apparently allows a competing chelator to reach

with N-lobe human transferrin, although the’F@nis more o eta) center more easily, regardless of the conformation

exposed to the external aqueous environment in FBA (¢ e ; : :
; . . protein. Although we have not assigned a breathing
36, 37). Second, although the residues involved irf'Fe mode in F&"'FbpA-X to a specific form of the rate law,

binding are similar, the sequence homology between the tWOcertainly a conformational change occurs in thétFelease

proteins is<20% and the synergistic anions are different, a5 as noted in our observed spectral shifts and the fact
as are their binding site€). Third, an endosomal pH drop ¢ the crystal structures of the holo and apo form of the

frfom 7'?{ fo~5.6 playsll an integ;al role inhfclhetin vivo rlelease protein show an opening of the Febinding site by a 21
of iron from mammalian transferrin, while bacterial trans- 1oiation around a hinge axis on Feremoval 6, 6, 37).

ferrin exists in the relatively qonstant pH 6.5 of the periplasm Direct displacement of the synergistic anion irf FlbpA-X
(38). Consequently, our studies reported here were all carrledby EDTA is postulated on the basis of the spectrum of the

out at pH 6.5. _ o intermediate, rather than any specific form of the rate law.
Both saturation and linear kinetics, as well as dual-mode

kinetics, have been observed for chelator-induced Fe gyMMARY AND CONCLUSIONS

release from full-length and recombinant N-lobe mammalian

transferrin, depending on the competing chelator, as is the Competing chelators can effectively remove*Fé&om
case in our study. Kinetic data for mammalian transferrin Fe*FbpA-PQ and FE&"FbpA-NTA, and the kinetics clearly
have been interpreted in terms of a mechanism involving a suggest that the competing chelators EDTA and Tiron
protein conformational change or breathing mode and determine the mechanism and reaction rates. A competing
displacement of the synergistic carbonate anion. The alge-chelator (entering group) that is capable of acting as a
braic form(s) of the rate law is (are) interpreted using a model synergistic anion, such as EDTA, can form relatively stable
involving a protein conformational change with parallel intermediates prior to complete Feremoval from FbpA.
displacement of the synergistic anion by the competing The formation of the intermediate F&bpA-EDTA in
chelator. Anion concentration effects on the kinetics 6ffFe  reactions with EDTA appears to diminish the kinetic leaving
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group effect. However, for a competing chelator such as
Tiron, which shows no evidence of acting as a synergistic
anion, the exchange kinetics show a significant leaving group
effect in that the lability difference between the*HebpA-

PO, and FE*FbpA-NTA assemblies is pronounced. Regard-
less of the nature and the relative stabilities of the interme-
diates formed during chelator-competition reactions’"Fe
release is facilitated by the destabilizing effect of these newly
formed ternary complex intermediates. The synergistic anions
clearly appear to control the kinetics of the*HebpA-X
reactions with Tiron. This ability of the synergistic anion to
modulate the kinetics of Fe release along with its ability

to modulate the thermodynamics offFeelease4, 7) further
establishes the synergistic anions as crucial players in
periplasmic F&" transport in Gram-negative bacteria.
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