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Catecholate type enterobactin, a prototype siderophore, comprises 2,3-dihydroxybenzoic acid (2,3-DHBA) cycli-
cally linked to serine in E. coli. The existence of iron-chelating ligands in humans is a recent discovery, however,
the basic chemical interactions between 2,5-dihydroxybenzoic acid and Fe(III) ion remain poorly understood.
Achieving an accurate description of the fundamental Fe(IlI) binding properties of 2,5-DHBA is essential for un-
derstanding its role in iron transport mechanisms. Here, we show that 2,5-DHBA binds iron in a salicylate mode
via a two-step kinetic mechanism by UV spectroscopy. Complexation between Fe(III) salt and 2,5-DHBA initially
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2,5-DHBA occurs at 1:1 ratio (of ligand to metal) and binding resulting in higher-order complexes continues at higher con-
Gentisic acid centrations. Through potentiometric measurements we quantify the distribution of Fe(Ill)-2,5-DHBA complexes

[ron chelation
Salicylate mode
UV-Vis spectroscopy

with 1:1, 1:2 and 1:3 stoichiometry. The formation of 1:3 complexes is further supported through high-resolution
mass spectrometry. Further, using kinetic and equilibrium UV spectroscopy, we report Fe(IlI)-2,5-DHBA complex
formation at a pH range of 2.5-9.0 at 298.15 K in water. Maximum complexation occurred at a pH range of 4.5-
6.5 consistent with deprotonation of the carboxylic acid proton. Equilibrium measurements and stopped-flow ki-
netics show that complexation rate constants were independent of concentrations of 2,5-DHBA. Together the
data supports a model in which the rate-determining step involves rearrangement of ligands on an initial com-

plex formed by reversible binding between the carboxylate group of 2,5-DHBA and Fe(III).

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Recent discoveries reveal the existence of low-molecular weight
iron-binding compounds in eukaryotic cells that are capable of mediat-
ing iron transportation [1-7]. It was recently reported that 2,5-
dihydroxybenzoic acid (gentisic acid) is a key iron-chelating moiety in
eukaryotic cells [7]. Indeed, there is a remarkable conservation of the
biosynthetic pathways for 2,5-DHBA production in eukaryotes and
2,3-dihydroxybenzoic acid, which is the iron-binding moiety of E. coli
siderophore enterobactin [8]. In E. coli, enterobactin is biosynthesized in
a series of reactions catalyzed by at least six enzymes [9]. Among these en-
zymes, 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase (EntA) cata-
lyzes the rate-limiting production of 2,3-dihydroxybenzoate in
enterobactin biosynthesis. Significantly, we identified an EntA homologue
in eukaryotes, BDH2, another member of the short chain dehydrogenase
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family responsible for 2,5-DHBA biosynthesis [7]. As with enterobactin,
any functional eukaryotic siderophore probably contains additional mol-
ecules besides 2,5-DHBA. Nonetheless, 2,5-DHBA alone is sufficient to
chelate and transport iron into the mitochondria [7,10].

While the biological role of 2,5-DHBA is an area of intense interest [6,
7,11,12], the basic chemical interactions between 2,5-DHBA and Fe(III)
ion that are essential for understanding its biological function remain
poorly understood. For example, despite evidence for its in vivo func-
tion, recent biochemical analyses showed surprisingly low apparent af-
finity of 2,5-DHBA for Fe(IIl), and attempts to co-crystallize 2,5-DHBA
and Fe(III) bound to lipocalin were unsuccessful [13]. Molecular model-
ing suggests that the salicylate mode of binding assumed for 2,5-DHBA,
in which a carboxyl and an adjacent hydroxyl group on the siderophore
interact simultaneously with the bound metal, is incompatible with
binding to lipocalin 24p3 [13].

The fact that 2,5-DHBA could effectively transport Fe(lIl) across the
cell in eukaryotes [7] presented an apparent paradox in light of the stud-
ies published recently [13] and warranted a reasonable explanation for
the binding modes displayed by 2,5-DHBA. Therefore, we examined
more closely the complexation reaction of 2,5-DHBA and Fe(IIl) using
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potentiometric measurements, mass spectrometry, and equilibrium
and kinetic UV spectroscopy to characterize the structure and stability
of the complexes formed and the mechanism of binding. The data re-
ported here unambiguously demonstrate rapid complexation between
Fe(III) salts and 2,5-DHBA through a salicylate mode of binding with
multiple 2,5-DHBA ligands interacting with a single Fe(III) metal center.
We attribute the appearance of new peaks observed using UV spectros-
copy due to formation of Fe(Ill) complexes, and present further evi-
dence to support this notion through potentiometric analyses and
mass spectrometry. The final states of the complexes engage multiple
stoichiometry involving 2,5-DHBA as ligands and are likely to involve
a 1:3 complex 3. We also document slow changes in UV absorbance
that were consistent with breakdown of the 2,5-DHBA potentially via
oxidation involving the hydroxyl group at the 5 position. The long
term instability of the complexes observed here would thus explain
the inability of previous studies to detect their formation. These data
are important in establishing the ability of 2,5-DHBA to complex with
Fe(III) ion in vitro and providing a rationale for apparently conflicting
biochemical observations regarding 2,5-DHBA complexation properties.

2. Experimental
2.1. Synthesis of Fe(Ill)-2,5-DHBA complex

2.1.1. Method A

2,5-DHBA (230.0 mg, 1.49 mmol) dissolved in ethanol (4.0 mL) was
added to a premixed ethanolic solution of NaOH (60.0 mg, 1.49 mmol
in 2.0 mL of EtOH) under constant stirring. Next, Fe(NOs)3-9H,0
(200.0 mg, 0.50 mmol in 1.0 mL EtOH) was slowly added at room tem-
perature over a period of 20 min. The reaction mixture was vortexed for
30 min to maintain homogeneity of the solution. The complexation over
12 h resulted in precipitation of NaNOs, which was removed by filtra-
tion. The resulting solution was evaporated to give a dark blue-colored
solid, which was estimated to be 62% of input (158 mg, 0.30 mmol).
The solid was analyzed by mass spectrometry after solubilizing in
DMSO. The mixture was also analyzed by UV-visible (UV-Vis) spectros-
copy after diluting with water.

2.1.2. Method B

2,5-DHBA (342.0 mg, 2.22 mmol) in methanol (10.0 mL) was added
to a premixed ethanolic solution of NaOH (89.0 mg, 2.22 mmol in 2.0 mL
EtOH) under constant stirring. Next, FeCl5-6H,0 (200.0 mg, 0.74 mmol
in 1.0 mL MeOH) was slowly added at room temperature over a period
of 30 min. The reaction mixture was stirred for an additional 12 h at
room temperature to complete the complexation. Upon complexation,
a dark blue-colored mixture was obtained, which was filtered using a
Whatman filter. The resulting dark blue-colored complex was estimated
to be 66% of input (251.0 mg, 0.49 mmol). The mixture was then ana-
lyzed by UV-Vis spectroscopy after diluting with water. The solid was
next analyzed by mass spectrometry after solubilizing in DMSO.

2.2. Equilibrium and kinetic UV-Vis spectroscopy of Fe(Ill) complexes

UV-Vis spectra, in scanning mode, were obtained on a Shimadzu
UV-1800 spectrophotometer, which was equipped with a TCC-240A
thermoelectrically controlled cell holder (Shimadzu). Data were obtain-
ed as absorbance values and were analyzed in Microsoft excel® and
Origin®. The time dependent change in absorbance due to chelation
was monitored using stopped flow spectroscopy using an Applied
Photophysics pi*-180 spectrometer, at fixed wavelength. Solutions of
100-600 uM FeCls-6H,0 and 2,5-DHBA were mixed using the instru-
ments stopped flow unit with a total shot volume of 150 L and a flow
cell with a 1 cm path length at 298.15 K. The absorbance at 590 nm
(2 nm slit width) was collected in 100-400 points over 1-10 s. The
rate constants for individual kinetic traces were determined by fitting
to a single exponential function. Fits to this equation gave essentially

random residuals and averages of >3 individual kinetic traces provided
estimates of experimental error of ca. 10%.

2.3. Speciation study using potentiometry

A perchloric acid stock solution was prepared and standardized as
described previously [14]. A sodium perchlorate stock solution was pre-
pared and standardized according to Biedermann [15]. Sodium hydrox-
ide titrant solutions were prepared and standardized as described
previously [16]. Fe(Ill) perchlorate was prepared and standardized as
reported by Ciavatta et al. [17]. All carbonate free solutions were
prepared under inert atmosphere with double distilled water. The
cell arrangement was similar to that described by Forsling et al. [18].
Ag/AgCl electrodes were prepared according to Brown [19]. Glass elec-
trodes, manufactured by Metrohm, were of the 6.0133.100 type. They
acquired a constant potential within 10 min after the addition of the
reagents and remained unchanged within +0.1 mV for several hours.
The titrations were carried out with a programmable computer con-
trolled data acquisition switch unit 34970 A supplied by Hewlett Packard.
The electro motive force (EMF) values were measured with a precision
of +£107° V using an OPA 111 low-noise precision DIFET operational
amplifier. A slow stream of nitrogen gas was passed through four
bottles (a-d) containing: a) 0.96 mol kg~ ' NaOH, b) 0.94 mol kg~!
H,S0,, ¢) twice distilled water, and d) 1.05 mol kg~ ! NaClO,, and
then into the test solutions, stirred during titrations, through the gas
inlet tube. During the EMF measurements, the cell assembly was placed
in a thermostat kept at (298.15 4+ 0.1) K.

24. Mass spectrometry

MS analyses were performed on a Thermo Scientific LTQ-FT™ (a hy-
brid mass spectrometer consisting of a linear ion trap, low resolution)
and/or a Fourier transform ion cyclotron resonance mass spectrometer
(FT-ICR, TOF-ESMS).

3. Results and discussion
3.1. Synthesis and stability of Fe(Ill)-2,5-DHBA complex

As shown in Fig. 1, depending on the acid dissociation constant
(pK,), one or multiple protons of 2,5-DHBA may be lost to give rise to
a bidentate ligand binding ion (in its salicylate mode) with the possibil-
ity of any of the three complexes (1, 2 or 3) as a result of complexation
[14]. The pKj of the three acidic protons in 2,5-DHBA are reported at 3.1
(COOH), 10.46 (C2 phenoxyl) and 13.41 (C5 phenoxyl) respectively
[20]. In a simplistic model, without considering stereochemical isomer-
ism, the complexes 1, 2 and 3 could in principle co-exist at equilibrium,
once Fe(Ill)-salt (e.g. FeCl;.6H,0 or Fe(NO3)3.9H,0) and 2,5-DHBA
are complexed in aqueous solution. Through systematic variation of
ligand-to-metal stoichiometry, we designed conditions to enable the
generation of Fe(Ill)-2,5-DHBA complexes. The relative populations of
each individual complex were expected to be a function of stoichiome-
try of Fe(Ill) and 2,5-DHBA. Synthetic methods that were employed
for populating the 3:1 complex 3 are shown in Scheme 1. 2,5-DHBA
was treated with sodium hydroxide in ethanol as a solvent (in which
2,5-DHBA dissolves completely) to generate the carboxylate ion of
2,5-DHBA. Ferric chloride hexahydrate was pre-dissolved in ethanol
and this solution was titrated slowly into the carboxylate salt solution
of 2,5-DHBA.

After addition of the aqueous solution of FeCls-6H,0 to a 2,5-DHBA
or 5-MeO-SA solution, a drastic color change was noticed due to the
ligand to metal charge transfer and the solution turned from color-
less to deep blue instantaneously. When compared to the existing lit-
erature on Fe(III) complexes of comparable ligands, the observed
color change seems reasonable and expected [21]. After filtration,
we obtained a dark blue amorphous solid indicating the formation of
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Fig. 1. Top: 2,5-DHBA or gentisic acid. The three acidic positions are shown in color. The protonated form and the mono anion are shown in red and blue respectively. Bottom: Structures
of Fe(Ill)-2,5-DHBA complexes with a 1:1 (1), 2:1 (2) and a 3:1 (3) ratio of 2,5-DHBA:Fe(IIl) ion. Structures are Chem3D depictions with L = OH or Cl ions.

a complex (Scheme 1). This complexation reaction was reproducible described in Section 3.2 and via mass spectrometry as shown in
and the change in color was consistent and predictable over several at- Section 3.4). The alternative method employed for the formation
tempts. The complex formed through the synthetic method involving of complexes involved reaction of the carboxylate salt of 2,5-DHBA
FeCl;-6H,0 was used for analyses (by UV-Vis spectroscopy as and Fe(NOs)3-9H,0. In this reaction the by-product, sodium nitrate
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Scheme 1. Synthesis of complexes 3 and 7. Equation 1 shows the formation of complex 3 from 2,5-DHBA. Two distinct conditions were employed involving FeCl;-6H,0 and Fe(NOs)3-9H,0.
Complex 7 is formed from its corresponding carboxylate salt upon binding with FeCls-6H,0.
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Fig. 2. A. UV-Vis spectrum of 162 uM 2,5-DHBA in water at pH 6.4 (black, line a); and the complex formed between 648 M 2,5-DHBA and 216 uM FeCl; -6H,0 in water at pH 6.4 (red, line
b). B. UV-Vis spectrum of 149 pM 5-MeO-SA in water at pH 6.8 (black); and complex formed between 297 uM 5-MeO-SA and 99 pM FeCls - 6H,0 in water at pH 6.8 (red). C. UV-Vis plot of
absorbance versus wavelength for the complex formation between 648 uM 2,5-DHBA and 216 pM FeCl;-6H,0 in water at pH 6.4 at 5 minute intervals (from 0 to 95 min). The arrow in-
dicates direction of absorbance change with time. D. Plot of absorbance (at 590 nm) as a function of pH (range = 2.5 to 9.0) showing existence of 590 nm peak indicative of Fe(Ill)-2,5-
DHBA complex 3. Plot is fit to a model for a single activating deprotonation. The equation for the fitis:y = A 4+ (B/ (1 + 10*(K — x))) where A = initial absorbance, B = maximum
absorbance, K = the pKa value of the functional group undergoing deprotonation. The apparent pKa is 2.56 + 0.799; A = 0.21 + 0.08 and B = 0.08 + 0.8. R? = 0.626. pH in each titer
was controlled (to the specific value as displayed) prior to complexation through pre-formation of the carboxylate ion of 2,5-DHBA as shown in Scheme 1.

precipitated out and was filtered off to result in an amorphous solid
complex 3. Because of the presence of a chromophore in 2,5-DHBA,
we conducted extensive analyses of this complex-forming reaction
using UV-Vis spectroscopy (Fig. 2A). UV-Vis studies were performed
on complexes formed through the reaction of 2,5-DHBA and
FeCls-6H,0 (Scheme 1, equation 1, top) while HR-MS studies were per-
formed on complexes formed through the reaction of 2,5-DHBA and
Fe(NO3)3-9H,0 (Scheme 1, equation 1, bottom). Yields of complex 3

formation using these two methods were 62% and 66% respectively
(Table 1).

In order to test the salicylate-binding mode between 2,5-DHBA and
Fe(III) ion, we used 5-methoxysalicylic acid (5-MeO-SA), a surrogate of
2,5-DHBA that cannot bind through the methylated oxygen to Fe(III)
ion. Upon complexation, 5-MeO-SA provided similar UV-Vis spectro-
scopic results to those observed earlier for 2,5-DHBA (complex 3), indi-
cating the formation of Fe(IIl)-5-MeO-SA complex 7 (Fig. 2A & B).

Table 1
Isolated percent yields of complexes 3, 7, 8 and 9 from synthetic methods employed as shown in Schemes 1 and 2.
Entry Complex Structure Yield (%)
1. Fe(-(2,5-DHBA )3 HO 62
@\O (with Fe(NOs)3)*9H,0
o o,,,'le_.\\opm« 66
4< 5% (with FeCl3+6H,0)
HO
2. Fe('"-(5-MeO-SA)5 m@ 61
N
oo, | ‘_uo\é )—OMe
O’Te‘o
O:: o o
an MeO
3. Cr''"V-2,5-DHBA(en); r (\NHZ W1 78
oo (\:r_\\N]
o7 ] Sy
0%}0 H,
() o e -
4. Fe'"V-2,5-DHBA(en), r (\M W 1F 54
08 \ﬂz
L HO .
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As shown in equation 2 in Scheme 1, we observed complexation of
5-MeO-SA to FeCls - 6H,0 under refluxing conditions in ethanol to result
in complex 7 in 61% isolated yield (Table 1). Sodium salt of 5-MeO-SA
displayed poor solubility in ethanol, and therefore a mixture of ethanol,
methanol and water in the ratio of 8:2:1 (respectively) was employed.
The color change observed during the formation of 2,5-DHBA complex
3 was observed in this case as well. The solutions containing complexes
3 and 7 were analyzed individually by UV-Vis spectroscopy (Figs. 2, 3
and 4) and mass spectrometry (Table 3).

Analogously, we prepared complexes of Fe(Ill)-2,5-DHBA and
Cr(Il1)-2,5-DHBA, in the presence of ethylenediamine to serve as stable
bidentate ligand to enhance formation of stable complexes 8 and 9 re-
spectively. Therefore, chromium(IIl) chloride hexahydrate was mixed
with 2,5-DHBA and ethylenediamine in the presence of zinc dust as a re-
ducing agent in methanol under refluxing conditions over 2 h as shown
in equation 3 (Scheme 2). The ensuing complex 8 was isolated in 78%
yield using procedures similar to the Fe(Ill)-2,5-DHBA complex 3
(Table 1). Similar to the complexation described for the chromium(III)
ion, Fe(Ill) was subjected to complexation in the presence of
ethylenediamine ligand and zinc dust in hot methanol over 2 h. The sta-
ble complex 9 depicted in equation 4 was obtained in 54% isolated yield
(Table 1).

3.2. Equilibrium and kinetic UV-Vis spectroscopy of Fe(Ill)-2,5-DHBA
complexation

Initially, we attempted several methods (i.e. layering, vapor diffu-
sion and slow evaporation) for crystallization of Fe(III)-2,5-DHBA com-
plex but unfortunately failed to get diffraction quality crystals for X-ray
analysis. While crystallographic data would provide strong corrobora-
tive structural evidence, considering this failure of the complex to crys-
tallize and considering the fact that there are UV-Vis reports for benzoic
acid-like ligands chelated to Fe(III), we turned to generating equilibri-
um and kinetic UV-Vis data in the hope that it can be interpreted in
terms of a consistent and chemically accurate binding model.

Therefore, we compared the UV spectra of the free and bound 2,5-
DHBA, and analyzed the time dependent changes in UV absorbance
during complexation (Figs. S1-S3). 2,5-DHBA has a strong absorption
in the UV-Vis range of electromagnetic spectrum (A\pax at 320 nm;
€ = 3700 M~ ! cm™!; Fig. S2). Upon addition of FeCls-6H,0 to 2,5-
DHBA in solution (1:3 ratio of Fe(IIl) salt:2,5-DHBA) the UV-Vis data
showed a 30 nm bathochromic (red) shift in absorbance (of the corre-
sponding peak for 2,5-DHBA) indicating that there was complexation
occurring (Fig. 2A). The color change that occurred was also observed
during synthesis of this complex and was concomitant with release of
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Fig. 3. Kinetic plots of Fe(lIl)-2,5-DHBA binding followed through stopped-flow UV spectroscopy. A. Plot of absorbance (at 590 nm) versus time (s) measured for complex formation be-
tween 2,5-DHBA (648 uM) and FeCl;-6H,0 (216 uM) in water at pH 6.4. B. Plot of absorbance (at 582 nm) versus time (s) measured for complex formation between 5-MeO-SA (594 uM)
and FeCl;-6H,0 (198 uM) in water at pH 6.8. C. Fast and slow complexation events in the formation of complex 3. D. Comparative time dependent study for measuring the stability of the
complex formed between 445 uM 5-MeO-SA and 148 puM FeCl;-6H,0 at pH 6.8 (red, absorbance at 582 nm, the near horizontal line at the upper part) and 648 M 2,5-DHBA and 216 uM
FeCl;-6H,0 at pH 6.4 (black, absorbance at 590 nm) with 5 min intervals. E. Comparable stability of complexes 3 and 7.
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Fig. 4. A. UV-Vis spectra of FeCl3.6H,0 (220 uM) with varying concentration of 2,5-DHBA in water at pH 6.4 at 298.15 K; B. UV-Vis spectra of FeCl3.6H,0 (220 uM) with varying concen-
tration of 5-MeO-SA in water at pH 6.8 at 298.15 K; C. UV-Vis spectra of the titration between FeCl;.6H,0 (220 uM) and varying concentration of 2,5-DHBA in water at pH 6.4 at 298.15 K. D.
UV-Vis spectra of the titration between FeCl;.6H,0 (207 pM) and varying concentration of 5-MeO-SA in water at pH 6.5 at 298.15 K; E. UV-Vis spectra of the titration between FeCl;.6H,0
(220 uM) and 2,5-DHBA in water defined as \ax as a function of conc. of 2,5-DHBA at pH 6.4 at 298.15 K; F. UV-Vis spectra of the titration between FeCl3.6H,0 (220 uM) and 2,5-DHBA in

water defined as Nax as a function of conc. of 5-MeO-SA at pH 6.8 at 298.15 K.

nitrate from Fe(NOs)3-9H,0. Scanning between 290 and 800 nm
revealed two new peaks for the complex at N ax = 350 nm and at
590 nm (a ligand-to-metal charge transfer band) respectively. We attri-
bute these new peaks as a result of formation of Fe(IIl) complexes, as in-
dicated by potentiometric analyses and mass spectrometry the final
state is likely to be complex 3. The shoulder observed at 320 nm for
the mixture is due to the small amount of unbound 2,5-DHBA. Further-
more, high-spin Fe(Ill) has no spin-allowed d-d transitions. Therefore
we attribute the UV-Vis spectra of Fe(IIl)-2,5-DHBA chelate complex 3
to arise from the coulombic interaction between the positively charged

metal ion and the negatively charged oxygen atoms through a charge-
transfer transition.

In addition to the rapid initial changes in UV absorbance we also ob-
serve a time-dependent decrease of the intensity of the ligand to metal
charge transfer band at 590 nm, while the peak at 350 nm retained its
intensity over time (Fig. 2C). The d° electronic configuration of Fe**
rules out any crystal field stabilization energy (CFSE) and makes the
complexes relatively labile with respect to isomerization and ligand
exchange in aqueous solution. The UV spectral data indicate that forma-
tion of the complex is rapid, but that a second process, potentially

NH; H
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Scheme 2. Synthesis of Cr(IIl) and Fe(Ill) complexes (8 and 9) with 2,5-DHBA and supporting ethylenediamine ligands.
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Fig. 5. Distribution of the Fe(III) species, expressed as percentages (%) versus pH, in: (A) G, = 1 mM, Cy = 1 mM; (B) G, = 9.7 mM, Gy = 1 mM. The percentage of total Fe in the different
protonated and liganded forms (Fe*>*; Fe(HL)™; Fe(HL); ; Fe(HL)3~; Fe(OH)?>* and Fe(OH)3") are shown as a function of pH. For clarity a dotted line is used for Fe(HL)3 ™.

oxidation of the 2,5-DHBA, occurs at a slower time scale. Nevertheless,
these results in conjunction with speciation distribution shown in
Fig. 5 are consistent with the interpretation that the rate of complexa-
tion out competes hydrolysis of the complex until further oxidation of
complex 3 occurs. In order to further validate 2,5-DHBA as a chelating
bidentate ligand to metals, a kinetically more inert d> center of Cr>*
was complexed with 2,5-DHBA resulting in complex 8. Because Cr>™
metal center possesses similar ionic radii and the same charge as
Fe(Ill), complex 8 demonstrates a high degree of structural similarity
to complex 3. As observed through mass spectrometry, the binding
of 2,5-DHBA to Cr(III) was evident further confirming that the ligand is ca-
pable of binding to metals through a salicylate mode. The extinction coef-
ficient of 2,5-DHBA in Fig. 2A (black) and for 5-MeO-SA in Fig. 2B (black)
are 4111 and 5900 M~ ! cm ™! respectively. Whereas the apparent extinc-
tion coefficient for the complex Fe(Ill)(2,5-DHBA)5 (3) in Fig. 2A and for
Fe(IlI)(5-MeO-SA)s in Fig. 2B are 460 and 666 M~ cm™! respectively.

To better understand the mechanism of complex formation and fac-
tors that influence its stability, we analyzed the pH dependence of com-
plex formation and the kinetics of the complexation reaction using
stopped flow UV spectroscopy. The increase in absorbance at 350 nm
and 590 nm due to complexation occurs rapidly, within the mixing
time of the experiment (1-2 min). The pH dependence of complex for-
mation between 2,5-DHBA and Fe(III) as monitored by UV spectroscopy
is shown in Fig. 2D. As described above, if the binding reaction requires
deprotonation of one or more of the titratable protons on 2,5-DHBA,
then there will be an increase in bound Fe(Ill) dependent on the pK,
of the titratable group. One of the two signature bands, namely the
590 nm band, assigned to the formation of Fe(III)-2,5-DHBA complex
3, was monitored as a function of varying pH from 2.5 to 9.0 (Fig. 2D).
The R? fit of 0.626 in Fig. 2D, is not very good is due to the complexes'
being labile on a longer time scale. These data fit a mechanism involving
deprotonation of a single functional group necessary for complex
formation yielding an estimated pKj of 3.1, which presumably reflects
the carboxyl group. Given the proximity of the carboxylic acid and the
hydroxyl at the 2 position, the most likely mode of binding of Fe(III) in-
volves the carboxylic acid and the adjacent hydroxyl (salicylate mode).

Stopped flow UV spectroscopic data presented in Fig. 3A show that
mixing of 648 uM 2,5-DHBA and 216 pM FeCls - 6H,0 results in a rapid
increase in absorbance at 590 nm in a single phase with an apparent
rate constant of ca. 10 s~ . This result is consistent with the rapid
change in the spectrum of 486 uM 2,5-DHBA upon mixing with
162 puM FeCl;-6H,0 as shown in SI (Fig. S7). An essentially identical
kinetic profile is seen for the binding reaction containing 5-methoxy de-
rivative of 2,5-DHBA and Fe(III) ion (Fig. 3B). The presence of the methyl
group at the 5 position should preclude this moiety from serving as a
metal ion coordination ligand. Thus, the increase in 590 nm absorbance
is clearly attributable to the formation of Fe(IlI)-2,5-DHBA complex and
the simplest model for the binding, which is consistent with the avail-
able biochemical and biophysical data, is the salicylate mode involving
the carboxylic acid and the hydroxyl group at the 2 position.

Interestingly, variation of 2,5-DHBA and Fe(lII) over a ~10-fold con-
centration range did not result in any significant change in the observed
rate constant (Fig. S7). Because of the intermolecular nature of the reac-
tion, association is necessarily sensitive to concentration. Thus, the com-
plexation event monitored by the increase in absorbance most likely
reflects a process occurring subsequent to initial intermolecular associ-
ation. As shown in Fig. 3C, a simple model is that initial association
occurs via the carboxyl group, which is followed by coordination
of the proximal hydroxyl group resulting in the charge transfer band
and absorbance at 590 nm. Regarding the mechanism presented in
Fig. 3C no assumptions were made regarding the loss of bound water
from the metal ion, though it was considered a possibility. However,
for loss of water from the metal ion to be overall rate limiting, then
the re-association of water would have to be much slower than associ-
ation with 2,5-DHBA, which is unlikely given the differences in concen-
tration (55 M versus ca. 300 uM). However, the equilibrium between
fully hydrated and partially dehydrated Fe could limit the concentration
of “active” Fe that is available for complexation. In this case a concentra-
tion dependence of the reaction would still be expected. The limiting
concentration of dehydrated Fe would simply limit the magnitude
of the second order association rate constant without resulting in con-
centration independent behavior. Regardless, the data shows that the
bimolecular association step (fast) is not rate limiting for complex for-
mation, and that the general mechanism in Fig. 3C is the most plausible
mechanism involving a relatively slow reorganization of the ligand on
intermediate 10.

Data in Fig. 3D show that the absorbance corresponding to the
ligand-to-metal charge transfer band at 590 nm steadily decreases
over ca. 100 min when 2,5-DHBA is the ligand whereas the correspond-
ing methyl substituted complex 7 maintained high absorbance at
582 nm. Importantly, stopped flow experiments showed the same
kinetics for complex formation, but lacked the second slower phases
observed for 2,5-DHBA. These results are significant for two reasons.
First, they demonstrate that complex formation is not dependent on co-
ordination to the hydroxyl at the 5 position of the aromatic ring. Second,
they indicate that the slower decrease in absorbance is not relevant to
complex formation and likely involves chemical decomposition involv-
ing this functional group. We hypothesize that in the case of 2,5-DHBA,
the formation of single electron oxidative transformations (leading to
quinone forms) may cause the decrease in absorbance, which will not
occur in the case of the methyl derivative. Relative stability therefore
follows the order shown in Fig. 3E.

Next, we used the change in UV absorbance upon 2,5-DHBA binding
to examine the stoichiometry of complex formation. In an equilibrium
binding reaction, if the concentration of 2,5-DHBA or 5-MeO-SA is
above the K for Fe(IlI) binding, then the concentration dependence of
the UV signal will be linear until the stoichiometric concentration of
the ligand is reached. At that point there will be no additional increase
in absorbance associated with binding due to stoichiometric titration
of the Fe(Ill) by 2,5-DHBA or 5-MeO-SA. The range of the ligand
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concentration in this titration varied between 1:5 (ligand:Fe(IIl)) to
a >10:1 (ligand:Fe(Ill)). The results (as illustrated in Fig. 4A and
B) clearly show two linear phases in the titration data, a linear increase
followed by lack of concentration dependence. The inflection point
(~300 pM for 2,5-DHBA, Fig. 4A) indicates the concentration of the li-
gand necessary to bind all of Fe(IIl) in the assay. Similarly, the inflection
point (~250 pM for 5-MeO-SA, Fig. 4B) indicates the concentration of
the ligand necessary to bind all of Fe(1II) in the assay. The simple inter-
pretation to explain this data is that a 1:1 complex forms that results
in the absorbance change. Fig. 4C and D illustrate this binding event
by illustrating the concentration range from 50 to 500 pM for 2,5-
DHBA and 25 to 350 uM for 5-MeO-SA, respectively. This experiment
supports a model in which 2,5-DHBA or 5-MeO-SA can form a 1:1 com-
plex, but does not provide information on whether a 1:2 or 1:3 complex
can subsequently form when additional 2,5-DHBA or 5-MeOSA is added
at constant metal concentration.

UV-Vis data of the titration experiments demonstrate that a 1:1
complex between Fe(IllI) and 2,5-DHBA are formed initially at equiva-
lent concentrations at 590 nm (298.15 K) above the dissociation con-
stant, however, additional multimers form at higher concentrations as
indicated by the gradual and steady increase in absorbance (Fig. 4A
and B). An accompanying gradual shift in the \,.x (Wavelength) is plot-
ted as a function of concentration of ligands in Fig. 4E and F respectively
for 2,5-DHBA and 5-MeO-SA. As observed for all Fe(Ill)-ligand com-
plexes reported in this study, the peak at ~590 nm is attributed to the
ligand-to-metal charge transfer process. Furthermore, the existence of
additional multimers at higher ligand to metal stoichiometry is support-
ed by potentiometric titration experiments.

3.3. Speciation study spanning pH 1-8 through potentiometric analysis

A sensitive means to gain information on the formation and stoichi-
ometry of metal complexes is potentiometric analysis, which measures,
relative to a reference, the proportional change in solution potential
due to changes in concentration of charged species. The complexation
equilibria between Fe(Ill) and ligand were studied, at 298.15 K and in
1.05 mol kg~ ' NaClO,, by measuring with a glass electrode the compe-
tition of the 2,5-DHBA (HsL) for the Fe(Ill) and H" ions. The metal and
the ligand concentrations, Cy; and Ci, respectively, ranged from (1-
10 mM) and the ligand-to-metal ratio varied between 1 and 10. The hy-
drogen ion concentration varied from 10 mM (pH 2) to incipient precip-
itation of basic salts which takes place in the range [H"] = 0.1-0.01 mM
(pH 4-6) depending on the specific ligand-to-metal ratio. The general
equilibrium can be written, schematically, as follows:

pFe* 4 rHyL=Fe,H_ (HsL), ™" + qH' P, )

that takes into account the formation of simple (g = r), mixed (q # r),
mononuclear (p = 1) and polynuclear (p > 1) species. The most proba-
ble p, g, and r-values and the corresponding constants 3,4 were calcu-
lated with least squares fitting of the potentiometric measurements
[22]. In the numerical treatments the equilibrium constant concerning
the species formed according to equilibrium (3) has been maintained
invariant:
H;L=H,L” +H" logP; = —2.61+0.02 (3)

The first acidic constant of 2,5-DHBA, according to equilibrium 3,
was determined by potentiometric measurements in the same experi-
mental conditions used for the determination of stability constants be-
tween metal and ligand ions (i.e. at 298.15 K and in 1.05 M NaClOy).
The equilibrium constants for FeOH?*, Fe(OH)3 and Fe,(OH)3* were
fixed because they are well known from the literature [23,24]. The re-
sults for fitting these data to three models of increasing complexity
are reported in Table 2.

Table 2
Best set of 10g Bpq- (0) for the system 2,5-DHBA-Fe**, according to general equilibrium p
Fe’ ™ + r HsL = Fe,H_o(HsL), P — 9 + g H*.

(pgr) Model 1 Model 2 Model 3
(120" —1.7+£0.1 —1.0+0.1 —1.0+0.1
(142)~ —3.254+0.08 —3.12 £ 0.04
(1,63~ —6.6+ 0.1

o 0.968 0.416 0.251

7 15.97 6.37 8.20

U 25.32 4.503 1.576

First, we assumed the presence of only Fe(HL)" (Model 1) but the
standard deviation is higher than the experimental uncertainty. Addi-
tional models were tested by adding multiple liganded species; the bet-
ter agreement was obtained with a model including complex Fe(HL)
(Model 2) with a consequent decrease of the function U equal to 82%.
An additional improvement was reached including in the previous
model the species Fe(HL)3~ (Model 3). As no other species lowered
the minimum, Model 3 was assumed as the best describing the data,
also in consideration that the standard deviation (0) is comparable
with the experimental uncertainty. The refined equilibrium constants
concerning the complexation of 2,5-DHBA with the Fe>* ion, deter-
mined by potentiometric methods, are used to represent the distribu-
tion of the metal in the different species (Fig. 5).

As can be seen from Fig. 5, all the proposed complexes of types 1, 2
and 3 in their protonated states are formed in appreciable amounts,
particularly when the concentrations of ligand and metal are relatively
high. In addition to mononuclear hydrated complexes, the deprotonated
complexes FeOH?* and Fe(OH)3™ are also populated (Fig. 5A). When
the concentration of ligand is greater than that of the metal Fe(HL)™,
Fe(HL); and Fe(HL)3 ™ reach significant percentages and predominate
over the hydrolysis product. Significantly, the species with a stoichiome-
try of ligand to metal identical to complex 3 is the dominant species pres-
ent at higher ligand ratios (Fig. 5B) confirming the model that 2,5-DHBA
forms stable complexes with Fe(Ill) and showing that the formation of
complex 3 at neutral pH is a process that still out competes the hydrolysis
of complex 3.

3.4. Mass spectrometric analysis of Fe(Ill)-2,5-DHBA complexes

In order to confirm the stoichiometry of 2,5-DHBA ligand to Fe(IIl) in
the complexes we synthesized, we employed high resolution-mass
spectrometry (HR-MS). The reduced solubility of complexes 3 and 7
in organic solvents limited their analysis to polar aprotic solvents. For
example, complex 3 was found to be reasonably soluble only in DMSO
or DMF for analyses by MS. Using electrospray ionization time of flight
MS (ESI(+)-TOF-MS) analysis under positive ion mode, we confirmed
the presence of complex 3 (Table 3, entry 1). The mass spectrum
revealed the presence of three units of 2,5-DHBA to one unit of Fe(III)
ion. The monoisotopic molecular ion (M = 518.0148) as well as
the isotopomer distribution of the M + 1 (519.0179) and M + 2
(520.0190) ions matched the expected masses for complex 3 (Fig. S8).

Complex 3 is only sparingly soluble in organic solvents but showed
considerable solubility in DMSO, which was subsequently used as the
solvent for sample ionization. By virtue of its nucleophilicity it displaced
2,5-DHBA ligands from complex 3 resulting in Fe(III)-2,5-DHBA-DMSO
complexes of three distinct entities as shown by MS studies summa-
rized in Table 3 (entries 2-4 and Figs. S9-12). One of the three
complexes detected by HR-MS involved DMSO chelation to Fe(III)
containing three ligands from DMSO and one unit of 2,5-DHBA (entry 2,
m/z 441.9870).

The second complex had a m/z of 518.0000 and was assigned to a
complex with two 2,5-DHBA and two DMSO units chelated to Fe(III)
ion, as shown in entry 3. The third complex (entry 4, m/z 363.9733)
was assigned a structure containing two DMSO and one 2,5-DHBA.
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Table 3

High resolution mass spectrometry (HRMS) data showing presence of respective Fe(Ill)-2,5-DHBA and Cr(1II)-2,5-DHBA complexes. Spectra shown in Fig. S8 for entry1; Fig. S10 for entry

2; Fig. S11 for entry 3; Fig. S12 for entry 4; Fig. S15 for entry 5; and Fig. S13 for entry 6.

Entry Complex Structure Formula HR-MS
Expected Observed
1. Fe"-(2,5-DHBA )3 7»«0@ . [C21H15012Fe] ™ 518.0862 518.0148
o
0”0, | J.\O—é )-OH
o”1%%
O?%iﬁ) o
- HO
2. Fe("-2 5-DHBA(DMSO0); ML + [C13H5,0,S3Fe] ™ 44198716 441.98700
s O;Zs;op
76 %
3. Fe"-(2,5-DHBA),(DMS0), *@ + [C1gH22010S,Fe] ™ 517.99983 518.00003
oo, T ot
o F o,
o= b s
4. Fe('"-2,5-DHBA(DMS0), M + [C11H1606S2Fe]* 363.97322 363.97327
-0, W0 OH
~. ,D'Fe"oi }
‘ %
5. Fe(-(5-MeO-SA), { S pr [Cy6H140sFe] 390.00326 390.00352
meo— ;_E/Fe;o
6. ¢r"-2,5-DHBA(en), [C11H20N404Cr] 324.08842 324.08849

HRMS studies also revealed the presence of Fe(Ill) complexes conforming
to the stoichiometry of Fe:L, and (Fe:L,), where L = 5-MeO-SA. MS peak
at 390.0035 indicates the presence of Fe:L, complex and the peak
at 778.9995 indicates the presence of (Fe:L;), (Figs. S14-16). HR-MS
analyses confirmed the presence of complex 8 (Table 3, entry 6 and
see Fig. S13). Overall, these studies are consistent with modeling and
potentiometry data indicating complexation via multiple 2,5-DHBA
groups in mononuclear complexes interacting via carboxylate chelation
to the Fe(IIl) together with an interaction with the adjacent hydroxyl
group at the 2 position (salicylate mode).

4. Discussion

Mitochondria are central to the regulation of cellular iron metabo-
lism and the majority of iron imported into the cell is utilized within
this organelle [1,4,7,12]. Unfortunately, little is known about the chap-
erones that facilitate intracellular iron trafficking [5]. We recently
provided evidence supporting a role for 2,5-DHBA as a small molecule
that binds and potentially trafficks iron into mitochondria [ 7]. However,
understanding the biological role of 2,5-DHBA necessarily requires an
accurate and complete description of the biochemical mechanism that
mediates Fe(Ill) binding. Recent literature showed little apparent
complex formation between 2,5-DHBA (gentisic acid) and Fe(III) ion
relative to 2,3-DHBA, and intriguingly conflicted with an earlier report
documenting the binding of 2,5-DHBA to Fe(III) [25,26]. Considering
the established biological role of 2,5-DHBA as a facilitator of mitochon-
drial iron import [7], we attempted to clarify the underlying chemical
factors that may contribute or encourage or limit binding between
Fe(III) ion. Overall, the synthesis of Fe(Ill)-2,5-DHBA complexes led to
characterization efforts through UV, potentiometry and mass spectrom-
etry. Potentiometric titrations unambiguously identified binding con-
stants and speciation between various forms of Fe(Ill) bound ligand
complexes involving 2,5-DHBA. Additionally, the kinetics and pH de-
pendence of binding using equilibrium and kinetic UV/Vis spectroscopy,
illustrate the complex stoichiometry existing in solution. We acknowl-
edge that limitations imposed by the relative instability of the complex
make a conclusive interpretation of the identity of complexes difficult.
In this report, we studied the complex formation of Fe(III)-salts with

2,5-DHBA in pH ranges of 2.5-9.0 at 298.15 K in water as solvent
using kinetic and equilibrium UV spectroscopy, and confirmed the
resulting structural complex through mass spectrometry. We observed
that the maximum complexation occurred at pH 4.5-6.5 after the de-
protonation of carboxylic acid proton. Through potentiometric mea-
surements we quantitated the distribution of complexes with different
stoichiometries and observed that a 10:1 ratio of ligand to metal strong-
ly favors the presence of a species with three 2,5-DHBA ligands per
Fe(III) nucleus, which was confirmed by high-resolution mass spec-
trometry. Through equilibrium measurements and stopped-flow kinet-
ics we report that complexation rate constants are independent of
concentrations of 2,5-DHBA indicating that a slow step involves rear-
rangement of a pre-formed complex preceded by a fast and reversible
binding step involving the carboxylate group and Fe(IIl) ion. Based on
the results presented here, we propose a model involving a complexa-
tion of 2,5-DHBA that binds to Fe(IIl) in a salicylate mode of binding.
While 2,5-DHBA, or its modified counterparts have been studied as a
bidentate ligand to lanthanides [27] and other metals [28-34], there
is limited data relevant to binding to Fe(Ill) in the literature [35]. The
model presented here represents an important advance because it pro-
vides a chemical basis for understanding the biological activity shown
by 2,5-DHBA in the context of a postulated mammalian siderophore.
It is to be noted that a microbial siderophore (like enterobactin) is
transported across the membrane by a cognate receptor protein recog-
nizing a specific siderophore, however; no such outer membrane recep-
tors are reported for Fe(Ill)-2,5-DHBA complexes. It is possible that
some complex of Fe(Ill)-[2,5-DHBA]5 could transport Fe(III) across a
eukaryotic cell membrane.
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Appendix A. Supplementary data

General experimental information on methods for the synthesis of
complexes 7, 8 and 9, additional UV-Vis plots and copies of mass spec-
trometry data for complexes 3, 7, 8 and 9 are provided. Supplementary
data to this article can be found online at http://dx.doi.org/10.1016/j.
jinorgbio.2014.12.010.
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