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A complete characterization of the aqueous solution Fe(lll) and Fe(ll) coordination chemistry of a saccharide-
based ferrichrome analogue, 1-O-methyl-2,3,6-tris- O-[4-(N-hydroxy-N-ethylcarbamoyl)-n-butyryl]-o-p-glucopyranoside
(HsLn?%9), is reported including relevant thermodynamic parameters and growth promotion activity with respect to
both Gram-negative and Gram-positive bacterial strains. The saccharide platform is an attractive backbone for the
design and synthesis of ferrichrome analogues because of its improved water solubility and hydrogen-bonding
capabilities, which can potentially provide favorable receptor recognition and biological activity. The ligand
deprotonation constants (pK, values), iron complex (Fe"(Ly?%%) and Fe'(Ly?)!") protonation constants (Krer—23s—n),
overall Fe(lll) and Fe(ll) chelation constants (f110), and aqueous solution speciation were determined by
spectrophotometric and potentiometric titrations, EDTA competition equilibria, and cyclic voltammetry. Log "110 =
31.16 and pFe = 26.1 for Fe"(Ly?*®) suggests a high affinity for Fe(lll), which is comparable to or greater than
ferrichrome and other ferrichrome analogues. The Eyj, for the Fe"(Ly?6)/Fe'(Ly?%6)'~ couple was determined to be
—454 mV (vs NHE) from quasi-reversible cyclic voltammograms at pH 9. Below pH 6.5, the Ejj, shifts to more
positive values and the pH-dependent Eyj, profile was used to determine the Fe'(Ly?%6)'~ protonation constants
and overall stability constant log 5150 = 11.1. A comparative analysis of similar data for an Fe(lll) complex of a
structural isomer of this exocyclic saccharide chelator (HsLg?*), including strain energy calculations, allows us to
analyze the relative effects of the pendant arm position and hydroxamate moiety orientation (normal vs retro) on
overall complex stability. A correlation between siderophore activity and iron coordination chemistry of these
saccharide—hydroxamate chelators is made.

Introduction of chelating agents. Microorganisms that acquire iron directly
from the environment produce iron-specific chelators called
siderophores under iron-limiting conditions. Siderophores are
low-molecular-weight organic molecules that are designed
to selectively chelate Fe in the presence of other environ-

The biological importance of iron is monumental, as it is
essential for the growth and survival of almost all living
organisms. Iron is the most abundant transition metal in the

biosphere, and yet its bioavailability is severely limited by X e
the formation of insoluble iron hydroxidésln aqueous- mentally prevalent metal ions. Bacterial siderophores nor-

aerobic conditions and neutral pH, the total concentration mally express this selectivity through a high*Féinding

of soluble iron (Fag* + Fe(OH)ag?t + Fe(OHYuq) is c_onstant on the order of log > 30,_a}lthough plant
as low as 10 M.24 This can be increased by the presence S|d_grophores (_then have m_ut_:h lower aff!nlty_ constants. The
ability of a microbe to efficiently acquire iron from the
*To whom correspondence should be addressed. E-mail: alc@ environment determines its growth and survival, and for

chem.duke.edu. Fax: (919) 660-1605. . . g . L
* Duke University. pathogenic microbes, the efficiency of iron acquisition has

*Hans Kridl-Institut. proven to be an important virulence factér®
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The iron release mechanism from highly stable iton as a natural prototype for the synthetic mimics described here.
siderophore complexes still remains a topic of much debate; The architecture and hydrophilic/hydrophobic properties of
however, a major iron release pathway is believed to involve siderophores and siderophore mimics are important in
reduction of F&" to FE&" and its subsequent transfer to determining their efficacy. Enzymatic C-glucosylation of
various acceptor molecules within the cell membrane and/ natural siderophore scaffolds has recently been desctilséd.
or cell interior2412 Other mechanisms involving ligand This modification results in reducing scaffold hydrophobic-
exchange, hydrolysis of the siderophore ligand, and/or ity?® and in the case of enterobactin (e.g., salmochelin S4)
protonation of the irorsiderophore complex are also hinders serum sequestration of the ferri-siderophore by
believed to be operative, depending on the microbial/ siderocalin as a pathogen defense mechafism.
siderophore uptake systerp!316 Exocyclic and tripodal siderophore mimics have been

Synthetic siderophore mimics play an important role in successfully built around tertiary amifepenzené? and
our understanding of how natural siderophores function andtetrahedral carbon as the backbdf&. Recently we have
in the development of new therapeutic agéitd? Several  explored using a cyclic saccharide platform on which to
factors are important in the design of siderophore mimics synthesize exocyclic tris catechol and hydroxamic acid
with high specificity for Fe(lll), and these include donor chelators that have shown early promise as siderophore
groups, denticity, chelate ring size, architecture, hydrophobicity/ mimics. Thermodynamically, these synthetic analogues have
hydrophilicity, and stability. Hexadentate chelators generally Fe(lll) chelation capabilities that are comparable if not greater
provide more-stable and less-labile iron(lll) chelates, neces-than that of their natural counterpafts$®Biologically, they
sary characteristics for siderophores. Donor groups for iron are highly promising synthetic analogues, as in vivo studies

chelation in siderophores usually include either hydroxamatesshow significant siderophore activify®® indicating favorable

or catechol$;891321put occasionally, siderophores with other
donor groups have been identified, includinghydroxy
carboxylic aci@*®andp-hydroxyhistidine??-2° Siderophore
architecture includes linear, tripodal, endocyclic, and exo-
cyclic structure$:?® The desferrichromes are a family of
exocyclic trihnydroxamate fungal siderophores which serve
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cell receptor recognition and cellular uptake. These results
indicate that the carbohydrate scaffold is a biologically viable
backbone for exocyclic siderophore analogues. The synthetic
versatility of carbohydrate chemistry, along with previously
reported thermodynamic and biological properties, provides
evidence that a series of saccharide platform chelators can
be designed and studied to understand subtle and still-
unexplored aspects of siderophore-mediated iron transport.
A synthetic analogue of desferrichromesL§?3¢ (Figure
1), has been constructed on a methyb-glucopyranoside
scaffold with three asymmetric hydroxamic acid moieties
attached to the saccharide unit:Otmethyl-2,3,6-trisO-[4-
(N-hydroxyN-ethylcarbamoyl)-butyryl]-o-p-glucopyrano-
side. Earlier, a related desferrichrome model, 4 (Figure
1)%° was synthesizél and characterized for its Fe(lll)
coordination propertie¥. The two saccharide platform
trihydroxamate chelators,sHn?%¢ and HLg?34, differ in two
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Figure 1. Desferrichrome and desferricrocin, naturally occurring exocyclic
siderophores with hydroxamate functional groups, and two synthetic
desferrichrome mimics with a saccharide backbon®-rhethyl-2,3,6-tris-
O-[4-(N-hydroxyN-ethylcarbamoyl)x-butyryl]-o-p-glucopyranoside (kLn239)

and the retrohydroxamate §H:239).

respects: (1) bLn?%¢ has a normal-hydroxamate geometry
and HLg** is a retrohydroxamate siderophore mimic
(siderophore analogue in which the position of the hydrox-

Dhungana et al.

what transport modes may be operative for these two
siderophore mimics.

Experimental Section

Materials. All solutions were prepared in deionized water. All
pH measurements were made using an Orion 28QA/ion meter
equipped with an Orion ROSS pH electrode fillediw@& M NacCl
solution. The pH of all solutions was adjusted with NaOH or HCIO
accordingly. A stock solutionf® M NaClO, was prepared from
solid sodium perchlorate hydrate (Aldrich,-9%) and standardized
by passage through a Dowex 50 W-X8 strong acid cation-exchange
column in H" form. The acid displaced from the column was titrated
with standard NaOH solution to the phenolphthalein end point. A
2 M HCIO, stock solution was prepared from concentrated
perchloric acid (Fisher, 70%) and standardized by titration with
standard NaOH solution to the phenolphthalein end point. An iron-
(1) perchlorate stock solution (0.1 M) was prepared from recrystal-
lized Fe(ClQ); (Aldrich), standardized spectrophotometrically in
strong aci@ and titrimetrically by reduction with Sn(Il) and titrated
with the primary standard potassium dichronf&t€arbonate-free
NaOH was prepared by diluinl M NaOH with deionized water
purged with Ar for 45 min and standardized by titration with
standard 0.2 M HCI to the phenolphthalein end point.

The synthesis and characterization o©imethyl-2,3,6-trisO-
[4-(N-hydroxy-N-ethylcarbamoyl)s-butyryl]-a-p-glucopyrano-
side (HLn2%) are described elsewhet®The tris(hydroxamate)-
iron(lll) complex (F&'(Ln2%9) was formed by adding 1 equiv of

amate nitrogen and carbon are interchanged relative to theiracidic Fg?+ to an aqueous solution of the ligand and slowly

position in the natural siderophore); (2) the equal-length

increasing the pH to 9, with constant stirring over the course of

pendant arms are attached to the saccharide backbone at5—60 min.

different positions (2,3,4 vs 2,3,6). These two features allow
for a comparative structuregroperty analysis. A small
structural variation, like the normal-hydroxamate and the
retro-hydroxamate, and 2,3,4 vs 2,3,6 exocyclic arm attach-
ment, may have significant implications in a chelator’s ability
to bind Fe(lll) and in the receptor recognition process. An

to investigate small structural changes on siderophores in

Methods. Potentiometric MeasurementsAll solutions were
purged with Ar prior to titration. Samples (10 mL) were placed in
a double-walled titration cell maintained at 25.800.05°C. A
Titronic 96 standard burette was used to carry out conventional
potentiometric titration experiments. Glass electrode calibration is
described in the Supporting InformatiéhAfter each addition of
standardized NaOH, UVvis spectra were recorded using a Cary

S100 spectrophotometer. Potentiometric and spectrophotometric data

were analyzed simultaneously using HYPERQUARs it allows

order to understand and unravel the mechanistic intricaciesfor potentiometric and/or spectrophotometric data and the simul-

of a highly fine-tuned iron acquisition and transport system
that is ubiquitous among almost all microbes. Understanding
the detailed functioning of such subtle structural differences
is of significant interest, as this information can be used to

taneous treatment of multiple titration curves.
Spectrophotometric Measurements.Two separate and inde-

pendent spectrophotometric titrations were carried out in the mid-

pH range and low-pH range. UWis spectra of the iron complexes

design siderophores as penetration vectors for antibiotics oras a function of pH were obtained from a single stock solution

other biological applications involving Fe(lll) uptake and
metabolisn??4! This communication describes the detailed
aqueous solution characterization of the Fe(lll) and Fe(ll)
coordination properties of #1y?%® and the corresponding
comparison with BLg?34 a retro-hydroxamate analogue with

a shift in exocyclic arm placement (Figure 1). Also included
are biological activity data which utilize wild-type and mutant
Gram-negative and Gram-positive bacterial strains to explore

(40) In our previous paper, ref 36, this chelator was referred to as simply
as HL. Here we refer to this chelator aglbk?34to reflect the exocyclic
retro-hydroxamate-containing arms connected to the saccharide ring
at the 2, 3, and 4 positions. This is in contrast to the chelator reported
here which is designated aslH?3 to reflect the exocyclic normal-

hydroxamate-containing arms connected to the saccharide ring at the

2, 3, and 6 positions. The structures af 236 and HLg3*are shown
in Figure 1.

(41) Kalinowski, D. S.; Richardson, D. RRharm. Re. 2005 57, 547—
583.
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using a Cary 100 spectrophotometer. The stock solution was divided
into different aliquots, and each aliquot was separately used for a
spectrophotometric titration. Titrations were carried out in both low-
to-high-pH and high-to-low-pH directions, using a different aliquot
of iron complex. After each adjustment of pH using a known

(42) Bastian, R.; Weberling, R.; Palilla, Anal. Chem.1956 28, 459~
462.

(43) Vogel, A. I. Quantitatie Inorganic Analysis Including Elementary
Instrumental Analysis3rd ed.; Longmans, Green and Co., Ltd.:
London, 1968.

(44) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739-1753.

(45) Binstead, R. A.; Jung, B.; Zubéiter, A. D. SPECFIT/32 Global
Analysis Systen8.0; Spectrum Software Associates: Marlborough,
MA, 2000.

(46) Martell, A. E.; Smith, R. M.Critical Stability Constants Plenum
Press: New York, 2001; Vol. 1.

(47) Wavefunction, Inc., 18401 Von Karman Avenue, Suite 370, Irvine,
CA 92612.

(48) Supporting Information access may be found at the end of the
manuscript.



Iron Coordination Properties of a Ferrichrome Analogue

-
-

Table 1. Ligand K, Values for HLy23¢ and HLr?3* and Relevant
Natural Siderophores 10 1
pKa?  HaLn236P HsLg?4¢  desferrichromé  desferricrocif 9 - (a) (b)
n=1 8.87+0.02 8.67+0.03 8.11 8.14 8 1
n=2 9.55+0.01 9.31+0.01 9.00 9.01 T 7
n=3 9.99+0.02 9.94+0.01 9.83 9.92 S .
aDefined by eq 1. Uncertainties listed were determined on the basis of 5 ]
the standard deviation and include estimated experimental ifhis work;
conditions: T = 298 K andu = 0.10 M NaClQ. ¢ Reference 36. 41
d Reference 55¢ Reference 56. 3 -
Table 2. Protonation Constants for Iron(lll) and Iron(ll) Complexes of 0.0 05 10 15 2.0 25 3.0 3.5 40 45 5.0
P Oa4
HsLn** and Hlr a (mole base/mole ligand)
Hal %62 Halg?34" Figure 2. Potentiometric titration curves: (a) 1:4 1074 M HsLn238 (b)
Fe(lllye Fe(lly Fe(lll)e Fe(lly HsLn23¢ and FéT, 1:1, 5.0x 1074 M. Conditions: T = 298 K andu =
0.10 M NaClQ.
log Keent 4.06+0.02 564+0.19 4.69+0.05 6.6+ 0.1
(PK3) 4.08+ 0.01 42+0.2
|(0?<*§H2L i;;i 8-25 46+02 241+£010 51+0.2 Competition Equilibria with EDTA. Spectrophotometric ex-
p 2 ) =+ 0. - . . . ps - N 236
logKras.  0.66+02F 35404 0614022 40402 periments |nvoIV|pg Fe(lll) competition equilibria withsHy ar_1d
(PKy) 0.88+ 011 EDTA were carried out over a pH range. The stock solution of

Fe!' —H3L\?% was divided into 16 different aliquots. Each aliquot

. i o X - 0(3 mL) was allowed to equilibrate with a fixed EDTA concentration
were determined on the basis of the standard deviation and include estimate : H val H6-29 0. adi d usi id/b
experimental error? Reference 362 As defined by egs 3 and 4 As defined at vgrllou.s pH values (p it adjusted using strong acid/base
by egs 10, 11, and 12.From HYPERQUAD* analysis From SPECFIT/ to minimize the change in volume) for 1 week at5 No further
32 analysis 9 Calculated from electrochemical data in Figure 6 using change in the spectral profile indicated that the system had reached
eq 13. equilibrium. The equilibrium solutions contained 27 1074 M
Fe(lll), 2.7 x 1074 M H3Ly?%6, and 5.0x 1073 M EDTA. At the
end of 1 week, UV-vis spectra and pH were recorded. Under

aConditions: T = 298 K andu = 0.10 M NaClQ. Uncertainties listed

Table 3. Fe—Siderophore Complex Thermodynamic Parameters

log f11d? DFE  Eupvs equilibrium conditions at various pH, there were measurable
ligand Fe(lll) Fe(ll) (mV) NHE ref amounts of reactants and products '{FeH3Ly%%6, Fe''—EDTA,

Hal 236 3114+ 00F 111 261 —454 this work HsLn?%6, and EDTA) present in solution. These competition
31.164 0.04 equilibrium data were refined to obtain the overall Fe(lll)-binding
3114+ 0.2 constant (log3" 110) for HaLn?38 using SPECFIT/32 software with

Hal 2% 31.86+011 121 271 —436 36 a model involving two ligands and a metélThe protonation

gzzzmgmme ??(?.'4(1)7 119.'69 226552 :ﬁg gg o4 constant.s and Fe(lll) formation constants for.EDT/and the

desferrioxamine B 30.60 10.3  26.6 —468 57, 65, protonation constants for 3Hy?3¢ were used as fixed parameters
66,67 during data analysis.

; . .
a Defined agf110 = [FeL]/[Fe][L] for Fe + L == FeL (charges omitted Electrochemistry. Cyclic voltammograms of FH(Ly*%) In.
for clarity). Uncertainties listed were determined on the basis of the standard @dueous 0.1 M NaClQunder Ar at room temperature were obtained

deviation and include estimated experimental erterlog [Fe**] at using an EG&G Princeton Applied Research Potentiostat Model
[Feglll)]mr:_lO‘G_M, lligand]ioc = 107° M, and pH= 7.4.° From SPECFIT/ 263. Voltammograms were recorded using PowerCV software at a
32% analysis using data from spectrophotometric titratid&om HY- scan rate of 20 mV/s, with a HDME working electrode, Ag/AgCI

PERQUAD* analysis using data from potentiometric and spectrophoto- . . e
metric titration.® EDTA competition experiments as defined in eqs 7 and (KCI saturated) reference electrode and platinum wire auxiliary

8. Calculated from eq 9 usinBaguo= -+732mV, consistent with previous electrode. Potentials referenced to Ag/AgCl (KCI saturated) were

work from this laboratory” converted relative to NHE by adding 197 mV. The pH of the
solution was adjusted ugjrl M NaOH anl 2 M HCIO, to minimize

volume of standardized acid or base, the solution was allowed to the volume change. At low pH, the cyclic voltammogram becomes

equilibrate for 30 min and its visible spectrum was recorded. irreversible; theE;;, values at these pH’'s were estimated by

Corrections were made for dilution due to the addition of acid and assuming a peak-to-peak separation of 90 mV, as seen in the quasi-

base; data were analyzed using SPECFIT¥3aftware. Since the  reversible case at higher pH.

volume of standardized strong acid or strong base added during Strain Energy Calculations. Strain energy calculations were

the titration was recorded, HYPERQUAfsoftware was also used ~ performed using Spartan '02 by Wavefunction, fAéor the iron-

for the data analysis and the simultaneous treatment of multiple (Ill) complexes of HLN?36, HslLg?%6, HalLn?*%, and HLg** using

titration curves. SPECFIT/32 and HYPERQUAD* produced methodology described in the Supporting Informatién.

values for stability and protonation constants in agreement within ~ Growth Promotion Assays.The biological activity of HLy?3®

experimental error, demonstrating that our results are independentvas studied using growth promotion bioassays of wild-type and

of software data analysis methods. Hyperquad-determined valuesmutant Gram-positive and Gram-negative bacteria using methods

were used exclusively for pFe arftf;o calculations for internal ~ described previous#*° and that are found in the Supporting

consistency, as Hyperquad was used to analyze ligkaddpta Information®

needed to compute these values.

The calculated uncertainties foKp log K, and logg listed in _ _ . _ .
Tables 1, 2 and 3 were determined on the basis of the standard Ligand pKJ's. HsLn?3¢ (Figure 1) easily dissolves in 0.1
deviation and include estimated experimental error. M NaClQO,, and all three hydroxamic acid deprotonation

Results

Inorganic Chemistry, Vol. 46, No. 20, 2007 8365
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Figure 3. UV —vis spectra of PB—H3Ln2%0 as a function of pH: (A) From pH 2.17 to 6.95; (B) From pH 2.65 to 0.69. Conditiong:n#° and Fé*,

1:1,25x 104 M; T = 298 K; andu = 0.10 M NaClQ.

constants were determined by the potentiometric titration of tion of Fe(lll) is shown in Figure 2. This mid-pH range
an acidified solution. The potentiometric equilibrium profiles titration curve exhibits a large jump at= 3, indicative of
for free HsLn2?3¢ and its Fe(lll) complex are shown in Figure easy release of three protons from the hydroxamate groups

2. The deprotonation constants,, (n = 1, 2, and 3), for

upon Fe(lll) binding. This gives rise to a buffer region in

HsLn2%6 are defined by egs 1 and 2, and the values obtainedthe lower part of the titration curve, while the steep inflection

from the refinement of potentiometric data are listed in Table
1 as Ka (_IOQ(Kan))-

H, (L, 259" Ka Hy (L2290 + H 1)
236,0-mr |4+
- [Ha o(Ln**)" "IIH] @

[Ha (L™ "]

The three acid dissociation constants determined for
HsLn236 fall in the normal range (. = 8—10) for hydrox-
amic acid$} 5% and successive values differ by 0.68
and 0.44 log units. The first difference is slightly greater
than the expected statistical factor (0.48 log urfitsug-

gesting a small degree of intramolecular interaction between
the hydroxamate groups. This was also observed for the

retrohydroxamate piLg?3* (Figure 1) where the differences
in successive deprotonation constants are 0.64 and 0.63 lo
units (Table 1). All three K, values for the deprotonation
of HsLn?3 are slightly higher than the retrohydroxamate,
HsLr>3* (Figure 1) and are consistently higher than other
natural trinydroxamate siderophores (Tabl&°Ef.

Fe(lll) Complex Formation and Protonation Equilib-
ria. General Considerations.The potentiometric titration
curve for HLn?%8in the presence of an equivalent concentra-

(49) Schumann, G.; Mbmann, U.Antimicrob. Agents Chemothe2001,
45, 1317-1322.

(50) Schumann, G.; Mbnann, U.; Heinemann, |. Patent application DE
19817021,9. (April 17, 1998).

(51) Monzyk, B.; Crumbliss, A. LJ. Org. Chem198Q 45, 4670-4675.

(52) Brink, C. P.; Fish, L. L.; Crumbliss, A. LJ. Org. Chem1985 50,
2277-2281.

(53) Brink, C. P.; Crumbliss, A. LJ. Org. Chem1982 47, 1171-1176.

(54) Noszal, B.Biocoordination Chemistry: Coordination Equilibria in
Biologically Actve SystemsBurger, K., Ed.; Ellis Horwood: New
York, 1990; pp 18-55.

(55) Anderegg, G.; L'Eplattenier, F.; SchwarzenbachiHélz. Chim. Acta
1963 46, 1409-1422.

(56) Wong, G. B.; Kappel, M. J.; Raymond, K. N.; Matzanke, B.;
Winkelmann, GJ. Am. Chem. Sod.983 105, 810-815.
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ata = 3 represents the tight binding of Fe(lll). This buffer
region signifies that thel,'s of the liberated three protons
lie well below pH 4. In the low-pH range of the potentio-
metric titration, the free H concentration is much larger
compared to the concentration of metal, ligand, and the
protons released due to metal chelation. Therefore, the low-
pH potentiometric data are complemented with the spectro-
photometric data for a more accurate description of the
complexation equilibria.

Strong ligand-to-metal charge transfer (LMCT) bands
characteristic of a Fe(llfyhydroxamate complex serve as
the spectroscopic handle for monitoring the titrations of the
Fe'' —H3Ln2%6 complex. Spectrophotometric titrations of
HsLn%% in the presence of an equivalent concentration of
Fe(lll) were carried out over two distinct pH regimes: mid-
pH range (pH> 2.1), Figure 3A, and low-pH range (pH
2.6), Figure 3B. This was necessary because of the two

gbistinct electrode calibration methods used for mid- and low-

pH range. Together, the mid- and low-pH experiments
account for all the Pk—HsL\?3 species and their corre-
sponding multiple equilibria in solution. The mid-range
spectrophotometric experiments primarily include the equi-
librium between fully chelated fe-Hsl\?3¢ complex and

its singly protonated form, while the presence of some doubly
protonated form of the complex is also observed at the low-
pH end of these series. The titration is carried out separately
and in both directions, from pH 2 to 7 and from pH 7 to 2,
with no loss in the intensity of the LMCT bands, indicative
of complete reversibility in the Fe(lll) sequestration process
and no significant ligand hydrolysis over the experimental
pH range. Above pH 9, the LMCT band shows a very slow
loss in intensity, which is attributed to ligand hydrolysis. The
low-pH experiments (Figure 3B) are crucial, as they include
the equilibrium between singly and doubly protonated forms
of the Fd' —H3L %% complex. Finally, at very low pH, one
observes a loss in the intensity of the LMCT band resulting
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Scheme 1.

Counter-Clockwise from Bottom Left to Top lllustrates the Stepwise Chelation gfFby HsLn?3¢ Showing Equilibrium Constants

(pKn) and Number of Coordinated Hydroxamate Groups for Each Step. Clockwise from Top Left lllustfaf@svien Dissociation of Pendant Arms

Starting with the 2-Position; See Text.
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from a complete protonation of the 'fFe HsL 236 complex
and the dissociation of Ré".

Fe'' —H3Ln?3® Complex Equilibria. The character-
istic LMCT band of the Fe(lll-hydroxamate complex
allows the proton-dependent 'FFe HaL 2% complexation
equilibria to be studied spectrophotometrically. The spec-
trophotometric titrations of the Me-HsL\>*% complex
over two different pH regimes is illustrated in Figure 3.
During these titrations from pH 0.6 to 7, three different
spectroscopically distinguishable forms of the!' FeHzL 236
complex are identified. At the low-pH end of the tit-
ration, the LMCT band displays/a.axat 505 nm ¢ = 1120
M~1 cmY), characteristic of a mono(hydroxamatdje(lll)
complex® The presence of this characteristic LMCT
band at a pH as low as 0.6 suggests that\?® is
capable of complexing €™ at a very low pH. With a
gradual rise in pH to 2 and above, the absorption max-
imum of the LMCT band shifts from 505 to 473 nra €
2335 Mt cm™l), characteristic of the formation of a
bis(hydroxamato)Fe(lll) complex® Further increases
in the pH to 7 and above gives rise to a third form of'Fe
H3Ln236 species Withlmax = 428 nm ¢ = 2950 Mt cm ™).
This is characteristic of a tris(hydroxamatde(lll)
complex. Thus, at pH 7 and abovel?%® fully occupies
all six coordination sites on Fe(lll) using its three
hydroxamate groups. This structural characterization
of the Fd'—H3L\?3%¢ comple, involving the coordination of
Fe(lll) by three hydroxamate groups, is consistent with that
seen for other natural and synthetic trihydroxamate sidero-
phores®

The spectrophotometric data were analyzed using
the programs SPECF{T and HYPERQUAD* to obtain
three K, values listed in Table 2 for the He-Hal 2%
system, corresponding to the equilibrium between the

2+

OH,

Ho., | o

Fed

1 You, N
N/o e wo 7/\
0

mono-, bis-, and tris-complexes. These two data refine-
ment methods yield values in excellent agreement within
experimental error. Complementary analysis of potentiomet-
ric and spectrophotometric data provides a detailed and
more accurate picture of the Fe(lll) complexation process
by HsLn?%6 and the nature of proton dissociation events
taking place at the first coordination shell of Fe(lll).
These proton dissociation events for "FeHal %%

are summarized in a generalized form by the stepwise
equilibria shown in eqs-34 (n = 1, 2, and 3); the water
molecules involved in the equilibria are omitted for simplicity
and K, = —log Kp.

Kreqry_ 2%
N

{ Fé” _H4—nLN236} +4-n
{Féll—H37nLN236}+37n + H+ (3)
_ R e L]

) { Fe' _H47nLN236} +4_n]

(4)

Spectrophotometric titration data along with the calculated
pKa values provide a complete picture of the Fe(lll) chelation
equilibria. The trihydroxamic acid #1523 starts to coordi-
nate to Fe(lll) at a very low pH. At pH 0.6, one hydroxamate
group is already coordinated to Fe(lll). The fird4 pKy,
of the Fd'—H;L %3 complex was calculated to be 0.66 and
0.88 using SPECFIT and HYPERQUAD, respectively; these
values obtained from two different data refinement tech-
niques are consistent within experimental error. TKe ig
assigned to the proton release fronLkf3® when it initiates
the Fe(lll) complexation process (Scheme 1). The second
acid dissociation at the first coordination shell involves the
release of a proton from a second hydroxamic acid group as
complexation proceeds from a mono(hydroxamato)tetraa-
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100 / Fedq3+ + [L N236-|3* — Féll (LN236) (5)

80

. [Fe'" (LNZSG)]
MO e L P9

The logS" 110 value for the Fé —HsL 238 equilibrium system
investigated here (and for most other Fe(H$jderophore
systems) must be indirectly calculated, since at pH values
high enough to produce the fully deprotonated chelator,
[LnZ93, Fed will hydrolyze and precipitate. Two methods
were used in our study to indirectly calculate 164110
described in egs 5 and 6.

In the first method, a series of competition experiments
with EDTA were carried out at various pH values. The
competition equilibrium is summarized in eqs 7 and 8.

(6)

60 4

40 -

% Fe(lll)

20 +

100

=]
o
L

o
o
L

Fe'"(L 29 + EDTA=Fd'EDTA + L,2*  (7)

%Fe(ll)

IS
o

_ [FE"EDTA](L**)] _ greenTA
IR (LONEDTA] B

20

8

The water molecules and molecular charges involved in the
equilibrium are omitted for clarity. The concentrations of
Fe' (Ln%%9) were calculated from the absorbance at 428 nm,

pH

Figure 4. Calculated species distribution for (A) Fe(lll) and (B) Fe(ll)
complexes of HLn236, Metal-containing species are normalized to the total

concentration of iron. Legend: (A) & Fe® + HsLy2 2 = Fell- where F& (Ln2%9) is the only light-absorbing species. These
(H2L2§23")(OH2);32;,23 = I;?l(" (HLN;;;)(E;)H?{,; = lfj'é' (LNZ;;%.( (()B) )1 = data were used to obtain the overall Fe(lll)-binding constant
Feaf™ + Haln*®® 2 = Fe'(Holn Hp)a™, 3 = Fe'(HLn Hz)z, 4 23613~ ||ai i n 6

= FeI(Ly?9-. Conditions: HLN -+ FeSt (Feh), 14, T = 208 K. ang 10" [Ln**1” using literature data fop"110 for FeEDTA’

u = 0.10 M NaClQ. and SPECFIT softwar®. A model involving two ligands

and a metal were used to refine the spectrophotometric
competition data, and a stability constant, &y, corre-
sponding to eq 5 was calculated to be 31.1 (Table 3).

In a second method, the potentiometric and the spectro-
photometric titration data were used to calculate the overall

quo—Fe(lll) complex to a bis(hydroxamato)diaguBe(lll)
complex (Scheme 1). Nearly identicaKpvalues of 1.71
and 1.72 were determined from the two different data
refinement techniques for the second acid dissociation step.

Last, the two different data analysis techniques de- o . .

’ ; . ) .. stability constant, log" 114, for FE"(Ln?%®) as described in
term'ned K to be 4.06 e_md 4'98' Wh'.Ch are identical within egs 5 and 6. These data were analyzed independently using
experimental error. This iy is assigned to the proton " g 4 vare HYPERQUAB and SPECFITS and the
dISSOCIat.IOI’] as complexatl_on proceeds from a bis(hydrox- calculated logs"110 values are listed in Table 3. The log
amato)diaque Fe(lll) to a trls(h);groxamate)Fe(lll) com- p" 110 values calculated from these two different methods of
plex, a fully 9oord|pated FE(L*%) complex .(Scheme 1. data analysis are in excellent agreement with each other and

The potentiometric and speptropho.tpmetrlc results fqr the are within experimental error of the value obtained by EDTA
Fell —H,l ** complex protonation equilibria are summarized competition. These results are comparable to those observed

n Scheme L. Stral_n energy calculations (see Supportlngfor trihydroxamic-acid-based natural siderophores and sid-
Information for details¥ were conducted for the gas phase erophore analogues (Table 3559

which suggest that protonation and release of the 2-position The pFe value-tlog[Fesx] at pH 7.4 with a total ligand

pendant arm hydroxamate moiety occurs first from . .
W 23 : _concentration of 1% M and total Fe(lll) concentration of
Fe!(Ly*), as shown in Scheme 1 (Table S3). The subse 10°® M)®0 for HaL 3¢ was calculated to be 26.1. The pFe

giusir;trnc()e:;j?rrmﬂfoirzalzﬁzir;itéox zngcireesle;;eribcuiirg;m Ict)),[evalue is used to compare the Fe(lll) chelating properties of
(Figure 4A) generated from .theEp values for thep HgLN236 with other Fe(lll) chelators at ph.ysio.logical condi-
Fell —HaL 7 complex clearly shows the tris(hydroxamato) tions. A pFe of 26.1 calculated forsHy**is slightly better
Fe(ll) complex F& (L2 as the predominant species above than observed for desferrichrome and slightly lower than the
value calculated for the retrohydroxamate k3* (Table 3).

pH 5. Thus the fully sequestered iron(lll) complex without Fe(lll)/Fe(ll) Redox and Fe(ll) Chelation. A quasi-

a net charge is the only species present at neutral pH andreversible cyclic voltammogram was obtained for the

above.
The overall stability (i.?., the U.SU.aI proton ind?pendent (57) Schwarzenbach, G.; SchwarzenbachHEly. Chim. Actal963 46,
stability constant found in compilations of metdigand 58) |1_39(%,140LO-D 5 4 KON Chem.1991 30, 906-911
g 236 oomis, L. D.; Raymond, K. Nlnorg. Chem. , .
Stablllty ConStan® of the Fe(III) complex of HLn (IOg (59) Albrecht-Gary, A.-M.; Blanc, S.; Rochel, N.; Ocaktan, A. Z.; Abdallah,
B"110) can be defined by eqs 5 and 6. M. A. Inorg. Chem.1994 33, 6391-6402.

8368 Inorganic Chemistry, Vol. 46, No. 20, 2007



Iron Coordination Properties of a Ferrichrome Analogue

1.4

1.2 4
1.0
0.8
0.6 -

I (uA)

0.4 -
0.2 -
0.0

-0.2 T T
-0.5 -0.4

E (V vs NHE)
Figure 5. Cyclic voltammogram of P&(Lx?39). Conditions: [Fe}= 1 x
103 M, [H3Ln?9 =1 x 1072 M, pH 9.1. HDME working electrode, scan

rate= 20 mV/s,T = 298 K, andu = 0.10 M (NaClQ). Ey;, = —454 mV
with a peak separation of 90 mV.
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Figure 6. Fé"(Ln2%9) reduction potential K12 as a function of pH.
Conditions: [Fel= 1 x 1073 M, [H3Ln?3q = 1 x 1072 M. HDME working
electrode, scan rate 20 mV/s, T = 298 K, andu = 0.10 M (NaClQ).

The solid circles represent data points used in the nonlinear regression

analysis. The solid line represents a plot of eq 13 whggg= +732 mV,
P10 = 108316 fll1ip = 10105 Kreqipr® = 10408 and Keeqiyni, 2,
Kreanm,Ly22e and KeeqnmyL226 Were determined by nonlinear least-square
analysis to bel®, 10*6, and 165, respectively.

Fe"(Ln?®®) complex at pH 9.1 (Figure 5) with a half-wave
potential €1/2) of —454 mV (vs NHE), corresponding to the
Fe(ll)/Fe(ll) couple. The significantly negative reduction
potential for the Fe(lll)/Fe(ll) couple is indicative of the
ligand’'s greater selectivity for Fe(lll) over Fe(H)This
selectivity is directly reflected in the stability constant for
Fe(lll) and Fe(ll) complexes of 5?3 as described by a
modified form of the Nernst equation, eq 9

anuo_ Ecomplex= 59.15 |Ogﬁ“| 11C/ﬂ”110) 9)
wheref" 110andf" 110 represent the overall stability constant
for FE"(Ln?%®) and Fé(Ln?%9)~, respectively. Equation 9
along with thep"'110 value determined above and tBgyuo
value for the Fe(kD)s*"/Fe(HO)s*" couple allows for the
calculation of af"15 value for the overall stability of the
Fe'(Ln229~ complex (Table 3).

The cyclic voltammogram shows very little changegip
for the Fe(lll)/Fe(ll) couple and remains quasi-reversible in
the pH range #9. Below this pH range, the anodic and
cathodic peaks broaden as the estima&iggshifts to more

positive values. This strong pH dependence of the observed

E,» (Figure 6) is attributed to the protonation and dissociation
of the hydroxamate groups in the Fe(lll) and Fe(Il) complex
following reduction, as represented by eqs 3 and11®, over
the experimental pH range.

Fe"(L,®)+e =Fe'(L*Y) (10)

KeeaH, L2

{ Fél _ H4—nLN236} +3—n

{Fe'—Hy L ®3 "+ H" (11)

_ R H LI
) [{ Fél_H4fnLN236} +3_n]

(12)

The pH dependence of the reduction potential profile in
Figure 6 was analyzed using an equilibrium model that
includes four distinct single-protonation reactions, three
protonation reactions for three different Fe(ll) complexes and
a single protonation of the M¢L\23%) complex, as determined
from the speciation diagram shown in Figure 4A. For such
a system, the observed formal reduction potential should vary
as

]
E; = Eaquo— 59.15 |o{ﬁ - “0] +
110
59.15 log(1+ Keegya 2dH '] +

2
KeeahL 22oKreqp,L, z2dH 17+

KFe(II)HLN236KFe(II)HZLNZ36KFe(II)H3LN23ﬁ[H +]3) -
59.15 log(1+ Keegupu 2dH 1) (13)

where Eqquo iS the standard reduction potential of the Fe-
(H20)6®"/Fe(HO)s*t couple " 110andf" 110 are the overall
stability constants for the Fe(lll) and Fe(ll) hexacoordinated
complexes, respectivelKreqyH,L,2 are the stepwise proto-
nation constants of the Fe(ll) complex, andelfynL, 2 is

the first protonation constant of the Fe(lll) complex. During
a nonlinear least-squares refinement of the data shown in
Figure 6 using eq 13, the value ok, was fixed at
10*%8 (the value obtained from the spectrophotometric
titration). The Fe(ll) complex protonation constants obtained
from the nonlinear least-squares refinement are listed in Table
2. When the data were also analyzed using eq 13 and treating
all of the protonation constants (I 239 and Fé(Ly%%9)")

as variables, values fétreqH, 2% Were found to be identical
with those listed in Table 2, and the computed value for
Kreqi22e was 16-% This is in excellent agreement with the
value determined by spectrophotometric titration (Table 2)
and supports the validity of the model used for the pH-
dependent electrochemical data analysis. The Fe(ll) complex
protonation constants were used to generate'a-Hel 3¢
speciation profile as a function of pH (Figure 4B).

(60) Raymond, K. N.; Mler, G.; Matzanke, B. FTop. Curr. Chem.
Boschke, F. L., Ed.; Springer-Verlag: Berlin, Heidelberg, 1984; Vol.
123, pp 49-102.
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Scheme 2.

Reduced Form of the Complex.

Biological Activity. The biological activity of HL\?*®was
studied in comparison to 4Hz?3* using growth promotion
bioassays of Gram-positive and Gram-negative bacteria
including Mycobacterium smegmatiBseudomonas aerugi-
nosa Salmonella typhimuriumand Escherichia colicom-
prising wild-type strains and also including siderophore

biosynthesis, siderophore receptor, and general iron transpor

mutants. The details of these growth promotion results are
reported in the Supporting Informatidh.

Both HsLn?%¢ and HLg?3* promoted the growth of the
wild-type and the mutant strains &f aeruginosaas well
as theS. typhimuriunmutant, based on growth spot diameter
in comparison with the standard siderophore ferricrocin

(Table S7). This suggests that our observed siderophore,

activity does not depend on ligand exchange with the natural
siderophores pyoverdin, pyochelin, or enterobactin and is
independent of the presence of the pyoverdin receptor. While
active, HLn2%6 was somewhat less active thanUd?3* in

all cases.

Consistent with previous results,both HL\?%¢ and
HiLr?3* in the iron-loaded ferri-forms act as significant
growth promotors foM. smegmatiand are independent of
the mycobacterial exochelin/mycobactin uptake route (Table
S8). In contrast, growth-promoting activity of ferricrocin
depends on ligand exchange with either mycobactin or
exochelin. It does not promote growth of the exochelin/
mycobactin biosynthesis deletion mutant and the mycobactin

biosynthesis exochelin permease (uptake) deletion mutant.

HsLg?34 exhibits slight activity as the desferri compound,
whereas HL\?%® does not, again suggesting the some-
what higher growth-promotion activity of the former (Table
S8).

For E. coli, HsLy?*®was not active at all in contrast to the
excellent activity of HLr?3, indicating possible subtle effects
related to molecular recognition (Table S9). Also, as
expected, B g?** did not exhibit siderophore activity for
the E. coli TonB mutant strain in which all siderophore iron

Dhungana et al.

Fe(lll)/Fe(ll) Reduction Leads to a Loss of Iron Binding Affinity and Increased Protonation Susceptibility fat. fEFIComplexes.
Color Shading Denotes Identical pH Regimes (4, 2, 1) for the Fe(lll) and Fe(ll) Complexes, Which Emphasizes the Increased Ease of Protonation of the

Discussion

The synthetic desferrichrome mimicglth?36, sequesters
Fe(lll) with a very high overall stability similar to that of
desferrichrome and desferrichrome analogues (Table 3),
which makes HL\?3 a thermodynamically attractive model

{or desferrichrome. The proton-dependent equilibrium studies

Indicate that the Fé&—H3L\?%¢ complex undergoes three
successive protonations corresponding to well-separated
dechelation equilibria to form tris-, bis-, and monohydroxa-
mato—Fe(lll) complexes, as illustrated in Scheme 1 and the
speciation plot in Figure 4. At physiological pH 7.4l
completely sequesters & as Fé'(Lnx?%9) with a pFe=
26.1. This is in the upper range observed for trihydroxamate
systems, both natural and synthetic, but slightly lower than
that of the structural isomer 3Hg?3* (Figure 1). It has
previously been noted that a retro-hydroxamate isomer
sequesters Fe(lll) slightly more tightly than the normal
isomer562 The high pFe of HLN?% suggests that #il 236
has a thermodynamic advantage over transferrin for Fe(lIl)
chelation. This thermodynamic advantage can be potentially
used in designing the next generation of iron-overload drugs.

A very negative redox potential for the 'Fe 29/
Fe'(Ln?%9)~ couple emphasizes the high stability and selec-
tivity of HzLn238for Fe(lll). These redox results also demon-
strate that complex stability is dramatically decreased on
reduction to Fe(ll) §" 110 = 103124 g1, = 109, thereby
facilitating the release of iron by lowering the thermodynamic
barrier. Additionally, the kinetic lability of the reduced com-
plex is highly enhanced and the susceptibility of [Eg239)~
toward protonation is dramatically increased (Scheme 2 and
Figure 4). Therefore, reduction of the Fe(lll) complex to an
Fe(Il) complex with subsequent protonation can provide a
pathway for overcoming the very high thermodynamic
stability of Fe(lll)—siderophore complexes and provide for
a facile release of iron and delivery to the cell.

The two saccharide trihydroxamic acidsgl{?*¢ and
HsLr?3* (Figure 1), have two significant structural varia-

transport systems are switched off. This demonstrates anjons: the point of attachment of the three arms to the

active uptake mechanism for the'"R&r?*%) complex. This

uptake depends primarily on the ferrichrome receptor FhuA,
but to a lesser degree, it also depends on the coprogen
ferrioxamine B and rhodotorulic acid receptor FhuE, as

demonstrated by the extinguished or reduced siderophore

activity for the relevant deletion mutant strains (Table S9).
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saccharide backbone and the orientation of the iron binding

(61) Motekaitis, R. J.; Sun, Y.; Martell, A. Ehorg. Chem1991, 30, 1554~
1556.

(62) Nguyen-van-Duong, M. K.; Guillot, V.; Nicolas, L.; Gaudemer, A.;

Lowry, L.; Spasojevic, I.; Crumbliss, A. Linorg. Chem.2001, 40,

5948-5953.
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hydroxamate moieties at the end of each arm (normal that favor receptor recognition and cellular uptake, the
hydroxamate and retrohydroxamate). Despite these structurakaccharide backbone enhances the agueous solubility of the
differences, a relatively small variation was observed with ligand, which is sometimes lacking among other synthetic
respect to the iron binding properties of these ligands (Tablesanalogues. The connecting points and the orientation of the
1, 2, and 3), suggesting that the solution chelation chemistry metal-chelating hydroxamate groups appear to have only a
is not very sensitive to these structural changes. However,small influence on the overall Fe(lll) chelation properties
strain energy calculations suggest that the two structural of these ligands. The saccharide-based hydroxamate sidero-
variations may have opposing effects. Strain energy calcula-phore analogues, 5?36 and HLg?34, thermodynamically
tions (Supporting Information, Table $%jor the gas phase  and biologically satisfy the requirements for an effective
demonstrate that {293 and [Lr>*%®~ show comparable  siderophore mimic. These findings will serve as the basis
strain upon sequestration of Fe(lll), with a 40 kcal/mol (20%) for future rational design and synthesis of siderophore
greater strain calculated for 'ff\239), which is qualitatively analogues to explore the specifics of structdtenction
consistent with our observed slightly lowgt' 1,0 value. relationships during Fe(lll) chelation and receptor recognition
Strain energy calculations for all structural permutations processes.
(HsL%*and HL2%8 pendant arm isomers andltk and HLy )
retro and normal hydroxamate binding group isomers) Summary and Conclusions
suggest that the retro isomer exhibits less strain and that the The aqueous Fe(lll) coordination chemistry of a fer-
effect is greater with{234 arm positions over 236. richrome analogue, O-methyl-2,3,6-trisO-[4-(N-hydroxy-
However, variation in the arm position produces variable N-ethylcarbamoyly-butyryl]-a-p-glucopyranoside (HLy239),
results with{ 234 showing less strain for the retro isomer yith a chiral saccharide platform was explored and compared
and more strain for the normal isomer. This suggests thattg that of a structurally related retrohydroxamatel g3,
the modest difference if§"'110 values for F&(Ly**9) and  synthesized on the identical saccharide platform. Though
Fe'(Lr*) are due to opposing effects on the strain energy, strycturally different, the two saccharide-based ferrichrome
with the disadvantage of the normal hydroxamate moiety analogues are similar in their overall Fe(lll) coordination
configuration being counterbalanced by a more favorable properties. The thermodynamic and the spectroscopic proper-
pendant arm position in F¢Ly**) relative to F&(Ls**).  ties of HyL\?* closely parallel those of Fe[ferrichrome] and
Strain energy calculations also suggest that initial protonation previously characterized ferrichrome analogues, while the
and hydroxamate moiety dissociation occurs at the 2-position Fe(j11) binding affinity is superior, based 8! 110 and pFe
arm (Scheme 1, Table S3). Initial release of the pendant armygjyes. The very high pFe forHy? indicates it has the
in the 4-position is predicted for F'¢L&**) (Table S3). ability to be an effective chelating agent at physiological
Both HsLn*** and HL&*** were shown to be biologically  conditions and suggests that from a strictly thermodynamic
active through growth promotion bioassays. While the standpoint it is possible for 26 to remove Fe(lll) from
generally higher siderophore activity oflk***may be due  transferrin, a favorable characteristic for application as an
to the slightly stronger Fe(lll) binding and the more facile jron-overload drug. Thermodynamic and biological data
protonation of the complex in both the Fe(lll) and Fe(ll) reported here imply that these ferrichrome analogues with a
forms to produce the more open and labile diaquo complexessaccharide platform are excellent siderophore mimics and
(F' (HLR*)(OH,)," and FE(HLr*)(OH,)),** the differ-  attractive substrates for cell receptor proteins. A comparative
ence in siderophore activity may also be due to the influence thermodynamic investigation of the ferric and ferrous
of the structural features related to the receptor recognition complexes (P&(Lx%9 and Fé(Ln?%9)") and their corre-
of the siderophore Fe(lll) complex. The biological and the sponding protonation constants demonstrates that redox-
thermodynamic data together suggest that\#° and  coupled protonation is an attractive mechanism for iron

HslL<** can both function as siderophore mimics.  release from these very stable-Fsiderophore complexes
Strong thermodynamics of Fe(lll) chelation and promising guring transport into the cell.
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