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Crystal Structure and Redox Behavior of a Novel Siderophore Model System:
A Trihydroxamato —Iron(lll) Complex with Intra- and Interstrand Hydrogen Bonding Networks
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Microorganisms produce and release chelating compounds
known as siderophores for cellular sequestration of #Gnystal
structures of the iron(lll) complexes with natural siderophores
containing three hydroxamate groups have been preséntad.

the

existence of intramolecular hydrogen bonds was revealidd.

has been deduced that such intramolecular hydrogen bonds may
contribute to the stabilizatidn® and chiral preference of the
complex*° The redox behavior of iron siderophore complexes is
another important aspect of siderophore function because the
release of iron ion in the cells proceeds through reduction of the
iron(lll) ion.%2 Under physiological conditions, however, it is
difficult to reduce the complex using typical biological reducing
agents such as NAD(P)H, because of their larger negative redox
potentials’®’ The redox potential of iron siderophore complexes
increases at acidic pHand the introduction of multiple hydrogen
bonds tends to lower the pH locally in the vicinity of the
coordinating atoms.

We have synthesized a novel tripodal hydroxamate ligand, tris-

crystal structures of the ferrichrome-type siderophore, the

[2-{ (N-acetylN-hydroxy)glycylamingethylJamine (TAGE), which Figure 1. Crystal structure ofl showing the atom-numbering scheme.
was designed so that intra- and interstrand hydrogen bondingSelected bond lengths (&) and angles (deg):-©¢1A) = 1.973(4), Fe-
networks are formed in the complex. Here, we describe the crystal O(1B) = 1.961(4), Fe-O(1C) = 1.976(4), Fe-O(2A) = 2.010(4), Fe-

0(2B) = 2.021(4), Fe-O(2C) = 2.036(4), O(1A)-Fe-0O(2A) = 79.3(2),

O(1B)-Fe-0O(2B) = 79.0(2), O(1C)}-Fe—0(2C) = 78.4(2). Intra- and

TTel: +81-52-735-5228. Fax:+81-52-735-5228. E-mail: masuda@ interstrand hydrogen bond distances (A): N(ZAP(1A) = 2.83,

a?lh).nli\}gﬁgh?:lcs;jpj BStruct. Bondinglo84 58, 1-24 N(2B)---O(1B) = 2.92, N(2C)--O(1C) = 2.89, N(2A)--O(1B) = 3.25,
i ) J. uct. i , 1-24. = . =
(2) van der Helm, D.; Baker, J. R.; Eng-Wilmot, D.; Hossain, L. M. B; N(2B)-~-O(1C) = 3.29, N(2C)--O(1A) = 3.06.
Loghry, R. A.J. Am. Chem. S0d.98Q 102 4224.
(3) Barnes, C. L.; Eng-Wilmot, D. L.; van der Helm, Bcta Crystallogr structure, stability, and redox behavior of the iron(lll) complex
1984 €40 922. with TAGE.
(4) Tor, Y.; Libman, J.; Shanzer, A.; Felder, C. E.; LifsonJSAm. Chem. . i .
S0c.1992 114, 6653. The ligand TAGE was prepared according to a modified
(5) Karpishin T. B.; Dewey T. M.; Raymond K. N.. Am. Chem. S0@993 literature method,and the iron(lll) complex of TAGEX) was
®) %Al‘,i‘zéﬁﬁg' B. F.: Mler-Matzanke, G.: Raymond, K. N. o Carriers obtained by reaction of Fe(acetylacetonatejth TAGE in a
and Iron Protains, Vol. 5, Physical Bioinorganic Chemistiyehr, T. methan_()l solutiofl.A deep-req COlofEd crystal dfwas employ_ed
M., Ed.; VCH Publishers: New York, 1989, (a) pp-8202, (b) pp 61, for a single-crystal X-ray diffraction analysi®.As shown in
() pp 59-66. . . Figure 1, the iron atom has a distorted octahedral geometry with
™ gﬁi;ojfg% ’grﬂfg)ng’ S. K.; Brickman, T. J.; Crumbliss, A. Inorg. three hydroxamate groups of TAGE and the overall structure is
(8) Kolasa, T.; Chimiak, ATetrahedron1977, 33, 3285. twisted around a pseudo-3-fold axis.
(9) Elementaly analysis df. Found: C, 37.60; H, 5.60; N, 16.99. Calcd i
for CigHagN:OsFe2H,0: C, 37.25; H, 5.91: N. 16.89. gvirage bc:jr.'d lengths .an(:] a:jnglesl k();txlveendthe wgnn(llll)gtgm
(10) Crystal data fot: FeGigHaoN;Os'H,0, M = 562.34, monoclinicP2/ and the coordinating aminohydroxyl O(N) and carbonyl O(C)
n, a = 10.5197(7) A.b = 17.679(1) A, c = 13.7957(9) A B = atoms, Fe-O(N) = 1.970(4) A, Fe-O(C) = 2.022(4) A, and
102-?38(67i ZF (=o (?(’))V jfgg%-g@) ?bgi ;wl~58“b gZC”;’ ﬁ:('l\/'of gggs O(N)—Fe-0O(C) = 78.9, respectively, are quite comparable to
= 0. cm, = OR=0. y = 0. . Ootal O . . . . e
unique reflections were collected on an Enraf Nonius CAD4-EXPRESS those for natural trihydroxamate S|deroph0'<}’é§he significantly
four-circle diffractometer, of which 2353 reflections withr 30(l,) were shorter Fe-O(N) bond, compared to the F©(C) bond, may be
used intR% structure analysis and refimle_mdent using the teXsan programexplained to be due to the negative charge localized on the
system. sorption correction was applied. H : H H
(11) The cyclic voltammogram ol was measured under the following depmtor_]ated ar.mnOhyd.rOXyl oxygen. Thes.e flndmgs.(.:learl.y Imply
condition: [L] = 1 mM, 50 mM Tris-HCIQ buffer at pH 7.31 M NaCIQ, that the iron(lll) ion forl is located at an optimum position similar

(12)

or 0.1 M tetran-buthyllammonium tetrafluoroborate as supporting to the positioning of iron ions in natural iron siderophotés.

electrolyte, glassy carbon working electrode, saturated calomel reference ; ;
electrode (SCE), Pt wire supporting electrode, scan rate 10 or 100 mV/ A.S was EXp.eCted from the design con_cept of the ligand TAGE,
s. The potential values, which were measured as the SCE scale, werethe intra- and interstrand hydrogen bonding networks were formed

c%nverted t(la the l\(lefE sgale Fy a[ddigion 1)19}242th- culated b in the crystal structure of. All the amide N-H bond vectors
The pM value is defined aslog [Fe(HO)s], which is calculated by ; [ ; ;
using the stability constants of the complex (j§igand the protonation are dlredﬁﬁ Ct)owl-ell- rd éhe dqt)'[ordlnatlnfgzaSménth)éd]r-(ZX%\l OX};?]anhWIth
constants of the ligand k) under given conditions (at pH 7.4, [Fe(Il)] average ( _) Istances of <. (2. ‘ ) within the

= 1 uM, and [TAGE]}, = 10 uM). See also ref 6c. same strand. Such intrastrand hydrogen bonding networks were
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also detected in the crystal structures of the natural siderophoresTable 1. Redox Potentials, pM Values, and Stability Constants

(ferrichrome-type complexes (2.72.81 A for N---0):23 Fur-
thermore, the amide hydrogens bfalso are intramolecularly
bound to the coordinating aminohydroxyl oxygens between the
interstrands with average-NO (H-+-O) distances of 3.20 A (2.13
A). The hydrogen bonding networks are likely to play an
important role in shielding the central metal atom from the outer
sphere and in stabilizing the ligand. This indicates that TAGE
protects the metal ion from hydrolysis.

The cyclic voltammogram df'! in an aqueous solution showed
a quasi-reversible redox wave corresponding to dlfe couple,
the half-wave potentialH,;) of which was observed at230
mV vs NHE with a peak separation of 74 mV. Recently it has
been reported that the redox potentials corresponding td Fe
Fe' for tris(hydroxamato)iron(lll) complexes in aqueous solution
exhibit a linear correlation with their pM valués’12The redox
potential of the natural siderophore ferrichrocin has a pM value
of 26.5 and a redox value of412 mV vs NHE"!3 and thus
appears to follow the correlation. The potential determined for
was —450 mV, significantly more positive than the value
predicted from its pM value of 25.8,even though the metal ion
coordination structure and the pM valuelo@re almost the same
as those for natural siderophoté®xcept for the existence of
hydrogen bonding networks ifi. Taking into account thé&®
values for the redox couples 'Fe/Fe'L (E°compiex= —230 mV
for L = TAGE) and F&'/F€' (E°,q = 732 mVY and the stability
constant ofl (log " = 28.7)} the stability constant of iron-
(I —TAGE (8") can be calculated from eq 1 and gives Bg—=

Eocomplex= anq —59.15 Iogﬁ'”/ﬁ”) 1)

12.4. This result suggests that the iron(ll) complex of TAGE is

more stable than those of other trihydroxamate complexes (Table

1).
To examine the influence of hydrogen bonding networks on
redox potential, the iron(Ill) complex of tris[£3-(N-acetylN-

(13) Wang, G. B.; Kappel, M. J.; Raymond, K. N.; Matzanke, B.; Winkel-
mann, G.J. Am. Chem. Sod983 105 810.

(14) The pM value of the iron(Ill- TAGE system was calculated by using
the stability constant of (log 5 = 28.7) and the protonation constants
(pKa) of TAGE (pK; = 9.79, K, = 8.95, K3 = 8.06) under the same
conditions as in ref 12. Using ref 6¢, th&gs of TAGE and the formation
constant ofl were determined by the potentiometric titration and the
spectrophotometric measurement of the competition reaction with EDTA,
respectively.

iron complex Eif pM log p" log 5"
FeTAGE () —-230 25.0 28.7 12
ferricrocirf —412 26.5 30.4 1190
Fe(NMeAHA)® —348 16.2 29.4 114

2In mV vs NHE." This work.¢ Overall stability constant for the
Fe(Il)—hydroxamate complex were calculated from ed§ Reference
6b. ¢ NMeAHA; N-methyl-acetohydroxamic acid (ref 7).

hydroxyamino)propylamidgaethyllamine (') was prepared as an
analogue ofl lacking the hydrogen bonding networks. Redox
potentials forl’ were measured in methanol solution because of
poor stability in aqueous solution. The peak potentialslof
exhibited a lower value of-540 mV vs NHE?! (although only a
cathodic wave was given), which is lower also in comparison
with that of 1 (Ey, = —360 mV vs NHE,AE = 110 mV) in
methanol solution. Consequently, a larger positive shift of the
potential forl suggests thahe intra- and interstrand hydrogen
bonding networkstabilize both the iron(I§- and iron(ll)-TAGE
complexes by tight fixation of the metal ion with TAGE ligand.
It is also interesting that complek may be easily reduced by
biological reducing agents such as NAD(P)H under physiological
conditions without any hydrolytic decomposition of the ligand
framework.

In conclusion, we have synthesized the first iron(lll) complex
of a novel artificial tripodal trihydroxamate with multi-intramo-
lecular hydrogen bonds and shown that intramolecular hydrogen
bonding networks generated in the tris(hydroxamato)-type com-
plex not only contribute to tight binding and shielding of the
iron(lll) atom from the outer sphere but also provide control of
the redox potential of the central metal ion. Detailed investigations
of the influence of hydrogen bonding networks on transportation
of the iron(lll)-TAGE complex into bacterial cells are now under
way.
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