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Combining three units of one of H-(alanyp-(HO)alanyl peptidesn(= 1—3) with nitrilotriacetic acid affords
tripodal peptide hydroxamate ligandk ( 1b, 2.L, 2oL, and3LLL , where each or b denotes the- or p-alanyl
residue). These ligands form six-coordinate octahedral complexeh (Fe&e-1p, Fe2LL, Fe2oL, and Fe3LLL )

with iron(lll) in aqueous near neutral pH solution, and the stability and the chirality of the complexes formed
depend on the alanyl residues incorporated. ThugLEes the most stable against attack of ind OH" ions

and the least labile in the iron(lll) removal by EDTA. The CD spectra show a predominance/ottivgiguration

for Fe-lp, Fe2LL, Fe2oL, and Fe3LLL , but the oppositeA configuration for FetL. These ligands and their
gallium(lll) complexes are studied B NMR spectroscopy in DMS@ solution. CD and NMR spectral analysis,
aided by molecular model examinations, indicates that critical factors in controlling the configuration and the
stability of the complexes are (1) the hydroxamate-carrying alanyl residue, (2) the expanse of an interior space
in the ligand, and (3) an interstrand amide NH hydrogen bond; the latter bonding is possible with Rgaiadsl
2oL. A microbial growth promotion activity test shows that ligarids 2.L, and3LLL all act as iron-transporting
agents.

Introduction analogues for better understanding of the iron coordination and
microbial iron transport=8 Knowledge thus accumulated will
be utilized to develop clinical drugs for certain metal detoxi-

fication and furthermore to fabricate functionalized materials

In microbial iron assimilation, siderophores play a prominent
role for sequestering iron from the environment. Siderophores

are low molecular weight iron-chelating compounds produced
by microorganisms, which take up iron(lll) from siderophere
iron complexes after recognition by membrane receptar$he
characteristic properties of the siderophore complexes an
unique recognition behavior of microbial receptors have stimu-
lated the design and synthesis of biomimetic siderophore
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in artificial systemg:10
A naturally abundant type of siderophore carries three

gbidentate hydroxamate groups in linear, cyclic, or tripodal

arrangement$The three hydroxamate groups coordinate to the
metal ion octahedrally and create a characteristic three-
dimensional shape under the influence of the supporting ligand,
and the backbone of the ligand is forced into a locally restricted
conformatiort!! Such interplay between the coordination to

iron and the conformational preference of the ligand can be
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Figure 1. Ferrichrome in theA configuration.

explored in depth using chiral ligands which contain, for
example, strands composedafamino acids and peptides.
Ferrichrome is a representative tripodal iron(lll) complex
utilized among fungt:? Its three exocyclic hydroxamate groups
of the N°-acetylN°-hydroxy+-ornithine residues form the
iron(l11) complex exclusively in the\-cis configuration (Figure
1).4a1213The A configuration is similarly taken by sequence-
modified linear and cyclic ferrichrome analogdéand theA-cis
configuration has been observed for its enantiomer, che
ornithine-derived counterpat.In these instances, the ornithyl
a-carbon obviously controls the disposition of the hydroxamate
group. The configurational chirality of siderophore complexes
has been shown as one of the important factors for cellular
uptake; the retrohydroxamate ferrichrome of theonfiguration
is biologically active'® as ferrichrome, but enantioferrichrome
is not active for desferrichrome-producing microorganidfms.
In this connection, a number of biomimetic desferrichrome
analogues have been synthesized, using a variety of tripoda
molecules such as 1,3,5-trisubstituted benzéties nitrilotri-
acetic acid (NTA)L80 2,4 6-trisubstituted cyanuric aciéf,
tricarboxylic acidsie®¢ trimelamol derivatives®’ tris(amino-
ethyl)amine (TRENY82h tris(hydroxymethyl)ethane and
-methané®i and 1,5,9-cyclotriazadodecdffeand a similar
analogué® These synthetic siderophores showed a range of
microbial activities when examined by growth promotion
tests!8-20 However, the thermodynamic stability, kinetic lability,
and chiral tendency of these iron(lll) complexes have never
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Chart 1
N[CHoCO-L-Ala-B-(HO)Ala-OMe]s  (1L)
N[CHoCO-D-Ala-p-(HO)Ala-OMels  (1D)
N[CHoCO-L-Alal-L-Ala2-g-(HO)Ala-OMe]s  (2LL)
N[CH>CO-D-Alal-L-Ala2-g-(HO)Ala-OMe]s  (2DL)
N[CHoCO-L-Alat-L-Ala2-L-Alas-B-(HO)Ala-OMe]s  (3LLL)

Scheme 1

i) 9 M HCI / dioxane, ii) NMM
ii1) Boc-L-Ala-OH / EDC / HOBt

Boc-L-Ala-L-Ala--(BnO)Ala-OMe

Boc-L-Ala-L-Ala-L-Ala-B-(BnO)Ala-OMe 22 M HC / dioxane, i) NMM

H-L-Ala-L-Ala-L-Ala-B-(BnO)Ala-OMe —MCH2COONpI; /HOB

Hy-Pd/C

3
MeOH LLL

N[CH,CO-L-Ala-L-Ala-L-Ala-B-(BnO)Ala-OMe]3

elaborately been investigated in terms of changes in ligand
structureg! As an extension to the previous communicafidn,
we have synthesized tripodal alanyl-peptide hydroxamates,

1b, 2L, 201, and3LLL, where each or b denotes the- or
p-alanyl residue (Chart 1), using NTA as the anchor molecule.
The results of iron(lll) complex formation and characteristic
properties of the complexes formed are presented here, with
emphasis on the effects of the alanyl residues.

Results

Design and SynthesisWe chose the alanyl (Ala) residue as
{the component for the present ligands, because it is a simple
chiral a-amino acid, and it has an interesting helix-forming
tendency?324 The trisp-nitrophenyl ester) of NTA® was
obtained in good yield vig-nitrophenyl trifluoroacetate. The
merits in using NTA as the tripodal anchor molecule are that
(1) the N-terminus of a peptide strand synthesized from the
C-terminus is subjected to acylation in due course with the above
activated NTA, to give the desired ligands, and (2) the NTA
moiety serves formally as a glycine residue, although its nitrogen
atom is shared by the three strands. The hydroxamate group
was generated by use of f#{HO)Ala-OMe2® the 2-(methoxy-
carbonyl)ethyl group being the common substituent on the
hydroxamate nitrogen. The benzyl (Brigrt-butoxycarbonyl
(Boc), and the methyl groups were used as the protective groups.
The peptide units of Boc-Ala-3-(BnO)Ala-OMe and Boc4(-
Ala),-3-(BnO)Ala-OMe were previously obtainéfl but Boc-
p-Ala-3-(BnO)Ala-OMe, Boce-Ala-L-Ala--(BnO)Ala-OMe,
and Boc-(-Ala)s-5-(BnO)Ala-OMe were newly prepared. Boc-
(L-Ala)s-5-(BnO)Ala-OMe was also prepared but not used
because of its sparing solubility. The synthetic procedure for
3LLL is shown in Scheme 1 as a representative example. Final
deprotection of the benzyl groups by catalytic hydrogenation
with a Pd-C catalyst afforded ligandd—3. They were
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Table 1. UV—Vis Spectra, Monoprotonation Constants, and CD
Spectral Data for Tris(hydroxamato)iron(lll) Complekes

Amad{nm

complex (e/Mtem™?)  Krey CD band /nm fe) type
FedL 425(2900) 5.1x 10° 360 (+2.5) 450 5.4) A
Fedp 425 (2900) n# 360 (-2.6) 450 4-5.5) A
Fe2LL 425 (3000) 3.8« 10? 380 (-6.9) 465(2.2) A
Fe-2oL 425 (3000) 2.0x< 10° 377 (-7.5) 460 (-2.9) A
Fe3LLL 425(3000) 8.1x 10° 380 (-3.3) 460 -1.1) A
ferrichromé 430 (2900) 3.1x 10° 360 (—3.7) 465 (-2.4) A

a Determined in water at 258 0.1°C at pH 7.0. TheKgeg) value
was obtained according to eq 2 (teXtNot determined¢ Reference
4a.9 Reference 31.

characterized by elemental analysis, IR, &HdNMR spectros-
copy, and their purity was checked by HPLC.

IH NMR spectral data were obtained in DMSf@solutions.
Proton signals were assigned by the aid of COSNOESY
experiments (and the results are listed in Table S1, Supporting
Information). The key observations for these ligands are as
follows: (1) Theo-proton of the Ala-N(OH) residue charac-
teristically appeared downfield as a quintet at &at.80 ppm
by the influence of the electron-withdrawing-\DH group?®
The expected intensity of thie-proton confirmed that the
hydroxamic acid groups were fully present in all the ligands.
(2) The temperature-dependence coefficients of amide-proton
chemical shifts, determined in the range-BD °C, were larger
in negative values—{0.004 to—0.007 ppm deg!) than that
expected for intramolecularly hydrogen bonded protons (ex-
pected to be less than0.003 ppm deg?).2”-28 The methylene
groups in the NTA moiety appeared mostly as a singlet.

Iron(lll) Complex Formation. Iron(Ill) complexes were
prepared by adopting a procedure previously describéd
acidic mixture of a ligand in aqueous solution and an aqueous
ferric nitrate solution was made (pH 2.1), which contained
mostly a di(aquo)bis(hydroxamato)iron(lll) species (1:2 complex
of iron(lll) with a hydroxamato group), Fe(Htt) having almax
of 465 nm?°30The 1:2 complex was transformed into a tris-
(hydroxamato)iron(lll) complex (1:3 complex), Fe(L), by
neutralization with alkali to pH 7. The UVvis spectra of the
1:3 complexes (Fét, Fe-lp, Fe2.L, Fe2pL, and Fe3LLL )
showed their characteristic absorptionsigatx 425 nm withe
ca. 3000 M! cm™1, typical of the tris(hydroxamato)iron(lIl)
complexes' (Table 1).

Iron(lll) Complex Stability. Plots of theire values at 425
nm vs pH show middle plateau regions where the iron(lll)
species is in the tris(hydroxamato) coordination (Figure 2). The
spanning of the plateau gives an estimate for the stability of
the tris(hydroxamato)iron(lll) complexes against attack of H
or OH™ ions. The stability decreases in the orderZee-(pH
4.5-10.2)> Fe2oL (pH 4.5-9.5)> Fe3LLL (pH 5.6-9.5)>
Fe-lL and Felp (pH 6.2-9.0). Ferrichrome was shown to have
a wider plateau of pH 3:710.5

When a neutral complex solution was gradually acidified,
the Amax shifted to a longer wavelength and its value
decreased’ An isosbestic point was observed, for example, for

(27) (a) Llinas, M.; Klein, P. M.; Neilands, J. BJ. Mol. Biol. 197Q 52,
399-414. (b) Llinas, M.; Klein, P. M.; Neilands, J. B]. Mol. Biol.
1972 68, 265-284. (c) Llinas, M.; Klein, P. M.; Neilands, J. BJ.
Biol. Chem.1973 248, 924-931.

(28) Ohnishi, M.; Urry, D. W.Biochem. Biophys. Res. Comni®67, 36,
194-202.

(29) Schwarzenbach, G.; SchwarzenbachHily. Chim. Actal963 46,
1390-1400.

(30) Caudle, M. T.; Stevens, R. D.; Crumbliss, A.lhorg. Chem 1994
33,6111-6115.
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Figure 2. Absorption vs pH plots: values @M~ cm™ at 425 nm
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Figure 3. UV—visible spectra of F&pL (2.62 x 1074 M) in water at

25.0°C, covering the pH range 2.561.09. The inset is a Schwarzen-
bach plot for the same pH range.
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Fe2oL at 474 nm in the given pH range, however, the third
Fe(HL)2" species gradually appears with spectral deviation
from the isosbestic point in going to a further lower pH region
(Figure 3). Isosbestic behavior clearly indicated the equilibrium
between Fe(L) and Fe(HL)eq 1), confirming the presence of
Fe(L).

Fe(L)+ H" =Fe(HL)"
Keegy = [Fe(HL) VIFe(L)]H ]

(1a)
(1b)

The equilibrium was further analyzed by applying the
Schwarzenbach equation (ed%2p the isosbestic spectral data
to give the monoprotonation constatt-£1). The resulting
plot is included as the inset in Figure 3.

Agps= (Ag = Agpd! [H'] Krey) T €reniCrotal )

The values oKre(HL), Whose logarithmic values represent half
protonation pH values (pf}), indicate the relative ease of
monoprotonation of the tris(hydroxamato)iron(lll) complexes
(Table 1). The corresponding value reported for ferrichrome is
much smalleg!

(31) Anderegg, G.; L’Eplattenier, F.; SchwarzenbachiH&ly. Chim. Acta
1963 46, 1409-1422.
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Table 2. Iron(lll) Removal Rates by EDTA and Equilibrium Data F
for Iron(lll) Competition Reactions with EDTA 0.004 -
removal rate competition equilibrium
complex Kobds™t unchanged/% r

Fedr 1.7% 10! 5.7 0.003

Fe-lp 1.7x 101 5.7 n F

Fe2LL 25x% 107 14 < [ 5

Fe-2pL 1.4x 102 5.8 2 0.002F g

FedLLL 3.0x 10°3 7.9 ~ [ z

ferrichromé 6.1x 10* r 2

aron(Ill) removal rates were determined at 25:00.1 °C and pH 0.001
5.4 in an acetic acidNaOH buffer with ionic strength 0.1 (KCI): The [ 300 400 500
initial concentration of tris(hydroxamato)iron(lll) complexesl.0 x L Wavelength / nm
10~* M with a 20-fold excess of EDTA. The competition reaction for S
iron(lll) between a ligand and EDTA was carried out with [iron(lll) 0 1 2 3 4 5 6

complex]= [EDTA] = 2.6 x 10* M at 25.0+ 0.1 °C and pH 5.4. [EDTA], /mM
b Reference 14: Under similar conditions, but the initial concentration

ratio was [Fe(L)J[EDTA]= 3.8 x 10-* M/7.6 x 103 M. Figure 5. Dependence of the iron(lll) removal rates of Be- on

EDTA concentrations at pH 5.4 and 25400.1 °C: Fe2LL, 1.3 x
104 M. The inset shows spectral changes for one of the runs conducted

0.06 - . .
with 2.6 mM EDTA.

5, 0041 ] hyperbolic curvature (Figure 5§33 This saturation behavior is
Tz expressed by eq 3c, using egs 3a and 3b.

~° 0.02F .

i . . ] rate= k, JFe(L)] = k,[(HL)Fe(H,EDTA) ] (3c)
00 5106 110° 15107
(H]/M where

Figure 4. Rates ko9 Of iron removal from Fe2oL (1.0 x 1074 M) B
by EDTA (20 molar excess) at 250 0.1°C in different pH solutions Kops = K[(HL)Fe(H,EDTA) 1/[Fe(L)] =

(PH 5-6). kK'[H,EDTAZJ/(1 + K'[H,EDTA?])

Iron(lll) Exchange Kinetics with EDTA. The iron-with-
holding power of these tris(hydroxamato)iron(lll) complexes
was assessed by iron-exchange kinetics using EDTA as a
competing ligand? The iron removal reaction from Fe(L) by
EDTA would proceed as expressed by etZlron(lll) exists
virtually as Fe(L) or Fe(EDTA).

and
K' = KKegquufH T(L + KeguH D)

We obtained values df = 99 Mt andk, = 1.2 x 1072

sL
Kregih Exchange Equilibrium with EDTA. The proton-independent
Fe(L)+ H" ——=Fe(HL)" (3a) stability constant Keeqy) of Fe(L) is defined by eq 4. This
o« ok constant is obtainable from the proton-dependent equilibrium
Fe(HL)" + HZEDTA2 = (HL)Fe(H,EDTA) — constant Keg) of a ferric ion competition reaction between a

ligand (ML) and EDTAZ3! when the ligand protonation
constants are known. The equilibrium reaction with the constant
Keqis expressed by egs 5a and 5b.

H,L + Fe(EDTA) (3b)

The rate kop9 Of the iron-exchange reaction with excess
EDTA was determined at pH 5.4 by monitoring a decrease in + - _ +1r] 3—
the absorbance of Fe(L) at 425 nm (Table 2). The removal rates Fe L Fe(L), Kreq) Fe(L)/[F@ =1 @

decreased in the order Ae-= Fe-1lp > Fe2pL > Fe3dLLL > Fe(L)+ H EDTAZ + H'=H.L + Fe(EDTA) (5a)
Fe2LL. Under conditions of pH 7.4, we still observed a faster 2 3

rate5 forl)FelL (2.8 x 1074 s71) than that for Fe2LL (4.4 x Keq = [HaLI[Fe(EDTA) J[Fe(L)][H LEDTAZ][H'] (5b)
10—~ s™).

We further investigated the reaction to obtain information Equimolar competition reactions expressed by eq 5a were
about mechanism. Figure 4 shows that the rate linearly increaseserformed at pH 5.4 and 25C, and the amounts of the
with the increasing proton concentration in the pH rang®5  unexchanged iron complexes were determined spectrophoto-
for example, when Fé@bL was used as Fe(L) in eq 3. metrically on the basis of the stoichiometry of reaction 5a; the

In repeat-scanning spectra for one of the reaction runs, we ynexchanged iron complexes increased in the ordetLFe-
observed an isosbestic point at a wavelength of 350 nm (in the Fedp < Fe2pL < FedLLL < Fe2LL (Table 2).
insert of Figure 5). The spectral change clearly indicates that e were unable to determine the ligand protonation constants
two major species of Fe(L) and Fe(EDTAjre in the solution  owing to hydrolysis of the ester group during the titration, hence
with a low concentration of the intermediate species (HL)Fe- the proton-independent stability constants for the present
(H.EDTA)". Examination of the effect of changing EDTA  complexes were not obtained.

concentrations on the iron removal from BEe- revealed a Chirality of Complexes. The circular dichroism (CD) spectra
of the complexes in aqueous neutral solution exhibited Cotton
(32) Tufano, T. P.; Raymond, K. Ni. Am. Chem. S0d981, 103 6617~ effects (Table 1), as shown typically for an enantiomeric pair

6624. .
(33) Albrecht-Gary, A.-M.; Palanche-Passeron, T.; Rochel, N.: Hennard, Of Fe-lL and Feip (Figure 6). From the spectral patterns, the

C.; Abdallah, M. A.New J. Chem1995 19, 105-113. A andA configurations around the metal ion were assigned to
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A
Fe-1D (A)
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Ae /M'em’
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Wavelength / nm

Figure 6. CD spectra of Féi and Felp in water at pH 7.0Ae (M~
cmt) vs A/nm.

500

Fe-lL and Feip, respectively, by reference to the assignment

for ferrichrome!?13 Some notable observations are as follows:
(1) in the confines of the-alanyl peptide series the configuration
changes; Fd+ has theA configuration, whereas Fa+ and
Fe3dLLL have theA configuration; (2) the magnitudes of CD
intensities (from the peak top to the trough) are different

depending on the number of alanyl residues; (3) the CD intensity

of Fe2pL is larger than that of F&tL ; and (4) these intensities
are larger than that of ferrichronfé except for Fe3LLL .
NMR Spectra of Ga(lll) Complexes. In general, Ga(lll)

complexes but are diamagnetfc*3> The present Ga(lll)

Hara et al.

NOE(?\H 3/\1\105

N—=-CH,CO -NH-CH-C—N—CH,CH,CO-OCHj,
\_/ Iy

3+ 3
Gays (Ga-1L)
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NOE ,’G\a”3
CH3 (Q\Hs Qe
N—-CH,CO -NH-CH-CO-NH- cwgonco OCHj
N
y 5
(Ga-2LL)
3+
,G\aus
N—-CH,CO “NH-CH.CO-NE-CH— & N—CH,CH,C0-OCH,
NOE 3
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?Hs o] o-

CHs

N

N~

complexes are structurally similar to the corresponding Fe(lll) N*[CHZCO NHCHCO NHCIIHCO —NHCH- A N CH,CH,COOCH,

complexes were prepared according to the reported procéture.

Their 'H NMR spectra were obtained in DMS@-solutions,

NOE NOE 3

(Ga-3LLL)

and signals were assigned by the aid of COSYOESY
experiments. (Results are summarized in Table S1.) Relative
to the ligands, some of proton signals from the corresponding
Ga(lll) complexes were shifted; in all the Ga complexes
examined, NEI,CO— protons appeared as AB q patterns, and
shifted downfield except for those of GatL . All the NH Alat
protons shifted downfield, while N Ala? of Ga2oL shifted
upfield, NH Ala? of Ga3LLL was unchanged, butilAla? of
Gaz2LL slightly shifted downfield. M Ala3 of Ga3LLL was
upfield shifted. The four protons from the C-termiraN(O™)-
CH,CH,CO— moiety shifted downfield in all the complexes.
The temperature dependence of amide proton chemical shifts
were determined between 20 and 0. (The results are also Ligands. Despite their peptide nature, the ligands are not
included in Table S1.) Compared to the free ligands, some of structured in a polar solvent like DMSO. In NMR spectra, the
the NH proton shifts showed less dependence on temperatureNCH>CO— protons appeared as singlets except for a doublet
indicating the presence of intramolecularly hydrogen bonded for 1L, consistent with freely extended conformations, and
structures. Smaller temperature coefficient§.0012 to—0.0023  temperature-dependence coefficients of large negative values
ppm deg?l) were observed for N Alal of both Ga2LL and for the amide protons indicated the absence of intramolecular
Ga=2oL, and NH Ala2 and NH Ala3 of Ga3LLL . Conformational ~ hydrogen bonds. The ligands, therefore, are not preorganized
change upon complex formation is also indicated in some of for iron complexatio® in water of high polarity, in which
the 3Jun—on values (Table S1). intramolecular hydrogen bond formation is strongly inhibited.

The NOE data for the complexes were measured at mixing  Fe(lll) Complexes. (a) General.The five iron(lll) complexes
times of 400, 600, and 800 ms, and observed major NOEs arecontaining oligoalanyl residues were examined in terms of the
depicted in Figure 7. Particularly noteworthy are the strong inter- four experimental categories: (1) the monoprotonation stability,
residue NOE'’s observed for NHNH? in Ga2L.L and NH— (2) the stability against attack of ‘Hor OH™ ions, (3) the
NH23 in Ga-3LLL . Difference in the structures of Gat+ and exchange equilibrium thermodynamics, and (4) the lability in
Ga-3LLL is manifested in the NOE from CHwhich is close to iron(lll) removal kinetics. The following increasing stability
NHZ in Ga2LL, whereas it is not to NHin Ga-3LLL . order was observed for categories3: FedL = Fe-lp < Fe-

IR Spectra of Fe(lll) Complexes. The IR bands for the 2oL < Fe3LLL < Fe-2LL. The decreasing kinetic lability order
amide absorption for all the iron(lll) complexes appeared at 1650 was observed for category 4. Re: > Fe3LLL > Fe2pL >
and 1580 cm! (KBr disk). Fe-lL = Fe-lp.

Growth Promotion Activity. The activity was examined by These iron(lll) complexes are more kinetically labile and
a reported procedure using &scherichia coliK-12 RW 193 thermodynamically less stable than ferrichroth&errichrome
mutant (ATCC 334755 as a test organis@f.This mutant cannot ~ holds iron through its flexible side chains, whereas the present

Figure 7. *H NMR NOE data for Ga(lll) complexes of ligands,,
2LL, 2oL, and3LLL .

synthesize enterobactin, but grows when supplied with iron(lll)
by suitable artificial siderophores, because it has several
receptors including the FhuA protein for ferrichrome uptéke.
The growth promotion activity of Fét, Fe2LL, and Fe3LLL

was equally weak «), in comparison with strong activity
(+++) of ferrichrome.

Discussion

(34) Borgias, B. A.; Barclay, S. J.; Raymond, K. N.Coord. Chem1986
15, 109-123.

(35) Dietrich, A.; Fidelis, K. A.; Powell, D. R.; van der Helm, D.; Eng-
Wilmot, D. L. J. Chem. Soc., Dalton Tran$991, 231—-239.

(36) Wayne, R.; Frick, R.; Neilands, J. B. Bacteriol 1976 126, 7—12.

(37) Neilands, J. BStruct. Bondingl984 58, 1—24.

(38) Braun, V.; Hantke, K.; Kster, W. InMetal lons in Biological Systems
Sigel, A., Sigel, H., Eds.; Marcel Dekker: New York, 1998; Vol. 35,
pp 67145.

(39) Cram, D. JSciencel988 240, 760-767.
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ligands bind iron(lll) with peptide hydroxamate groups. Peptides H g .
have their own conformational tendencies, which are not . \N\(\N/\(N>
necessarily suitable for flexible iron(lll) binding, with the { Yo i }) /o
consequence that iron complexes become less stable and o) N"”"'H"/'"’ i ;:“H\N
kinetically more labile. N \/_/_‘\\\\\”\e_ .

(b) Exchange Kinetics.At pH 5.4, FeiL and Felb contain ¥ 0. "'\O o N o
a considerable amount of the protonated species Fe(HL), 0 )7/ N/*Fé.—" \/K
whereas FeiL, Fe3LLL, and Fe2oL exist as Fe(L) (Figure // \o,_ﬁ
2). The protonation to Fé&t and Felbp is not the single cause Ngo™° °
for the faster rate, however, since a faster rate fodlFéhan o &/GO O~

that for Fe2LL was observed even at a higher pH of 7.4.

: ; igure 8. Possible structure for F&-L of the A configuration,
fi Ats ?Xpre_?_ffd .by eq 3a, E[hz ptr)ot(zrr:atlog of Fe?. )is af neﬁ.essar%:howing hydrogen bonds formed and the electron pair direction on the
IrSt step. IS 1S supporie y the observa 'On_ 0 _a Inear nitrogen: this structure is built with the aid of the CD and NMR data;
dependence of the rate on the proton concentration in the pHine alanyl residue and ¢ angles are listed in Table 3.

range 5-6 (Figure 4). The hyperbolic dependence of the rates

(Figure 5) indicates saturation kinetics by which the iron(lll) Table 3. Angles ¢, ) Adopted ancPJwu-an Values for Metal(lll)
removal reaction proceeds through the formation and breakdownComplex Structurés

of the intermediate ternary complex (eq 3b) and indicates that ¢, ; I Hz

the rate-determining step is the breakdown rather than the complex Al (p-AlaY) L-Ala2 L-Ala3
formation of the intermediat®&. The curved line is a calculated VMl 80 —140J—75

one which gives the values &€ a_lnd ko. The K_value in 3a M-2LL —90:—80;J’= 8.9 —90, 140:] = 8.9

involves the process of formation of the bis(hydoxamato) m.2p.  90,-120:0=8.2 —90,160:J=7.9

complex to breakdown of the monohydroxamato complex. A M-3uL  0,40;J=2.8 —90,-60;J=8.6 —130, 140;J=10.1
similar mechanism ha§ previously been discussed for iron(lll) a Metal(Ill) corresponds to Fe(lll) or Ga(lll). Thé (=6 + 60), ¢
removal from the peptide hydroxamate compleXes. angles adopted in the model building obtained via the dihedral angles

(c) Iron(lll) Exchange Equilibrium. The proton-independ- 6 (not shown) derived from th&lu-.n values using a Karplus type
ent stability constants for similar tris(hydroxamato)iron(lll) equation.
complexes differ only slightly in many cases. For example, the
constants of ferrichrome and tris(acetohydroxamato)iron(lil) are C*—H bond nearly cis to the C(©)N bond that is one edge of
10791 and 1683 respectively¥! and that of Fe2L was the five-membered chelate ring, whereas theonfiguration
previously estimated to be 30 For comparison of the stability ~ places the €-CHs; bond nearly cis to the C(@)N bond; in
of the present complexes, we assume that every ligand has ghe latter case, steric interaction between the side chain methyl
similar set of the three hydroxamate protonation constants. Thisand the-methylene protons becomes pronounced. The hy-
is reasonable, because every tripodal ligand has each alanydroxamate-carrying alanyl residue is a critical determinant for
hydroxamic acid moiety located at the C-terminal position and, the configuration, and in most cases the side chain methyl of
being unstructured, experiences protonation influences in thethe L-Ala-NO~ moiety forces the complex to assume the
same manner. Thus, an increase in the amount of the unex-configuration, so as to avoid contact with theprotons of the
changed complexes is directly proportional to an increase in propanoate moiety.
the Keq value and hence in the stability constant. Thus, a small  The *Jxn-an values of the Ga(lll) complexes provided
range of the stability differences observed by changing the alanyl information about the dihedral anglés Using a Karplus type
residues are real in the present situation. equation, a set of anglgswere derived fron®,*2 and adaptable
Structure of Complexes. (a) General FeaturesGeneral ~ angles¢ were determined. The CD and these NMR data,
structural features of the present complexes, as emerged fronfombined with the above structural features, provide possible
the IR and NMR data with the aid of molecular model work Structures for the individual iron(lll) complexes of Befe2
with CPK or HGS? are the following. (1) The amide bonds (Lt @ndoL), and FedLLL . Fe3LLL is shown as a representative
are in the trans coplanar conformation. This is based on the IR n€ in Figure 8. (Structures F2(LL andpL) are depicted in
absorption observed at 1650 chior the amide carbonyl groups ~ Figure S1 (Supporting Information), and structure Ieeis
of the iron complexes. On the other hand, the cis amide bonds,depicted in the synopsis (Table of Contents).) Table 3 gives a
for example, present iN-hydroxy diketopiperazines, absorb at list of the angles and¢ adopted for building these structures.
higher frequencies of 16861690 cnt? in the solid state (KBr (b) Individual Complexes. The result that Fé+ and Feip
disk)41 (2) Only one set of NMR signals were observed, are the least stable and the most labile is reasonable, considering
demonstratings, symmetry of the complexes. Together with their shortest length of the strand which has to assume a strained
this fact, it is demanded that hydroxamato group must be in compact structure. Fé- has theA configuration. GakL shows
the cis orientation with respect to each other, to coordinate @1 NOE between the side chain methyl ghgrotons of the
octahedrally to the metal ion. (3) The nitrilotriacetyl moiety ~Propanoate moiety, together with that between the-hNCO—
assumes an extended (a zigzag type) conformation with its @nd the N Ala protons (Figure 7). This is consistent with the
nitrogen lone-pair electrons directed inward to accommodate A configuration, where the €-CHz bond is oriented nearly
the metal ion. (4) In theL-alanyl unit that constitutes the Cis to the C(O}N(O) bond. This seemingly unfavorable

hydroxamate carbonyl group, the configuration places the  configuration cannot be avoided so as to retain a sufficient space
for iron accommodation; a further rotation of nearly 12@uld

bring the &—H bond nearly cis to the C(G)N(O) bond, but

(40) A set of miniature molecular models, sold from Maruzen, Tokyo. These
models allow concomitant rotation of several bonds linking to a bond
of interest and are also usable as space-filling models. (42) Bystrov, V. F.; Portnova, S. L.; Balashova, T. A.; Koz’min, S. A.;

(41) Akiyama, M.; Katoh, A.; Tsuchiya, YJ. Chem. Soc., Perkin Trans. Gavrilov, Y. D.; Afanas’ev, V. APure Appl. Chem1973 36, 19—
11989 235-239. 34.
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the interior space would become much smaller. In the Ram- A twist angle of 43 has been observed for ferrichrorte,

achandran diagraf?,the Ala residue is found far outside the interestingly, whose CD intensity is intermediate between those

p-sheet region, indicative of strain. Hydrogen bond networks of Fe2.L and Fe3LLL .

may not be formed in such a rigid structure, as not observed  Biological Activity. The weak but positive biological activity

for this complex. observed for botlA and A configurational isomers could be
In Ga2, that is, Fe2 (2LL and2pL) complexes, the strand  ascribed to either (1) a less selective recognition for ferrichrome

becomes more flexible by one added alanine residue, therebyderivatives by the FhuA protein or (2) a case in which a different

the interior space becomes expanded relative to that of ligandreceptor might be used, sindé. coli has many types of

1 and the unfavorabla configuration is avoided. The observed receptors:3 A weak discrimination was observed against

NOE signals between the-proton of theL-Ala-NO~ moiety enantioferrichromé?’:38 In view of a test result that a NTA-

and theg-protons of the propanoate moiety are consistent with based tripodal iron(l1l) complex, fe-N[CH,CONHCH,CH,-

this configuration (Figure 7). For G2, Alal is found near CH2N(O™)COCHg]3, is utilized by RW 193 but not by a mutant

thez-helix and Al& in the 8-sheet region in the Ramachandran devoid of the FhuA receptd® we tentatively favor case 1

diagram. For both2LL and 2oL complexes, intramolecular  above.

hydrogen bonds are formed across the two neighboring strands

between the nitrilotriacetyl carbonyl and the NH Alaroton Conclusions

(C=0---HN), stabilizing the entire conformation of the com- ) o . .

plexes. Intramolecular hydrogen bonding certainly stabilizes  11iPodal peptide ligandd—3 containing different numbers

ferrichrome structuré3.14 of alanyl residues were synthesized using nitrilotriacetic acid

The stability order suggests, however, that there are some@S the anphor molecule to model ferrichrome. These ligands
other factors which destabilize complexesZee-and Fe3LLL formed tr|s(hydro_xamat_o) complexes with iron(lll), and_the
relative to Fe2LL . The presence of bothtresidue and-residue com_plexe_s were |nvest|g_ated in terms of the conforma_tlonal,
in Ga-2oL, and similarly in Fe2pL, forces the strand to assume F:onﬂgurauonal, and c;hgmmal properties such as protonation and
a sharp turn at the-alanyl a-carbon atomg ~ 90° andg ~ |r0n-exghange stabilities apd iron-removal klngtlcs. .These
—120), leaving an interior space narrower than that of Zea- properties chang_ed depending on the glanyl residues incorpo-
and consequently decreasing the stability. BotiAla® and rate_d_. In the_ SEeries, on_e-AIa residue Ilganqls cannot afford a
L-Ala2 are found in the-sheet region for GaeL. sufficiently W|qle metal-binding space, producing the least stable

Fe3LLL certainly has theA configuration. In G&3LLL and most labile comple?(. The Bt CO”‘P"?X was the most
3o values for Ald and Al take extreme values of 2.8 stable and the least labile. Ret also exhibited considerable

and 10.1 Hz, indicating that the molecular structure is rigid and stabi_lity and_ less kinetic I_abi_lity. TW.O Ala residues, theref_ore,
that the conformation of these residues is constrained. This is'orOVIOIGd suitable metal-binding environments, but Ala residues

. . S o did not assume helical conformations. In a three-Ala ligand
the manifestation of destabilization of BetL . Specifically, ) i~ . X ) ’
the dihedral angle HNaH (6) in Alat is practically fixed to Ala? exhibited a helix-forming trait, but Alawvas forced to take

about—60°, whereas that of Aféis fixed to about 170(£20°) a usually not-allowed conformation, the iron complex formed

on the otr;er hand, Aleor Ala2 in Ga=2LL is not particularly being not stabilized relative to F&4 . In all, even Fe2LL was

constrained asjudéed from tRd o1 values. From the NOE less stable and more Kkinetically labile than ferrichrome.
,a ) - :

data for Ga3LLL (Figure 7), close contacts are found between OWEVer, the purpose of this paper to observe the interplay

the NH Ala? and Al& protons, in addition to the contact between between the iron(lll) coordination, and the ligand structure was
a-CH Ala? and ag-proton of the propanoate group, resulting accomplished by changing the number and the chirality of alanyl

from the A configuration. The dihedral angle and the inter- residues. The iron comp!exes of I|gan]_jsS containing one,
residue contact strains bring bottHNAla2 and Al& protons two, and three-alanyl residues, respectively, showed a similar

pointing inward and within a hydrogen-bonding distance to the degree of siderophore activity, although weak, for a mu@nt,
carbonyl oxygen of the NCHCO— moiety (intrastrand coli K 12 RW 193.
hydrogen bonding), as indicated by a small amide NH temper- £ . tal Secti
ature-dependence coefficient. This hydrogen bonding makes the xperimental section
structure inflexible, but may not contribute to an increase in General Procedures.The melting points are uncorrected. FT-IR

the stability. A model thus constructed indicates that tiAdal- spectra were recorded on a JASCO model FT/IR-5M spectrophotometer.
L-Ala?-L-Ala3- sequence in F8:LL has a helical-like conforma- UV —vis spectra were obtained on a Hitachi 320A spectrophotometer.
tion, where Al& is not in an allowed region, Afais in the CD spectra were taken with a JASCO J-720 spectrophotometer. HPLC

a_he“ca' region’ and AFéJS in theﬁ_sheet region_ ThUS, S’[rain was carried out on a JASCO 880‘PU apparatus Combineq with 875-
concentrates on the Alzonformation upon complexation. Ifa YV @nd 100-lll attachments, using a column (4&50 mm) of Finepac

. . . . . — . ini 0,
complex is formed with the nitrogen lone-pair electrons pointing SIL Cys. A solvent system of CKCN—HO (3:1 v/v) containing 0.1%

out, the whole structure becomes congested and more NOE cros$hOSIOhoriC acid was applied at a flow rate of 1%min, and the
ut, W uctu 9 etention time tg) was determined. Optical rotations were measured

peaks are expected than actually observed. with a Horiba SWPA-2000 polarimeter at 26. H NMR spectroscopy
The twist angles (60for a regular octahedron and @r a was carried out in CDGlor DMSO-ds with a JEOL FX-200, GX-270
trigonal prism}! of the metal ion coordination are estimated and EX-400, A-500 and a Varian INOVA500 spectrometer using
for these structures, whose magnitudes decrease in the ordetetramethylsilane (TMS) as an internal standard.
Fe2pL, Fe2LL, and Fe3LLL . This order is in line with the Boc-h-Ala-f-(BnO)Ala-OMe was obtained by a procedure similar
observed order of CD intensities. Such a correlation seems toto that used for Boe-Ala--(BnO)Ala-OMe* using Boce-Ala-OH:
hold under the limited circumstance of the present molecular *H NMR (CDCl) 6 1.28 (3H, dJ = 6.8 Hz, CH), 1.45 (9H, s{-Bu),
arrangement, where only numbers of alanine residues change2-58 (2H, t.J = 6.8 Hz, NCHCH,CO), 3.61 (3H, s, OC}), 3.7-4.2
(2H, m, NCH,CH,CO), 4.73 (1H, m@a-CH), 4.94 (2H, m, Phél),

(43) IUPAC-1UB Commission on Biochemical Nomenclatui&ochem- 5.28 (1H, d.J = 8.3 Hz, NH), 7.40 (5H, -m, Ph). ) )
istry 197Q 9, 3471-3479. See also, for example: Voet, D.; Voet, J. Boc-p-Ala-L-Ala-f-(BnO)Ala-OMe. This was obtained, using Boc-
G. Biochemistry John Wiley & Sons: New York, 1990; Chapter 7. L-Ala-3-(BnO)Ala-OMe*® and Bocp-Ala-OH, as an oil in 82% yield:
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HPLC tr 3.6 min; IR (KBr, cnt?) 1739 (G=0, ester), 1714 (€0,
urethane), 1658 (€0, amide), 1513 (NH, amide}H NMR (CDCls)
0 1.29 (3H, dJ = 7.0 Hz, CH), 1.37 (3H, dJ = 7.3 Hz, CH), 1.45
(9H, s,t-Bu), 2.58 (2H, t,J = 6.6 Hz, NCHCH,CO), 3.62 (3H, s,
OCHg), 3.7-4.2 (2H, m, NGH,CH,CO), 4.25 (1H, mo-CH), 4.9-
5.1 (4H, m, Ph @, a-CH, Boc-NH), 6.71 (1H, br d, NH), 7.40 (5H,
m, Ph).

Boc+ -Ala-L-Ala-L-Ala-f-(BnO)Ala-OMe. Boc-Ala-Ala3-(BnO)-
Ala-OMe (3.0 g, 6.64 mmol) was treated with 8.9 M HCl/dioxane (22.4
mL) for 6 h at 0°C and evaporated to give an amorphous solid. The
solid, Boct-Ala-OH (1.38 g, 7.31 mmol)N-methylmorpholine (NMM)
(0.80 mL, 7.31 mmol), 1-hydroxybenzotriazole (HOBt) (1.22 g, 7.97
mmol), and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
chloride (EDGHCI) (1.53 g, 7.97 mmol) were dissolved in @&l
(50 mL) at—10°C, and the mixture was stirredrf8 h at—10°C, and

Inorganic Chemistry, Vol. 39, No. 22, 2006081

N[CH,CO-p-Ala-L-Ala-f-(BnO)Ala-OMe]; (Bn-2pL). An amor-
phous solid of BrizoL (0.52 g, 60%) was obtained starting with Boc-
p-Ala-L-Ala-5-(BnO)Ala-OMe (0.100 g, 2.20 mmol) and TNPA (0.41
g, 0.73 mmol): HPLGr 3.2 min; IR (KBr, cnTt) 1738 (G=0, ester),
1648 (G=0, amide), 1534 (NH, amidefH NMR (CDCl3) 6 1.25—
1.45 (18H, m, 6x CHg), 2.59 (6H, m, 3x NCH,CH,), 3.30-3.60
(6H, m, 3x NCH,CO), 3.62 (9H, s, 3x OCH), 3.63-4.27 (6H, m,

3 x NCH2CH,), 4.50 (3H, m, 3x a-CH), 4.90-5.03 (9H, m, 3x
a-CH and 3x CHyPh), 7.01 (3H, dJ = 7.8 Hz, 3x NH), 7.40 (15H,
m, 3 x Ph), 8.23 (3H, dJ = 7.8 Hz, 3x NH).

N[CH,CO-(L-Ala)s-#-(BnO)Ala-OMe] 3 (Bn-3LLL ). A solid of Bn-
3LLL (0.26 g, 58%) was obtained starting with BaeAla)s-(-(BnO)-
Ala-OMe (0.496 g, 0.957 mmol) and TNPA (0.177 g, 0.32 mmol):
HPLC tg 2.7 min; IR (KBr, cntt) 1738 (G=0, ester), 1645 (€0,
amide), 1542 (NH, amide}H NMR (DMSO-ds) 6 1.10-1.30 (27H,

for 24 h at room temperature, and then evaporated. The resulting solid9 x CHs), 2.59 (6H, m, 3x NCH,CH,), 3.30 (6H, m, 3x NCH,CO),

was dissolved in EtOAc (200 mL) and washed with 5% NaH%6
citric acid, and brine, then dried (B®Os), and evaporated. An
amorphous solid obtained was purified by reprecipitation from hex-
anes-EtOAc to give the product (2.65 g, 76%): HPLE3.2 min; IR
(KBr, cm™) 1740 (G=0, ester), 1707 (€0, urethane), 1658 and 1635
(C=0, amide), 1544 (NH, amide)d NMR (CDCls) 6 1.20-1.40 (9H,

m, 3 x CHg), 1.45 (9H, st-Bu), 2.58 (2H, tJ = 6.7 Hz, NCHCH,-
CO), 3.60 (3H, s, OC}HJ, 3.65-4.60 (4H, m, N-CH,CH, and 2 x
o-CH), 4.90-5.00 (3H, m, Ph@&, o-CH), 5.15 (1H, br d, NH), 6.82
(1H, br d, NH), 6.95 (1H, br d, NH), 7.40 (5H, m, Ph).

Tris(p-nitrophenyl) Nitrilotriacetate. A solution of trifluoroacetic
anhydride (37.8 g, 180 mmol) an@Enitrophenol (20.8 g, 150 mmol)
in THF (100 mL) was heated at reflux for 6 h, the solution being
concentrated to dryness to gipenitrophenyl trifluoroacetate as an
oil (29.2 g, 83%): IR (KBr, cm') 1806 (G=0, ester), 1530 (N§),
1347 (NQ); *H NMR (CDCls) 6 7.48 (H, 2 x m-H to NO; group),
8.48 (2H, 2x 0-H to NO; group). A solution of nitrilotriacetic acid
(1.46 g, 7.7 mmol) ang-nitrophenyl trifluoroacetate (5.40 g, 23 mmol)
in dry pyridine (10 mL) was stirred for 24 h at room temperature and
then concentrated to dryness. Recrystallization of the residue from
hexanes EtOAc yielded needles of trig{nitrophenyl) nitrilotriacetate
(TNPA) (2.7 g, 63%): mp 163164 °C (lit.*®* mp 161-162°C); IR
(KBr, cm™1) 1775 (G=0, ester), 1520 (Ng), 1347 (NQ).

Synthetic Procedures for Protected Tripodal Ligands.The Boc
group of Boc-(Ala)-3-(BnO)Ala-OMe was removed by treatment with
9 M HCl/dioxane for a few hours at@, and the solvent was removed.
The residue was dissolved in DMF, and excess HCI was neutralized
with NMM at 0 °C. To this were added TNPA and HOBt, the mixture
being stirred for 3 days at 40 and the solvent removed. The residue
was taken up in EtOAc, washed several times with 10%00g, water,
and brine, and then dried (B80,). Evaporation of the solvent gave
the crude product, which was purified by column chromatography on
silica gel with CHC}—MeOH (10:1 v/v).

N[CH ,CO-L-Ala-f-(BnO)Ala-OMe];s (Bn-1L). A solid of Bn-1L
(0.27 g, 98%) was obtained starting with Bo@&la-5-(BnO)Ala-OMe
(0.32 g, 0.85 mmol) and TNPA (0.157 g, 0.28 mmol): HPt4.2
min; IR (KBr, cm1) 1738 (G=0, ester), 1647 (€0, amide), 1552
(NH, amide);'H NMR (CDCl;) 6 1.35 (¥, d, 3 x CHs), 2.60 (6H,

m, 3 x NCH,CHy), 3.35 (6H, m, 3x NCH,CO), 3.66-4.40 (15H, m,
3 x CHjs of ester and 3« NCH,CH,), 4.80-5.20 (9H, m, 3x o-CH
of Ala and 3x CH,Ph), 7.40 (15H, m, 3 Ph), 8.50 (3H, d, 3< NH).

N[CH ,CO-p-Ala-f-(BnO)Ala-OMe]; (Bn-1p). A solid of Bn-1p
(0.52 g, 86%) was prepared from BoeAla-S-(BnO)Ala-OMe (0.71
g, 1.87 mmol) and TNPA (0.346 g, 0.624 mmol).

N[CH ,CO-(L-Ala).-f-(BnO)Ala-OMe] ; (Bn-2LL). An amorphous

solid of Bn2LL (2.06 g, 66%) was obtained starting with BacAla),-
[-(BnO)Ala-OMe (3.54 g, 7.8 mmol) and TNPA (1.45 g, 2.61 mmol):
HPLC tr 2.8 min; IR (KBr, cnT?) 1740 (G=0, ester), 1650 (€0,
amide), 1546 (NH, amide}H NMR (CDCl;) 6 1.25-1.45 (18H, m,
6 x CHg), 2.59 (6H, m, 3x NCH,CH>), 3.30-3.60 (6H, m, 3x NCH-
CO), 3.62 (9H, s, 3x OCHs), 3.63-4.27 (6H, m, 3x NCH,CH,),
4.50 (3H, m, 3x a-CH), 4.90-5.03 (9H, m, 3x a-CH of Ala and 3
x CH,Ph), 7.01 (3H, dJ = 7.8 Hz, 3x NH), 7.40 (15H, m, 3x Ph),
8.23 (38H, d,J = 7.8 Hz, 3x NH).

3.53 (9H, s, 3x OCH), 3.60-4.20 (6H, m, 3x NCH.CH,), 4.32
(6H, m, 6x a-CH), 4.79 (3H, m, 3x a-CH), 4.80-5.00 (6H, m, 3x
CH,Ph), 7.42 (15H, m, 3x Ph), 7.98 (6H, dJ = 7.3 Hz, 6 x NH),
8.22 (3H, d,J = 7.7 Hz, 3x NH).

General Procedure for Tripodal Hydroxamate Ligands by
Hydrogenolysis of Benzyl Protective Groups.Each of the above
obtained protected hydroxamate ligands was dissolved in MeOH and
hydrogenated with Kin the presence of PeC (10%, an equal weight
to a substrate) for ca. 36 h at room temperature. The catalyst was
removed by filtration. Evaporation of the solvent, followed by gel-
chromatography purification with an HW-40 column (MeOH) afforded
the desired product as a solid.

N[CHCO-L-Ala-f-(HO)Ala-OMe] 5 (1L). An amorphous solid of
1L (0.31 g, 95%) was obtained from Bln-(0.45 g, 0.46 mmol): HPLC
tr 2.3 min; IR (KBr, cn?) 1725 (G=0, ester), 1620 (€0, amide),
1530 (NH, amide). Anal. Calcd for&H4s015N7+%/,H,0: C, 44.97; H,
6.50; N, 13.60. Found: C, 45.15; H, 6.83; N, 13.39. Optical rotation:
[0]?% —30.4 € 1.0 in MeOH).

N[CH,CO-p-Ala-f-(HO)Ala-OMe] 5 (1p). An amorphous solid of
1p (0.34 g, 91%) was obtained from Bin-(0.51 g, 0.52 mmol): HPLC
tr 2.3 min; IR (KBr, cnt?) 1725 (G=0, ester), 1620 (€0, amide),
1530 (NH, amide). Anal. Calcd for £H450:sN7*H.O: C, 44.69; H,
6.53; N, 13.51. Found: C, 44.49; H, 6.67; N, 13.31. Optical rotation:
[0]?% +31.4 € 1.0 in MeOH).

N[CH,CO-(L-Ala).-f-(HO)Ala-OMe] 5 (2.L ). An amorphous solid
of 2LL (1.26 g, 89%) was obtained from Bht (1.82 g, 1.52 mmol):
HPLC tr 2.2 min; IR (KBr, cnt!) 1735 (G=0, ester), 1640 (€0,
amide), 1540 (NH, amide). Anal. Calcd forslecO1sN10"H20: C,
46.05; H, 6.66; N, 14.92. Found: C, 46.02; H, 6.68; N, 14.85. Optical
rotation: [o]% —52.7 € 1.0 in MeOH).

N[CH ,CO-p-Ala-L-Ala-f-(HO)Ala-OMe] ; (2oL). An amorphous
solid of 2oL (0.31 g, 79%) was obtained from BimnL (0.51 g, 0.43
mmol): HPLCtr 2.2 min; IR (KBr, cnT!) 1735 (G=0, ester), 1650
(C=0, amide), 1535 (NH, amide). Anal. Calcd fordeO18N10"%
sH,0: C, 45.35; H, 6.72; N, 14.69. Found: C, 45.64; H, 6.79; N, 14.39.
Optical rotation: §]%% +13.1 € 1.0 in MeOH).

N[CH ,CO-(L-Ala)s-f-(HO)Ala-OMe] 5 (3Lt ). An amorphous solid
of 3L (0.148 g, 92%) was obtained from BatL (0.20 g, 0.143
mmol): HPLCtg 2.2 min; IR (KBr, cnt?l) 1735 (G=0, ester), 1640
(C=0, amide), 1540 (NH, amide). Anal. Calcd fors875021N13
2H,0: C, 46.19; H, 6.81; N, 15.56. Found: C, 46.13; H, 6.91; N, 15.56.
Optical rotation: §]%% —72.0 € 1.0 in MeOH).

Iron(lll) Complex Formation. A stock solution of ferric nitrate
(1.79 x 10% M) in 0.1 M nitric acid was prepared, and the
concentration was determined by the bismuth methwdith EDTA.
Double-distilled deionized water was used to prepare the stock solution
of each ligand at a concentration of approximatelx 8072 M. A
solution of each iron(Ill) complex was prepared by mixing the above
ferric nitrate with the corresponding ligand solution, KN&blution
(1.0 M), and water. The constant temperature was maintained at 25.0
=+ 0.1 °C during the determinations of CD and WWVis spectra.

(44) Kotrly, S.; Vieda, J. Collect. Czech. Chem. Commui96Q 25, 1148
1163. Bieber, B.; Véera, Z. Collect. Czech. Chem. Commuird61,
26, 2081-2085.
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(a) An iron(lll) complex solution (3.00 mL, 2.5 10* M), as the average value of more than two determinations with error limits
prepared from the ferric nitrate solution (0.42 mL, 7%52.0"7 mol), of £5%. Buffer solutions at pH 5.4 and 7.4 were prepared by dissolving
1.0 M KNO;s solution (0.30 mL), and a ligand (7. 107 mol) in the acid-base combination of acetic aeitNaOH and of tris-
water, was measured for its CD spectrum, after the pH of the solution hydrochloric acid, respectively, in water.
was adjusted with 0.1 M KOH to pH 7.4 and diluted to 3.00 mL. Biological Assay.This was performed by a standard procedure using

(b) An iron(lll) complex solution (2.50 mL, 1.50< 10* M), the paper-disk methd@with a mutantE. coliK 12 RW 193 (ATCC

prepared from the above 2.5110* M solution (1.50 mL) by diluting 33475). A bacto nutrient agar medium containing 2.0 mM ethylene-
with 0.10 M KNG; solution (1.00 mL), was used for measurements of diamine-dip-hydroxyphenylacetic acid) was applied. The mutant was
its UV—vis spectrum. The pH of the solution was varied toward acid laid over the nutrient agar plates, and then filter paper disks were placed

by serial addition of 0.01 or 0.1 M HN{solution, or toward alkali on them. Each disk was impregnated with an aliquot of an aqueous
with 0.01 or 0.1 M KOH solution, and the UWis spectrum was iron complex solution (1@L of 1.00 x 10°% M). Water was used as
recorded at each of the different pH values. the blank. The diameter of the growth response zone that appeared

(c) A Schwarzenbach plot was made using the data of solutions thataround the disk was measured after incubation for 24 h at@7
exhibited an isosbestic point in the WWis spectra during serial Diameters more than 30 mm were indicated #s+¢) and 12-18
acidification. mm as () in the text.

Rates of Iron(lll) Exchange with EDTA. An iron(lll) complex . . .
solution (1.50 m(l_ gf the abo%/e 250104 M solution(, 3).75X foﬂ Acknowledgment. We thank Dr. Katsuhiko Kushida, Varian

mol) was diluted with a buffer solution (1.20 mL)@a M KNO; (0.30 Japan Co., Tokyo, for assistance in the determination of some
mL) in a 10 mm cell. This solution was kept in a cell compartment Of the NMR spectra.

held at 25.C°C. To initiate an exchange reaction, an agueous solution
(0.25 M) of EDTA (0.030 mL, 7.5x 10" mol) was added, and a
decrease in absorbance at 425 nm was monitored with time. A pseudo
first-order rate constant was obtained from a logarithmic plot of the
absorbance vs time; most of the plots of this type were linear for at
least more than two half-lives. The observed r&tg) was obtained 1C0001210

Supporting Information Available: Table S1 containingH NMR
spectral data for ligands and Ga(lll) complexes and Figure S1 depicting
“structures of FeL (A) and Fe2oL (A). This material is available
free of charge via the Internet at http://pubs.acs.org.



