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A Preorganized Siderophore: Thermodynamic and Structural Characterization of Alcaligin
and Bisucaberin, Microbial Macrocyclic Dihydroxamate Chelating Agents
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The iron coordination chemistry of two macrocyclic dihydroxamate siderophores, alcaligin (AG) and bisucaberin
(BR), has been investigated thermodynamically and structurally. Alcaligin is a siderophore of freshwater bacteria
as well as mammalian pathogens, including the bacterium that causes whooping cough in humans, while bisucaberin,
a structural analogue of alcaligin, is produced by marine bacteria. Both alcaligin and bisucaberin form 1:1 ferric
complexes (Fet) in acidic conditions and 2:3 ferric complexes §E¢ at and above neutral pH. The stability
constants of these macrocyclic dihydroxamate siderophores differ significantly from that of rhodotorulic acid
(RA), a linear dihydroxamate siderophore. Notalilye, of alcaligin is 32 times greater than that of rhodotorulic
acid, while the subsequent stepwise formation constant fhrsfe3 times less. The Fe(lll) complexes of alcaligin

are stereospecific; the absolute configuration of theg Feomplex (circular dichroism and X-ray structure)As

The structure of the Rk3 alcaligin complex is a topological alternative to the triple-helicate structure of the
rhodotorulic complex F£RA)s. The structures of the free ligand and the bisbidentate ligand in the FeL complex
are essentially identical, indicating that alcaligin is highly preorganized for metal ion binding. This explains the
difference inKge. between alcaligin and rhodotorulic acid, as well as explaining the monobridged topology of the
Fel ; alcaligin complex. The protonation constants (Kg and logKay) are 9.42(5) and 8.61(1) for alcaligin

and 9.49(2) and 8.76(3) for bisucaberin. The stepwise formation constants of the Fe(lll) complexas (bowl

log Km,L,) are 23.5(2) and 17.7(2) for alcaligin and 23.5(5) and 17.2(5) for bisucaberin. The overall formation
constants (logs2sg) of alcaligin and bisucaberin are 64.7(1) and 64.3(1). The solution chemistry of Fe(lll) and
alcaligin was further investigated at a lower ligand to metal ratio (1:1). At high pH, a novel 2:2 ferri¢ bis-
oxo-bridged complex of alcalagin forms @EeO,?") with a log 2.4 of 16.7(2). This species exhibits behavior
consistent with an iron big-oxo complex, including antiferromagnetic coupling. Crystal datai(A4®)s-25H,0
crystallizes in the orthorhombic space groRpi2:2; with a =13.3374(4) Ab = 16.1879(5) A.c = 37.886(1)

A,V =8179.7(4),Z = 4. For 5512 reflections witlF,2 > 30(F?) the final R (Ry,) = 0.053(0.068).

Introduction transport is a significant problem in both bioinorganic chemistry
and medicine.

Alcaligin is a 20-membered macrocyclic dihydroxamate
siderophore (Figure 1). It was first isolated from an aquatic
algae, Alcaligenes xylosoxidansubsp. xylosoxidang and
recently from two pathogenic bacterBgrdetella pertussiand
Bordetella bronchiseptic&® Although the bacteriunA. xy-
losoxidansis normally noninfectious, it has occasionally been
observed to cause disease in immunocompromised patfeits.

Most aerobic and anaerobic bacteria and fungi synthesize and
excrete low molecular weight compounds, siderophores, for the
solubilization and transport of irof1> Siderophores form strong
and selective complexes with Fe(lll) which are usually taken
up via membrane receptors. The recognition and transport of
these complexes is generally stereoselective, primarily recogniz-
ing the metal ion coordination geomet§. Since iron is
required by all except a few microorganisms, and certainly by
all pathogenic bacteria, understanding siderophore-mediated iron

(6) van der Helm, D.; Jalal, M. A. F.; Hossain, M. B. lron transport
in microbes, plants, and animalg¥CH Publishers: New York, 1987;

* Author to whom correspondence should be addressed. pp 135-139.
(1) Coordination Chemistry of Microbial Iron Transport. 65. Part 64:  (7) Nishio, T.; Tanaka, N.; Hiratake, J.; Katsube, Y.; Ishida, Y.; Oda, J.
Telford, J. R.; Raymond, K. Nnorg. Chem.1998 37, 4578-4583. J. Am. Chem. S0d.988 110, 8733-8734. The organism’s name has
(2) Neilands, J. BBiophys.1993 302 1-3. been changed: Kiredjian, M.; Holmes, B.; Kersters, K.; Guilvout I.;
(3) Telford, J. R.; Raymond, K. N. Ii€omprehensie Supramolecular Deley, J.Int. J. Syst. Bacteriol1986 36, 282—287.
Chemistry; Atwood, J. L., Davies, J. E. D., MacNicol, D. D., and (8) Moore, C. H.; Foster, L.-A.; Gerbig, D. G., Jr.; Dyer, D. W.; Gibson,
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octahedral coordination geometry of Fe(lll) by forming a simple
1:1 complex. In order to encapsulate completely the metal ion,
a dihydroxamate siderophore must form minimally a binuclear
metal complex with a stoichiometry of flg; (L represents a
dihydroxamate dianion). An early example is provided by
rhodotorulic acid (Figure 1), a linear dihydroxamate siderophore
of Rhodotorula mucilaginosgpreviouslyR. pilimanae)which
forms a complex of stoichiometry Hes;,'”*8as does a synthetic
hydroxypyridonate analogu€. Today these complexes are
classed as triple helicates in the nomenclature of supramolecular
chemistry?0

As shown in Figure 1, the Re; stoichiometry can be equally
satisfied by two different topologies, the monobridged dimer
and the triple helicate. A preliminary report described the
characterization of the monobridged structtrePresented here
is an investigation of these macrocyclic dihydroxamate sidero-
phores, including solution thermodynamic characterization of
alcaligin and bisucaberin and the crystal structure of th& £e
complex of alcaligin. Remarkably, alcaligin and bisucaberin
are highly preorganized for metal ion chelation. This stereo-
chemical feature of these cyclic siderophores not only enforces
a monobridged molecular assembly but also distinguishes its
solution thermodynamic properties from a linear dihydroxamate
siderophore, such as rhodotorulic acid.

bis-bidentate monobridged (AG, BR) bis-p-oxo dimer (AG)
(AG,BR,RA) Results and Discussion
@ Solution Thermodynamics Studies. Free Ligands.Ligand
U protonation constants were determined by potentiometric titra-
tion. Alcaligin is a weak diprotic acid. Proton exchange is
tribridged (RA) associated with the ligands’ two hydroxamate groups. The

ligand is very soluble in water and gives a colorless solution.
Three samples were titrated to increasing and decreasing pH
within the range 3-11. Two protonation constants were
determined to be loda1 = 9.42(5) and logKaz = 8.61(1).

Figure 1. Siderophore ligand structures and binding modes discussed
in this paper.

In contrast,B. pertussisand B. bronchisepticaare obligate

pathogens of the upper respiratory tract of their mammalian |t was reported that bisucaberin is nearly insoluble in w#tter.
hosts. The former causes human whooping cddgthile the However, in our experiments no precipitate was observed with
latter is the agent of swine atrophic rhinitis and kennel cough ligand concentrations near 0.5 mM, although dissolution in water
in dogs!® As mucosal pathogens, these bacteria adhere andwas slow. Due to a limited supply of the ligand, only one
multiply in a niche bathed in iron-sequestering host glycopro- sample was titrated, from pH 11 to pH 3 and back to pH 11.
teins. The protonation constants of bisucaberin, kog= 9.49(2) and
Structurally similar to alcaligin (Figure 1), bisucaberin is a |og K., = 8.76(3), are very close to those of alcaligin, as
22-membered macrocyclic dihydroxamate siderophore isolatedexpected.
from the marine bacteriurlteromonas hyloplanktis' It was Spectral Signatures: Ferric Complexes. The vis/UV
found to slow the growth of both L-1210 and 1IMC carcinoma spectra of these dihydroxamate siderophores closely resemble
cell with ICss of 9.7 and 12.7M, respectively, and to sensitize  the values observed for rhodotorulic acid (RA)Metal:ligand
tumor cells to macrophage-promoted cytolySisThis ability stoichiometries were kept at 2:3.5. At pH 2.5, alcaligin (AG)
was proposed to arise from the trapping of iron within the cell, and bisucaberin (BR) gavigax= 472 nm ¢ = 2.0 x 108 cm!
thereby preventing the metal from participating in mitochondrial M-YFe), which confirms the dihydroxamate coordination
respiration. environment around the iron and corresponds to the red FelL

In addition to their biological and medical significance, complex. From pH 69, both siderophore complexes gave
alcaligin and bisucaberin are also of interest with respect to their gpsorbances dinax = 428 nm € = 2.7 x 10° cmt M~Y/Fe)

coordination chemistry. Among more than 200 siderophores and,..= 426 nm ¢ = 2.7 x 10° cm~* M~Y/Fe), respectively,
isolated to date, alcaligin and bisucaberin represent a new

structural class of siderophores, endocyclic dihydroxamates. The(16) konetschny-Rapp, S.: Jung, G.; Raymond, K. N.; Meiwes, J.: Zahner,
coordination chemistry of this class is essentially unknéfvn. H. J. Am. Chem. So0cl992 114 2224-2230. Another cyclic

The tetradentate nature of these ligands is particularly gg:;‘:lﬁ’lg%? ;asab%‘;” reported: Ledyard, K. M.; Butler,) ABiol.
interesting, since they are unable to satisfy the preferred (17) Carrano, c I Raymond, K. Nl. Am. Chem. S04978 100, 5371
5374.
(12) Wardlaw, A. C.; Parton, R. IRathogenesis and Immunity in Pertussis;  (18) Carrano, C. J.; Cooper, S. R.; Raymond, K.JNAm. Chem. Soc.
John Wiley & Sons: New York, 1988; pp 32B52. 1979 101, 599-604.
(13) Goodnow, R. AMicrobiol. Rev. 198Q 44, 722-738. (19) Scarrow, R. C.; White, D. L.; Raymond, K. N. Am. Chem. Soc.
(14) Takahashi, A.; Nakamura, H.; Kameyama, T.; Kurasawa, S.; Naga- 1985 107, 6540-6546.
nawa, H.; Okami, Y.; Takeuchi, T.; Umezawa, #.Antibiot. 1987, (20) Caulder, D. L.; Raymond, K. MA\ngew. Chenil997, 36, 1439-1442.
110 1671-1676. (21) Hou, Z.; Sunderland, C. J.; Nishio, T.; Raymond, KIJNAm. Chem.
(15) Kameyama, T.; Takahashi, A.; Kurasawa, S.; Ishizuka, M.; Okami, S0c.1996 118 5148-5149.
Y.; Takeuchi, T.; Umezawa, Hl. Antibiot. 1987 110, 1664-1670. (22) Bergeron, R. J.; McManis, J. $etrahedron1989 45, 4939-4944.
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which is typical of the ligand to metal charge transfer transition
of a trinydroxamate ferric compléxand corresponds to the
orange species, Hes. At pH 11, the ferric alcaligin complex
produces a yellow solution withyax= 382 nm € = 1.7 x 10°
cm * M~YFe), which is characteristic of Fe hisexo dimers?
Solution Thermodynamics: Ferric Complexes. The step-
wise and overall stability constant equations for the iron
complexes are defined below (eqs9). Some charges are
omitted in eq 11 for clarity. Note that the activity of water,
H.O, has been set to 1. The values for both alcaligin and

bisucaberin are described below and summarized in Table 1.

overall stability constant equations

- . [FeLM
FET+ L2 = Fel", KuL = B110= [Feg+][L 2—] @)
. [Fe,Ldl
2FE" + 3L =Fel, fog= [FE L2 | 2)
Fe" + L% +H,0=FeLOH+ H",
FeLOH][H"
1117 Fetorin ] ®)

[Fe* L™ ]
2F€" +2L% + 2H,0=Fe,L 0, + 4H",
_[FeL,0, H'T"

2247 [Fe3+] 2[L 2*]2 (4)
Bazo= (KML)ZKM2L3 )
Bao-a= (ﬂllﬂ)zKl\Aszo2 (6)
stepwise stability constant equations
~ [FesLsl
2Fel +L* =Fel, Ky, =——>>+ (7
&l Ky, [FeL T4L? ] )
FeLOH][H"
FeL" + H,0 = FeLOH+ H', Ky o = %
)

2FeLOH=Fe,L ,0,” + 2H",
_ [Fe,L,0.” JH'T?

M0 [FeLOHP ®)
competition titration equation
Fel,+2Y" =2FeY +3L%,
[FeY L2 (K™Y
COMP T IEe LY 1 Poso (10
protonation constant equation
LH,,+H =LH,, K, = % (11)

Alcaligin. The overall stability constant$ (values) for the
ferric complexes are described by egs4l Indirect methods

were employed to probe the equilibria because the ligand is formation of the Fg.3 species.

always bound to Fe(lll) from pH 2 to 11. The const#ato
was determined by competition titrations with EDTA using the

(23) Kurtz, D. M., Jr.Chem. Re. 199Q 90, 585-606.

Hou et al.

Table 1. Thermodynamic Parameters for Alcaligin, Bisucaberin,
and Rhodotorulic Acigl

AG BR RAP
Protonation constants
log Ka1 9.42(5) 9.49(2) 9.44(3)
log Kaz 8.61(1) 8.76(3) 8.49(3)
Determined Formation Constants with’Fe
log 110 = log Km 23.5(2) 23.5(2) 21.99(6)
log f230 64.7(1) 64.3(1) 62.2(1)
log f11-1 17.2(1)
log Baz-4 16.7(2)
Derived Stepwise Formation Constants
l0g Kn,Ls 17.7 17.2 18.22
|Og KmLoH —6.3
|Og KM2L202 -17.7
pMe 23.0 225 21.9

aErrors are given in parentheses after each figure as an integer value
for the least significant digit. These are the standard deviations derived
from the nonlinear least squares refinemehom ref 18, ionic
strength 0.1 M. In our preliminary report (ref 21) stability constants
for 0.1 and 1.0 M ionic strength were (incorrectly) comparguM =
—log [Fe™] at pH 7.4 with total ligand concentration 10> M and
total iron concentration= 1076 M.

1 0 FeZLa 4 20"'{“ = Fe2L2022 +2H++ Lz:.....-n-.u
I ot Yellow
g .
Otange
GO
4 .
Red : ----u.-u-"...
5 Feols i 2H ¥ 2Feli ot
-2 -1 0 1 2 3 4 5 6

Equivalents of Base

Figure 2. Potentiometric titration curve for 2:3.5 solution of ferric
ion and alcaligin. The titration was carried out atZ5 4 = 0.100 M
(KCI) with a ligand concentration 0.0950 mM.

known value of this stability constaftt. In all, 25 samples from
pH 6.0 to 8.3 were prepared with 10:1 EDTA:AG and 2:3.5
Fe:AG ratios. Attainment of equilibrium was determined by
following the visible spectra (Figure 3). Lofhso was then
calculated (from eq 10) as 64.7(1).

As the pH decreases from 5 to 2, the orange solution of the
Fe)l s alcaligin complex turns red, indicating a change in the
iron coordination environment from tri- to bihydroxamate.
Three sets of potentiometric data in this pH range were fit for
eq 7. Spectrophotometric data (Figure 3) showed an isosbestic
point at 478 nm and confirmed the potentiometric results.As
the pH increases from 9 to 11, the orange solution of th& e
alcaligin complex turns yellow (Figure 3), indicating the
formation of a third complex at high pH. Potentiometric
titrations were undertaken for 1:1 Fe:AG solutions to augment
the spectrophotometric titration data.

Under these conditions there is insufficient ligand present for
Instead the Félspecies
hydrolyzes to give the ternary complex FeLOH according to

(24) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New
York, 1976; Vol. IV.



Characterization of Alcaligin and Bisucaberin Inorganic Chemistry, Vol. 37, No. 26, 1998633

0-40 0-5 T i T 1 T T L
0.4
0.30 ©
3 2]
£ E 0.3
5 0.20 5
2 £ 0.2
< <
0.10 0.1
0-0 0250 300 350 400 450 500 550 600 50
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
Figure 3. Vis/UV spectra of a 2:3.5 solution of ferric ion and alcaligin ~ Figure 5. Vis/lUV spectra of a 2:3.6 solution of ferric ion and
as a function of pH, [alcaliginf 0.026 68 mMx = 0.100 M (KCI), bisucaberin as a function of pH, [bisucaberinp.0243 mMu = 0.100
T=25°C. M (KCI), T=25°C.
1.0 —_— . Table 2. Stability Constants and pM Values of the Ferric
FeL* Complexes of Some Hydroxamate Siderophores (from Refs 16 and
08l e Fe,L, A 25) Compared with Alcaligin and Bisucaberin
Fe Ly ligands log8 pM2
06} E ferrioxamine E 325 27.7
ferrioxamine B 30.5 26.6
ferrioxamine D 30.76
047 ] ferricrocin 30.4 26.5
2 , ferrichrysin 303 25.8
= 02} Fe,L,0," ferrichrome A 32.0
5 ferrichrome 29.1 25.2
o~ 00 . . FeLOH coprogen 30.2 27.5
S Jo T rhodotorulic acid 312 21.9
g FeL* FeLOH B alcaligin 32.4 23.0
5 08| bisucaberin 322 22,5
9 0
e apM = —log [Fe*"] at pH 7.4 with total ligand concentratios
06| 1075 M and total iron concentratiorr 1075 M. ®/ (log f230).
04l from pH 5.9 to 8.5 were tested after waiting 5 days for
’ equilibrium. The overall stability constant of ferric bisucaberin
complex, logB230, Was determined to be 64.3(1). Potentiometric
02y and spectrophotometric titrations of the ferric bisucaberin
0.0 complex show that it is very similar to alcaligin. Figure 5 shows
2 3 5 8 10 a family of spectra recorded in the pH range 263 for a
solution (Fe:L= 2:3.6) of the ferric bisucaberin complex.
pH Refinement of both potentiometric and spectrophotometric
Figure 4. Species distribution diagrams for the system/fF&*/ titration data resulted in almost identical equilibrium constants
alcaligin. Total metal and ligand concentrations are (A) [Fel mM, for the transition between Feland FelL; (log KmoLs 17.2).
[alcaligin] =175 mM (Fe;AG.= 2:3.5) and (B) [Fe]= 1 mM, These data also gave an identical I8g0 (Ku.), 23.5(5),
[alcaligin] = 1 mM (Fe:AG= 1:1). indicating that bisucaberin’s properties, including its preorga-

8 hi ion th lex beh K acid wi hnization, are identical to those of alcaligin. The behavior of
eq 8. In this reaction the complex behaves as a weak acid Withy,;q,caperin with Fe(lll) at low ligand to metal ratios, i.e., 1:1

a [Kg value of 6.3 (logkuion = —6.3, Table 1). _ bisucaberin:Fe, was not investigated due to the limited supply
At higher pH the hydroxy complex dimerizes to the pis- of this ligand.

0xo species F£,0;%". A close fit was achieved in refinement  comnarison of Siderophores. Table 2 lists stability con-

of the potentiometric data with a 196,>-4 value of 16.7(2). stants and pM values of representative hydroxamate sidero-

The pH of tg? mid_point of this transition, i.e. where [FeLOH] phored825with alcaligin and bisucaberin. Singezorepresents
= [Fel20; ],fv\rlllll have a dependenﬁfs 'Ortl) the abiolute a formation constant of two ferric ion centers, effective stability
concentration of the species [FeLOH]. This is because the term.,,qtants of alcaligin and bisucaberin per metal center are listed

for [FeLOH] i_s_ squared in the expression .. .0, _in eq 9. as?/, log B230(32.4 and 32.2, respectively). These values are
For the conditions employed here (1:1 Fe:AG) this transition 4,1+ > orders of magpnitude higher than those of otieestral
occurs at pH 10.4. hydroxamate siderophore complexes. The only exception is

Figu_re 4 give_s _s_pecies distrib_ution diagrams fo_r Fe(lll) and ferrioxamine E, which has an endocyclic trihydroxamate
alcaligin. Two limiting cases are illustrated which give complete ;. ~turel6 Ferrichrome A forms an anionic chelate with

(or near complete) forr_natlon of _each of the_ comple>_<es _and Fe(lll). It has been noted that hydroxamate siderophores display
correspond to the conditions used in the potentiometric titrations.

Bisucaberin. Log f5230 was determined in the same way as  (25) crumbliss, A. Lin CRC Handbook of Microbial Iron Chelate6RC
for alcaligin (competition with EDTA, eq 10). Eighteen samples Press: New York, 1991; pp 17233.
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Figure 7. Circular dichroism spectra of a 2:3.4 solution of ferric ion
and alcaligin recorded as a function of pH.

ferric complexes with known configuration, including the
ferrichrome siderophorés.The Fel; complex of alcaligin has

no chelate effect beyond that of the bidentate hydroxamate a positive Cotton effect at 450 nm, and its CD spectrum is
groups;® the stability constants of their ferric complexes qualitatively the same as those of the other trihydroxamate
generally depend only on the number of hydroxamates boundsiderophores oA absolute configuration and is consistent with
to Fe(lll), not on whether they are separate or part of one the A absolute configuration observed in the solid state (vide
molecule. infra). This is opposite to the\ chirality of the FeRAs

The substantial difference in stability constants between the complex!” The consequences to siderophore-mediated iron

first stepwise formation consta#y_ of alcalagin and rhodo-

torulic acid (Table 1) is remarkable and is directly attributable

to the stereochemistry of the ferric alcaligin complex (vide infra).
Reduction Potential of the Fe(AG)3 Dimer. Hydroxamate

transport of the opposite chirality in the unnatural, mirror image
siderophore, with corresponding opposite metal center chirality,
have been explored in several siderophore sysfenwtably
that of rhodotorulic acid and a ferrichrome uptake system.

siderophores appear generally to release iron through a one- The Structure of Fe;(AG)s. An X-ray quality crystal of the

electron reduction from the Fe(lll) to the less stable Fe(ll)
complex? The reduction potential of AG at physiological pH
is therefore another significant property for iron transport.
Cyclic voltammetry showed that the AG ferric complex has a
redox potential oF~618 mV vs the standard calomel electrode
(SCE) at pH 7.6 compared with the RA ferric complex-&88
mV at pH 7 (Figure 6).

Magnetic Susceptibilities of the Ferric Alcaligin Com-

2:3 ferric complex of alcaligin, F€AG)3, was obtained from a
solution of HO/CHCN. As illustrated in our prevous com-
munication?! Fe;(AG); adopts a monobridged topology with a
U-shaped molecular conformation corresponding to the mono-
bridged schematic in Figure 1. The bridging ligand twists
significantly from theC, molecular symmetry. Each KAG)3
molecule is surrounded by 25 water molecules, and eag¢h Fe
is coordinated in a pseudooctahedral environment provided by

plexes. Solution magnetic data were recorded at pH 2, 7, and three hydroxamates. The absolute configuration is confirmed

11 for the different complexes. Rhodotorulic acid complexes
were found to haver.r values consistent with no interaction
between metal centers (6.0 for Fe(RARB.3 for Fe(RA)3).Y”

by the refinement and is consistent with the determination of
the ligand structure by synthegis. The metal centers, each
being of A absolute configuration, are separated by 7.44 A.

Comparable values were found for the analogous alcaligin The metrical parameters of the two symmetry-independent

complexes (5.8 for Fe(AG) 8.0 for Fe(AG)3). At high pH,
however, a value of 5.4 is observed for the complex
Fe(AG),0.%~, which indicates antiferromagnetic coupling. This
is typical for iron bisu-oxo dimers.

Circular Dichroism. The circular dichroism spectra of ferric
alcaligin were studied in aqueous solution as a function of pH.
As for the vis/UV spectra of ferric alcaligin, the CD spectra
follow closely the species distribution calculated from the

coordination centers (including twist angle, ligand bite and
corresponding bond angle, and-H@ distances) are essentially
identical and are illustrated in the Supporting Information.
While most of the metrical parameters of,&G)3 are very
similar to those of other ferric hydroxamate complekes,
including ferrichrome and ferrioxamine E, the geometric con-
figuration and twist angles of FAG)3 are distinctive. Among
the 15 structurally characterized ferric hydroxamate complexes,

assigned thermodynamic values for ligand complexation and the structure of F£AG)s is only the second example of a trans

protonation. From pH 6 to 9, where the 2:3 species predomi-

coordination geometry for the relative orientations of the

nates, the CD spectrum is independent of pH (Figure 7). It hydroxamate ring8. This is a direct consequence of the ligand

consists of two CD peaks at 450 nfi4.3) and 370 nm-(4.4)
and a shoulder at 300 nm-2.5). A decrease of pH causes a
shift of CD peaks and reduction of intensity. The CD spectrum
at pH 2.3, where the species Pepredominates, displays three
peaks at 320 nm—{1.5), 410 nm (1.8), and 495 nm-2.1)
consistent with predominantlA absolute configuration, as
shown.

For the pseudooctahedral ferric complex{F the absolute
configuration of the locaDs; symmetry complex can be assigned
by comparing its CD spectrum to that of other trihydroxamate

stereochemistry. When an alcaligin molecule binds a ferric ion,
its two hydroxamate binding groups must be trans to each other,
regardless of the metal center chirality generated. Since the
free ligand hasC, molecular symmetry, a cis coordination of
the two hydroxamates is prohibited, due to the constraints of
alcaligin’s small cyclic ring.

(26) Miiler, G.; Matzanke, B. F.; Raymond, K. N. Bacteriol.1984 160,
313-318.

(27) Bergeron, R. J.; McManis, J. S.; Perumal, P. T.; Algee, S. Brg.
Chem.1991, 56, 5560-5563.
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Figure 8. Overlays of structural fragments: (A) overlay of the two terminal fragments in the mono-bridged structure (as shown in Figure 1); (B)
one of the terminal ligands from the complex over the free ligand structure; (C) the central, bridging fragme(&fidron atoms are indicated
by cross hatching, vertical lines indicate nitrogen atoms, and oxygen atoms are filled with dots. The remaining atoms are carbon.

The small ligand ring size and resultant steric constraint compared to the flexible rhodotorulic acid. However this
imposed by the ligand are also reflected in the relatively smaller conformational stability is a liability in the trimer complexation
twist angles (33.Dand 33.2) of the structure of F£AG)s. For reaction (represented b, , €q 6), with a corresponding
the 14 previously characterized ferric hydroxamate structures, decrease in relative stability. Overall formation of thelke
twist angles range from 410 45,6 about 10 greater than that ~ complex involvesKy, twice andKw, , once, such that the
of the Fe(AG)s structure. The twist angles of the £&G)3 alcaligin trimer is more stable than that of rhodotorulic acid.
structure are also significantly smaller than calculated from the Alcaligin is a siderophore whose geometry is optimized for
Kepert modeP® the theoretical twist angle is calculated as 44 initial complexation of iron, a key to its role as a pathogen
for the complex with a normalized bite of 1.26, which is°11  growth factor.
greater than the twist angles of the ferric alcaligin complex.

The stereochemical consequences of the conformationalSummary
rigidity of alcaligin emerge when the HAG)s structure is Two macrocyclic dihydroxamate siderophores, alcaligin and
compared with that of the free ligand. The former consists of bisucaberin, have been characterized thermodynamically and
three ligand fragments: two terminal ligands and one bridging structurally with respect to their Fe(lll) coordination chemistry.
ligand. The two terminal bisbidentate fragments are essentially Both alcaligin and bisucaberin form 1:1 ferric complexes (el
identical: for the 20 atoms of the macrocyclic ring the rms at acidic pH and 2:3 ferric complexes @Eg) at and above
deviation between these two fragments is as small as 0.232 Aneutral pH. At low ligand to metal ratios the 1:1 ferric complex
(Figure 8A). Figure 8c shows the conformation of the bridging of alcaligin hydrolyzes at weakly acidic pH to give a ternary
ligand. While half of the molecular fragment maintains the complex, FeLOH. At higher pH this ternary complex dimerizes
same conformation as that of the terminal fragments, the otherto form a novel 2:2 ferric big-oxo-bridged complex. Remark-
half deforms significantly in order to bridge two metal centers. ably, the stability constants of these macrocyclic dihydroxamate
Figure 8B shows the overlay of one terminal fragment of Fe  siderophores differ significantly from those of linear dihydrox-
(AG)3 with the free ligand structuréthe rms deviation from  amate ligands. Th&w. of alcaligin is 32 times more stable
the free ligand (again of the 20 ring atoms) is 0.227 A for the than that of rhodotorulic acid. Unlike the achiral bisucaberin,
illustrated terminal fragment and 0.274 A for the other. This the complexes formed by alcaligin are stereospecific. The
indicates that the ligand structure is not perturbed with respect absolute configuration of the 2:3 speciesAs The unusual
to the coordination of the hydroxamate groups to the metal bridged structure of the Fes alcaligin complex provides the
center. The similarity of the free ligand conformation to the first example of the monobridged binding mode structural
terminal fragments of FAG)s is remarkable and can be viewed  alternative to a triple helicate. It is the first siderophore found
as resulting from an inherent structural feature of alcaligive to be preorganized for metal binding.
free ligand is highly preorganized for binding ¥e

The Fe(AG)s structure is unique in being the first fe Experimental Section
siderophore structure crystallographically characterized and in  General Physical Measurements. Absorption spectra were re-
providing the first example of the monobridged structural corded on a Hewlett-Packard 8450A vis/UV diode array spectropho-
alternative to the triple helicat@®. The latter topology has been  tometer. CD spectra were collected on a JASCO J-500C spectropo-
assigned to the complexes of rhodotorulic acid and its synthetic larimeter equipped with an IF-500 Il A/D converteftd and**C NMR
analogued8 19 spectra were recorded at 298 K on an AM-400 spectrometer. Elemental

The preorganization of alcaligin not only determines the analyses_ were pe_zrforr_ned by the Mjcroanalytical Laboratory, College
monobidged binding madl o the 23 feric alcagi complex 11T Uiveraty o G Serely, Ca, nabees bl
EUt also r?adll.ly. explé’:unhs (tjhe dlflferen%e m.kam?]'ty f0r3ﬁ|e FAB mass spectra were re_cordgd by the_Mas_s Spectrometry Laboratory,

etween alca 'gin and rho otqru ic acid. Li e t_ e tWO_CaWS College of Chemistry, University of California, Berkeley, CA.
of a crab, the dihydroxamate siderophore alcaligin is poised for  Titrations. Al solutions were prepared using distilled water that
binding to a metal ion through two chelate rings. The was further purified by passing through a Millipore Milli-Q cartridge
preorganization of the alcaligin ring puts both chelate rings system (resistivity= 18 MQ cm) and then degassed by being boiled
precisely in the correct position for the metal complex. This for 60 min while being purged by argon gas. Once prepared, solutions
results in a 32-fold increase in the stability of the complex as were protected from the ingress of oxygen and carbon dioxide by storing
under a slight positive pressure of argon, which was purified by being
(28) Kepert, D. L. Ininorganic Stereochemistrgpringer-Verlag: Berlin, passed through Ridox (Fisher) and Ascarite Il (A. H. Thomas)

1982; p 92. scrubbers.
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A solution of 0.100 M KCI was prepared from 99.99% KCI (Fisher
Scientific) and was used to maintain constant ionic strength during all
titrations. Carbonate-free 0.1 M KOH was prepared from Baker Dilut-

Hou et al.

values obtained were reversible at scan rates of 100, 50, and 20 mV/s.
All solutions for electrochemical examination were 1.0 M in KCI, 0.05
M each in potassium phosphate and sodium tetraborate, 1 mM in ferric

It analytic concentrate KOH and was standardized against potassiumchloride, and 20 mM in siderophore. The pH was adjusted using 0.1

hydrogen phthalate to a phenolphthalein endpoint. Solutions of 0.1 M
HCI were similarly prepared and were standardized against the 0.1 M
KOH solution to a phenolphthalein endpoint. Ferric solutions (ca. 0.1
M in 0.1 M HCI) were prepared from ferric chloride hexahydrate
(Aldrich, analytical grade) and standardized by EDTA titration with
variamine blue B as an indicator. For all titrations, the observed pH
was measured aslog [H*]. The glass electrode was calibrated in
hydrogen ion concentration units by titrating 2.000 mL of standardized
HCI diluted in 50.00 mL of 0.100 M KCI, with 4.200 mL of
standardized KOH. The calibration titration data were analyzed by a
nonlinear least squares program.

Both ligands and their ferric complexes were studied by potentio-
metric titration. In this study, solutions of the ligands and their ferric
complexes of 0.41 mM were titrated at 25.0C. A metal to ligand
ratio of 2:3:5 was used for both ligands. For alcaligin a further set of
experiments were performed with a 1:1 metal to ligand ratio. The
thermodynamic reversibility of each potentiometric titration was
checked by cycling the titration from low to high pH and back to low
pH (or the reverse). Three different titrations were conducted for
alcaligin. Only one cycle of titrations was performed with bisucaberin
because of the limited amount of the ligand. Potentiometric titration
data were determined with the aid of an IBM 486 computer using a
FORTRAN nonlinear least squares refinement program (BEFTA).

In the alcaligin titrations of low metal to ligand ratio (1:1) the
calculated free ferric ion concentration exceeded the solubility product
for amorphous Fe(OH) suggesting that up to 30% of the total iron
present was removed from solution. However, reducing the total iron
concentration by this amount gave poor fits in the refinement of the
potentiometric data while good fits were obtained by neglecting the
formation of Fe(OH) (goodness of fit factor= 1.8—2.8).

Spectrophotometric pH titrations were carried out to determine the
metak-ligand interaction as a function of pH. The apparatus and

M KOH and 0.1 M HCI.

Magnetic Susceptibility. ue was determined in 10:1 f/dioxane
solution at pH 2, 7, and 11 using the Evans metffodAt each of
three pHs (2.5, 7.4, 11.5), three different solutions of 0.06 M siderophore
complex with 2:3.5 Fe:AG stoichiometry were tested and differences
in dioxane peaks were measured. Deuterium concentration was adjusted
with 0.1 M DCI or 0.1 M NaOD, both in BD.

Synthesis of the Ferric Alcaligin Complex (Fe(AG)s). A 74.36
mg sample of alcaligit2H,O was dissolved in 20 mL of #0/CH;OH
(1:1 v/v). To this was added an excess of freshly precipitated and
carefully washed (by centrifuge) Fe(O4)The mixture was stirred at
room temperature for 24 h, during which time most of the ferric
hydroxide dissolved and the solution turned a dark orange-red. The
unreacted Fe(OH)was removed by filtration. After removal of the
solvent, a dark-red solid was obtained, which was passed through a
lipophilic Sephadex LH-20 column (1% 2 cm) eluted with MeOH.

A single red-orange band was observed, collected, and then dried to
give 67.2 mg of a red product. Vis/UV, aqueous solution pH.0):

Amax 428 nm,e 2400 cn! M~YFe. Analyzed by+FAB-MS: m/e
1319.2 (Fe(AG)sH)™.

Structural Solution. A deep red needle crystal of AG)3-25H,0
(0.50 x 0.17 x 0.05 mm) grown from a solution of /CHCN was
mounted on a quartz fiber in paratone oil. All measurements were
made on a Siemens SMARTiffractometer at-148°C with graphite-
monochromated Mo K radiation®® Cell constants and an orientation
matrix obtained from a least squares refinement using the positions of
8192 reflections in the range 2.4 20 < 46.5 corresponded to a
primitive orthorhombic cell with dimensiors = 13.3374(4) Ab =
16.1879(5) Ac = 37.886(1) AV =8179.7(4) R. Systematic absences
uniquely determined the space groupR#32:2; (No. 19); forZ = 4
and fw= 1769.3,0cac = 1.44 g/cmi. An arbitrary hemisphere of data
was collected using a@ scan technigue with an image width of 0.3

method for spectrophotometric titrations have been described in detail and total image collection time of 30 s. The intensity data were

elsewheré! The ferric complexes of alcaligin and bisucaberin at ca.
0.1 mM (the ratio of iron to ligand was always-3) were titrated in
the pH range 1.811.0 at 25.0C. Three sets of data, including spectra

extracted with the program SAINTusing an integration box with 1.0
(XY)° x 0.5 )° parameters and a maximurél @f 46.5. Of the 339 16
reflections integrated, 6521 were unique; equivalent reflections were

at wavelengths between 402 and 650 nm, pH values, and respectivemerged, and no decay correction was needed. A linear absorption

volumes of solutions, were refined to determine the equilibrium

correction was made using the program XPRER.(= 0.969,Tmin =

constants for each of the complexes by using the factor analysis and0.880). The structure was solved by direct methods (SAPR®fter

nonlinear least squares refinement program, REFSPEC.

The formation constants of the ferric alcaligin and bisucaberin
complexes were determined by competition against EDTA. For
alcaligin, 25 solutions covering the pH range 683 were prepared
containing alcaligin (ca. 0.5 mM), EDTA (ca. 5 mM), and Fe(lll) (ca.
0.3 mM). The ratio of alcaligin to Fe(lll) was kept greater than 3:2
for all the samples. The solutions were maintained at 2&.Gand
reached equilibrium after 2 days. Then the final pH and vis/UV
spectrum (HP 8450 spectrometer; 1 cm quartz cell) of each solution

full-matrix least squares refineméhton F, based on 5512 (>
3.00(1)) reflections and 995 variable parametéts: 0.053,R, = 0.068.
All non-hydrogen atoms of the complex were refined anisotropically.
The assignment of the structure’s absolute configuration conforms to
that of the free ligand alcaligth and was determined by the Bijvoet
technique; inversion of the structure and refinement caused a significant
increase irRvalue. All calculations were performed using the teX8an
cystallographic software package of Molecular Structure Corporation.
Equilibrium Calculations. Species distribution curves were cal-

were measured. It was found that the data from the solutions in the culated with the program SOLGASWATERusing the protonation

pH range 6-7.7 were useful for the stability constant determination.

and stability constants determined in this work and Fe(lll) hydrolysis

The pH values, absorbance spectra, and protonation constants of freonstants from ref 40. These hydrolysis constants were also included

ligand and EDTA were accumulated to calculate the overall formation
constant. The stability constants of ferric bisucaberin were similarly
determined.

Electrochemistry. Cyclic voltammograms were collected using a
BAS 100A electrochemical analyzer. All potentials were measured
using three-electrode circuitry with a hanging mercury drop working
electrode (PAR model 303a), platinum wire auxiliary, and saturated

calomel reference electrode. Voltammograms were recorded, and the(36)
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