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Rhizoferrin is a member of a new class of siderophores (microbial iron transport compounds) based on carboxylate
and hydroxy donor groups rather than the commonly encountered hydroxamates and catecholates. We have
studied the coordination chemistry of rhizoferrin (Rf), as a representative of this group, WithFFé", Cré*,

Al3t Gat, VO2t, and Cd*. The metal complexes have been studied by-W$, CD, NMR, and EPR
spectroscopies and mass spectrometry. The formation constants for the iron complex have also been measured
and yield a logK e Of 25.3. The Rh and Cr rhizoferrin complexes are unusual in that they appear to adopt a
chirality about the metal center that is the opposite of the native iron analog. Several of the alternative metal ion
complexes are found to have biological activity towadrganella morganiiin a plate type assay.

Introduction CH CH,
o /N/7 NN /N\ _o
Siderophores are low molecular weight iron binding com- Ne s M 8CH2 CH, H N7
pounds excreted by nearly all microorganisms in response to
the low levels of this essential element available in the
environment These low levels of available iron stem from 4 CH, _ CH,
its profound insolubility at neutral pH in an aerobic atmosphere \ ~C 00 H O,
(Kse(FE(OH)) = ca. 10°%9). The siderophores serve not only c 6 C
to solubilize F&" but also to transport, and in some cases store, 3 \ _ /
it in microbial cells. Most of the known siderophores employ / O H ooCcC
either the hydroxamate or catecholate groups in forming very 2 CH, CH,
specific and extremely stable octahedral complexes with the
L g ; . o _ _
ferric ion3~7 An increasing number of mixed-ligand complexes { coo oo d

containing either the hydroxamate or catecholate groups along
with another functional group or atom (i.e. citrate hydroxy Figure 1. Structural formula of rhizoferrin.

group, thiazoline ring nitrogen, etc.) are also kndi@n.The ) .
coordination chemistry, binding constants, and transport proper-Recently, however, a totally new class of siderophores, which

ties of these molecules have already been extensively studied®mMploys neither hydroxamate nor catecholate groups, was
isolated from various microorganisifist2 These siderophores,

“ 4 i i idl1,13,14
* Corresponding author. dubbed “complexones® of which rhizoferrirt (Rf) may

# Permanent address and address for correspondence: Department oP€ Viewed as a representative example (Figure 1), contain only
Chemistry, Southwest Texas State University, San Marcos, TX 78666.  aliphatic amines and/or carboxylate and hydroxy donor groups,

gl\élicrofqiolgﬁy a_n(ti Bi(SE_ChHO_Itogy% ,%?iversity of hingen. yet they bind iron strongly and clearly function to transport this

rganic emistry, university o ngen. : 2 . . .

I Laboratoire de Physico-Chemie Bioinorganique, EHICS. metal into the celt? Despite this, the structures of the iron

® Abstract published irAdvance ACS Abstract€ctober 1, 1996. complex of these carboxylate siderophores remain a matter of

(1) Neilandds, J. lﬂgncggani% BiochemistryEichhorn, G., Ed.; Elsevier: conjecture, and even less is known about their coordination
Amsterdam, 1973; p 167. ; ; ; ;

(2) Matzanke, B. F.: Bill, E.: Trautwein, A. X.: Winkelmann, iol. ch_emlstr_y W|th_other metals. The_ detalled_ mechanisms (_)f
Met. 1988 1, 18. rhizoferrin-mediated transport by microorganisms also remain

(3) Iron Transport in Microbes, Plants and Animalinkelmann, G., unclear. Indeed, since this class of siderophores more closely

van der Helm, D., Neilands, J., Eds.; VCH Publishers: Weinheim, yesembles the generic chelator EDTA or the so-called phyto-

Germany, 1987. . . -
4) Handboc))lk of Microbial Iron ChelatesWinkelmann, G., Ed.; CRC S|derophoreé~? both of which can bind more strongly to some

Press: Boca Raton, FL, 1991.

(5) Raymond, K. N.; Miler, G.; Matzanke, B. FTop. Curr. Chem1984 (10) Haag, H.; Fiedler, H. P.; Meiwes, J.; Drechsel, H.; Jung, Gangg,
123 49. H. FEMS Microbiol. Lett.1994 115, 125.
(6) Raymond, K. N.; Carrano, C. Acc. Chem. Red979 12, 183. (11) Drechsel, H.; Metzger, J.; Freund, S.; Jung, G.; Boelaert, J. R,;
(7) Matzanke, B. F.; Mler, G.; Raymond, K. N. Inron Carriers and Winkelmann, G BioMetals1991, 4, 238.
Iron Proteins Loehr, T., Ed.; VCH: Weinheim, Germany, 1989. (12) Thieken, A.; Winkelmann, GFEMS Microbiol. Lett.1992 94, 37.
(8) Smith, M. J.; Shoolery, J. N.; Schwyn, B.; Holden, I.; Neilands, J. B. (13) Drechsel, H.; Jung, G.; Winkelmann, BioMetals1992 5, 141.
J. Am. Chem. S0d.985 107, 1739. (14) Drechsel, H.; Tschierske, M.; Thieken, A.; Jung, G haer, H.;
(9) Konetschny-Rapp, S.; Jung, G.; Meiwes, J:h@er, H. Eur. J. Winkelmann, G.J. Ind. Microbiol. 1995 14, 105.
Biochem.199Q 191, 65. (15) Sugiura, Y.; Nomoto, KStruct. Bond1984 58, 107.

S0020-1669(96)00526-5 CCC: $12.00 © 1996 American Chemical Society



6430 Inorganic Chemistry, Vol. 35, No. 22, 1996

other metal ions than to Feg the question of how the organisms

can achieve any specificity of uptake needs to be addressed.

One approach to obtaining information about the basic uptake
P 9 b ddata obtained during the titration were processed with the Miniquad

mechanisms which may be operative in siderophore-mediate
iron transport is to employ alternative metal ion complexes. In
work originally pioneered by Raymond and co-work&s'?
kinetically inert metal ions such as €ror RF* have proven

to be particularly informative in this regard since they are not

Carrano et al.

acid (Merck, p.a.). The titration of the free siderophore &.8H <
12.0) was carried out by addition of known volumes of sodium
hydroxide (0.1 M) with a Manostat microburet. The potentiometric

program?® which uses an iterative least-squares Marquardt refinement.
The iron(lll) complex of rhizoferrin was prepared with a stock

solution of FeG§:6H,0 (Merck, p.a.) standardized by classical meth-

ods? The concentration of the ferric complex used was £.107*

M, and titrations were performed between pH 1.8 and 9.0 by addition

readily exchanged or reduced. In this report we describe the of known volumes of perchloric acid (0.1 M) or sodium hydroxide

coordination chemistry of rhizoferrin with Fg Ga&*, Al3t,
VO2Z*t, Ci2t, Cr¥t, and RR* as studied by potentiometric and
spectrophotometric titrations, UWis, NMR, EPR, and circular

(0.1 M). Spectrophotometric measurements were recorded-Z20
nm) for each solution using a Kontron Uvikon 860 spectrophotometer
and Hellma quartz optical cells (1 cm). The simultaneous potentio-

dichroism spectroscopies, and mass spectrometry, which providemetric_ and s_pectrophotometric data recorded at various values of pH
the structural data necessary as a prelude for detailed biologicalVere fitted with the Letagrop-Spéfeprogram, which uses a Raphsen

studies. Such biological studies are already in progress and will

be reported separatel§.

Experimental Section

Chromatography and Analytical Methods. Free rhizoferrin was
isolated and purified as previously descridédCrCl-3THF was
synthesized according to the literatdPewhile RhChk-3H,0 was

Newton algorithm and a pit-mapping method to calculate the thermo-
dynamic constants of the absorbing species and their corresponding
electronic spectra.

Synthesis of Metal Complexes.The kinetically labile F&", Al3T,
Cw?t, VO?*, and G&" complexes were prepared in aqueous solution
at low pH using a slight excess of ligand. The pH was subsequently
adjusted to the desired value with 0.1 M NaOH.

The chromium(lll) complexes were synthesized by dissolving free

purchased from Aldrich. Reagent grade chemicals were used asfhizoferin (50 mg) in dry DMSO (1 mL) with heating (9%C) and
received. Column chromatography was performed using both amino- adding 1 equiv of CrGI3THF. The initially violet solution turned
ethyl Bio-Gel P-2 ion exchange resin and Bio-Gel P-2 size exclusion bright green, whereupon solid sodium bicarbonate (20 mg) was added.
gel, both from Bio-Rad. It was found that the separation of the desired The heating was continued for an additibfieh and the solution then
complexes on unmodified Bio-Gel P-2 was unsatisfactory due to some allowed to stir overnight. The crude complex was precipitated with 5

nonspecific interactions with this material. However, gel treated with
0.1 M NaOH overnight followed by washing with 0.1 M HCI and then

H,0 yielded a material with better resolution. Partial hydrolysis of
the acrylamide polymer leads (presumably) to the introduction of a

volumes of acetonitrile and collected by centrifugation. It was then
redissolved in water and applied to a AE P-2 column. A pale gray-
green band was eluted with water while a more polar material was
eluted as a violet band with 5% ammonia. Each fraction was then

small number of free carboxy groups which appeared to be sufficient freeze-dried and redissolved in a minimum amount of Water, and the

to eliminate the nonspecific interactions.

High-voltage electrophoresis was performed on Cellogel strips
(Serva) using 50 mM Tris buffer, pH 7.4 at 300 VH and*C NMR
spectra were recorded fromO solutions using Bruker 250, 400, and
600 MHz spectrometers. Molecular modeling and evaluation of NOE
data were done on a Silicon Graphics Iris Indigo computer running
BIOSYM software modules Discover, Insight II, and Felix, respectively.
Electrospray mass spectrometry employed a Sciex API Il triple-
quadrupole instrument in the negative ion mode with a flow rate of
2—5 ul/min. CD and UV~vis spectra were recorded on a JASCO

solution was applied to a P-2 column for desalting. The major colored
fractions (a single one in each case) were collected and analyzed in
solution by a variety of techniques.

The rhodium(lil) complex could be prepared by a similar route using
RhCk-3H;0 as the metal source, but an improved procedure used water
as the solvent. To rhizoferrin (50 mg) dissolved igQH(2 mL) was
added sufficient solid sodium bicarbonate to bring the pH to nearly
neutral. RhG3H.0 (33 mg) was added to the neutralized solution,
and the pH again was adjusted to 7 with solid sodium bicarbonate.
The dark reddish brown solution was stirred for 16 h, during which

J600 spectropolarimeter and a Pharmacia Ultraspec I, respectively, the color gradually lightened to a bright orange. No heat was applied,
with each instrument interfaced to a PC. EPR andssbauer however, since if the aqueous solution was heated abo%€ 4Qurned

spectroscopic measurements were made as previously degéiibezl black and deposited what appeared to be Rh metal. This apparent redox
analyses were obtained by atomic absorption spectrophotometry usingr@action was not observed in DMSO solution. Isolation and purification

a PE 400 instrument equipped with graphite furnace and autosampler.followed procedures previously described for the Cr complexes except
Biotests were performed according to literature protogbls. that one major and several minor fractions were isolated from the P-2

Potentiometric and Spectrophotometric Experiments. The solu- colum.n. Unfortqnately, only the major fraction contained sufficient
tions were prepared with deionized water under argon, and the ionic Material for detailed characterization.
strength was fixed at 2.0 M using sodium perchlorate (Merck, p.a.).
Purified and characterized solid samples of rhizoferrin were dissolved R€Sults

in degassed water (to give a 1.0 mM solution) and placed in a jacketed Thermodynamics and Spectrophotometry. Six protonation

cell (10 mL) maintained at 25.4 0.1°C by the flow of a HAAKE FJ . .
thermostat. The solution was deoxygenated and continuously ﬂushed.ConStantS for the free siderophore were determined at25.0

with argon during the titration. The hydrogen ion concentration was In 2'O_M N?‘C'_Q "?md are present_ed n Table 1. The corre-
measured with an Ag/AgCl combined glass electrode (Tacussel, High SPonding distribution curves obtained with the Haltafall pro-
Alkalinity) and a Tacussel Isis 20,000 millivoltmeter. The millivolt- grant® for known concentrations of rhizoferrin at various pH
meter was standardized and the linearity of the electrode verified with values are presented in Figure 2a. where the fully deprotonated
concentrated solutions of sodium hydroxide (Merck, p.a.) and perchloric form of rhizoferrin is denoted €. The constant&; and K,

(16) Leong, J.; Raymond, K. Nl. Am. Chem. S0d.974 96, 6628.

(17) Chung, T.Y.; Matzanke, B. F.; Winkelmann, G.; Raymond, KJN.
Bacteriol. 1986 165 283.

(18) Ecker, D. J.; Loomis, L. D.; Cass, M. E.; Raymond, K. N.Am.
Chem. Soc1988 110, 2457.

(19) Carrano, C. J.; Thieken, A.; Winkelmann, BioMetals1996 9, 185.

(20) Shamir, Jlnorg. Chim. Actal989 156, 163.

(21) Matzanke, B. F.; Bill, E.; Butzlaff, C.; Trautwein, A. X.; Winkler,
H.; Hermes, C.; Molting, H.-F.; Barbieri, R.; Russo, &ur. J.
Biochem.1992 207, 747.

(22) Thieken, A.; Winkelmann, G:EMS Microbiol. Lett.1993 111, 281

(23) Sabatini, A.; Vacca, A.; Gans, Palantal974 21, 53. Sabatini, A;
Vacca, A.; Gans, PCoord. Chem. Re 1992 120, 389.

(24) Méthodes d'analyses complexomgues aec les Titriplexes
Merck: Darmstadt, Germany, 1990; p 43.

(25) Sillen, L. G.; Varngvist, BArk. Kemi1968 31, 315. Sillen, L. G;
Varngvist, B. Ark. Kemi1968 31, 341. Arneck, R.; Sillen, L. G;
Wahlberg, O.Ark. Kemi1968 31, 353. Brauner, P.; Sillen, L. G;
Whiteker, R.Ark. Kemi1968 31, 365. Sillen, L. G.; Varngvist, B.
Ark. Kemi1968 31, 377.

(26) Ingri, N.; Kakolowicz, W.; Sillen, L. G.; Varnqvist, Bralanta1967,
14, 1261.
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Figure 2. Species distribution curves at 25°G andl = 2.0 for (a)
free rhizoferrin (1 mM) and (b) ferric rhizoferrin (0.17 mM).

Table 1. Ligand Protonation Constants for Rhizoferrin= 2.0 M,
T=25°Cp

log K1 log K> log K3 log K4
11.3(1) 10.05(1) 5.25(33) 4.21(4)

aValues in parentheses ate€2o errors.

log Ks
3.05(6)

log Ks
2.86(7)
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Table 2. Overall Metal-Ligand Formation Constants for Iron
Rhizoferrin atl = 2.0 M andT = 25 °C?

log Kire l0g fhLre log ﬁHzLFe log ﬂHS'—Fe
25.3(3) 30.8(2) 35.1(1) 36.9(2)

aValues in parentheses at2o errors. L= Rf. K = [FeL]/[Fe][L].
Prre = [HoLFel/[Hn-1LFe][H]".
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Figure 3. Calculated electronic spectra for the various ferric rhizoferrin
species in water at 25C andl = 2.0 (see text).

(Table 1) and the hydrolysis constants related to Fe(QRg-
(OH);*, and Fg(OH)*" specie€®3! The thermodynamic
constantK e, BLHre, SLHard!, @andPLuged! (Which are for the
fully deprotonated, monoprotonated, diprotonated, and tripro-
tonated ferric complexes, respectively) were determined, and
the values are listed in Table 2. The distribution curves for the
rhizoferrin ferric complex at various pH values are presented
in Figure 2b, while the corresponding calculated electronic
spectra for each pure species are shown in Figure 3.

The first protonation constant for Fe-aerobactin of 4.8 has
been attributed to the protonation of the single citrate hydroxy
oxygen32 The first two protonation constants for FeRf of 5.5
and 4.3 average to 4.9, nearly the same as for Fe-aerobactin.

are readily assigned to the hydroxyl groups, as their values arenerefore we suggest the sites of the first two protonations to
of the same order of magnitude as the protonation constant of0€ the two citrate hydroxys in FeRf as well. The disappearance
the hydroxyl site of citric acitf (pK = 11.6). The small of the characteristic optical band at 335 nm, assigned as a citrate
decrease of the rhizoferrin protonation constants compared toydroxy oxygen to Fe LMCT, as the first two protons are added
those of citric acid is due to the higher ionic strendth=(2.0) to the FeRf complex is also consistent with this interpretation.
used in this study as well as to the statistical effects of having The third protonation constatt"y, re can then be assigned to
two hydroxyl groups. The third and fourth protonation constants the protonation of one of the carboxylic groups of rhizoferrin,
agree very well with the values observed for classical carboxylic Since t.hIS yalue is very similar to the second protonation constant
acids and with the corresponding values determined for the Of ferric citrate.

carboxylic sites of citric acfl (pK = 5.49, K = 4.39). We Synthesis and Characterization. Metal complexes of rhizo-
assigned the&ks and Kg values to the carboxylic sites of the ferrin can be prepared in either aqueous or DMSO solution and
a-hydroxy carboxylic acids of rhizoferrin. The decrease of lead to similar product distributions. We were unable to obtain
about 2 orders of magnitude of these constants compared tosatisfactory elemental analyses for the complexes due both to
the protonation constants of the simple carboxylic acids is the small amounts of material available and to their extreme

similar to the decrease observed betweedmnydroxyacetic acid
(pK = 3.8) and acetic acid protonation constahfpK = 4.7)
and is due to the inductive effect of the hydroxyl group in a
positiona to the carboxylic group.

The spectrophotometric titration of the ferric rhizoferrin

hydrophilicity which rendered it problematic to completely
desalt them. Nevertheless they have been extensively character-
ized in solution by a variety of techniques. The kinetically inert
complexes tested (Cr and Rh) ran in relatively broad bands as
anions with similar mobilities upon high-voltage electrophoresis.

species in water over the pH range $80 shows that at pH Unfortunately, no suitably reliable standards were found to allow

2.0 only a shoulder at 280 nm is observable. Upon an increase@n accurate assignment of the absolute value of their charge.
in the pH however, this shoulder decreases and a Iigand-to-The kinetically labile complexes, on the other hand, showed

metal charge transfer bandde infra) appears at 335 nm. This only smears on electrophoresis, indicative of the simultaneous
charge transfer band reaches its maximum at pH 6.0. ThePresence of several interconverting species at pH 7.4. The
spectrophotometric and potentiometric data obtained were
processed with the Letagrop-Spefo program. This program (29) Milburn, R. M.; Vosburg, W. CJ. Am. Chem. S0d.955 77, 1352.

; i i (30) Milburn, R. M.J. Am. Chem. S0d.957, 79, 537.
takes into account the protonation constants of the free I|gand(31) Khoe. G. H.. Brown P. L. Sylva, R. N.: Robins, R. & Chern,
Soc., Dalton Trans1986 1901.
(32) Harris, W. R.; Carrano, C. J.; Raymond, K.)NAmM. Chem.So0&979
101, 2722.

(27) Migal, P. K.; Sychen, A. YZh. Neorg. Khim195§ 3, 314.
(28) Martin, R. B.J. Phys. Chem1961, 65, 2053.
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extreme hydrophilicity of the complexes (insoluble in all are readily assigned. Oxidation of the blue-violet vanadyl Rf

solvents but water) also thwarted attempts to separate isomersith hydrogen peroxide yielded an orange-yellow VQRf

via HPLC, as no adequate solvent system or solid phase couldcomplex whose optical spectrum shows an LMCT band near

be found. In the end, we had to rely on the classical ion 400 nm characteristic of a WO moiety coordinated to an

exchange and size exclusion techniques. alkoxide ion3® From this we infer deprotonation and coordina-
Iron(lll) Rhizoferrin.  Negative-ion electrospray mass spec- tion of the citrate hydroxy group in the V(V) complex.

trometry reveals a strong peak at 488 amu corresponding to a Gallium(lll) Rhizoferrin. ~ Gallium(lll) and aluminum(lll)
singly charged, mononuclear iron rhizoferrin complex. No complexes of siderophores are widely used as NMR-active
evidence for higher charged or polynuclear species was seeranalogs for native ferric complexes which are unobservable by
even under a variety of ionization conditions. this technique due to their paramagnetism and resultant unfavor-
UV—vis and CD spectra for FeRf have previously been able electron/nuclear spin-relaxation properties. Gallium com-
reported and are consistent with a high-spin ferric ion in an plexes of rhizoferrin are readily prepared in solution and appear
octahedral @environment? Since there are no spin-allowed to be fully formed at pH values greater than 6. Negative-ion
d—d transitions for high-spin F&, on the basis of the magnitude  electrospray mass spectrometry reveals a strong parent ion peak
of its extinction coefficient, the band at 335 nm is tentatively cluster at 501, 502, and 503 amu due to the presence of the
assigned as an oxygen to iron CT transition. This presumably gallium-69, -70, and -71 isotopes.
arises from the bound and deprotonated alkoxo groups, as such pyoton NMR spectra were obtained on the gallium complex
transitions are not characteristic of carboxylate donors but are(the aluminum complex gave similar results) in@ The
observed in staphyloferrin 3& and ferric dicitraté’* both of assignment of peaks in free rhizoferrin has already been
which also presumably involve alkoxo coordination to iron. reportedt® and we utilize the same nomenclature here. The
However, definitive proof of these assignments will have to primary effects seen on complexation are as follows: (1) There
await detailed resonance Raman spectroscopic analysis. Nevis 3 splitting of the inner methylene protons from broad singlets
ertheless involvement of the deprotonated citrate hydroxy groupsin the free ligand, where the protons are equivalent, into two
in the coordination of.iro_n by rhizoferrin is also indicated by myitiplets centered at 1.6 and 1.85 ppm, indicating their
the spectrophotometric titration data. inequivalence upon complexation. A similar situation ensues
Electronically, both the EPR and Msbauer spectra of FeRf  ith the outer methylene protons which upon complexation
are interpretable on the basis of a simple mononuclear high- appear as multiplets at 3.2 and 3.5 ppm. (2) The citrate
spin ferric ion in a rhombically distorted environment. The EPR methylene signals, which behave as an’XX' system in the
spectra of FeRf taken at a variety of temperatures displays thefree Jigand specrum, collapse into an AB quartet and a strong
strong classicaj = 4.3 signal along with the weaker transitions  singlet in the spectrum of the gallium complex. These assign-
atg ~ 9 and 2 expected for rhombic iron. Analysis of the ments have been confirmed by the expected couplings as
temperature dependence of the spectra give&/Bnvalue of determined by 2D COSY spectra. The only change visible in
0.33, similar to that of most other siderophofesThe Mtss- the proton NMR spectra between pH 5.5 and 9.0 is the beginning
bauer spectrum at 4.2 K consists of a very sharp, magnetically of 3 collapse, at the lowest pH, of the inequivalent inner and

split, six-line pattern characteristic of high-spin ferric ion in the  gyter methylene signals into the broad singlets characteristic
slow-relaxation limit. The internal field of 51.7 T is smaller  ¢f the free ligand.

than fields found in the hydroxamate and catecholate sidero-
phores. Fits of the spectra as a function of temperature again
yield E/D values near 0.33. The other 8kbauer parameters
for FeRf are distinct from, but similar to, those of other ferric
siderophore$®

The13C spectra of rhizoferrin and its gallium complex were
also recorded and were most informative (Table 4). First, as
with the free ligand, only eight carbon signals are observed for
the gallium complex, confirming that the 2-fold symmetry in
. . the free ligand is not lost upon complexation. The major

Copper(ll), Vanadyl, and Cobalt(lll) Rhizoferrins.  At- change, as compared to the spectrum of the free ligand, is the
tempts to prepare Co(lll) complexes of rhizoferrin were unsuc- 3_g nom downfield shift of the carboxylate carbon resonances
cessful due to a redox reaction which yielded only Co(ll) and {5 the complex. The magnitudes of these coordination-induced
(presumably) oxidized ligand. That Co(lll) in an all-oxygen ghigs (CIS) are entirely in keeping with those expected for
coordination environment should be a good oxidant is hardly .54y 1ate coordination to high-valent metals and indicate that

surprising, and indeed complexes of Co(lll) with the hydrox- 5 the carboxy groups are deprotonated and coordinated in the
amate siderophores are also unstable with respect to an mternajilnal complexé”-# Of particular note is the resonance for the

e _ _
redox reactiot® A small amount of what appeared to be the citrate quaternary carbon, which at 77 ppm appears to be

desired complex was isolated; however, the small amountsqpitted from its position in the spectrum of the free ligand.
produced precluded detailed characterization and these COM-ryis annears to indicate that, although the citrate hydroxy groups
plexes were not pursued further. Since they were not required ;. propably coordinated in order to achieve an octahedral

> e : ISt . -
for biological studies, the kinetically labile €uand V& eometry around the metal, they remain in their protonated form
complexes were not characterized as extensively as those ok, pH 5.5 to 9.0.

the inert metal complexes. However, they appear to form
readily in solution, have characteristic optical spectra (Support-
ing Information), and gave the expected molecular ions via
electrospray mass spectrometry. The mass spectrum of th
copper complex in particular showed the presence of several
distinct protonation states in solution, all of which, however,

We have attempted to construct a solution structure for GaRf
via NOESY-derived, through-space protgoroton distances and
egeometrical constraints based on reasonable gallium(lll) coor-
dination geometries and distances. We considered only the three
geometrical isomers which simple model building indicated were
possible given the R,R)-rhizoferrin ligand ¢ide infra) and

(33) Meiwes, J.; Fielder, H. P.; Haag, H.; Zaehner, H.; Konetschny-Rapp,

S.; Jung, GFEMS Mikrobiol. Lett.199Q 67, 201. (36) Carrano, C. J.; Mohan, M.; Holmes, S. M.; de la Rosa, R.; Butler, A.;
(34) Spiro, T. G.; Bates, G.; Saltman,PAm. Chem. So4967, 89, 5559. Charnock, J. M.; Garner, C. Dnorg. Chem.1994 33, 646.
(35) Matzanke, B. F. Inron Transport in Microbes, Plants and Animals (37) Chang, C. H. F.; Pitner, T. P.; Lenkinski, R. E.; Glickson, J.JD.
Winkelmann, G., van der Helm, D., Neilands, J., Eds.; VCH Am. Chem. Sod 977, 99, 5858.

Publishers: Weinheim, Germany, 1987; p 251. (38) Crans, D. C.; Shin, P. KI. Am. Chem. S0d.994 116, 1305.
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0.6 Table 3. *H NMR Data for Ga and Rh Rhizoferrins in,D
atpD #
Ag chem shift (ppm) Ji2 (Hz) Ji3 (Hz) assignment
Ga Complex
1.60 (d, 2H) 15 0 inner methylene
00 1.85 (dd, 2H) 15 12 inner methylene
e T 2.53 (d, 2H) 15 citrate
2.77 (s, 4H) citrate
2.95 (d, 2H) 15 citrate
3.20 (dd, 2H) 12 12 outer methylene
3.50 (dd, 2H) 12 12 outer methylene
06 E Rh Complex
-0 ’ : ' 1.48 (b, 3H) nd inner methylene
500 600
300 400 1.68 (b, 1H) nd inner methylene
Wavelength A [nm] 2.40 (d, 4H) 18 0 citrate
. : ; ; ; - el 2.58 (d, 4H) 16 0 citrate
Figure 4. Circular dichroism spectra of the two isomers of RhRf: solid 317 (b, 4H) nd outer methylene

line, major isomerg = 2.5 mM in H,O, T = 298 K; broken line, minor
isomer,c = 5.7 mM in HO. a“Apparent” multiplicity: s, singlet; d, doublet; t, triplet; dd, doublet
of doublets; q, quartet; m, multiplet; b, broad. adnot determined.
constrained the GaO bonds to 2.0 A with a regular octahedral
geometry. The results indicated that both the isomer with the

“outer” or 1-position carboxylate oxygens trans to each other 1aPle 4. *C NMR Data for Ga and Rh Rhizoferrins

and the one with the “inner” carboxylate oxygens trans had chem shift (ppm)
nearly the same energies with that of the trans hydroxy much free Rf Ga Rh assight
higher. Therefore the latter could safely be eliminated from 1816 188.0 1923 c6
further consideration. Between the two remaining isomers, the 178.3 181.9 182.7 c1
simple minimized structure of the “trans outer” was the closest 174.6 176.5 176.4 C5
to that required by the NOE constraints. Nevertheless, it is not 77.1 77.1 83.3 C3
really possible to make a clear choice between the isomers at 47.4 49.3 49.9 C2
. c e 46.5 46.5 47.5 c4
this level of sophistication.
- ; . . Lo 41.6 42.0 42.0 C7
Rhodium(lll) Rhizoferrin.  While gallium is a useful probe 284 275 271 cs

for iron(lll), since it is both nonreducible and allows the use of
NMR spectroscopy in characterization, it remains kinetically
labile, which limits its utility as a biological tool. Rh(lll), on  chiral preference for thehirality oppositeto that of the native

the other hand, shares the nonreducibility and NMR activity of jron complexi! It should be noted that the rules used to assign
Ga, but its complexes are kinetically inert. Hence we have the absolute stereochemistry at the metal do not strictly apply
prepared Rh(lll) complexes of rhizoferrin for both physical and  for rhizoferrin complexes, since the ligand is not a tris bidentate
biological studies. One major and one minor bright yellow type leading to formaD; symmetry about the metal. However,
complex was isolated by a combination of ion exchange and gpplying the rules uniformly to both Fe and Rh still leads to
size exclusion chromatography. Negative-ion electrospray massthe conclusion that the configurations about the two metals must
spectrometry on both complexes revealed the formation of the differ in chirality.

expected RhRf monomers with molecular ions at 536 amu,  Proton NMR spectra were also recorded for the major RhRf
suggesting that the two fractions were geometrical isomers. Thespecies in both kD and DO solutions. As in the case of
UV —vis spectra for both showed a single band at 400 nm with gallium, both the inner and outer methylene proton signals
an extinction coefficent of ca. 100 Mcm™* which, in analogy ~ pecome inequivalent and split on complexation, indicating that
to spectra of other complexes of Rh(lll) in an octahedral O the bridge is fixed in a more rigid configuration. However,
environment, is assigned as thegto 'T1gd—d transition. CD  the facts that this inequivalence is much smaller for Rh and
spectra were also recorded for each isomer and are similar buthat the signals for the bridge protons are very broad both
nevertheless distinct, particularly in the higher energy region. indicate that the bridge conformation is more flexible than for
We find that, for both geometrical isomers, one optical isomer the Ga. The citrate region consists of a pair of AB quartets
predominates in solution (Figure 4). However, to our surprise, which can be satisfactorily simulated using the chemical shift
these isomers appear to have a chiratippositeto that of the  and coupling constants given in Table 3. Assignments have
native iron rhizoferrint? Again, on the basis of the anionigO again been confirmed by the 2D COSY and HSQC spectra.
complexes Rh(caf}~, Rh(ox}*", and Rh(enf, the negative  Unfortunately, due to the lack of sufficient usable NOESY cross
CD band near 420 nm assigns the chirality of RhRf as peaks for the Rh complex, derivation of an NOE-derived
predominantlyA or more generally, using [IUPAC nomenclature,  solution structure was impossible.

clockwise or ‘C”.39 On the basis of a comparison of the  The13C spectrum again proved to be the most informative
magnitudes of the extinction coefficients of RhRf and Rhégat)  in assigning which atoms of Rf were involved in complexation
the preference for tha chirality is quite strond® Examination (Table 4). The most revealing piece of data is the shift in the
of the CD spectra of all the other minor isomers found in the citrate quaternary carbon signal from 77 to 83 ppm upon
RhRf reaction gave no evidence for theor “A” optical isomer. complexation. Thet-6 ppm CIS is close to that expected for
To our knowledge, this is the first example of an alternative deprotonation and complexation of an alcohol functionality,
metal complex of a natural siderophore that displays a strong demonstrating conclusively that, unlike those of the Ga complex
but similar to those of the Fe complex, the hydroxy groups of
citrate are both deprotonated and coordinated to RH&#AThe
remainder of the spectrum is similar to that seen for the Ga(lll)
complex, with the carboxylate carbon signals all shiftedl®

a See Figure 1 for numbering scheme.

(39) Leigh, G. J., EdNomenclature of Inorganic Chemistrlackwell
Scientific Publications: Oxford, England, 1990.

(40) McArdle, J. V.; Sofen, S. R.; Cooper, S. R.; Raymond, Klndrg.
Chem.1978 17, 3075.
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0.08 . i ‘ broad featurestad K aroundg = 2, 4, and 6. The sharg=
2 signal is due to the presence of a small amount of some higher
Z2ERN symmetry impurity (likely hexaaquochromium(lll)). As the
0.0

temperature is raised to 60 K, the nature of the spectra changes
dramatically with the axial features gt= 6 and 4 disappearing
and the broad feature negr= 2 growing concomitantly. A
detailed analysis of these spectra is complex and will be reported
later.

Biotests. Although detailed biological studies will be
presented elsewhet&we report here evidence that the metal
. ] ion complexes prepared do indeed have biological activity. The
300 400 500 a0 200 300 plate assay described by Winkelmann e¥alsingMorganella
morganii 13 was slightly modified for semiquantitative assay

. . — ) ~ . of the ability of alternative metal ion complexes to antagonize
e e o e o Mizoferinmediated fon uptake. [ ths assa, he organism
= 14.2 mM in HO. is seeded into agar growth medium made iron deficient with

300 uM bipyridyl. A fixed concentration of FeRf placed

ppm downfield from their respective values for the free ligand, directly on the surface of the agar will relieve the iron deficiency
as expected for the deprotonation and complexation of theseand cause a ring of growth of predictable size. Mixing
groups to Rh. The peak at 182.7 ppm is associated with the alternative metal ion complexes with the FeRf in various ratios
terminal carboxylate group, as its CIS (4.4 ppm) is similar in of molar excess will lead to a reduced ring size or no growth at
magnitude to that seen for the Ga complex (3.6 ppm), while all if the specific complex is capable of antagonizing the effects
the peak at 192.3 ppm is assigned todhBydroxy carboxylate  of FeRf. As expected, at least some of the Rh and Cr complexes
carbon, whose CIS is much larger (10.7 ppm vs 6.4 ppm) than were able to antagonize the ability of FeRf to alleviate iron
that for the Ga complex. We attribute this difference to the limited growth in the agar plate assay. Both Rh isomers
fact that deprotonation accompanies the complexation of the appeared to be effective, while only the green isomer of Cr was
adjacento-hydroxy group in the Rh complex while it remains  so. Gallium and aluminum rhizoferrins not only inhibited the
protonated for the Ga complex. ability of FeRf to deliver iron but functioned to give a

Chromium(lll) Rhizoferrin.  The chromium complexes of  concentration-dependent killing zone.
rhizoferrin are more difficult to prepare than those of the other
metal ions, requiring nonaqueous solvents, elevated temperaturepiscussion
and more reactive starting materials. In addition, two major
complexes could be isolated rather than one. The ratio of the Rhizoferrin is a chiral, potentially hexadentate ligand that can
two complexes appeared to depend on the strength of the basde viewed as a pair of facially coordinating citric acid moieties
used in the synthesis. Triethylamine or sodium carbonate gavetied together with a diaminobutane linker. In principle, assum-
primarily a violet complex. Use of the weaker base, sodium ing only facial coordination is possible, there are five geometric
bicarbonate, gave a larger percentage of a green, less polaisomers, designated as (the numbers in the parentheses are the
complex (ca. 50%). The two complexes, once formed, could recommended IUPAC configuration indié8s trans citrate
not, however, be interconverted by changes in pH. Indeed, thehydroxy (OC-6-23), trans inner carboxyJC-6-1'2), and trans
optical and CD spectra of both species were pH independent.outer carboxy ©C-6-31'), along with an all-trans and an all-
Both complexes also gave virtually the same negative-ion cis isomer (a schematic representation of all the isomers is
electrospray mass spectra with the peak at 484 amu expected@vailable as supplementary material). However, the last two
for a mononuclear CrRf, suggesting that the two were geo- can be eliminated by the steric constraints of RR ligand.
metrical isomers. The optical spectra of both were similar, with Since the ligand itself is chiral and its coordination leads to
two bands assignable as the spin-allovi&gl, to 4T1g and*Ag non-superimposible mirror images, all the remaining isomers
to 4To4 transitions in “octahedral” symmetry. The ligand field are chiral and can exist as diastereomeric pairs with efteer
parameters derived from these spectra suggest that the less polaf; (again adopting the recommended IUPAC nomencl&fure
green complex has essentially the same ligand field strength aschirality at the metal center.

the violet one (17.42x 10° vs 17.48 x 10° cm?) but a Although the coordination chemistry of rhizoferrin with iron
somewhat larger interelectronic repulsion param&¢829 vs might be expected to be similar to that of citrate itself, there is
713 cnt).%® The CD spectra of the two species were also very one significant difference between the two ligands. While citrate
similar (Figure 5), differing only in the low-wavelength transi-  can form octahedral 2:1 complexes with various metal ions via
tions which are split, suggesting that both are “trans” geometrical facial coordination using the two carboxylates and the hydroxy
isomers** Once again the optical chirality preference of both oxygen donor atoms, an additional carboxylate donor remains
isomers was found to b& or C, the opposite of the native iron  which can lead to the formation of polynuclear species. Thus,
complex but the same as that of the Rh. On the basis of despite extensive study, the detailed nature of the coordination
extinction coefficients, however, the degree of preference for chemistry of iron and other trivalent metals with citrate remains
A over A is much weaker, only about 5%. The EPR spectra  somewhat unclear. On the basis of various pieces of evidence,
of the complexes were measured as a function of temperature mononuclear, dinuclear, and polynuclear complexes have all
Both isomers showed essentially axial spectra with relatively peen suggested to be the dominant species in solfti5r’

The role played by the citrate hydroxy groups in complex

Ae

-22

Wavelength A [nm]

(41) Colpas, G. J.; Hamstra, B. J.; Kampf, J. W.; Pecoraro, narg.
Chem.1994 33, 4669.

(42) Bollinger, J. E.; Maque, J. T.; O'Connor, C. J.; Banks, W. A.; (45) Dhar, S. K.; Sichak, Sl. Inorg. Nucl. Chem1979 41, 126.
Roundhill, D. M.J. Chem. Soc., Dalton Tran$995 10, 1677. (46) Timberlake, C. FJ. Chem. Socl964 5078.

(43) Lever, A. B. PJ. Chem. Educl968§ 45, 711. (47) Field, T. B.; McCourt, J. L.; McBryde, W. A. E2an. J. Chem1974

(44) Leong, J.; Raymond, K. Nl. Am. Chem. So0d.974 96, 1757. 52, 3119.
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formation is also obscurt=4° Even the recent reports by Table 5. pFe Values for Various Fe(lll) Siderophore Compléxes

_Lippar_cPO and co-workers of the X-ray structures of two different complex pM pM, pMs

iron citrate complexes, showing them to be dinuclear with - s

bridging alkoxides, and that of Barron et &l.showing the rhizoferrirp. 19.7 1r.0 132
g, g9 ’ h : g enterobactif 355 29.3

aluminum complex to be trinuclear, are unlikely to end the ferrichromé 252

discussion as to the nature of the spegiesolution However, ferrioxamine B 26.5 22.3 16.3

in rhizoferrin, the third carboxylate group is tied up in the amide rhodotorulic aciél 21.8

bond of the backbone, which should strongly suppress the  aerobactih 23.3 21.2

formation of any polynuclear species. Thus, among the major citrate? 177

questions we sought to answer for the iron rhizoferrin complex  2pM. = —log [F€*] where [L], = 10°° M, [Fe]o = 10° M, and
were the following: (1) Is the complex in solution mononuclear PH = 7.4; pM, pH = 6.0; pM;, pH = 4.0. pM values are based on

. . . LG . 2 : published stability constants (see footnddes). ® This work. ¢ Loomis,
or is a dimer with bridging alkoxides formed? (2) Are the citrate L. D.. Raymond. K. M.Inorg. Chem 1991 30, 906.9 Anderegg, G.:

hydroxy oxygens deprotonated and coordinated in the final L’Eplattenier, F.; Schwarzenbach, Belv. Chim. Actal963 46, 1409.

complex? . . o eCarrano, C. J.; Cooper, S. R.; Raymond, K.N.Am. Chem. Soc
In answer to the first question, it is clear from the EPR, 1979 101, 599. Reference 329 Reference 34.

Mossbauer, and mass spectrometry data that only mononuclear ) ) ) - .
species are formed for any of the metals examined. The answerPrdanisms, since fungi are known to strongly acidify their
to the second question, however, seems to be that the contribu9rOWth environment by the excretion of various organic
tion of the hydroxy oxygens to complexation is metal jon 2acids**°® The pH optimum for growth is usually near 5.
dependent. Although the citrate hydroxy groups in the free IndeedAbsidia spinosareRf uptaké® shows a very strong pH
ligand have fs's in excess of 10, in a complex their deproto- dependence with a transport optimum near pH 4.5 and virtually
nation will be assisted by the Lewis acidity of the metal. For NO uptake at pH 7, which nicely tracks the species distribution

example, the i, of water when coordinated to Fefalls from diagram. At the pH optimum for transport, the major species
14 to 2.19. The general trend for acidity of water coordinated (>80%) is the monoprotonated complex with the remainder in
to the trivalent cations varies as FeRh > Ga > Cr > Al 5253 the diprotonated form. Of course, all the protonated forms are

Hence it is not unreasonable to suppose that the citrate hydroxyin rapid equilibrium and the local pH at the membrane surface
groups would be coordinated and deprotonated for the Fe andMay hot be the same as for the bulk solution. It will therefore
Rh complexes, as was indeed demonstrated by the titration datd?€ difficult to prove if the protonation state of the complex is
(Fe) and NMR (Rh). The fact that in the Ga complex these Important for recognition and transport.

groups remain protonated, as determined by NMR, is surprising The c_h|_raI|ty of the rhizoferrin complexes at the metal center
and would indicate that this should also be the case for the even!S SUrPrising and deserves some comment. On the basis of
less Lewis acidic Cr complex (where a direct determination is €Xtinction coefficients, and in analogy to otheg fseudooc-
impossible). However, high-voltage electrophoresis indicates tahedrally coor.dlnated S|derophores, the chirality of thg fully
that the Cr complex has the same charge as the Rh complexdeprotonated iron complex is nearly completely This
which suggests the same protonation state for both. It is of configuration must be essentially independent of the ligand
course possible that a variety of conflicting effects fortuitously Packbone structure, since various analogs obtained by directed
cancel in the Ga complex, giving rise to no observable CIS fermentation all show the same chiral preference. However,

despite the fact that the citrate hydroxyl group is both depro- the CD spectra show that the chirality is pH dependént,
tonated and coordinated. disappearing at lower pH despite the fact that titration studies

It is difficult to compare the overall formation constant of indicate that the metal remains complexed to the ligand. Thus

iron rhizoferrin to that of either citrate itself or other siderophores there appears to be a reduced chiral preference for the various
due to differences in ligandda's and/or stoichiometry. There- ~ Protonated species visws the fully deprotonated one. We
fore, the pM value has been proposed as a means for more direcP0int out that the few divalent metals we examined, namely
comparison. The pM values are expressed under particular setCW and Cé*, which are inherently less Lewis acidic than

of experimental conditions, typically at a total ligand concentra- the trivalent cations, show essentially no CD spectra even though
tion of 1075 M, a total iron concentration of 16 M, and a pH complexes are formed. Nevertheless, the differing chlrallty
of 7.4 (Table 5). Although rhizoferrin is not a particularly ~Petween Fe on the one hand and Rh and Cr on the other remains
powerful iron chelator as compared to the tris(hydroxamate) or Unexplained and unprecedented for siderophore complexes. This
tris(catecholate) siderophore at this pH, it becomes much more2PServation suggested the attractive hypothesis that the produc-
competitive at pH values near%, the growth and transport "9 Organisms might use the m_etal center chirality as a means
optimum for the producing fungi, due to the use of the to dlscrlmlnate betwe_en the desired iron complex and fortuitious
carboxylate group as opposed to the more basic hydroxamateformat'on of altgrnatlve r.ne'gal complexes. I-!qwever, such an
or catecholate as donor. Thus the ligand is well designed for [d€a has to be discarded in light of the recognition and transport
the environment in which it was meant to function. of the opposite-chirality Rh and Cr speci@sln addition, since

Although a fully deprotonated complex is formed between Rh and Cr, which are respectively larger and smaller than Fe,

Fe and rhizoferrin at pH values in excess of 7.5, such a species?0th adopt theA configuration, atomic size is apparently not

may not be the one actually transported in the producing the_ source for the differing m_etal_ center chirality. It must be
pointed out that the change in sign of the CD spectra for Cr

(48) Martin, R. B.J. Inorg. Biochem1986 28, 181 and Rh as compared to Fe could be due to fundamental
(49) Glusker, JAcc. Chem. Res.98Q 13, 345. differences in the nature of the electronic transitions involved
(50) fg‘&eg ls';le?lmo' A.; Goldberg, D. P.; Lippard, S.ldorg. Chem. rather than a change in metal center chirality since the optical
(51) Feng T L Gurian. P. L.: Healy, M. D.; Barron, A. Rorg. Chem. transition involved is an LMCT for Fe while it is-ed in the
199Q 29, 408.
(52) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith ed.; (54) Winkelmann, GArch. Microbiol. 1979 121, 43.
Wiley and Sons: New York, 1980. (55) Bigelis, R; Arora, D. K. InHandbook of Applied Mycologyrora,
(53) Huheey, J. Elnorganic Chemistry: Principles of Structure and D. K., Elander, R. P., Mukerji, K. G., Eds.; Marcel Dekker: New

Reactiity; Harper and Row: New York, 1972. York, 1992; p 357.
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Rh and Cr cases. However, such has not proven to be the cassuch proved to be the case, then a potentially effective new
for other siderophores. class of antifungal agents for this group of organisms, which
The biological effects on iron-limited cultures Bf. morganii includes a number of known human pathogens, may have been
13 by the alternative metal ion complexes of rhizoferrin are found.
also very interesting. While the Rh and Cr complexes gave ]
results more or less in line with expectations, i.e. competitive Conclusions
inhibition with iron rhizoferrin’s ability to promote growth on We have delineated for the first time the coordination
iron-limited media and evidence for some stereospecificity in chemistry of rhizoferrin, a member of the new carboxylate class
this process, Ga and Al complexes behaved anomalously. Asof siderophores, and have measured its iron-binding constants.
indicated under results, GaRf not only inhibited FeRf's ability The Cr and Rh rhizoferrin complexes are unusual in that they
to stimulate growth but also it produced a concentration- appear to be the first alternative metal siderophore complexes
dependent halo or killing zone around the site of application. reported that adopt a chirality about the metal cenfgposite
Thus it behaves as an antibiotic towakti morganii The of that found in the native iron analog. These kinetically inert
concept of using alternative metal ion complexes of siderophores complexes should be useful tools for detailed investigations into
as antibiotics is not new. Two potential modes of action were  the mechanisms of rhizoferrin-mediated iron uptake. Finally,
originally envisioned. First a simple blockade of the uptake of some of the alternative metal ion complexes of rhizoferrin have

the essential nutrient, iron, could be expected to exert a peen found to have unexpected biological properties which will
bacteriostatic effect itself. In addition, if the appropriate metal pear further examination.

ion was chosen, the iron uptake system could be tricked into

delivering a toxic metal. Unfortunately, neither of these hopes ~ Acknowledgment. C.J.C. wishes to thank Southwest Texas
has yet been realized in experimental systems. The fundamentafState University and the DAAD for a Study Visit grant in partial
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