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The structure and stereochemistry of the siderophore isolated from the culture medium of 
Ralstonia eutropha (formerly Alcaligenes eutrophus) could be elucidated as staphyloferrin B 
by spectroscopic methods and chemical degradation. The relationship of the three species of 
the new genus Ralstonia is reflected in the observation that all three form citrate sidero- 
phores.

Introduction

Many microorganisms when grown under iron 
deficient conditions produce Fe3+-chelating com­
pounds (so-called siderophores) to make available 
otherwise insoluble ferric oxide hydrates present 
in the soil, or organic-bound iron when affecting 
living organisms. Siderophores may belong to a 
wide variety of structural classes (e.g., Budzikie­
wicz, 1997), but related bacterial species usually 
show a common pattern. The genus Ralstonia was 
established recently (Yabuuchi et al., 1995) by 
combination of the species Pseudomonas solana- 
cearum  and pickettii with Alcaligenes eutrophus. 
For the two Pseudomonas spp. this was the second 
classificational transfer, for a short time they were 
attributed to the genus Burkholderia. The two for­
mer Pseudomonas spp. had been found to produce 
citrate siderophores: schizokinen, citric acid sub­
stituted at both terminal carboxyl groups with 1- 
N-hydroxy-l-N-acetyl-1,3-diaminopropane (Bud­
zikiewicz et al., 1997) and enantio-rhizoferrin, 2 cit­
ric acids connected at one of their terminal car­
boxyl groups with 1,4-diaminobutane (Münzinger 
et al., 1999). It seemed, therefore, to be of interest

Abbreviations: CAS test, Chrome azurol S test; DAP, 
2,3-diaminopropanoic acid; TAP-derivatives, N/O-triflu- 
oroacetyl isopropyl esters; GC, gas chromatography; MS, 
mass spectrometry; ESI, electrospray ionization; FAB, 
fast atom bombardment; DSS, 2,2-dimethyl-2-silapen- 
tane-5-sulfonate; TMS, tetramethylsilane.
Part LXX X IV  of the series “Bacterial Constituents”. 
For Part LXXXIII see Schneider et al. (1999).

whether the Alcaligenes added to the Ralstonia ge­
nus conformed also concerning its siderophore. 
The structure elucidation of the latter (1) and of 
its iron complex will be reported here.

Material and Methods

Instruments

Mass spectrometry: HSQ-30 (FA B, matrix glyc­
erol, gas X e), 900 ST  (E S I), Incos 50 X L  (all Finni- 
gan-MAT, Brem en) with a Varian (Sunnyvale, CA, 
U SA ) gas chromatograph 3400 (capillary column 
C B SE-54, 25 m, 0.25 mm).

NMR: D R X  500 (Bruker, Karlsruhe), ‘H 500, 
13C 125 MHz, chemical shifts relative to TM S with 
internal standard D SS: Ö(TMS) = Ö(DSS) for 'H , 
Ö(TMS) = Ö(DSS) + 1.61 for 13C. The samples (15 
millimolar in D 20  or H20/D 20  9:1 v/v) were de­
gassed for 2 min in an ultrasonic bath. The H20  
signals were suppressed either by presaturation 
during the relaxation delay or by the 
W A TER G A TE puls sequence. The 13C-spectra 
were recorded with broad-band decoupling. 
H M BC  experiments were optimized for 6 Hz cou­
pling.

UV/Vis: Ultrospec 2000 (Pharmacia, Uppsala, 
S), 0.15 millimolar solutions in H20 .  CD: Jasco 720 
(Japan Spectroscopic Co. Ltd., Tokyo, Japan, 0.5 
millimolar solution in H ?0, reference H20 ,  20 °C.

X-ray: Nonius Kappa C CD -D iffraktom eter 
(Nonius, Delft, NL).

Chromatography: H PLC Knauer (Berlin), col­
umn Nucleosil 100 C 18 (5 [im) (Knauer, Berlin);
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low pressure chromatography columns Biogel P-2 
(Bio-R ad, Richmond CA, U SA ), Sephadex G-10 
and Q A E  Sephadex A-25 (Pharmacia, Uppsala, 
S).

Chemicals

H20  was desalted and distilled twice in a quartz 
apparatus. Organic solvents were distilled over a 
column and if necessary dried. Chemicals came 
from Fluka (Buchs, CH ), Merck (Darmstadt) and 
Aldrich (Steinheim ) and had p.a. quality, solvents 
for N M R contained >  99.5%  D.

Production and isolation o f  1

The mutant A E1153 of Ralstonia eutropha 
CH34 (Khan et al., 1992) was grown in a succinate 
medium consisting of 4.0 g succinic acid in 400 ml 
H 20  (pH adjusted to 6.8 with 40%  KOH solu­
tion), 3.3 g K2H P 0 4-3H20  and 2.6 g KH 2P 0 4 in 
400 ml H20  (pH 6.8), 1.5 g (NH4)2S 0 4 in 100 ml 
H20 ,  0.5 g M g S 0 4-7H20  in 100 ml H20 ,  0.5 nmol 
F e3+ (5%  Fe3+-citrate). An amount of ca. 50 f-ig/l 
Fe3+ is optimal to maintain both bacterial growth 
and siderophore production. The solutions were 
mixed and sterilized. The pH was adjusted to 6.5 
with 6 m  HC1. 125 ml culture medium in a 250 ml 
Erlenm eyer flask with indentations were inocu­
lated from a stich agar culture and incubated until 
pH 7.2 -7 .5  was reached, then the pH was adjusted 
to 7.0 with 6 m  HC1 and the culture was stored in 
the dark at 5 °C. For the main cultures six 3-liter 
fermenters containing 1.33 1 culture medium were 
inoculated with 1 ml of the storage culture. The 
pH of 8.5 reached after 4 8 -6 0  hrs was adjusted to
6.0 with 6 m HC1. To guarantee an iron-free work­
up all glass vessels were rinsed with 6 m HC1. the 
apparatus for tangential filtration and the chroma­
tographic material was freed from Fe3+ by treat­
ment with 8%  K-oxalate buffer, oxalate was re­
moved by rinsing with 1 m  NaCl solution. Cell 
material was separated from the culture by tan­
gential filtration. To the filtrate 0.2 g/1 NaN3 were 
added in order to avoid cellular growth and/or in­
fections.

The filtrate was chromatographed on XA D -2 
resin with H20  and the eluate was lyophilized, 
yield 9 - 1 0 g  lyophilized material per liter culture 
medium. Ca. 10 g were dissolved in enough H20  
to give a clear solution (ca. 300 ml) and rechro­

matographed with H20  on B io-G el P-2. Fractions 
of 25 ml each were concentrated i.v. to 5 ml and 
subjected to a CA S test (Schwyn and Neilands,
1987) for Fe3+ complexing substances (after con­
centration to a smaller volume phosphates may in­
terfere with the test). The siderophore was eluted 
in the first fractions followed by inorganic material 
and CAS-negative substances. The CAS-positive 
fractions were combined, brought to dryness i.v. 
(yield 1—2 g) and redissolved in ca. 20 ml H20 . 
The solution was then chromatographed on an an­
ion exchange column (Q A E-Sephadex A-25 
loaded with C l- , detection at 214 nm). A  weakly 
yellow CAS negative fraction eluted with H20  was 
discarded. The siderophore was then desorbed 
with H20  with a NaCl gradient (increase 0.02 mol/
1 per hour). 10 ml fractions were collected and 
CAS tested. Elution of a CAS positive fraction 
started at 0.1 mol/1 NaCl and elution was contin­
ued isocratically until all CA S positive material 
was removed from the column. The siderophore 
fractions were combined and concentrated i.v. to 
the point where NaCl just started to precipitate. 
The clear solution was chromatographed with 
H20  on Sephadex G -10 and the CA S positive frac­
tion collected, concentrated i.v. to ca. 5 ml and 
lyophilized. To remove the last traces of com- 
plexed Fe3+ (which would interfere with the NM R 
analysis) a RP-18 Sep-Pak cartouche was rinsed 
with 5 ml CH3OH , subsequently twice with 5 ml 
H20  and then treated with 5 ml of a saturated so­
lution of 8-hydroxyquinoline, which stayed in the 
upper portion of the cartouche as a yellow zone. 
When a saturated solution of the chromophore 
was passed through the column the upper part of 
the 8-hydroxyquinoline zone turned black (forma­
tion of the Fe-com plex). Lyophilization of the elu­
ate gave a white powder, yield ca. 230 mg from 11 
culture medium.

Formation o f  the Fe*+ and the Ga3+ complexes o f  1

To a solution of 10 mg 1 in 1 ml H20  (pH ad­
justed to 7.0) a 0.01 molar solution of FeCl3 was 
added drop by drop and the pH continuously re­
adjusted to 7.0, until the brownish color of 
Fe(O H )3 could be observed. The Fe3+-complex of
1 was chromatographed on Sephadex G-10 (eluent 
H20 ,  detection at 310 nm) and the eluate lyophi­
lized. Yield 10.5 mg of a yellowish powder.
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The G a3+ complex of 1 was obtained in the same 
way by adding a 0.01 molar solution of G a (N 0 3)3 
until the solution became turbid from precipitated 
G a(O H )3. Detection during the chromatography 
was effected at 214 nm.

Hydrolysis, TAP-derivatization and analysis 
o f the products

Hydrolysis was performed in pressure resistant 
pyrex tubes for 15 hrs with 6 N HC1 at 110 °C. The 
hydrolysate was brought to dryness i. v. A lterna­
tively, 1 mg of 1 dissolved in 2 ml of a 0.1 molar 
NH4O C O C H 3 buffer (pH 7.4) was treated with 
0.1 mg of the enzyme pronase. A fter stirring the 
solution for 24 hrs at 30 °C, the enzyme was re­
moved by centrifugation and the remainder lyo- 
philized. For the TA P derivatization see Voss et al. 
(1999). The products were analyzed by GC/MS on 
a L-Chirasil-Val column using for comparison stan­
dard substances.

Synthesis o f  stereochemical comparison 
compounds (Scheme 1)

/?-Citric acid l ,3 ’-diethyl ester. The rac-diethyl 
ester was synthesized starting from citric acid tri­
ethyl ester in analogy to rac-dimethyl ester (Berg­
eron et al., 1997), yield 45%  of a colorless oil. 'H- 
NM R (CDC13; 6 ppm, mult.) 1.25, t; 1.27, t; 4.13, 
q; 4.28, q (ethyl groups); 2.80, A B ; 2.85, A B  (citric 
acid CH2-groups). A solution of 3.94 g 5’-(-)-brucin 
and 2.48 g rac-diethyl ester in 150 ml dry ethyl ace­
tate was stirred for 3 days at room temperature. 
The precipitated brucin salt of the 7?-diethyl ester 
was collected, washed with a small amount of ethyl 
acetate and dried i.v.; yield 2.85 g. From the reac­
tion solution after concentration additional 0.11 g 
could be obtained. Twice recrystallizing from ethyl 
acetate gave 2.42 g of colorless crystals. The enan­
tiomeric purity and stereochemistry of the brucin 
salt of /?-citric acid 1,3’-diethyl ester was deter­
mined by X-ray crystallography. It forms ortho-

,COOEt

'OH NaQH (1 e q j

COOEt

COOEt

COOH

EtOH, 2 h, RT COOEt

S-(-)-Brucin (1 eq.) 

EtOAc, 3 d, RT

HCl (1 M)

,COOH

COOEt

TSU (1,1 eq.)
+

Et(i-Pr)2N ( l ,l  ecy) 

DM F, 1 h, RT

Z.-N -BO C -D ap(l eq.) 

DM F, 24  h, RT

COOEt

TFA
+

m-Dimethoxybenzene 

0,5 h, RT

<pOOH

“NH— CH2- C - . , h  

OH
©

OOCCF3

Scheme 1

Scheme 1. Synthesis of /?-citric acid-5-(S-2-amino-2-carboxy-ethyl)-amide 1,31 -diethyl ester (3a).
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rhombic crystals (a -  13.136, b = 14.895, c = 15.835 
Ä, a  = ß = y = 90°). To a solution of 1.93 g of the 
R-ester brucin salt in 50 ml H20  1 ml 6 m  HC1 was 
added. A fter stirring at room temp, for 5 min the 
solution was extracted three times with 50 ml ethyl 
acetate each, the organic phase was dried with 
Na2S 0 4 and the solvent removed i.v. It remained 
0.63 g of a colorless oil whose 'H -N M R spectrum 
corresponded to that of the rac-diethyl ester.

S-Citric acid-1,31-diethyl ester was obtained by 
HC1 cleavage of the brucin salt isolated by bring­
ing to dryness the mother liquid after crystalliza­
tion of the R-e ster brucin salt, with an enantiomer 
excess of about 90%  (estimated from the amount 
of the precipitated R-e ster salt).

/^-citric acid-5-(5'-2-BOC-amino-2-carboxy- 
ethyl)-amide 1,31 -diethyl ester. To a solution of 
247 mg R-citric acid 1,3’-diethyl ester and 360 mg 
N,N,N',N’-tetramethyl(succinimido)uronium 
tetrafluoroborate (T SU ) in 10 ml dry dimethylfor- 
mamide 0.187 ml ethyl-di-isopropyl-amine were 
added drop by drop under vigorous stirring con­
tinued for 1 hr. The thus formed N-hydroxy-suc- 
cinimidyl ester was reacted under strict exclusion 
of H20  with 204 mg L-N2-BOC-2,3-diaminopropa- 
noic acid. A fter stirring for 24 hrs 50 ml H20  were 
added and the pH was adjusted to about 2.5 with 
0.1 m  HC1. The solution was extracted three times 
with 20 ml ethyl acetate each, the combined or­
ganic phases were washed with 10 ml ca. 0.01 m  

HC1, dried with Na2S 0 4 and freed from the 
solvent i.v. The remaining yellowish oil was chro­
matographed on Nucleosil-100 C 18 (5 |im), solvent
0.1%  trifluoroacetic acid -  acetonitrile (gradient
3 to 30%  acetonitrile), detection at 214 nm, giving 
50 mg of a colorless oil. 'H -N M R (CDC13; b ppm, 
mult.) 1.23, t; 1.25, t; 4.10, q; 4.22, q (ethyl groups);

2.72 and 2.85, superimposed multiplets (citric acid 
CH 2); 3.71, broad; 4.35, broad (C H 2-CH of diami- 
nopropanoic acid); 5.88, broad; 7.90, broad (a- and 
ß-NH); 1.41, s (B O C ).

/?-citric acid-5-(5-2-amino-2-carboxy-ethyl)-am- 
ide 1,3'-diethyl ester (3a). A mixture of 50 mg of 
the B O C  derivative, 0.1 ml 1,3-dimethoxybenzene 
and 5 ml trifluoroacetic acid were stirred for 
30 min at room temp. Volatile components were 
removed i.v., the oily residue was dissolved in a 
small amount of acetonitrile and chromato­
graphed as described above. To the fraction con­
taining 3a freed from solvent i.v., 2 ml H20  were 
added. Lyophilization gave 40 mg of a crystalline 
powder. [M + H ]+ (by FA B-M S) m/z 335. 'H - 
NM R (D 20 ;  b ppm, mult.) 1.18, t; 1.23, t; 4.10, q; 
4.20, q (ethyl groups), 2.80, A B ; 2.81, A B (citric 
acid CH 2); 3.72, broad; 4.19, broad (CH 2-CH of 
diaminopropanoic acid). 13C-N M R (D 20 ,  ö ppm) 
13.1, 13.1, 62.2, 63.1 (ethyl groups); 43.5, 44.0 (cit­
ric acid CH 2); 73.5 (citric acid C-3), 171.2, 172.2,
169.4 (CO  C -l, C -31, C-5), 174.5 (C O O H ); 116.0 
and 162.3, both q (C F 3C O O ) .

5-citric acid-5-(5'-2-amino-2-carboxy-ethyl)-am- 
ide 1,3’ -diethyl ester (3b) was synthesized and 
characterized analogously.

Results

Structure o f  1

Total hydrolysis with 6 m  HC1, TA P derivatiza- 
tion and GC-M S-analysis with a chiral column al­
lowed to identify the following compounds: 1,2- 
diaminoethane, citric acid (two peaks are observed 
which by comparison with a standard are the di- 
and tri-isopropyl ester), d -  and L-2,3-diaminopro- 
panoic acid 7:10 and a small amount of succinic

o  COOH

\  I
C — N H ----- C H ,------ C ...

/  \ " " H 
h 2c  n h 2

V 0H
/  ""COOH

h 2c

\
Q— NH---- CH2----- CH2----- NH------ C------CH2----- CH2----- C------COOH

0 o o

1
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acid. 2,3-diaminopropanoic acid (D ap) racemizes 
under acidic conditions (TAP-derivatization of the 
L-isomer gives d : l  1:10, after treatment with 6 m  

HC1 at 110 °C for 15 hrs 7.5:10, after 21 hrs. 1:1). 
A fter TA P derivatization following cleavage of 1 
with the enzyme pronase (Garner et al., 1974) a 
ratio d : l  of 0.5:10 was observed indicating that l -  

Dap is present in 1.
The colorless siderophore shows only one al­

most pH independant absorption maximum 
(pH 3.0: 206 nm, £ = 14800; pH 7.5: 211 nm, 8 = 
15300 M -1.cm-1) that can be attributed to 7i,jz*- 
transitions of carbonyl groups. Taking into account 
the components mentioned above the molecular 
composition of the [M + H]+-ion could be deter­
mined by ESI-M S as C 16H25N4O n (found 
449.1505, calc’d 449.1520) and confirmed by the 
exact mass of the [M + H -  H2O j+-ion (found 
431.1409, calc’d for C 16H23N4O 10 431.1414). Frag­
ment ions are formed only by the loss of up to
3 H20  and of C 0 2. The molecular composition 
amounts to one CO-unit more than obtained by 
the combination of citric acid, Dap, diaminoethane 
and succinic acid minus 3 H20  (formation of 3 am­
ide bonds). This suggests the presence of 2-ketog-

lutaric acid known to decompose under the condi­
tions of hydrolysis giving partially succinic acid.

A siderophore (staphyloferrin B ) consisting of 
these four components was isolated from various 
Staphylococcus spp. (Drechsel et al., 1993; Haag et 
al., 1994) and structure 1 had been proposed for 
it. The 13C-N M R data reported agree well with 
those (Table II) of the Ralstonia siderophore. 
However, several questions regarding the struc­
ture had remained open: Thus, amide formation at 
the carboxyl groups C -l and C-5 of citric acid had 
been assumed probably in analogy to other citrate 
siderophores, and the stereochemistry at C-3 had 
not been determined. Also, nothing is known 
about the structure of the Fe3+-complex.

For the discussion of the N M R data (for a de­
tailed description of the various techniques see 
Evans, 1995) the numbering ( 13C, Table II) and 
lettering ( ’H, Table I) given in Fig. 1 will be used. 
The chemical shifts observed agree well with those 
of reference compounds. In the H ,H -C O SY 
spectrum (solvent D 20 )  four separated spin sys­
tems can be recognized correlating geminal (2J ) 
and vicinal (V ) protons. Geminal protons can fur­
ther be identified by their '/ coupling with the

Table I. 'H-NMR spectroscopic data of 2, Ga-2 and differences AÖ between 2 and Ga-2 
H20 /D 20 , 5 °C, pH 7,0, 500 MHz.

Substructure^ Protona) 6 (2) (mult.b); J  [Hz]) Ö (Ga-2) A6 [6(Ga-2) -  6(2)]

cyc-Kgl A 2.63 (m) 2.64 0.01
B 2.51 (m) 2.57 0.06
C 2.43 (m) 2.36 -0 .07
D 2.06 (m) 2.03 -0 .03

Dae A 3.53 (m) 3.86 0.33
B 3.38 (m) 3.71 0.33
C 3.38 (m) 2.86 -0 .52
D 3.07 (m) 2.59 -0 .48
X 7.91 (b) 9.34 1.43

Cit A-l 2.68 (d; 14.6) 2.78 0.10
B-l 2.60 (d; 14.6) 2.59 -0.01
A -2 2.70 (dd; 1.5/14.5) 2.65 -0 .05
B-2 2.63 (dd; 1.8/14.5) 2.48 -0 .15

Dap A 3.89 (dd; 3.517.4) 3.79 -0 .10
B 3.88 (m) 4.36 0.48
C 3.55 (m) 3.39 -0 .16
X 8.14 (b) 7.66 -0 .48

NH, 6.78 (b) 3.99 / 4.79 -2 .79  / -1 .99

a) Numbers refer to Fig. 1.
b) Multiplicities are as follows: d doublet, dd doublet of doublets, m multiplet, b broad.
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Table II. 13C-NMR-spectroseopie data of 2, Ga-2 and the differences Aö between 2 and Ga-2. H->0/D->0, 5 °C, 
pH 7,0. 125 MHz.

Substructure3’ C-atoma) Ö 2 (Mult.)b) b Ga-2 A6 [6(Ga-2) -  6(2)]

cvc-Kgl 1 177.9 (s) 183.1 5.2
2 93.8 (s) 93.7 -0.1
3 33.2 (t) 34.6 1.4
4 30.5 (t) 31.3 0.8
5 179.8 (s) 179.1 -0 .3

Dae 6 41.1 (t) 41.9 0.8
7 40.9 (t) 40.4 -0 .5

Cit 8 173.8 (s) 174.3 0.5
9 46.0 (t) 48.2 2.2
10 76.4 (s) 77.4 1.0

101 180.6 (s) 183.8 3.2
11 45.8 (t) 50.1 4.3
12 174.8 (s) 176.8 2.0

Dap 13 41.1 (t) 42.0 0.9
14 56.5 (d) 56.0 -0 .5
15 173.6 (s) 179.8 6.2

a) Numbers refer to Fig. 1.
b) Multiplicities estimated by the DEPT-135-experiment are as follows: s singlet, d doublet, t triplet.

Dap

Cit

O COOH

\
BC

C — N H — CH2------C ..... *

• < « „ / “  13 “ V " HH2C 11 NH2

\ ^ 0H
10/ C 101 HO

/  COOH  
H2C 9

\ 8 7 6
C — N H ----- CH 2------ CH2------N'

AB-I

/

//0 BC AD

COOH

'CH2

-CH2
eye- Kgl

Dea

Fig. 1
Fig. 1. Numbering and lettering scheme for the 
discussion of the NMR data of 2.

same C-atom in the HM QC spectrum. M easure­
ment in H20/D 20  with H20  suppression, where 
the NH-signals can be seen, show in the H,H- 
C O SY  spectrum three further cross peaks belong­
ing to the Dae and Dap spin systems. Only for the 
free NH2-group of Dap the relaxation is too fast 
for a coupling with other nuclei. In the 13C- 
spectrum 16 signals can be observed whose multi­
plicity was determined with DEPT-135. C,H-corre-

lations were effected with the HMQC ('/-) and 
H M BC  (2J - and V-coupling).

Dap-system: The spin system (in D 20 )  A -BC  
(A B  3.6, AC 7.5 Hz, B C  14.8 Hz) is extended to 
an A -B C -X  system in H 20/D20 . A cross peak 
CH(A)/CO(15) completes the structure. O f im­
portance is the cross peak between the Dap-NH 
and C O (12) of the citric acid connecting Dap with 
one of the terminal carboxyl groups.
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Cit-system: The 4 quarternary C of Cit can be 
identified by their connections with the 2 CH 2- 
groups (showing geminal coupling of 14.4 and 14.5 
Hz, respectively). The small differences in chemi­
cal shifts of the CH2-groups demonstrate an un- 
symmetrically substituted Cit, though with similar 
residues.

Dae-system: The expected cross peaks allowed 
the identification of the signals corresponding to 
the various H- and C-atoms. O f importance is 
again the cross peak between the NH-signal and 
C O (8) of the citric acid showing that indeed the 
two terminal carboxyl groups are derivatized.

Kgl-system: The signals of the -CH2-CH 2-system 
can be identified and its connection with the free 
COOH-group can be established. It had been 
noted before (Drechsel et al., 1993) that the signal 
expected for the CO-group of 2-ketoglutaric acid 
(~ 200 ppm) was missing and that instead one at
96.4 ppm (corresponding to 93.8 ppm in Table II) 
could be seen. Coupling of the CH 2(A D ) protons 
of Dae with C (2) and C(5) (arrows in Fig. 2) show, 
that a lactam is formed (cf. Briskot et al., 1986). 
In aqueous solution the siderophore 1 practically 
completely exists as 2.

o  COOH

\ « ^  I
C — N H — CH2

COOH

H2C
.OH

H2C

V "
/  ""COOH

\ ..H
n h 2

COOH

>  ....
/  v v

Fig. 2. Cyclized structure 2 of 1 prevailing in aqueous 
solution (arrows indicate 'H, 13C-cross peaks in the 
HMBC spectrum).

Configuration o f  C-3 o f  the unsymmetrically 
substituted citric acid in 1

1 shows a positive Cotton effect at 217 nm 
(pH 5.0) and 215 nm (pH 6.0). The further course 
o f the absorption curve indicates a minimum at 
about 190 nm. In order to correlate the CD- 
spectrum with the configuration at C-3 of 1 the 
R- and 5-model compounds 3a and 3b had been

-N H - -CH 2-
...H

NH,
\

"COOEt

COOEt COOEt

3a 3b

synthesized. 3 contains 5-Dap so that its possible 
influence on the CD curve is accounted for. The 
additional chiral center of the amide ring in the 
cyclic structure 2 is probably irrelevant due to a 
fast equilibrium or a sterically non preferential 
ring formation. Comparison of the CD-curve with 
those of 3a and 3b shows a close approximation of 
the one of 1 with that of 3a (the Ä-model) suggest­
ing an 5-configuration at C-3 of the citric acid part 
of 1 (it should be noted that the R,5-nomenclature 
is a formal one and that the absolute configura­
tions regarding C-3 of the citric acid part of the 
molecules of R-3 and 5-1 are identical).

Complexing sites o f  2

Fe3+-complexes can not be investigated by 
N M R spectroscopy as a consequence of the para­
magnetism of the metal nucleus. G a3+ has compa­
rable molecular characteristics and hence G a3+- 
complexes can serve as reliable models. G a3+ 
forms a 1:1 complex with 2 (in the same way as 
Fe3+, see below) as determined by FA B-M S: G a3+ 
replaces 3 H +. Chemical shifts in the N M R spectra 
of the free ligand and the Ga-complex allow to 
recognize the binding sites. The complex forma­
tion is apparently not complete, the !H- and ,3C- 
N M R spectra show a superposition of those of the 
complex and of the free ligands as confirmed by
H ,H -CO SY-, H M Q C- and HMBC-measurements. 
The !H- and 13C-data of the Ga-complex can be 
found in Tables I and II. By the complexation pri­
marily the chemical shifts of the 13C-atoms of the 
binding sites are influenced. The observed ’H- 
shifts stem overwhelmingly from solvatation and/ 
or conformational effects (Tappe, 1995).

Shift differences in the ’H-spectra (see Table I) 
in the Kgl and Cit parts of the molecule are negli­
gible, they are evident, however, in the Dea and 
Dap parts. The increased differences in the chemi-
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cal shifts of the geminal CH2-protons indicate a 
conformational change and a rigid structure. The 
rather large shift differences of the NH-protons 
can be explained by different solvation due to con­
formational changes. For the 13C-spectrum of the 
Ga-complex the most significant shift differences 
are observed for the three carboxyl groups, which 
obviously are binding sites. For geometrical 
reasons the three other ligands necessary to form 
the octahedral complex are the free NH2- and 
OH-groups. The almost negligible influence on the 
shifts of the carbon atoms 2, 10 and 14 (Fig. 1) can 
be explained by the observation, that in the G a3+ 
complex the H-atoms are retained (Carrano et al.
1996) as indicated by its molecular mass (replace­
ment of 3 H+ from the carboxyl groups, see 
above). The protons of the Dap-NH2 group give 
two sharp signals in agreement with their fixed po­
sition caused by the complexation. The large shift 
differences especially of the C-atoms 9 and 11 of 
the citric acid part are due to steric strain: The 
relatively short Dap chain distorts somewhat the 
octahedral structure of the complex (Aö 4.3 ppm 
for C - l l ) ,  while the longer Dae-Kgl chain results 
in a less pronounced effect (Aö 2.3 ppm for C-9).

The Fe3+-complex o f  2

The Fe3+ complex of 2 shows a 1:1 stoichiometry 
as demonstrated by its molecular mass determined 
by FA B-M S (replacement of 3 H + by Fe3+). The 
UV/Vis spectrum shows at pH 7.5 a maximum at 
200 nm (e = 14500 M _1-cm_1) for the carbonyl 
jt,JT*-transition and a broad charge transfer band 
with a maximum at 320 nm (e = 1670). Changes of 
the pH are of small influence: pH 6.0 and 4.0 
198 nm (e = 14500) and 320 nm (e = 1650 nm). The 
positive Cotton effect corresponding to the charge 
transfer band indicates a A-configuration of ferri-
2 (Wong et al., 1983; Teintze et al., 1981).

Discussion

The structure of the siderophore of Ralstonia 
eutropha is that of staphyloferrin B; the configura­
tion at the central carbon atom of the citric acid 
part could be established as S (1). It forms 1:1 
G a3+- and Fe3+-complexes. In aqueous solution 1 
in free as well as in complexed form cyclizes to 2 
at least at neutral pH. The Fe3+-complex has A- 
conformation.

Thus, all three Ralstonia spp. produce citrate sid­
erophores. This is a further justification for the 
grouping together of the former Pseudomonas and 
Alcaligenes spp. It is interesting to note that the 
siderophores are produced also by completely un­
related microorganisms: Schizokinen from R. sola- 
nacearum  by Bacillus megaterium  and Anabaena 
sp. (Cyanobacteria), rhizoferrin from R. pickettii - 
though with opposite configuration -  by Rhizopus 
spp. and other Zygomycetes, and staphyloferrin B 
from R. eutropha by several Staphylococcus spp.

To expect a parallel biosynthetic behavior may 
not be unreasonable for relatively simple com ­
pounds as schizokinen or rhizoferrin (that bacteria 
and fungi produce the enantiomers of rhizoferrin 
may be an indication for an independant biosyn­
thesis). Staphyloferrin B is a comparatively com ­
plex molecule including two chiral centers and in­
corporating a not very common amino acid (Dap). 
Exchange of genetic material, a well-known pro­
cess with bacteria, should be considered for an ex­
planation.

Acknowledgement

This work was supported by the European Com­
mission D G  X II under the project “Cell factories 
for the production of bioactive peptides from Ba­
cillus subtilis and Pseudomonas” (B io 4 -C T 95- 
0176). The authors thank Dr. J. Lex for the X- 
ray analysis.



M. Münzinger et al. ■ Straphyloferrin B, a Citrate Siderophore of Ralstonia eutropha 875

Bergeron R. J., Xin M., Smith R. E., Wollenweber, M., 
McManis J. S., Ludin C. and Abboud K. A. (1997), To­
tal synthesis of rhizoferrin, an iron chelator. Tetrahe­
dron 53, 427-434.

Briskot G., Taraz K. and Budzikiewicz H. (1986), Sidero­
phore vom Pyoverdin-Typ aus Pseudomonas aerugi­
nosa. Z. Naturforsch. 41c, 497-506 and literature 
quoted there.

Budzikiewicz H. (1997), Siderophores from fluorescent 
Pseudomonas. Studies in Natural Products Chemistry
19, 793-835.

Budzikiewicz H., Münzinger M., Taraz K. and Meyer J.- 
M. (1997), Schizokinen, the siderophore of the plant 
deleterious bacterium Ralstonia (Pseudomonas) sola- 
nacearum ATCC 11696. Z. Naturforsch. 52c, 496-503.

Carrano C. J., Drechsel H., Kaiser D., Jung G., Matzanke
B., Winkelmann G., Rochel N. and Albrecht-Gary 
A. M. (1996), Coordination chemistry of the carboxyl- 
ate type siderophore rhizoferrin: The iron (III) com­
plex and its metal analogs. Inorg. chem. 35, 6429- 
6436.

Drechsel H., Freund S., Nicholson G., Haag H., Jung O., 
Zähner H. and Jung G. (1993), Purification and chem­
ical characterization of staphyloferrin B, a hydrophil- 
lic siderophore from Staphylococci. BioMetals 6, 
185-192.

Evans J. N. S. (1995), Biomolecular NMR Spectroscopy, 
Oxford Univ. Press, Oxford.

Garner M. H„ Garner W. H. and Gurd F. R. N. (1974), 
Recognition of primary sequence variations among 
sperm whale myoglobin components with successive 
proteolysis procedures. J. Biol. Chem. 249, 1513-1518.

Haag H., Fiedler H.-P, Meiwes J., Drechsel H., Jung G. 
and Zähner H. (1994), Isolation and biological charac­
terization of staphyloferrin B, a compound with sider­
ophore activity from staphylococci. FEMS Microbiol. 
Lett. 115, 125-130.

Khan M. A., van der Lelie D., Cornelis P. and Mergeay 
M. (1992), Purification and characterization of “alcali- 
gin-E” a hydroxamate-type siderophore produced by 
Alcaligenes eutrophus CH 34. Plant Pathogenic Bacte­
ria 66, 591-597.

Münzinger M., Taraz K., Budzikiewicz H., Drechsel H., 
Heymann P., Winkelmann G. and Meyer J.- M. (1999),
S,S-rhizoferrin (enantio-rhizoferrin) -  a siderophore 
of Ralstonia (Pseudomonas) pickettii DSM 6297 -  the 
optical antipode of R,R-rhizoferrin isolated from 
fungi. BioMetals 12, 189-193.

Schneider J., Taraz K., Budzikiewicz H., Deleu M., Tho- 
nart Ph. and Jacques Ph. (1999), The structure of two 
fengycins from Bacillus subtilis S499. Z. Naturforsch. 
54c7 859-866.

Schwyn B. and Neilands J. B. (1987), Universal chemical 
assay for the detection and determination of sidero­
phores. Anal. Biochem. 160, 47-56 .

Tappe R. (1995), Aufklärung der Primärstruktur eines 
Pyoverdins von Pseudomonas aeruginosa ATCC 
27853 und Bestimmung der räumlichen Struktur 
seines Ga(III)-Komplexes in Lösung als Modell für 
den Eisen(III)-Komplex. Dissertation, Univ. zu Köln.

Teintze M., Hossain M. B., Barnes C. L., Leong J. and v. 
d. Helm D. (1981), Structure of ferric pseudobactin, a 
siderophore from a plant growth promoting Pseudom­
onas. Biochemistry 20, 6446-6457.

Voss J., Taraz K. and Budzikiewicz H. (1999), A pyover­
din from the Antarctica strain 51W of Pseudomonas 
fluorescens. Z. Naturforsch. 54c, 156-162.

Wong G. B., Kappel M. J., Raymond K. N , Matzanke B. 
and Winkelmann G. (1983), Characterization of 
coprogen and ferricrocin, two ferric hydroxamate sid­
erophores. J. Am. Chem. Soc. 105, 810-815.

Yabuuchi E., Kosako Y., Yano I., Hotta H. and Nishiuchi 
Y. (1995), Transfer of two Burkholderia and an Alcali­
genes species to Ralstonia gen. nov.: Proposal of Rals­
tonia pickettii (Ralston, Palleroni and Doudoroff 
1973) comb, nov., Ralstonia solanacearum (Smith 
1896) comb. nov. and Ralstonia eutropha (Davis 1969) 
comb. nov. Microbiol. Immunol. 39, 897-904.


