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ABSTRACT.-A siderophore, pseudomonine, and sodium salicylate were isolated from the 
culture broth of iron-deficient cultures of Pseudomonasflrtwescens AH2 isolated from the surface of 
spoiled Nile Perch from Lake Victoria. 

Microbial siderophores, iron-chelat- 
ing metabolites expressed as a conse- 
quence of a deficiency of this element, 
have been studied thoroughly (1,2). Al- 
though the majority of studies are con- 
cerned with pathogenic or soil-inhabit- 
ing bacteria, there has recently been an 
increased interest in marine microorgan- 
isms, inasmuch as contemporary evidence 
indicates that iron availability controls 
microorganism productivity and biomass 
in the marine environment (3). 
Siderophores are produced both by open- 
Ocean bacteria (4,5) and phytoplankton 
(6,7). The presence of a siderophore with 
exceptionally high iron affinity isolated 
from Alteromonas luteoviolaceae from olig- 
otrophic and coastal waters has led to the 
suggestion that this feature provides a 
competitive advantage over other micro- 
organisms (5-8). Siderophores from ma- 
rine bacteria associated with plants, ani- 
mals (9) ,  and sediments (10-12) are less 
effective probably because of easier access 
to iron from the substratum (13). Al- 
though similar considerations may apply 
for freshwater ecosystems, the scarcity of 
chemical investigations precludes firm 
conclusions. 

We wish to report the isolation and 
structure elucidation of an unusual 
isoxazolidone-imidazole alkaloid with 

siderophoric activity from cultures of the 
fluorescent Pseudomonas juwescens (strain 
AH2) isolated from spoiled Nile perch 
(Lates niloticus) from Lake Victoria (14). 
Under iron limitation, this strain pro- 
duces siderophores and inhibits growth 
of a number of bacteria (1 5 ) .  

Repeated fractionation of the fer- 
mentation broth gave pure pseudomonine 
with the molecular formula C,,H,,N,O, 
corresponding to 10 sites ofunsaturation. 
The structure was derived from analysis 
of the 'H- and l3C-nmr spectra (HMQC, 
HMBC) in different solvents. The base 
peak in the mass spectrum at n l z  120 
characteristic of salicylic acid derivatives 
indicated the presence of the C-1-C-7 
fragment supported by long-range cou- 
plings and the spin-systems of the aro- 
matic protons. Comparison with 'H- and 
13C-nmr spectra ofauthentic salicylamide 
identified this fragment as an N-substi- 
tuted salicylamide previously found in 
siderophores (16-18). Of the remaining 
three aromatic carbon atoms, two (1 3 5.3 
and 118.2 ppm) had protons with very 
small coupling constants (JHH<0.5 Hz) 
attached and exhibited C-H coupling 
constants of 228 and 200 Hz, respec- 
tively, indicating the presence of an imi- 
dazole ring. The long-range couplings, 
thecouplingpatternofH-15-H-16 with 
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magnetic non-equivalent H-15 protons, 
and comparison with the n m r  spectra of 
authentic histamine, confirmed the pres- 
ence of an o-N-substituted histamine 
fragment as in the anguibactins (9). This 
left two sites of unsaturation, pinpoint- 
ing the remaining carbonyl group to a 
ring system.The chemical shifts, spin- 
spin pattern and long-range couplings 
identified a CH,-CH(0)-CH(N) fragment 
as part of a cyclothreonine ring incorpo- 
rating (long-range coupling between H- 
15 and C-10) the o-N-histamine nitro- 
gen. The relative stereochemistry around 
the C-9 to C-11 bond was tentatively 
assigned as trans (i.e., as derived from 
allo-threonine) by comparison of the cou- 
pling constant (10.9 Hz) with those re- 
ported (19) from the cyclothreonines 
(Jc,s=7.0 Hz and J,,,,=8.7 Hz in D,O). 
The synthesis of pseudomonine and elu- 
cidation of its absolute stereochemistry 
are underway and will be published else- 
where. 

Sodium salicylate, identified by com- 
parison with an authentic sample, was 
present in the broth from P. fluorescens. 
TheChrome-Azurol-S(CAS)reaction(20) 
indicated both compounds to have low 
siderophoric activity in agreement with 
the hypothesis of iron availability from 
the substratum (13). The microbial in- 
teraction mediated by iron sequestering 
systems of different iron affinities is well 
studied in the rhizosphere where the 
siderophores of fluorescent pseudomonads 
are believed to play a role in plant protec- 
tion (21). Because Pseudomonas spp. are 
frequently isolated from fresh and spoiled 
fish of marine and fresh-water origin, a 
similar mechanism might be operative 
here. The present compounds have no 
chemical relationship to the catecholic 
siderophores from fresh-water aeromonads 
(22), but pseudomonine incorporates an 
N-aroylthreonine like the uraumycins 
produced by a Streptomyces sp. isolated 
from an unidentified marine sponge (23). 
The salicylamide moiety is encountered 
in pyochelin and the aeroginoic acids of 

terrestrial Pseudomonas flumescens strains 

During extraction and fractionation, 
several CAS-reactive fractions were en- 
countered. Although pseudomonine is 
iron-chelating, other siderophores are 
likely to be produced and contribute to 
the antagonistic activity of the strain. 

EXPERIMENTAL 

(24). 

GENERAL EXPERIMENTALPROCEDURES.-M~SS 
spectra originated from a JEOL JMS-HWHX 
llOA tandem mass spectrometer. Nmr spectra 
were recorded on Bruker 600 MHz and 250 MHz 
instruments. 

MICROBIAL MATERIAL.-Pseudomonas $u- 
orescens AH2 was isolated from spoiled iced Nile 
perch from Lake Victoria (14). This strain pro- 
duced siderophores as determined on Chrome- 
Azurol-S-agar (20). The isolate produced 
siderophores on all substrates tested (asparagine- 
sucrose, M9 with glucose and casamino acids, and 
CAS basal medium), as opposed to other Pseuhmo- 
MJ strains that were often negative in the CAS 
basal medium. 

EXTRACTION AND IsoI.ATION.-The strain 
was grown in aerated (150 revimin) asparagine- 
sucrose broth (25) at 25' for 4 days where the 
siderophoric activity was high according to the 
spectrophotometric CAS assay (20). The culture 
was harvested bycentrifugation(10,OOOXgfor 15 
min) and toluene (5 mliliter supernatant) added to 
avoid funher growth. The broth (1.5 liter) ad- 
justed to pH 4.5 with phosphoric acid was thor- 
oughly centrifuged, the excess sucrose (ca. 30 g) 
was eliminated by XAD chromatography (Merck 
XAD 4, elution with H,O), and the crude alkaloid 
eluted with EtOH. Further fractionation (Merck 
RP-8), isocratic elution MeCN/H,O in varying 
proportions with 0.1% TFA added) afforded 
pseudomonine (9 mg). One chromatographic frac- 
tion contained sodium salicylate identified by 
comparison ('H, 13C nmr, ir) with an authentic 
sample. 

Pseudomonine Ell.-Amorphous brownish 
solid; [(Y)D -80.0' ( ~ 0 . 0 4 1 ,  H,O); uv (H,O) A 
max(1og E) 298 (3.36), 237 (3.95), 203 (4.40) nm; 
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Position 

1 . . . . . . . . . . . . .  
2 . . . . . . . . . . . . .  
3 . . . . . . . . . . . . .  
4 . . . . . . . . . . . . .  
5 . . . . . . . . . . . . .  
6 . . . . . . . . . . . . .  
7 . . . . . . . . . . . . .  
9 . . . . . . . . . . . . .  
10 . . . . . . . . . . . .  
11 . . . . . . . . . . . .  
12 . . . . . . . . . . . .  
15 . . . . . . . . . . . .  

16 . . . . . . . . . . . .  
17 . . . . . . . . . . . .  
18 . . . . . . . . . . . .  
20 . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

TABLE 1. 'E 

8,' 

161.1 
118.5 
135.3 
120.3 
129.2 
116.5 
171.1 
59.5 

169.1 
79.9 
17.2 
45.1 

23.6 
132.6 
118.2 
135.3 

6.92 (dd, 8.5, 1.1) 
7.40 (ddd, 7.5,8.2, 1.5) 
6.90 (ddd, 8.0,7.3, 1.1) 
7.78 (dd, 8.0, 1.5) 

4.62 (d, 10.9) 

4.55 (dq, 10.9, 5.9) 
1.46 (q, 5.9) 
3.99 (td, 6.5, 14.5) 
3.89 (td, 6.5, 14.5) 
3.10 (d, 6.5) 

7.38 (d, <0.5) 
8.62 (d, c0.5)  

158.1 
120.9 
135.4 
118.0 
129.6 
116.9 
170.7 
59.2 

168.4 
79.5 
16.9 
44.7 

22.5 
130.9 
117.6 
134.2 

'In CD30D, chemical shifts relative to the solvent resonances at 6,47.07 and 6,3.3 
D,O, chemical shifts relative to dioxan (8,64.7). 

162.9 
165.8 
160.8 

142 

153 
128 
143 

133 

200.4 
227.6 

hreims EM]' mlz 330.1330 (CL6HI8N4O4, A +0.6 
ppm); 'H- and "C-nmr data, see Table 1; selected 
'H-nmr data from DMSO-d, solution: OH, 12.00 
ppm, br; "-19, 13.75 ppm, br; "-8, 9.10 
ppm,J=8 Hz; 'H-nmr data from D,O solution 
relative to Me,CO (8, 2.225): 8 6.96 (lH, d, 
J=8.3 Hz,H-2),7.45 (lH,dd,J=7.8and8.3 Hz, 
H-3), 6.97 ( lH,  d d J z 7 . 4  and 7.8 Hz, HA), 7.69 

4.61(1H,brs,H-ll),1.43(1H,brs,H-12),3.86, 
3.96 ( lH,  dd,J=6.3 and 14.8 Hz, H-15), 3.08 

( lH ,  s, H-20); HMBC data for 1 in D,O: (a) 
Salicylamide moiety: two CH (8,6.96-6.97) ex- 
hibited long-rangecouplings with 8,129.6,158.1; 
CH (7.45) with 158.1, 129.7, 116.9; CH (7.69) 
with 170.7, 158.1, 135.4. (b) Histamine moiety: 
CH (8, 134.2) exhibited long-range couplings 
with 8, 130.9, 117.6; CH (7.32) with 8, 134.2; 
CH, (3.08) with 8, 130.9, 117.6,44.7, CH, (8, 
3.86+3.96) with 8, 168.4, 130.9. (c) Cycle 
threonine moiety: two CH (6, 4.61) exhibited 
long-range couplings with 8,170.7,168.4,16.9. 
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