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Abstract

Based on a recent finding that an Apo8lum isolate ASP-1 possessing high 16S rDNA similarityMzospirillum
irakensewas able to degrade desferrioxamine type siderophores (Winkelmann et al. BioMetals 9, 78-83, 1996),
various members of the genégospirillumwere analyzed for their ability to degrade desferrioxamines. While

the desferrioxamine-degrading activity was absent or scarcely detectable in strAidgpoferum A. brasilense

A. amazonensalegradation activity seemed to be confined to the speiémkenseg KBC-1, KA3). Also the

identity of strain ASP-1 aA. irakensecould be confirmed by species-specific oligonucleotide hybridization, Inter-
LINE PCR fingerprinting and carbon source utilization pattern (BIOLOG) analysis. Products of desferrioxamine B
degradation were analyzed by analytical HPLC and HPLC/electrospray mass spectrometry. Using whole cells and
purified enzyme it was shown that the trihydroxamate desferrioxamine B (561 amu) is split at the N-terminal amide
bond yielding a monohydroxamate (MH219 amu) and a dihydroxamate (PFH861 amu) metabolite. A second
monohydroxamate (Mg 319 amu) resulted from Diafter splitting the acetylhydroxamate bond. Minor amounts

of a further dihydroxamate (D419 amu) originated from splitting the second amide bond in desferrioxamine B.

In addition to desferrioxamine B, several other linear and cyclic desferrioxamines and derivatives were degraded,
whereas desferricoprogen and desferri-ferrichrome were not degraded, indicating high substrate specificity of the
desferrioxamine hydrolase ifx. irakensespecies. A simple microtiter plate assay was developed which can be
used to phenotypically discriminate and identify species ofakensefrom otherAzospirillumspecies by their
characteristic feature of desferrioxamine degradation.

Introduction cur associated with roots of many plants (Ddbereiner
1992). Azospirillum species could be isolated from
We previously reported on the isolation of a novel root and soil samples all over the world and their
Spirillum-like bacterium that degrades ferrioxamine- favored carbon substrates are organic acids such as
type siderophores (Winkelmanet al. 1996). Due L-malate, succinate, pyruvate and — in some species
to 16S rDNA sequence similarity té\zospirillum — a variety of sugars and derivatives. Although-N
irakensewe suspected desferrioxamine degradation fixation and NI—]{ salts are commonly utilized as N
in further members of the genus Azospirillum, e.g. source, the use of N-containing carbon sources is not
A. lipoferum A. brasilense A. amazonenseThe well studied. As shown in the present investigation
genus Azospirillum represents non-nodulating mi- degradation of desferrioxamines results in the pro-
croaerophilic diazotrophic bacteria that frequently oc-
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duction of various products that serve as carbon and
nitrogen sources.

A. irakensehas been first isolated by Khammas
et al. (1989) from rhizosphere soil and roots collected
from rice fields in Irag. They are Gram-negative,
alpha-2 protoebacteria with a typically pleomorphic
shape (curved or vibroid in semisolid N-free medium
and spirillum-like in nutrient broth). Due to a po-
lar flagellum the movement is winding. Similar to
A. amazonensé readily grows on sugarsA. irak-
ensetogether withA. amazonenseRhodospirillum
centenurmand two not further classifiedzospirillum
sp. (DSM 4834 and DSM 4835) forms a phyloge-
netic cluster distinct from the other fodzospirillum
species A. brasilense A. lipoferum A. halopraef-
erensand A. largomobili§ (Xia et al. 1994; Ben
Dekhil et al. 1997). 16S- and 23S-rRNA-directed
phylogenetic oligonucleotide probes are available to
identify A. irakenseand the otheAzospirillumspp. by
DNA-hybridization (Kirchhofet al. 1997).

Siderophores in their iron-free form represent a
very uncommon C- and N-source. Moreover, most
siderophores are rapidly converted to the iron com-
plex form in the presence of iron-rich soils. Ferric
siderophores possess a remarkable chemical stability
and accumulate in the soil (Powelt al. 1983) prob-
ably due to the inability of hydrolytic enzymes to at-
tack the chelate backbone after complexing with iron.
However, ester-containing siderophores of the fusari-

by HPLC/electrospray mass spectrometry and a final
identification of the ASP-1 isolate &s irakensevas
performed by comparing its characteristic metabolic
and degradation properties with authentic strains of
A. irakenseand otheAzospirillumspecies.

Materials and methods

Strains and growth conditions

Cultures of A. lipoferum 59b, A. brasilenseSp7,

A. amazonens¥l (DSM 2789),A. amazonens¥6
(DSM 2787), andA. irakenseKBC1 were from the
stock of the GSF, (Neuherberg, Germany). Strains
DSM 4834 and DSM 4835 were from the Deutsche
Sammlung fur Mikroorganismen und Zellkulturen
(Braunschweig, Germany)A. irakenseKA3 was
kindly provided by Dr. Paul Kaiser (Inst. Natl.
Agronomique, Paris Gringnon, Francelzospiril-
lum ASP-1 was from the stock of the Dept. of
Micobiology & Biotechnology, Tuebingen, Germany
and was isolated as previously described (Winkel-
mann et al. 1996). All strains were maintained aer-
obically on potato-glucose-agar. Shake cultures for
desferrioxamine degradation were grown in minimal
medium containing per litre: #FHPOy - 3H,0 (13.5 g),
NaHPO; - H2O (6.1 g), MgSQ@-7H,O (0.2 @),
(NH4)2SO4 (2.37 g), Ca(NQ@)2-4H20 (0.1 g). Glu-

nine group have been reported to be Sp||t by funga| cose (12 ml of a 50% w/v-stock SOIUtion, autoclaved
esterases (Emery 1976) and pept|d|c ferrichrome_type Separately), vitamins (1 ml of a stock-solution contain-
siderophores have been shown to be degraded by bacing 10 mg biotin and 20 mg pyridoxol HCI per 100 ml,
teria of the Pseudomonas group (Warren & Neilands, sterile filtered) and trace elements (2 ml of a stock so-
1964, 1965; Villavicencio & Neilands 1965). Degra- lution containing per litre: BBO3 (0.56 g), MnSQ
dation of desferrioxamines possessing amide bonds(0-47 @), NaMQ -2HO (0.4 g), ZnSQ-7HO
(succinic acid-diaminopentane bonds) instead of pep- (48 mg), CuSQ-5H20 (1.6 mg), sterile filtered),
tide bonds have been first described by Castignetti Were added to the minimal medium after autoclaving.
and coworkers (Castignetti & Siddiqui 1990; DeAn-
gelis et al. 1993; Harwaniet al. 1997). The isolate
(DFB#5) analyzed by this group has been character- . .
ized as &Rhizobium lotilike organism and the enzyme Desferrioxamines were separated on a reversed phase

involved has been described as a serine protease (ZayzfOlumn (Nucleosil C18, 5_‘m’ 4> 250 mm, Grom,

et al. 1998). According to Castignetti and coworkers, '\€/Te€nberg, Germany) using an acetonitrile/water gra-
the proposed pathway of the ‘DFB hydrolase’ showed dient (6—40%) with 0.1% trifluoroacetic gmd (TFA)
complete degradation to monohydroxamates with ca- addedH':ngOtT_ Csollgi_?_ts' HPLC separatéon 'v;]/as run
daverine, succinic and acetic acid as hypothesized on a (LC- pumps, equipped with gra-

endproducts. Contrary to desferrioxamine B degra- ([j)ieptbcontré)ller and ?)utomatic samlpler rgShimadzu,
dation by theR. loti strain (DFB#5), Azospirillum uisburg, Germany). Detector wavelength was set at

irakensestrains revealed a different pattern of metabo- 229 nm Wh'c.h allowed tq detect peaks of desfemo_x—
lites (Winkelmannet al. 1996). Thus, in the current amines and its degradation products. Iron-containing

paper a detailed analysis of the degradation productsfernoxammes were detected at 435 nm.

HPLC separation



Siderophores

Desferrioxamine B (Desferd)] methanesulfonate salt
of desferrioxamine B) was kindly provided by Dr.
Schnebli, Novartis, Switzerland. Desferrioxamine
E, desferrioxamine Ekf desferrioxamine &t were
from the stock of the institute and were produced
as described earlier fror&treptomyces olivaceusi
2718 (Meiweset al. 1990). For comparison pur-
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guadrupole mass spectrometer API Ill equipped with
a pneumatically assisted electospray (ion spray) ion
source (Sciex, Thornhill, Canada). Aqueous samples
(1 mg mi?1) were injected at a continous flow of
5 ul min—1 using a medical syringe infusion pump
(model 22, Harward Apparatus, USA) and measured
in positive mode (orifice voltage 80 V). Tandem mass
spectra (MS/MS) were obtained by collision induced
dissociation (CID) of the molecular ions with argon as

poses also the non-degradable siderophores desferrizo|iision gas (50 keV). For online HPLC/electrospray
coprogen and desferri-ferrichrysin were used. These 555 spectrometry (LC-MS) an HPLC system con-

fungal siderophores are biosynthesizedNaurospora
crassaandAspergillus melleusespectively (Leong &
Winkelmann 1998).

Degradation assays

Minimal medium (20 ml) supplemented with glucose,

vitamines and trace elements was inoculated with one

colony of an 24 h-grown agar slant culture. After
growth overnight on a rotary shaker (120 rpm) at
25 °C, desferrioxamine B (0.15 mM) was added to
induce the desferrioxamine hydrolyzing activity. Cells
were grown further for 6 h, sedimented (6000 g),

sisting of a solvent delivery system 140 A (Applied
Biosystem, Weiterstadt, Germany), an injection valve
(Latek Eppelheim, Germany) and a Nucleosil C-18
column (100x 2 mm, 5um) (Grom, Herrenberg,
Germany) was connected to the electrospray interface.
A gradient of acetonitrile in water (6—40%) within
20 min containing 0.1% trifluoroacetic acid was used
at a flow rate of 20! min—1.

Phenotypic tests

Carbon source utilisation pattern analysis was per-
formed using the BIOLOG-GRisystem (Stager &

and resuspended in fresh medium without glucose but b5 /is 1992).

containing the desferrioxamines to be degraded.

Degradation of desferrioxamines was monitored PCR-fingerprinting

form culture supernatants by taking samples (1 ml) at
intervals (2, 4, 6, 24 h) and subsequent sedimentationThe genetic fingerprints of the bacteria were obtained
at 13 000 rpmin a microfuge. The supernatant (0.5 ml) using Inter LINE PCR according to the method of

was analyzed either directly by HPLC separation of Smida et al. (1996) modified by Kirchhofet al.
the desferrioxamines and their degradation products, (1997a).

or was photometrically determined as the residual fer-

ric complex at 435 nm in a UV/vis spectrophotometer
after addition of FeGl. Assays of desferrioxamine
degradation in microtiter plates was as follows: 110

of a desferrioxamine solution (10 mM) were pipet-
ted into wells containing 1001 cell suspension taken

Filter hybridization

PCR was performed using primers 317 and 939, which
flank the 23S rDNA segment complementary to the
23S rDNA directed probes (317!-6TG TCG GTT

from an induced overnight culture which had been sed- TGG GGT A-3; 939: B-AGT AGY GGC GAG CGA
imented, washed with fresh medium and suspended in A-3) following the conditions developed by Ludwig
minimal medium. After 24 h of incubation at 2& et al. (1994). With another PCR the whole 16S rDNA
degradation was monitored by measuring the resid- was amplified (primers according to Marchesial.

ual amounts of desferrioxamines by adding4l0of 1998). Both amplification products were dot-blotted
a FeC4 solution (20 mM). A red-brown color due to  on a positively charged nylon membrane under vac-
iron complex formation was seen when desferrioxam- uum using a 96-well manifold apparatus (Schleicher
ine was still present, while uncolored wells indicated & Schiill, Germany). The hybridization reaction was
complete degradation. carried out using2P-labelled oligonucleotides follow-
ing the procedure of Kirchhof and Hartmann (1992).
The temperature conditions were adjusted as shown in

Kirchof et al. (1997a). Autoradiography was used for
Electrospray mass spectra (ES-MS) and tandem getection.

mass spectra (MS/MS) were recorded on a triple-

Mass spectrometry
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% G+ C-content determination

The mean% G+C content of bacterial DNA was deter-
mined by the thermal denaturation method (Johnson
1998) and the melting profiles were recorded photo-
metrically. The% G-C content was calculated by the
equation of Owen & Lapage (1976).

Purification of desferrioxamine B-hydrolase

Cells from overnight cultures oA. irakensewere
collected by centrifugation (6000 g), broken by pass-
ing through a French Press and centrifugated again
(38 000 g). The supernatant (cytoplasma) was con-
centrated by ammonium sulfate precipitation between
45 and 80% saturation. The precipitated proteins
were resuspended in Na-phosphate (50 mM, pH 6.0)
containing 1 M ammonium sulfate and exposed to
hydrophobic interaction chromatography on Butyl
Sepharos® 4 Fast Flow (Pharmacia Biotech, Upp-
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Figure 1. Degradation of desferrioxamine B by differefizospir-
illum species followed by spectrophotometric determination of
residual ferrioxamine B in the culture medium after adding ferric

sala, Sweden). The active fractions were concentratediron.

by ultracentrifugation (Macrosep, 10 000 Da, Pall
Filtron, Dreieich, Germany) and transferred to Tris
buffer (20 mM, pH 9.5) by gelfiltration with Column
PD-10 (Pharmacia Biotech, Uppsala, Sweden). Anion
exchange chromatography on HiT&pQ (Pharma-
cia Biotech, Uppsala, Sweden) yielded highly active
fractions of ‘purified enzyme’.

Results

shown) revealed that of the two unidentified strains
DSM 4834 and DSM 4835 only DSM 4834 showed
desferrioxamine degradation, suggesting that DSM
4834 might be a close relative to tie irakense At-
tempts to establish a similar degradation assay based
on chrome azuroleS (CAS) discoloration failed due
to interference with medium constituents. Therefore,
the assay based on iron complex formation and UV
detection was superior when microtiter assays were

Time dependent desferrioxamine degradation studiesPerformed.

with whole cells of the variouszospirillumspecies
revealed thafA. irakenseKBC-1, A. irakenseKA3,
the ASP-1 isolate and an unidentified straf, sp.
DSM 4834, exhibited significant degradation activ-
ity of desferrioxamines, whereds lipoferumSp59b,
A. brasilenseSp7, A. amazonens&1l and A. sp.
DSM 4835 failed to shown degradation activity. In

the present investigation several degradation assays

were used. The first method was to follow degrada-
tion of desferrioxamine B using differe#zospiril-
lum species during 24 h of incubation by measuring
the residual desferrioxamine B by adding ferric iron
and measuring complex formation at 435 nm (Fig-
ure 1). WhileA. irakenseKBC 1 and strain ASP-1
showed rapid degradation with tim&, lipoferumand

A. brasilensewere inactive, as revealed by a constant
level of non-utilized ferrioxamine B. A further screen-
ing method for the detection of desferrioxamine (B
and E) degradation using microtiter plates (data not

In order to analyze the resulting degradation prod-
ucts of desferrioxamine B, time-dependent HPLC sep-
aration of culture supernatants was performed. Fig-
ure 2 shows a typical HPLC pattern of desferrioxam-
ine B degradation after O h, 4 h and 24 h of incubation
with whole cells ofA. irakenseKBC-1. Results were
identical with strains ASP-1 and KA3.

The upper HPLC chromatogram (Figure 2a) shows
undegraded desferrioxamine B at zero time (0 h).
Degradation after 4 h (Figure 2b) and 24 h (Figure 2c)
of incubation yielded several peaks which could be
identified as dihydroxamates (QFnd DH), mono-
hydroxamates (M and MH) and iron containing
ferrioxamine (FO). The latter increased with time due
to residual amounts of iron scavenged in the pres-
ence of added desferrioxamine B. The iron containing
ferrioxamine B is not degraded at all. The dihydroxa-
mates have already been identified as metabolites | and
Il (Winkelmannet al. 1996). The dihydroxamates rep-



DF

Detector Response (210 nm)
o

DF
FO
2
DH,
DH,
'
0_
: C
) MH,
MH, FO
0
0 10
Time (min)

Figure 2. Degradation of desferrioxamine B By irakenseKBC-1
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Figure 3. Electrospray mass spectra (ES-MS, positive mode) of (a)
ferrioxamine B and (b) desferrioxamine B.

resent intermediate forms that are metabolized during
further degradation and are no more detectable after
24 h of incubation with whole cells (Figure 2c).

Figure 3a and 3b represent electrospray mass spec-
tra of desferrioxamine B (DF) and iron containing
ferrioxamine B (FO), while Figure 4a-c show tandem
mass spectra (MS/MS) of the the main metabolites
during desferrioxamine B degradation from scans of
the HPLC/electrospray on-line measurements. Thus,
MS/MS of the parent dihydroxamate ions (MHn/z
361 and m/z 419) and the monohydroxamate ion
(MH* m/z 319) confirmed their identity. Fragmen-
tation of the parent dihydroxamate ion (M m/z
361) yielded a daughter peak at m/z 243 which is
obtained after splitting off a fragment (NHCH2)s-
NOH, m/z 118) at the N-terminal hydroxamate bond.
Further splitting at the C-terminal acetylhydroxam-

followed by HPLC. Cells were sedimented and samples of culture ate bond (acetyl, m/z 43) yielded a daughter peak
supernatants were taken at intervals and measured directly by HPLC gt m/z 200. A similar fragmentation (Figure 4b) was

at 220 nm. (a) desferrioxamine B (DF) at sero time, (b) and (c)
metabolites after 4 h and 24 h of incubation (QHDH,, MH, see
text). FO= ferrioxamine B (ferric form).

seen when the second dihydroxamate ¢Dias frag-
mented into two daughter ions (m/z 300, m/z 200),
resulting from splitting of the first-£118) and the
second £100) hydroxamate bond yielding fragment
(CO-(CH)2-COO~, m/z 100). Thus, fragmentation
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Figure 4. Electrospray mass spectra of metabolites from desfer-
rioxamine B degradation. (a) ES-MS/MS of dihydroxamate;DH
(b) ES-MS/MS of dihydroxamate DH (c) ES-MS/MS of monohy-
droxamate MH, d) ES-MS of monohydroxamate MH Mass spec-

tra were recorded by online HPLC/electrospray MS as described in
material and methods.

of the two dihydroxamate metabolites (pHDH>)

by tandem electrospray mass spectrometry gives ev-
idence for the existence of intermediate degradation
products.

We also detected two monohydroxamates @VH
and MH) which besides the ferric form (FO) accumu-
lated after complete degradation of desferrioxamine B
during 24 h of incubation (Figure 2c¢). These monohy-
droxamates are consistent with quasi molecular ions
of m/z 218 and m/z 319 respectively, as shown by ion
spray mass spectra in Figure 4c and 4d. While MH
represents a characteristic monohydroxamate metabo-
lite obtained after splitting off the N-terminal half of
DHj, MH3 represents a monohydroxamate metabo-
lite resulting form splitting of the acetylhydroxamate
bond of the dihydroxamate DHAS seen in the HPLC
chromatogram after 24 h of incubation, Mias the
major monohydroxamate product which accumulated
during further incubation (Figure 2c). A flow diagram
of desferrioxamine B degradation (Figure 5) illustrates
the results obtained by HPLC/electrospray mass spec-
trometry. Several low molecular weight products have
been included in this scheme which have not been ex-
perimentally determined but which are regarded as end
products that do not accumulate in the medium and are
metabolized by the cells.

Figure 6 shows desferrioxamine B degradation us-
ing a purified enzyme preparation which was obtained
after breaking off the cells and separating active frac-
tions from hydrophobic chromatography and ion ex-
change columns (Sepharose Q). While the upper chro-
matogram shows complete degradation after 30 min
of incubation at room temperature, the lower chro-
matogram shows intact desferrioxamine B in buffer
solution in the absence of the enzyme preparation.
Thus, the results with enzyme preparations resemble
the degradation pattern obtained with whole cells af-
ter 4 h of incubation, where the dihydroxamates are
still present. Besides desferrioxamine B also desfer-
rioxamine E was utilized as a substrate Ay irak-
ensestrains (data not shown). However, contrary to
the results obtained with linear desferrioxamine B,
the cyclic desferrioxamine E did not show any ac-
cumulation of degradation products, suggesting that
either rapid entrance of degradation products occured
or that degradation took place after internalization.
Also utilization of some ether-containing desferriox-
amine derivatives (kRtand Eg) was observed (data
not shown) which had been isolated earlier by directed
fermentation ofStreptomyces olivace(isleiweset al.
1990). Degradation of the two ether-containing desfer-
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Degradation of Desferrioxamine B
Desferrioxamine B m/z 561

HN- (CH,); =N —C— (CH)~ ¢~ N— (CH); —N — G —(CH);~ ¢—N—(CH), —N—C—CH,

OH O o] OH O o] OH O
MH, m/z 219 DH, (Metabolite I) m/z 361
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OH O o OH O 0 OH O
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OH O o OH O o] OH O

Figure 5. Scheme of desferrioxamine B degradation as revealed by HPLC and electrospray mass spectrometry.

rioxamine Ef and Eg indicated that the bulky ether suggested previously due to 16S rDNA homology
groups did not prevent attack by the desferrioxam- (Winkelmannet al. 1996). In order to further prove
ine hydrolase enzyme. This is an interesting finding its affiliation to the specieé. irakensewe compared
which supports the idea that the desferrioxamine hy- growth caracteristics and substrate utilization pattern
drolyzing enzymes tolerate some structural variations using the BIOLOG GI® system (data not shown).
of the desferrioxamine backbone. Interestingly, the In addition, various hybridization probes derived from
two fungal siderophores, desferricoprogen and des- 23S and 16S rDNA from othekzospirillumspecies,
ferrichrysin, were resistant to degradation (data not e.g. A. amazonenséA. brasilense A. lipoferumand
shown), indicating a high substrate specificity for des- A. irakenseproved the affiliation of the strain ASP-1
ferrioxamines inA. irakense While strains KBC-1 with A. irakenseand also Interline PCR fingerprinting
and KA3 were authenti@. irakensestrains, the re-  (Figure 7) was performed to corroborate the identifica-
lationship of the isolate ASP-1 té. irakensewas tion of ASP-1. The results (Table 1) showed that ASP-
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Table 1. Characterization ofzospirillumsp. isolates

Analysis KBC1 ASP-1 DSM 4834 DSM 4835

Growth in 1/2 DYGS + + + +

Growth in INFB semisolid ++ ++ +/— +/—

(no alkalization)

Growth in NFB semisolid +++ 4+ +/— +/—

Growth in LGI semisolid - - - -

Growth on 1/2 DYGS plates + + + +

Growth on Congored medium beige beige beige

BIOLOG-GN (from1/2DYGS) 100%Azospirillum 41% Sphingomonas 35% Xanthomonas
irakenseKBC1 paucimobilis campestris

%G+C-content 64.0 64.0 65.1 65.1

Hybridization: alfa-Proteobacteria (alf 1b, 16S)+ + + +

Hybridization: Azospirilla(AZO 23S) + + + +

Hybridization: A. amazonens@\A 23S) — - - —

Hybridization: A. brasilensgAB 23S) - — — -

Hybridization: A. irakensgAl, 23S) + + +/— +/—

Hybridization: A. irakensgAl, 16S) + + - -

Hybridization: A. lipopferum(AL, 23S) - — — -

Hybridization: Eubacteria(EUB, 16S) + + + +

InterLINE-PCR fingerprint (see Fig. 7) identical with KBC 1  different compared different compared

to KBC 1 to KBC 1

Nitrogen-free NFB and JNFB media were use as described by Doebereiner (1995). The DYGS growth medium was prepared

according to Rodriguest al. (1986)

E MH, DF
i~

(a2 MH,

Q

g DH,
2,

]

-1

§ FO || DH;
Q

(2]

°

a

A A
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Figure 6. Desferrioxamine B degradation after 30 min using puri-

Discussion

The desferrioxamine hydrolyzing activity is a char-
acteristic trait ofA. irakensespecies. Azospirillum

sp. DSM 4834, the only bacterium able to hydrolyze
desferrioxamines outside thfeirakensespecies, was
phylogenetically closely related (Ben Deklét al.
1997). AlthoughA. irakensehas similar diazotrophic
properties like all other members of the geda®spir-
illum, its degradative enzymes may be of advantage in
habitats where larger amounts of desferrioxamines are
produced. Desferrioxamine enrichment may occur in
the vicinity of soil-inhabiting Streptomycetes which
are well known producers of desferrioxamines. Also
members oErwinia and Pseudomonaare known to
produce desferrioxamines (Berretral. 1988; Meyer

& Abdallah 1980). However, as revealed from degra-

fied desferrioxamine hydrolase enzyme (upper chromatogram) and dation experiments, iron containing ferrioxamines are

in the absence of enzyme (lower chromatogram).

1is 100% identical t&\. irakensg KBC-1). Although

Azospirillumsp. DSM 4834 was different from ASP-1
andA. irakensen Biolog® -tests, oligonucleotide hy-
bridization and InterLINE PCR fingerprinting, it also
has the property of desferrioxamine degradation.

not substrates for degradation, suggesting that either
the transport systems or the degradative enzymes are
not able to recognize desferrioxamines after confor-
mational change by complexation with iron. Thus,
soils rich in iron may rapidly convert the desferri form

to the ferric form leaving little if any desferrioxam-
ines as substrates fér. irakense On the other hand,



Azospiillum irakense KBC 1 (DNA)
Azospirilium sp. ASP-1

Azaspirilum rakenss KBC1 (oells)

| Azospirilium amazonense Y1 (cells)
| Arospiniium amazonense Y1 (DNA)

Azospiniium sp. DEM 4835

| Burkholdena brasiansis M130

| 123 bp standard

Figure 7. Inter LINE PCR of various Azospirillum strains proving
the identity ofAzospirillumASP-1 withA. irakensestrains.

low-iron environments may represent a rich source of
desferrioxamines as substrates Aarirakensewhen
iron is limiting and producing Streptomycetes are
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foreign hydroxamate-like siderophores can readily be
utilized for iron uptake (Hartmann 1989; Hartmann
et al. 1992) in addition to their own iron scavang-
ing system (Bachhawat & Gosh 1987). Enzymatic
degradation of desferrioxamines starts by splitting the
N-terminal amide bond in desferrioxamines, resulting
in a monohydroxamate metabolite (MHand a di-
hydroxamate metabolite (DBl The existence of the
former has now been confirmed by mass spectrom-
etry. The second amide bond is also split resulting
into a further dihydroxamate metabolite (BH as
suggested earlier (Winkelmaret al. 1996). Inter-
estingly, an additional monohydroxamate metabolite
(MH2) accumulated which originated from splitting of
the acetylhydroxamate bond of the accumulating dihy-
droxamate (DH). Splitting of the acetylhydroxamic
bond seems to occur preferentially with the dihydrox-
amate metabolite (DY while the same bond in the
original trihydroxamate desferrioxamine B remained
intact during incubation.

The fact that cell-free extracts and purified en-
zyme preparation yielded similar dihydroxamates as
found with whole cells in short time experiments is
evidence for the existence of a single desferrioxam-
ine hydrolase that intracellularly attacks the amide
bonds in desferrioxamine B. However, when cyclic
desferrioxamine E or its ether-containing (3-oxa- 1,5-
diaminopentane) derivativesEand Egwere used as
substrates no degradation products could be detected
in the culture medium, although rapid and complete
disappearance of desferrioxamines from the incuba-
tion medium was observed. This suggests that degra-
dation of cyclic ferrioxamines occurs intracellularly
without release of breakdown products. It is interest-
ing to note that the bulky ether groups did not inhibit
ferrioxamine hydrolases from attack on the amide
bonds. Since desferrioxamines represent achiral non-
peptidic structures, the desferrioxamine hydrolases do
not require the recognition of amino acid side chains
as found in peptidases. Further studies are in progress
to characterize the isolated desferrioxamine hydrolase
enzymes.

present. Possibly, a tight association of both organisms Acknowledgements

is required. Whether or not the desferrioxamines are
natural or artificial substrates féx. irakenseremains
still an open question. The siderophore-mediated iron
uptake inA. irakensehas not been studied in detail.
However, it has been shown f@x. brasilense that

We thank Ursula Hagner and Nadja Fahrbach for ex-
cellent technical assistance with HPLC analysis and
degradation assays.
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