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Abstract

Acid rain solubilises aluminum which can exert toxic effects on soil bacteria. The root nodule bad®rizmbium
leguminosarunbiovar viciae synthesises the hydroxamate siderophore vicibactin in response to iron limitation.
We report the effect of vicibactin on the toxicity of aluminum(lll) B leguminosarunand kinetic studies on

the reaction of vicibactin with Al(Ill) and Fe(lll). Aluminum (added as the nitrate) completely inhibited bacterial
growth at 25.M final concentration, whereas the preformed Al-vicibactin complex had no effect. When aluminum
and vicibactin solutions were added separately to growing cultures, growth was partly inhibiteg ikt f%al
concentration of each, but fully inhibited at a®/ final concentration of each. Growth was not inhibited ag3@

Al and 100uM vicibactin, probably reflecting the slow reaction between Al and vicibactin; this results in some
aluminum remaining uncomplexed long enough to exert toxic effects on growth, partlydi 28 and vicibactin

and fully at 50uM Al and vicibactin. At 100uM vicibactin and 50uM Al, Al was complexed more effectively

and there was no toxic effect. It was anticipated that vicibactin might enhance the toxicity of Al by transporting
it into the cell, but the Al-vicibactin complex was not toxic. Several explanations are possible: the Al-vicibactin
complex is not taken up by the cell; the complex is taken up but Al is not released from vicibactin; Al is released
in the cell but is precipitated immediately. However, vicibactin reduces the toxicity of Al by complexing it outside
the cell.

Introduction microorganisms. The biological mechanisms behind
the toxicity of aluminum are largely unknown, but it
Aluminum, the most abundant metal on earth, is may be taken up into the cell by pathways for other
now recognised as a serious hazard in the biosphere essential elements.
Many naturally acid soils have high levels of soluble Many bacteria have specialised mechanisms for
aluminum, particularly in subsoil horizons (Ritchie obtaining iron under aerobic, neutral conditions,
1995). Increases in soil acidity resulting from acid where iron solubility is very low, including secre-
rain also lead to increases in soluble aluminum, with tion of ligands (siderophores) for the solubilisation
consequent declines in crop yields, either as a direct and specific transport of Fe(lll) into the cell. Root
effect on the crop plant or through toxic effects on soil nodule bacteria produce hydroxamate siderophores
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under conditions of iron-stress (Carsoat al.
1992a,b, 1994, 2000)Rhizobium leguminosarum
biovarviciae WSM710 synthesizes a trihydroxamate
siderophore, vicibactin, a cyclic molecule contain-
ing three residues each of (R)-2,5,diaminé-&¢etyl-
N®-hydroxypentanoic acid (Nacetyl-NP-hydroxy-b-
ornithine) and (R)-3-hydroxybutanoic acid, arranged
alternately, with alternating ester and peptide bonds
(Dilworth et al. 1998). The synthesis of vicibactin by
R. leguminosarurd/SM710 at pH 6.8 is repressed un-
der high-iron conditions (2@M added iron) and de-
repressed under low-iron conditions (Q/51 added
iron) (Carsonet al. 1992a, 2000). Cells oR. legu-
minosarumWSM710, previously grown under low-
iron conditions, transport°Fe complexed to other
di- or tri-hydroxamates and citrate, as well as to vi-
cibactin (Carsoret al. 1994). However, cells grown
with 20 M added Fe(lll) failed to transpoR°Fe-
labelled vicibactin but did transpoR°Fe-citrate at

a very low rate. Vicibactin fromR. leguminosarum
WSM710 therefore fits the definition of a siderophore.
Iron-repressible outer membrane proteins (IROMPS)
are usually involved with recognition and transport
of Fe(lll)-siderophore complexes into bacterial cells
(Hughes & Poole 1989R. leguminosarurilVSM710
has three such proteins, which may be involved with
the recognition and uptake of iron-vicibactin.

Siderophores bind other metal(lll) ions such as
gallium, chromium and aluminum (Emery 1971). The
guestion arises therefore as to whether the similarity in
chemistry of Fe(lll) and Al(lll) may allow aluminum
complexed to siderophores to enter microbial cells. If
concentrations of Fe(lll) are low, excess siderophore
may be available to bind Al(lll). Watteau & Berthelin
(1994) showed that hydroxamate siderophores, pro-
duced by an ectomycorrhizal fungus, and Desferal
(desferrioxamine B) were effective at solubilising alu-
minum from soil minerals. The binding of aluminum
to Desferal has been investigated ustigl NMR by
Garrison & Crumbliss (1986). The complex of fer-
rioxamine B with Al(lll) appears to be significantly
weaker than the complex with Fe(lll) (Eveet al.
1989), as is generally the case for the binding of
ligands by these two metals.

Aluminum is taken up into cells by some iron
uptake pathways. For example Al and Ga&t-
substituted ferrichromes are transported by the fun-
gusUstilago sphaerogenéEmery and Hoffer 1980).
Davis et al. (1971) found that the production of
the siderophore schizokinen iBacillus megaterium
ATCC 19213 increased in response to aluminum (and

chromium) toxicity. Further, a hydroxamate-negative
mutant of this strain was more sensitive to aluminum
than was the wild type, but this sensitivity was re-
versed by addition of iron or Desferal to the growth
medium. Both observations suggest that the binding
of aluminum to the siderophore obviated its toxic
effects. Hu & Boyer (1996) found that, while in
B. megateriunthe siderophore transport receptor for
shizokinen was involved in aluminum uptake at low
aluminum concentrations (up to 37M), aluminum
uptake occurred by passive transport at higher con-
centrations (37QcM). The toxicity of aluminum that
accumulated via siderophore transport was not deter-
mined but, forB. megaterium370uM Al had little or

no effect on growth (Hu & Boyer 1996).

This paper reports the formation of an aluminum-
vicibactin complex and the ability of this siderophore
to protect cells oR. leguminosaruritVSM 710 from
aluminum toxicity.

Methods

Rhizobium leguminosarurbiovar viciae WSM710
was isolated in 1985 from a pea nodule from a
Japanese field by Dr JG Howieson (Centre for Rhizo-
bium Studies, Murdoch University, Western Australia)
(Carsonet al. 1992b). Cultures were grown in the
minimal salts medium of Brown & Dilworth (1975)
containing (g 11): 2-[N-morpholino]ethanesulfonic
acid (MES), 3.9; NHCI, 0.5; mannitol, 3.64;
MgSOy - 7H20, 0.25; NaCl, 0.2; CaGl 2H,0, 0.02.
Trace elements were provided by adding 0.5 Tldf

a solution containing (g1): N&;MoQy - 2H,0, 0.05;
B(OH)3, 2.5; MnCh-4H,0O, 2.0; CuSQ-5H,0,
0.24; CoC4 - 6H,0, 0.005; and ZnGl- 7H,0, 0.32.
Vitamins were provided by adding 0.5 mt} of a
solution containing (g11): thiamine, 1.0; calcium
pantothenate, 2.0; and biotin, 0.01. After autoclav-
ing the medium and cooling to below 50C, D-
glycerophosphate (16.5% w/v, 1 mtY) was added
aseptically.

To obtain iron-limited mineral salts medium, a
solution containing MES buffer, NACI and man-
nitol was passed at a flow rate of 2-3 ml min
through a column (20 cre 3 cm diameter) of Chelex-
100 ion exchange resin which had been well washed
with water. A stock solution £2000x final con-
centration) of the vitamin solution was also passed
through the Chelex column. Alternatively, concen-
trated stock solutions of the buffer (0.5 M MES),
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carbon source (0.5 M mannitol) and mineral salts were
passed through a CPG/8-hydroxyquinoline column
(Pierce Chemical Co., Rockford, Ill.) for iron removal
(Smith & Neilands 1984). Feglfrom a 20 mM stock
solution in 20 mM HCI was added to the medium (a)
to give a final concentration of 0.aM Fe. Addi- 05
tions of aluminum were from a freshly prepared and
filter-sterilised (Millipore 0.45:m pore size) 50 mM
solution of aluminum nitrate, AI(N€)3.

Cultures ofR. leguminosarurwere grown in 50 ml
medium in 250 ml conical flasks, shaken at 200 rpm
and at 30°C. A starter culture was grown for 72 h
to the start of the stationary phase and then asepti-
cally centrifuged at 5500 rpm for 30 min. The cells
were washed once with minimal salts medium, resus-
pended, and used to inoculate fresh medium, giving
a starting Olggo of 0.05. Growth was monitored
by measuring the apparent absorbance of cultures
(ODego) using Pye-Unicam SP6-450 or Beckman DU-
64 spectrophotometers, with dilutions such thatsgP -2 : L L L L L 4
was less than 0.5. Experiments carried out for Ta- 0 05 1 15 2 25 3 3.5
bles 1 and 2 were each carried out three times and
each experimentinvolved studies on duplicate cultures
grown from different starter cultures. Therefore the (b)
data for each set of growth experiments are means of
six individual experiments.

Iron-free and ferrated vicibactin and vicibactin
7101 (the non-acetylated form of vicibactin) were pu- 0.10
rified as described by Dilwortét al.(1998). The avail-
ability of pure vicibactin allowed small volumes of
vicibactin solution to be added in growth experiments
and avoided the possibility of complications from
adding culture supernatant solutions. The aluminum- <
vicibactin complex was formed by addition of excess <  0.06
aluminum [6-fold molar ratio of AI(N@)3] to the cul-
ture supernate under iron-free conditions. After 12 h
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to allow for its formation, the aluminum-vicibactin 0.041

complex was purified by benzyl alcohol extraction

(Neilands 1952), as for the iron complex (Dilworth 0.02 . . L S

etal.1998). 0 100 200 300 400
The concentrations of vicibactin in culture super- Time (min)

natants were determined using the ferric perchlorate g 1. Formation of the Fe(li) complexes of vicibactins and dis-
method (Carsoet al. 1992a) and a molar absorbance placement of aluminum from an aluminum-vicibactin complex by
of 1510 ML ecm™! at 450 nm (Carsomt al. 1994). iron. In (a) is shown the decrease in concentrations of vicibactin

- -~ : " ; (o) and vicibactin 7101d) with time after addition of ferric per-
The binding of Fe(lll) to vicibactin or vicibactin chlorate at 25°C. In (b) is shown the time course of increase of

7101 was studied by adding /smol Fe(ClQ;)3 and absorbance at 450 nm resulting from displacement of aluminum
100 umol HCIO4 to 1 umol siderophore in a fi-  from an aluminum-vicibactin complex by iron (3.3 mM) at 26.

nal volume of 1.5 ml and following the increase in
absorbance at 450 nm with time at 25. Final con-

centrations of Fe(lll) and vicibactin were 3.33 and
0.67 mM, respectively, and the pH was about 1.5.
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Table 1. Effect of vicibactin on aluminum toxicity t&. leguminosarunbv. viciae WSM710

Conditions 25uM All, vicibactin or Al-vicibactin 5 0uM Al, vicibactin or Alvicibactin
Doubling time  Final cell density Doubling time  Final cell density
h (ODe00) (h (ODgoo)

Control 5.8 0.69 5.5 0.72

Al alone no growth 0.04 no growth 0.05

Al-vicibactin complex 5.8 0.70 55 0.70

Vicibactin 5.8 0.76 5.5 0.73

Al plusvicibactin, 9.8 0.36 no growth 0.04

added separately

Doubling times are given for the exponential phases of growth; growth yields are those measured after 80—-100 h
growth.

Table 2. Alleviation by 100.M vicibactin of the toxicity toR. leguminosaruntov.
viciae WSM710 of 50 M aluminum

Conditions Culture doubling time  Final cell density
(h) (ODsg0)

Control 7.0 0.42

50 uM Al no growth 0.033

50 uM Al plus50 1M vicibactin no growth 0.042

50 uM Al plus100 M vicibactin ~ 11.8 0.40

Doubling times are given for the exponential phases of growth; growth yields are
those measured after 80-100 h growth.

The binding of Al(lll) to vicibactin was followed  Results

by measuring the concentration of the uncomplexed

vicibactin. Because the reaction of vicibactin with The rates of formation of the Fe(lll) complexes of vi-
Al(lll) is much slower than with Fe(lll), the concen- cibactin and the non-acetylated vicibactin 7101 were
tration of free vicibactin can be measured using the studied to determine if the lack of acetylation oA N
ferric-perchlorate reagent (10 mM, in 0.2 M perchlo- of N®-hydroxyornithine affected the rate of reaction.
ric acid) which reacts rapidly with the uncomplexed The formation of the Fe(lll) vicibactin complex from
vicibactin. Aluminum was added to a volume of cul- 3.33 mM Fe(lll) and 0.2 mM vicibactin is rapid, reach-
ture supernate containing a known concentration of ing completion in about 3 min at pH about 1.5 and
vicibactin. Samples were withdrawn at regular time 25°C. Plots of log [siderophore] against time were lin-
intervals, the ferric perchlorate reagent added, and ear for both vicibactin and vicibactin 7101 (Figure 1a).
the absorbance measured at 450 nm after a furtherThe values of the first order rate constaptlere sim-

15 min. The kinetics of binding of aluminum to pure ilar (0.901 mir? for vicibactin and 0.741 mint for
vicibactin was followed in the same way: for example, the unacetylated vicibactin 7101).

60 wmol Al(NO3)3 was added to 1@xmol vicibactin The formation of the aluminum-vicibactin com-
and 150umol glutamate buffer (pH 4.0) in a total plex was studied at 23C, under pseudo first-order
volume of 30 ml at 25 C. Final concentrations of Al conditions, with [Al(II)] in large excess, in culture
and vicibactin were 2 mM and 0.33 mM, respectively. supernate, glutamate buffer (pH 4.0) and in acetate
Samples were taken at 15 min intervals and analysedbuffers covering the pH range 2.0 to 4.9. Similar
for free vicibactin as described above. Other runs were results were obtained in all cases, confirming that
carried out at 25C between pH values 2.82 and 4.90, there are no complications from possible speciation
in acetate buffers, with concentrations of Al(lll) be- changes of Al(lll). In glutamate buffer at 2 mM [Al]
tween 1.5 and 6.0 mM, in order to establish the rate and pH 4.0, k = 258 x 102 min~! and k =
equation. In all kinetic experiments (Figure 1), the 129 min-! M~1, where the second order rate con-
error was of the order of 2%. stant le = k1/[Al]l. Two series of kinetic runs were



carried out, at 0.6 mM vicibactin and either 3 mM
or 6 mM [Al], in acetate buffers at various pH val-
ues in the range 2.0 to 4.9. Again, the reaction was
first order with respect to [vicibactin], with excellent
straight line plots of logD; — Dinfty) against time.
Values of the first order rate constant were generally
independent of pH from pH 2 to pH 4.6, over which
range the speciation of Al is largely unchanged, and
the mean value of the second order rate constaat k
13.0 min~! M~1, in excellent agreement with the re-
sult in glutamate buffers. Values of; lof increased
very rapidly as the pH is decreased below 2. Com-
plexes of mono- and divalent metal ions usually form
rapidly in agueous solution in a dissociative process,
with the rate-determining step being the dissociation
of a water molecule from the aqua complex. This step
is much slower for aquaM(lll) ions, in view of the
much greater polarising power of the cation, and so
reaction of these cations with ligands may occur asso-
ciatively, with second order kinetics, as observed for
the reaction between vicibactin and Al(lll). At lower
pH values the reaction is acid-catalysed.

In experiments with the aluminum complex of pu-
rified vicibactin and 3.3 mM [Fe(lll)] perchlorate at
pH about 1.2, Al(lll) was only slowly displaced by
Fe(lll), with ky = 4.3 x 103 min~! (Figure 1b).
This reaction is too slow to compromise the measure-
ments of free vicibactin with ferric perchlorate during
measurements of Al(l11) binding.

The effects of aluminum, the aluminum-vicibactin
complex and equimolar mixtures of aluminum and vi-
cibactin on the growth dR. leguminosarurd/SM710
were studied. Five different treatments were used in
each experiment: (i) a control, with no added alu-
minum or vicibactin; (ii) aluminum alone (25 or
50 uM AI(NO 3)3); (iii) the aluminum-vicibactin com-
plex (25 or 50 uM); (iv) vicibactin alone (25 or
50 uM) and (v) simultaneous addition of equimolar
concentrations of aluminum and vicibactin (2 or
50 uM final concentration of each reactant). To ensure
reproducibility across cultures of the effects observed,
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Fig. 2. Growth curves forR. leguminosarumWSM710 cultures
with aluminum, vicibactin and Al-vicibactin complexes. In (a), cul-
tures contained:of no aluminum or vicibactin;[{) 25 uM Al; (A)

25 1M Al-vicibactin complex; @) 25 uM vicibactin; () 25 M
vicibactin + 25 uM Al, added separately. In (b), cultures con-
tained: ¢) no aluminum or vicibactin;[{l) 50 uM Al; (4), 50 uM
Al-vicibactin complex; @, upper line) 5Q:M vicibactin; () 50 uM
vicibactin 4+ 50 uM Al.

ing the known molar absorptivity of 1510 M cm—1

each experiment for each specific set of conditions was foy ferric vicibactin (Carsoret al. 1994). The ab-

carried out using duplicate cultures established from

sorbance at 450 nm after 15 min was taken to be

separate starters and the whole set of treatments washe ‘free’ siderophore concentration. Total vicibactin
repeated three times. In addition, separate preparationgoncentration was estimated from the absorbance at

of vicibactin and the aluminum-vicibactin complex
were used for each experiment.

The concentration of the aluminum-vicibactin
complex was estimated from the difference between
Auss0 nm measured 15 h after the addition of iron and
Ass0 nmMmeasured 15 min after the addition of iron, us-

450 nm after the samples had stood overnight, when
all the aluminum had been displaced by iron. The dif-
ference between the 15 min and 15 h measurements
was used to calculate the approximate concentration
of bound aluminum. Replicates from individual ex-
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periments were in excellent agreement. From growth
curves such as those shown in Figures 2a and 2b,
the final OQypp and mean generation times calculated
from the log phase of growth are given in Table 1 for
one such experiment. The amount of aluminum added
as vicibactin complex was estimated as the amount
of vicibactin immediately unreactive towards Fe(lll).
The addition of the purified metal-free vicibactin alone
did not significantly alter the growth rate or final cell
yield of the cultures. Cells treated with the aluminum-
vicibactin complex at 25 or 5@M grew at the same

rate and reached similar final apparent absorbance val-

ues as did control cultures. Added aluminum (25 or
50 uM) completely inhibited growth in all cultures.
The effects of adding vicibactin and aluminum sepa-
rately at the start of the experiment depended on the
concentrations used. With 26M aluminum, the ad-
dition of 25 1M vicibactin significantly alleviated its
toxic effect (Table 1), restoring final cell yield (QB)

to approximately half that of the controls and giving
a doubling time of 9.8 h compared to one of 5.8 h
for the control. By contrast, addition of vicibactin
(50 uM final concentration) to cultures treated with
50 uM aluminum did not alleviate the toxic effects
even though the overall vicibactin:aluminum ratio was
the same as for the experiment with 2M each of
aluminum and siderophore.

The effects of adding separately an excess of vi-
cibactin (100uM final concentration) to the cultures
inhibited by 50M aluminum are shown in Figure 3
and Table 2. The toxicity of 5@&M aluminum was
clearly decreased by adding 1Q® vicibactin.

Discussion

The aims of this work were firstly to determine if
the siderophore vicibactin, produced B legumi-
nosarumBYV. viciae WSM710 under conditions of
iron deficiency, could bind aluminum, and secondly,
whether vicibactin would enhance or alleviate alu-
minum toxicity under such conditions. An enhance-
ment of toxicity would suggest siderophore-mediated
uptake of Al, while alleviation would indicate bind-
ing as a means of detoxification. The initial plan was
to compare aluminum toxicity to cells &t. legumi-
nosarumWSM710 grown under high- and low-iron
regimes, and therefore producing different concentra-
tions of vicibactin. An initial complication was the
need to grow cells at sufficiently low pH to keep
Al(lll) in solution. Another was the reproducible
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Fig. 3. Growth curves forR. leguminosarumVSM710 cultures
containing: ¢) no aluminum or vicibactin; [{) 50 uM Al; (A)

50 uM Al + 50 uM vicibactin; and ¢) 50 uM Al + 100 M

vicibactin.

achievement of sufficiently iron-limiting conditions at
pH 5.5 to derepress vicibactin synthesis, possibly be-
cause there is a sharp repression of vicibactin synthesis
as the pH falls from 5.5 to 5.0 (Dilwortét al. 1998).

Little is yet known about the regulation of the
genes for siderophore biosynthesis in the root nodule
bacteria, beyond the evidence that they must be iron-
repressed. However, these bacteria express several
outer membrane proteins in response to iron-limitation
(Reigh & O’Connell 1993; Carsoet al. 1994; Jadhav
& Desai 1994; Patedt al. 1994; Royet al. 1994; Fabi-
anoet al. 1995; Levier & Guerinot 1996), suggest-
ing that bacteria tightly control siderophore-mediated
iron acquisition. Very small changes in environmental
iron conditions could significantly affect siderophore
biosynthesis and uptake. Although the initial exper-
iments on the effect of added iron concentration on
aluminum toxicity were nominally carried out under
the same conditions, even small differences in exter-
nal iron concentration could have affected siderophore
production and/or uptake and subsequent aluminum
toxicity.

The trihydroxamate siderophore vicibactin binds
to aluminum, although at a much slower rate than
for Fe(lll). Aluminum is clearly toxic toR. legumi-
nosarumWSM710, but its complexation by vicibactin
alleviates rather than increases that toxicity. Indeed,
the preformed aluminum-vicibactin complex appears
to be non-toxic, although the Al:vicibactin stoichiom-
etry in preparations of the complex has not been



65

determined and may be less than the 1:1 ratio ex- mulates as a hon-toxic species. Even if the Al(lll) were
pected. Simultaneous addition of equimolar amounts released from the comple, it is unlikely to exert toxic

of Al(IlIl) and vicibactin also indicate that complex-
ation results in detoxification. The data suggest, how-
ever, that a solution of 26M Al and 25uM vicibactin

still has sufficient uncomplexed Al(lll) to exert toxic
effects on cells of WSM710; the residual uncom-
plexed Al(l11) from a mixture of 5q+M aluminum and
50 1M vicibactin appears sufficient completely to pre-
vent growth. However, excess of vicibactin (1oM)
(added to a culture containing 50M Al(lll) com-
plexed sufficient Al(lll) to permit growth.

Other examples of siderophores affecting alu-
minum toxicity can also be interpreted as detoxifica-
tion by complexation. Thus, the production of the hy-
droxamate siderophore schizokinengcillus mega-
terium ATCC 19213 protected against the toxicity of
both aluminum and chromium (Davist al. 1971).

Aluminum stress also increased schizokinen synthe-

sis; one explanation is that interference with iron up-

effects (Fliset al. 1993). This is because the intracellu-
lar pH of neutrophilic bacteria likB. megateriunand

R. leguminosarunis slightly alkaline (Booth 1985;
O’Hareet al. 1989), under which conditions the dom-
inant Al species is likely to be the insoluble Al(O4)
For R. leguminosarunWSM710, however, it is not
known if the aluminum-vicibactin complex simply re-
mains in the culture medium, is bound to the outer
membrane or in the periplasm, or is actually taken up
into the cytoplasm. As witB. megateriumaluminum

is unlikely to become toxic intracellularly for the same
reasons — lack of a release mechanism, and precipita-
tion of any released Al(lll) as Al(ORp)at the slightly
alkaline cytoplasmic pH. Resolution of these ques-
tions will require use of techniques sensitive enough to
establish the localisation of the aluminum-vicibactin
complex, inside or on the cell surface.

take or processing leads to increased siderophore pro-

duction, but it could also be argued that complexation
of schizokinen by aluminum lowers a perceived exter-
nal concentration and elicits further synthesis. With a
hydroxamate-negative strain (SK11)®fmegaterium
19213 that showed greater sensitivity to aluminum
than did the wild-type (Byergt al. 1967), addition

of either Desferal (1 mg mk) or iron (1 mg mi?)

to the growth medium reversed the toxicity of 10 to
200 uM aluminum. Addition of hydroxamate to the
SK11 strain under iron-limiting conditions did not
return the growth rate to that of the wild type. It there-
fore seems more likely that addition of hydroxamate
siderophore to the mutant strain SK11 in the pres-
ence of aluminum alleviates its toxicity by binding
the aluminum and making it unavailable to the cell

rather than by increasing growth through enhanced

iron uptake.

Complexes between siderophores and aluminum

(Emery 1971) can be transported into bacterial cells,
indicating that it is the conformation of the metal lig-

and complex and not the identify of the coordinated
metal that determines if it is transported. Thus, cells
of B. megateriunihave been shown to use the hydrox-
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