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Bacillus thuringiensis (ATCC 10792) produces a molybdenum reactive com-
pound (given the trivial name chelin) during growth on iron-deficient medium.
This compound accumulates in the culture medium in direct relation to the
amount of L-arginine added and reaches a maximum concentration 24 to 48 h
after the stationary phase of growth. Chelin absorbs light in the ultraviolet re-
gion with absorption maxima at 315 and 248 nm and minima at 284 and 240 nm.
Chelin reacts with Na,MoO,, but not with Mo,0 (H.0)?*, to form a bright
yellow molybdo-chelin complex which absorbs light with an absorption maximum
at 330 nm, a minimum at 288 nm, and shoulders at 255 and 400 nm. The differen-
tial absorption of molybdo-chelin versus chelin at 425 nm can be used to quantify
chelin. This differential absorbance is linear with increasing concentrations of
Na,;MoO, and was used to calculate the molar extinction coefficient of molybdo-
chelin at 425 nm (¢ ~ 6,200). Chelin binds MoO,*- to form a complex (molybdo-
chelin) which migrates as a single band and elutes as a single peak, during acryl-
amide gel electrophoresis and Sephadex G-15 gel filtration. Molecular weight
determinations using Sephadex G-15 gel filtration resulted in an estimated mo-
lecular weight of 550 for chelin and an estimated molecular weight of 760 for
molybdo-chelin. The peptide nature of chelin is indicated by its positive nin-
hydrin reaction on thin-layer chromatography plates and by the presence of
amino acids in acid-hydrolyzed samples. The major amino acid residues detected

were threonine, glycine, and alanine.

Molybdenum serves a catalytic function in
both nitrogenase and nitrate reductase and is a
required trace element for organisms growing on
either dinitrogen or nitrate as a sole nitrogen
source. The coordination chemistry of molyb-
denum in these enzymes is at present uncertain;
however, model compounds of molybdenum
organic complexes have been synthesized in
attempts to mimic the catalytic properties of
molybdenum in nitrogenase (5, 15, 16). One of
these complexes is formed by the coordination
of molybdenum to glutathione (16). Glutathi-
one and the molybdenum-containing peptide
isolated from nitrogenase (4) are the only pep-
tides known to coordinate molybdenum.

The preliminary characterization (7, 8) of a
low-molecular-weight molybdenum factor in-
volved in the in vitro restoration of nitrate
reductase in Neurospora crassa nit-1 (6, 10)
stimulated us to study the hypothesis that
microorganisms produce low-molecular-weight
molybdenum-coordinating compounds. An
analogous phenomenon is the microbial produc-
tion of small molecules called siderochromes,
which coordinate and transport iron (12, 13).

This paper reports the discovery of a compound
produced by Bacillus thuringiensis which coor-
dinates molybdenum.

MATERIALS AND METHODS

Organism and growth. Nutrient broth yeast ex-
tract medium was inoculated with a loop of a spore
suspension of B. thuringiensis (ATCC 10792) and
grown at 23 C for 18 h (8). Five milliliters of the
nutrient broth yeast extract culture were transferred
to 1 liter of the iron-deficient medium described
previously (9) which routinely contained 3 g of L-argi-
nine per liter. Cells were removed from the culture by
centrifugation at 10,000 x g for 20 min. The resulting
culture supernatant was used as a source of molyb-
denum-coordinating compound. Cell growth was de-
termined by measuring the absorbance at 600 nm.

Chelin assay. The increase in absorbance at 425 nm
after the addition of 0.05 ml of a 10-2 M Na,MoO,
solution to 1 ml of culture supernatant was taken as a
measure of chelin. Samples having an optical density
(OD) at 425 nm greater than 0.600 were diluted and
reassayed. No increase in absorbance at 425 nm was
observed when the same amount of Na,MoO, was
added to 1 ml of the sterile culture medium or when
the same amount of NaCl was added to culture
supernatant.
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Isolation of chelin. The procedure of Neilands (11)
for the isolation of ferrichrome was used as modified
below. Samples of culture supernatant were adjusted
to pH 9.0 with 1 N NaOH before the addition of
(NH,),SO, to make an 80% saturated solution (56.1
2/100 ml). The solution was adjusted to pH 6.5 and
the precipitate was removed by centrifugation before
extracting the supernatant with 0.1 volume of chloro-
form-phenol (1:1, vol/vol) for 2 min. The organic
phase was removed after separation by centrifugation.
At this stage, the molybdenum-coordinating com-
pound could be titrated out of the organic phase by
adding excess Na,MoO, in aqueous solution and 10
volumes of ethyl ether. However, this procedure
resulted in a product which contained phenol. The
preferred approach is to precipitate the compound out
of the organic phase by adding 2.5 volumes of ethyl
ether followed by washing the precipitate twice with
chloroform. The washed precepitate is soluble in
methanol and water and insoluble in acetone, chloro-
form, and ethyl ether. The molybdenum-coordinating
compound was further purified by Sephadex G-15 gel
filtration on a column (0.9 by 25 cm) using distilled
water as the developing solvent. The molybdenum-
reactive material eluted after the void volume as a
single peak. Purified material was used directly or
stored at —20 C to prevent microbial decomposition.

Acrylamide gel electrophoresis. Samples (100 ul)
were electrophoresed on 15% acrylamide gels (3) at 1.5
mA/tube for 1.5 h in 0.005 M tris(hydroxymethyl)-
aminomethane-glycine buffer, pH 8.3. Gels were
stained for molybdenum by incubating the gel for 20
min in 7 ml of 3.8 N HCI followed by the addition of
3.0 ml of dithiol reagent (1) and continued incubation
at 35 C for 40 min. The resulting green-staining
molybdenum band was stable for 1 month when
stored in 7% (vol/vol) acetic acid.

Thin-layer chromatography. Samples of the
Sephadex peak with and without molybdenum were
spotted on Eastman Chromagram standard silica gel
sheets and developed with isopropyl alcohol-water
(70:30) in the Eastman chamber plate apparatus. The
material was visulized by spraying with a solution of
either Na,MoO, (10-2 M), ninhydrin, or the dithiol
reagent used for the detection of molybdenum (1).

Hydroxylamine and amino acid analysis. The
molybdenum-reactive fractions from the Sephadex
G-15 column were concentrated and then hydrolyzed
under a nitrogen atomosphere in 6 N HCI for 3 h at
140 C. The resultant hydrolysate was analyzed for
amino acids using a Beckman amino acid analyzer.
Hydroxylamine was estimated by the procedure of
Yashphe et al. (17).

RESULTS

Production and isolation of chelin. The
presence of molybdenum-reactive compounds
in culture filtrates of B. thuringiensis was de-
pendent on the phase of growth and the concen-
tration of L-arginine added to the medium. The
reaction between Na,MoO, and components of
the culture filtrate was first detected in the late
exponential phase and was maximal 24 to 48 h
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after the onset of the stationary phase of growth.
No attempts were made to alter the basic
medium except an investigation of the relation-
ship between L-arginine concentration and the
yield of molybdenum-reactive component(s).
Increasing concentration of L-arginine added to
the iron-deficient medium (9) increased the
yield of molybdenum-reactive component(s)
(Table 1), as is indicated by the increasing
amount of OD,,s;-absorbing material. This ob-
servation led to the routine growth of B.
thuringiensis in media containing 3.0 g of L-
arginine per liter. Culture filtrates from 92-h
cultures (AOD,,; from 0.169 to 0.548) were used
as the source of chelin for the isolation and
characterization experiments described below.

Isolation of the compound from culture fil-
trates was attained by extraction into chloro-
form-phenol (1:1), precipitation by ether, and
Sephadex G-15 gel filtration. Approximately
25% of the chelin was recovered in the ether
precipitate. Chelin eluted from the Sephadex
column as a single peak and was used in the
chemical characterization studies. Thin-layer
chromatograms of this fraction developed in
isopropyl alcohol-water (70:30) revealed a major
ninhydrin-positive spot, R, = 0.7, which also
turned yellow if sprayed with a dilute solution of
Na,MoO,.

Molecular weight determination. An esti-
mation of the molecular weight of the chelin was
obtained by Sephadex gel filtration on G-15
(Fig. 1). The chelin eluted as a major peak with
a calculated molecular weight of 550. Molyb-
do-chelin, prepared by adding excess Na,MoO,
to chelin preparations, had a calculated molec-
ular weight of 760. The fractions which con-
tained molybdo-chelin were readily identified by

TaBLE 1. Effect of arginine concentration on the
production of molybdenum-coordinating
compound(s) by Bacillus thuringiensis®

: . Culture fil-
Time of . Cell density
gromth LiA;lgizgle of culture I?at;{plgs
*) ’ oglmre | NaMoo,
(AODm/ml)
72 0.5 6.99 0.065
3‘0 11.23 0.151
6.0 7.13 0.234
92 0.5 6.61 0.074
3.0 12.37 0.169
6.0 9.00 0.303

2 The amount of Na,MoO,-reactive compound(s) in
the culture filtrate was measured as the difference
between the absorbance at 425 nm in the presence and
absence of Na,MoO,.
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Fi6. 1. Molecular weight estimation of chelin and
molybdo-chelin on Sephadex G-15. The Sephadex
G-15 column was standardized using blue dextran,
flavin adenine dinucleotide (FAD), schizokinen puri-
fied from B. megaterium filtrates (9), and adenosine
monophosphate (AMP). Separate runs were made
using 413 nmol of chelin/0.1 ml in the presence and
absence of Na;MoO,. The elution profiles of chelin
and molybdo-chelin were determined spectrophoto-
metrically at 425 nm (with and without added
Na;Mo0,) and shown to be symmetrical.

their absorption of 425 nm and by the absence
of a significant absorption increase at 425 nm
after the addition of Na;MoO,. When a limit-
ing amount of Na,MoO, was added to the
chelin sample before sephadex gel filtration,
chelin and molybdo-chelin eluted in two dis-
tinct peaks. Molybdenum eluted with the larger
complex which absorbed at 425 nm and which
showed no significant increase in absorbance
at 425 nm upon the addition of Na,MoO,. The
increase in the molecular weight of molybdo-
chelin over chelin is indicative of complex
formation and suggests that 1 mol of MoO, 2
(163 daltons) reacts with 1 mol of chelin.
Special analysis of chelin. Aqueous solu-
tions of chelin are pale yellow and have absorp-
tion maxima at 315 and 248 nm and minima at
240 and 284 nm. Aqueous solutions of molyb-
do-chelin are bright yellow and have an absorp-
tion maximum at 330 nm, a minimum at 288
nm, and shoulders at 255 and 400 nm (Fig. 2).
Therefore, reaction of chelin with Na,MoO,
shifts the adsorption maxima and minima to
longer wavelengths and increases the absorption
between 310 and 525 nm. The increase in
absorption above 330 nm is greatly diminished
upon acid treatment (to pH 1.5). Titration of
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chelin with Na,MoO, demonstrated a linear
relationship between the increase in absorbance
at 425 nm and the concentration of Na,MoO,
(Fig. 3). At 425 nm the extinction coefficient of
molybdo-chelin was calculated as 6,200. A pre-
liminary infrared spectrum of chelin showed a
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Fi1e. 2. Absorption spectra of chelin in the pres-
ence and absence of sodium molybdate. The peak
tubes containing molybdenum-reactive material from
the Sephadex G-15 column were pooled. An aliquot
was diluted in distilled water and scanned in a Zeiss
DMR 21 spectrophotometer with water in the refer-
ence cuvette (bottom curve). The sample, containing
20 nmol of chelin (pH 6.5), was rescanned after the
addition of Na;MoO, (3.3 x 10~* M final concentra-
tion) to both the sample and reference cuvettes (top
curve). -
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Fi6. 3. Titration of chelin with sodium molybdate.
Purified chelin was diluted in distilled water and the
absorbance was measured as a function of the amount
of Na;MoO, added. The values reported are corrected
for dilution and the initial absorption of chelin at 425
nm (0.037).
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spectrum similar to the one reported for the
molybdenum peptide isolated from nitrogenase
(4). Addition of Na,MoQ, to the chelin sample
did not change significantly the infrared spec-
trum. Electron paramagnetic resonance spectra
of molybdo-chelin (2.2 umol/ml) showed no
significant signal in the g = 2.0 region when the
sample was maintained either at neutral or acid
pH indicating the absence of a MoV species.
The absence of MoV in molybdo-chelin is
further suggested by the observation that chelin
does not react with the MoV species,
Mo,0,(H,0),*2.

Acrylamide gel electrophoresis. To detect
molybdenum-reactive compounds in extracted
culture filtrates, a rapid technique using acryl-
amide gel electrophoresis was developed. Chelin
was extracted from the chloroform-phenol ex-
tract either by adding 10 volumes of ether and 1
volume of water, or molybdo-chelin was ex-
tracted by titrating the chelin out of the chloro-
form-phenol-ether phase with small volumes of
an aqueous solution of Na,MoO, (10-* M).
Disc gel electrophoresis (Fig. 4) of chelin re-
vealed a pale yellow band which when treated
with Na,MoO, produced an intense yellow
color. Electrophoresis of molybdo-chelin and
subsequent staining with the molybdenum-
specific dithiol reagent revealed two bands; the
slower band corresponded to the intense yellow
band observed before staining and the faster
moving band corresponded to the Na,MoO,
standard (treated in an identical manner to the
chelin). Both chelin and molybdo-chelin mi-
grated to the anode during these electropho-
resis experiments (pH 8.3) and thus are nega-
tively charged. This disc gel electrophoresis
method is a rapid technique for detecting mo-
lybdenum-reactive compounds and further
demonstrates that chelin forms a complex with
molybdenum.

Chemical analysis of chelin. Chemical anal-
ysis of purified chelin (Sephadex G-15 fraction)
indicates that this compound contains three
major amino acids residues (Table 2). Amino
acid analysis revealed the presence of threonine,
glycine, and alanine together with trace
amounts of other amino acids. We were unable
to detect basic amino acids in the sample.
Among the amino acids present in trace
amounts, phenylalanine was the only aromatic
amino acid. Hydroxylamine was not detectable
in the acid hydrolysate.

Biological activity of chelin. A possible role
for chelin in biological systems is the transport
of molybdenum into cells and/or the direct
involvement of molybdo-chelin as a component
of molybdenum-containing enzymes. The latter
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Fic. 4. Acrylamide gels of chelin and molyb-
do-chelin. Samples (100 uliters) were electrophoresed
as described in Materials and Methods. The gels dia-
gramed and designated by numbers 1 to 4 are as fol-
lows: (1) chelin extracted from the chloroform-phenol-
ether phase by water, unstained; (2) chelin extracted
from the chloroform-phenol-ether phase with 10-* M
Na;MoO,, unstained; (3) same as sample 2 except
stained for molybdenum; and (4) electrophoresis of
10-* M Na,MoO, (treated in an identical manner to
the NasMoO, used in the extraction of sample 2
minus the culture filtrate) stained for molybdenum.
Permanent records of the gels were made on Ekta-
chrome 35-mm film. Black and white positives of gels
3 and 4 are labeled as 3’ and 4', respectively. The yel-
low bands in gels 1 and 2 were not reproducible by this
photographic method and therefore are presented as
diagrams.

possibility is easily tested by the in vitro resto-
ration of reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH)-nitrate reductase
assay (6-8, 10). Attempts were made to substi-
tute molybdo-chelin for the dialyzable factor
donated by cell-free extracts of B. thuringiensis
to the in vitro restoration of NADPH-nitrate re-
ductase (8) in extracts of N. crassa nit-1. Mo-
lybdo-chelin did not restore NADPH-nitrate re-
ductase activity when added to preparations of
N. crassa nit-1 which were active in the restora-
tion of NADPH-nitrate reductase when mixed
with either acid treated xanthine oxidase or ex-
tracts of B. thuringiensis.

DISCUSSION

The evidence presented demonstrates that B.
thuringiensis produces a low-molecular-weight
peptide-containing compound which reacts
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TaBLE 2. Chemical analysis of acid-hydrolyzed

KETCHUM AND OWENS

chelin®
Analysis
Hydrolysis product (mol/mol of chelin)
1 2

Threonine 2.80 2.50
Glycine 2.14 1.95
Alanine 1.44 1.31
Other amino acids (each) <0.04 ND¢
Hydroxylamine 0 ND?

2 The peak tubes from the sephadex column (spec-
tra shown in Fig. 2) were pooled and concentrated
before acid hydrolysis in 6 N HCI at 140 C for 3 h.
Samples of the neutralized hydrolysate were analyzed
for hydroxylamine and amino acids and are expressed
as moles per mole of chelin (determined using emM
[chelin] = 6.2) in the sample. Two aliquots of the
same samples, which were equivalent to 270 and 45
nmol of chelin, respectively, were analyzed on a
Beckman amino acid analyzer.

®*ND, Not determined.

with Na,MoO, to produce a molybdenum-pep-
tide complex. Chelin is produced by B.
thuringiensis when it is grown on the iron-defi-
cient medium used for the production of schizo-
kinen by B. megaterium (9). Although the
mechanism is not understood, these organisms
produce more chelin or schizokinen, respec-
tively, when L-arginine is added to the growth
medium. Complex formation between chelin and
Na,MoO, is demonstrated by the decreased
mobility of molybdenum and its comigration
with chelin during electrophoresis, the elution
of molybdenum with the 760-dalton form of
chelin during Sephadex gel filtration, and by
the increase in the molecular weight of chelin
after reaction with Na,MoO,. The molecular
weight difference between molybdo-chelin and
chelin, and the titration curve for the reaction
of chelin with Na,MoO,, both indicate that 1
mol of chelin reacts with 1 mol of Na,MoO,.
Assuming that chelin reacts on a one-to-one
basis with Na,MoO4, the estimated molar ex-
tinction coefficient for molybdo-chelin, based
on moles of Na,MoO4, was calculated to be
6,200 at 425 nm. The peptide nature of chelin is
demonstrated by its reaction with ninhydrin on
thin-layer chromatography plates and by the
amino acid analysis which demonstrates the
presence of threonine, glycine, and alanine as
the major amino acid residues of chelin. The
other amino acid residues, detected in trace
amounts, are presumably due to sample con-
tamination. The strong absorption band at 248
nm observed in aqueous solutions of chelin is in-
dicative of the presence of an aromatic moiety.
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Further investigations are in progress to deter-
mine the nature of the aromatic material and to
determine if this absorption is due to an inade-
quacy in the purification procedure or if it is due
to the presence of an aromatic moiety bound to
the chelin peptide.

The isolation of chelin is the first demonstra-
tion of the production and excretion of a molyb-
denum-coordinating peptide by a microorga-
nism. Interest in the existence of such com-
pounds has been stimulated by the genetic
experiments (14) on the Aspergillus nidulans
NADPH-nitrate reductase (EC 1.6.6.2) and the
in vitro restoration of NADPH-nitrate reduc-
tase in N. crassa nit-1 (6-8, 10). These investi-
gations suggest that molybdenum-containing
enzymes possess a ‘‘molybdenum cofactor”.
The chelin will not replace cell-free extracts of
B. thuringiensis (8) in the in vitro restoration of
NADPH-nitrate reductase. Chelin has proper-
ites which are also different from the molybde-
num-peptide isolated from nitrogenase (4). The
molybdenum-peptide is larger than chelin, con-
tains different amino acid residues, and yields a
paramagnetic Mo species (identified as MoV)
upon acid treatment (4).

Although the chemistry of the coordination of
molybdenum to chelin has not been deter-
mined, it is interesting to note that chelin
coordinates the highest oxidation state of mo-
lybdenum. Molybdate is the form of molyb-
denum prevalent in aqueous environments,
since the lower oxidation states of molybdenum
(III, IV, V) are air sensitive (2). Therefore, one
would expect organisms to produce compounds
which coordinate molybdate and not lower
oxidation states of molybdenum if such coordi-
nation complexes were necessary for growth.
Chelin meets this expectation since it com-
plexes with the anion molybdate and not the
cation, Mo,0,(H,0), *2. The oxidation state of
molybdenum does not appear to change during
complex formation since no paramagnetic mo-
lybdenum electron paramagnetic resonance sig-
nal was observed indicating the absence of a
single MoV atom in the complex. The presence
of a nonparamagnetic di-molybdenum species
in molybdenum-chelin is tentatively ruled out
because of the one-to-one stoichiometry of the
reaction.

The characteristics of chelin make this com-
pound more analogous to the siderochromes
than to a component of molybdo-enzymes. Like
siderochromes, chelin is excreted into the me-
dium and coordinates a trace metal necessary
for growth under specific conditions. Since sid-
erochromes are involved in the transport of iron
(13), it is possible that chelin may serve a
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transport function for molybdenum in B.
thuringiensis. Even though the physiological
role of chelin is as yet undetermined, chelin is
of significant interest because it can serve as a
model for studying the coordination chemistry
of molybdenum in a naturally occurring peptide
which lacks sulfur-containing amino acids.
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