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The pathway of pulcherriminic acid synthesis in Bacillus subtilis strains AM
and AM-Li1 (a leucine-requiring auxotroph) was investigated. Determinations
of radioactivity in pulcherriminic acid synthesized by cells growing in media
containing "C-labeled amino acids indicated that B. subtilis produced pulcher-
riminic acid from L-leucine. The organism utilized the carbon skeletons of two
L-leucine molecules to synthesize one molecule of pulcherriminic acid. Similar
results were obtained with starved cell suspensions. Growing cells formed sig-
nificant amounts of pulcherriminic acid only in media including a carbohy-
drate such as starch. However, carbohydrate carbon was not required for the
synthesis of pulcherriminic acid molecules. Data obtained with cell suspensions
supported the hypothesis that cyclo-L-leucyl-L-leucyl is an intermediate in pul-
cherriminic acid biosynthesis and indicated that molecular oxygen is required
for the conversion of cyclo-L-leucyl-L-leucyl to pulcherriminic acid. A pathway
for the synthesis of pulcherrimin from L-leucine in B. subtilis is proposed.

A number of bacteria and the yeast Candida
pulcherrima produce the red pigment pulcher-
rimin when growing in media containing ferric
salts (3-7, 9-11, 15-17). Studies with a pul-
cherrimin-producing strain of Bacillus subtilis
(10) showed that the pigment is the product of
a nonenzymatic reaction between iron present
in the growth medium and pulcherriminic acid
excreted by the cells (Fig. 1). Pulcherrimin was
characterized as a ferric chelate or salt of pul-
cherriminic acid (2,5-diisobutyl-3,6-dihydrox-
ypyrazine-1, 4-dioxide or a tautomeric form of
this compound), as briefly reviewed in a pre-
vious publication (10).
The physiological function of these cyclic

molecules is not known. Kupfer, Uffen, and
Canale-Parola (10) concluded that the nonen-
zymatic formation of pulcherrimin from pul-
cherriminic acid is a fortuitous event de-
pending on the availability of iron in the envi-
ronment, and has no readily apparent effect on
cell metabolism. Thus, pulcherriminic acid,
rather than pulcherrimin, may be considered
the pyrazine compound of biological signifi-
cance. The metabolic steps leading to the syn-
thesis of pulcherriminic acid in C. pulcherrima
were studied by MacDonald (12). He found
that pulcherriminic acid was derived from L-
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leucine and that cyclo-L-leucyl-L-leucyl was an
intermediate.
Growing cells of aerobic sporeforming bac-

teria produce pulcherrimin in media including
amino acids and a carbohydrate such as starch
(5, 10, 15, 16). It was observed that, when the
carbohydrate was omitted from the medium,
only a trace amount of pigment was formed,
even though the final cell yield was not signifi-
cantly affected. The requirement for a carbo-
hydrate suggested the possibility that Bacillus
species synthesized pulcherriminic acid via a
metabolic route different from that present in
C. pulcherrima. The investigation described in
this report was undertaken to study the
pathway of pulcherriminic acid synthesis in B.
subtilis.

MATERIALS AND METHODS
Organisms, culture media, and growth condi-

tions. B. subtilis strains AM (10) and AM-Lll were
used in this studv. B. subtilis AM-Lll, a pulcher-
rimin-forming leucine auxotroph, was obtained from
the parent AM strain by treatment with N-methyl-
N'-nitro-N-nitrosoguanidine (1).
The organisms were grown in medium P con-

taining per 100 ml of distilled water: soluble starch
(Difco), 2.0 g; yeast extract (Difco), 1.0 g; ferric
ammonium citrate (brown, Allied Chemical and Dye
Corp., New York, N.Y.), 0.01 g. The pH of this me-
dium was adusted to 6.9 0.1 with an aqueous solu-
tion of KOH before sterilization. In some experi-
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FIG. 1. Proposed pathway of pulcherimin syn-
thesis from leucine in B. subtilis. Reaction I may
involve more than one step. Reaction III is extracel-
lular and does not involve the participation of an
enzyme.

ments, medium P was modified by the addition of
separately sterilized potassium phosphate buffer, pH
6.9, to a final concentration of 0.1 M (medium PB).
The pH of this medium, after sterilization, was 6.9.
Medium CH, used in radioactive tracer studies, was

identical to medium PB, except that 1 g of vitamin-
free casein hydrolysate (Nutritional Biochemical
Co.) was added per 100 ml, instead of the yeast ex-

tract. A chemically defined (CD) medium contained
per 100 ml of distilled water: soluble starch, 1.0 g; L-

glutamic acid, 0.4 g; biotin, 5 x 10-6 g; thiamine-
hydrochloride, 5 x 10-5 g; ferric ammonium citrate
and MgSO4-7H20, 10- g each; MnSO4 H2O, 5 x

10-3 g; NH4Cl, 0.2 g. The pH was adjusted to 6.9
with an aqueous solution of KOH before steriliza-
tion. The medium was buffered with 0.25 and 0.1 g

of K.HPO4 and KH2PO4, respectively, per 100 ml
(sterilized separately from the other medium compo-

nents). The final pH of the medium was 6.9.
The iron salt was added to all growth media to

trap the excreted pulcherriminic acid as its insoluble
iron chelate (pulcherrimin) since pulcherriminic acid
is unstable in solution.

Cells were grown at 30 C in Erlenmeyer flasks
filled to one-fifth capacity with the medium. The
cultures were aerated on a New Brunswick Scientific
Co. rotary shaker, model VS-100, at 200 rev/min.
Assay for L-leucine. Conventional microbiolog-

ical techniques (13) were used to assay for L-leucine.
Assay organisms were Escherichia coli 1177 (leu-,
thr-, vit B1-), obtained from C. B. Thorne (Depart-
ment of Microbiology, Univ. of Massachusetts,
Amherst), and Leuconostoc mesenteroides P-60
(ATCC 8042), a leucine-requiring auxotroph. The
latter organism was used to determine concentra-
tions of L-leucine in CD medium (supplemented
with this amino acid). Both assay organisms were

used for the quantitative determination of L-leucine
in radioactive tracer studies. L. mesenteroides P-60
was grown in the commercially prepared (Difco)
assay medium of Steele et al. (14). E. coli 1177 was

grown in the minimal salts medium described by

Anderson and Wood (2) to which the following addi-
tions were made per 100 ml of medium: L-threonine,
0.1 g; thiamine-hydrochloride, 0.01 g; and glucose
(sterilized separately), 1.0 g. Either chromato-
graphically pure leucine (L or DL) or leucine-con-
taining samples were added to both assay media.
Growth was measured turbidimetrically. The
amount of D-leucine added to CD medium was de-
termined gravimetrically.
Measurements of pulcherriminic acid and pul-

cherrimin. With the exception of those studies in
which radioactively labeled compounds were used,
pulcherriminic acid or pulcherrimin was estimated
by a method similar to that of Canale-Parola (5).
Cell samples containing pulcherrimin were washed
twice with methanol and once with distilled water
before extraction with 2 M NaOH. The amount of
pulcherriminic acid present as the sodium salt was
determined spectrophotometrically at 410 nm using
a standard absorption curve obtained with purified
pulcherriminic acid (16) dissolved in 2 M NaOH.
Although pulcherriminic acid dissolved in 2 M NaOH
gradually breaks down when exposed to sunlight,
ordinary laboratory illumination does not affect this
assay [the absorbancy was measured 30 min after
addition of the base (5)]. The assays were made at
room temperature (22 to 23 C). Cycloleucyl-leucyl
interfered with absorption measurements and, when
present, was removed from the pigmented cell pellet
by treatment with boiling 95% ethyl alcohol.

Purification of pulcherriminic acid. In experi-
ments involving the use of radioactively labeled
compounds, pulcherriminic acid was purified and
estimated as follows. B. subtilis AM-Lll grown for
36 to 48 hr in 200 ml of mediam CH was harvested,
together with the pigment it produced, by centrifu-
gation. The growth medium included the "4C-labeled
compound under test, as specified below and in
Table 2. The pellet was washed three times with
methanol and once with distilled water. Crude pul-
cherrimin (5 to 10 mg) was obtained by extracting
the pellet with 2 M NaOH, removing the insoluble
material by centrifugation, and reconstituting the
pigment by addition of FeCls and acid to the yellow
supernatant liquid (5, 10). The crude pigment, sus-
pended in 10 ml of 1.2 M HCl, was heated for 10 min
at 100 C and recovered by centrifugation. This
heating procedure was repeated two additional
times. The acid-treated pulcherrimin was washed
with distilled water and dissolved in 2 to 4 ml of 2 M
NaOH. The resulting yellow solution, containing
sodium pulcherriminate, was cooled to 4 C, and the
precipitated ferric hydroxide was removed by cen-
trifugation (20,000 x g, 10 min, 4 C). The clear
yellow supernatant liquid was brought to a volume of
4 to 6 ml with cold (4 C) distilled water and was
slowly acidified with cold 12.1 M HCl until a brown-
red precipitate began to appear. Titration was con-
tinued to pH 5.0 to 3.5 with cold 1.2 M HCl. The
brown-red precipitate was collected by centrifuga-
tion, washed twice with cold distilled water, and
suspended in 0.4 to 0.7 ml of a mixture of 95% ethyl
alcohol (redistilled), glass-distilled water, and M pO-
tassium phosphate buffer, pH 8.6 (5:5: 1, v/v/v). The
suspension was heated in warm water (50 to 60 C)
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for 1 min to aid solubilization. After removal of the
insoluble material by centrifugation (20,000 x g, 10
min, 4 C), the supernatant liquid was placed onto a
Sephadex LH-20 (Pharmacia Fine Chemicals, Inc.)
chromatographic column (28 by 2 cm) at 4 C. Pul-
cherriminic acid was eluted from the column with
the alkaline ethanol-water-phosphate buffer solvent
system, as previously described (16). The amounts of
pulcherriminic acid eluted were determined spectro-
photometrically at 410 nm with a standard curve
prepared with purified pulcherriminic acid (16) dis-
solved in the alkaline ethanol-water-phosphate
buffer solvent system.

Similar procedures were used for the purification
and estimation of pulcherriminic acid from starved
cell preparations (see Table 2, expt 5).
Measurements of radioactivity. Samples of pul-

cherriminic acid eluted from Sephadex LH-20 col-
umns and samples of other "4C-labeled compounds
were dried on stainless-steel planchets, and their
radioactivity was measured in a Nuclear Chicago
model 181B decade scaler.

In some experiments (see Table 2, expt 5; Fig. 3),
radioactivity was measured by scintillation tech-
niques. Pulcherriminic acid samples eluted from
Sephadex LH-20 columns were dried in vacuo and
dissolved in 1 ml of 0.1 M NaOH-methanol solution.
Dried residues containing "4C-labeled amino acids
were dissolved in 1 ml of hydroxide of hyamine
(1OX; Packard Instruments Co.). Each dissolved
sample was added to scintillatioti fluid consisting of
toluene, spectral grade, 100 ml; dimethyl POPOP
[1, 4-bis-2-(4-methyl-5-phenyloxazolyl) benzene],
0.02 g; PPO (2,5-diphenyloxazole), 0.5 g. The total
volume per scintillation vial was 15 ml. Radioac-
tivity was determined in a Packard Tri-Carb liquid
scintillation spectrometer, model 3003.

Radioactive tracer studies with starved cells.
One-liter Erlenmeyer flasks, each containing 200 ml
of medium CH, were inoculated with B. subtilis
AM-Lll (107 cells/flask) grown on medium P agar
plates. The cells were harvested by centrifugation
shortly before the beginning of pigment synthesis
(after 33 hr of incubation under the growth condi-
tions previously stated). Cells from 800 ml of CH
medium cultures were-suspended in 100 ml of phos-
phate-mineral buffer (0.1 M potassium phosphate
buffer, pH 6.9, containing 0.01 g each of ferric am-
monium citrate and MgSO4, 7H2O per 100 ml). The
suspension was incubated at 30 C for 4 to 4.5 hr with
agitation (New Brunswick Scientific Co. rotary
shaker, model VS-100, 200 rev/min). Finally the cells
were collected by centrifugation, were washed with
and suspended in phosphate-mineral buffer, and
their level of pigmentation was determined (some
pigment was formed during starvation).

Each reaction mixture contained, per 125-ml EF-
lenmeyer flask: L-leucine-U-14C, 1,000 Mmoles (1,000
counts per min per Mmole); starved cells, 0.6 x 1011
to 1 x 1011; and phosphate-mineral buffer to a final
volume of 50 ml. Incubation was for 3 hr at 30 C on
the rotary shaker (200 rev/min). Reaction mixtures
incubated under the same conditions, but in the ab-
sence of leucine, produced low levels of pigment
which were assayed to determine pigment synthesis

due to endogenous metabolism. Under the condi-
tions used, significant cell lysis did not occur, as
determined by direct cell counts.

Pulcherriminic acid synthesis by cell suspen-
sions. The role of cycloleucyl-leucyl and L-leucine in
pulcherriminic acid synthesis was investigated by
the following techniques. B. subtilis AM-Lll was
grown in medium CH until pigment began to be
formed, as determined visually (34 to 36 hr of
growth). The cells were harvested by centrifugation,
washed three times in 0.1 M potassium phosphate
buffer, pH 6.9, and finally suspended in the same
buffer.

Reaction mixtures in Warburg vessels included,
per flask: L-leucine (30 Mmoles) or cycloleucyl-leucyl
(17.1 Amoles); washed cells, 3 x 1010 to 5 x 1010;
phosphate-mineral buffer, to a final volume of 3.2
ml. Incubation was at 30 C in air or N2 (see Table 3),
at 60 oscillations per min (GME Lardy circular
Warburg). Cycloleucyl-leucyl was not completely
soluble, and the undissolved portion adhered to the
walls of the reaction vessels; it was periodically re-
suspended in the reaction liquid during incubation.
The number of cells in the reaction mixtures re-
mained approximately constant throughout the ex-
periments, as determined by direct microscope cell
counts.
Other procedures. Cycloleucyl-leucyl isomers

were prepared by a modification of a procedure de-
scribed by E. E. Fisher and M. T. Tetenbaum [U.S.
patent no. 3,121,717 (Cl. 260-268) to A. E. Staley
Manufacturing Co., Decatur, Ill., 19641. CYCIO-D-
leucyl-L-leucyl was synthesized and purified as de-
scribed by MacDonald (12). The melting point of the
cycloleucyl-leucyl preparations was in agreement
with that published by Goto (8). Free leucine was
not detected in the cycloleucyl-leucyl preparations
either by thin-layer chromatography on Silica Gel G
plates (5) or by infrared spectroscopy (Perkin-Elmer
grating infrared spectrophotometer, model 257; solid
in KBr).
A Petroff-Hausser bacterial counter was used to

determine cell numbers.
Chemicals. The following chemicals were ob-

tained from the suppliers indicated in parentheses:
nonlabeled amino acids (Nutritional Biochemicals
Corp., Cleveland, Ohio, or Calbiochem, Los Angeles,
Calif.); L-leucine-U-14C, L-tyrosine-U-14C, and L-as-
partic acid-U-14C (Schwarz Bio-Researcli Inc., Or-
angeburg, N.Y.); L-leucine-1-14C and DL-leucine-2-
"4C (Calbiochem); L-alanine-U-14C and L-glutamic
acid-U-14C (Intern. Chem. and Nuclear Corp., City
of Industry, Calif.); starch-U-14C (Nuclear Chicago
Corp., Des Plaines, Ill.); N-methyl-N'-nitro-N-nitro-
soguanidine (Aldrich Chemical Co., Milwaukee,
Wis.); and dimethyl POPOP and PPO (Packard In-
strument Co., Downer's Grove, Ill.).

RESULTS
Conditions affecting pigment production

by growing cells. B. subtilis growing in me-
dium P initiated pigment synthesis only after
the starch in the medium was almost depleted.
Depending on the growth conditions, pulcher-
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rimin formation was first detected in the cul-
tures 12 hr or more after inoculation, at cell
densities of 2 x 10' to 6 x 10' cells/ml. When
all starch had been utilized, the pH of the cul-
tures had decreased to 5.9 4 0.1 (the pH was
6.9 immediately after inoculation). However,
as growth continued and other medium com-
ponents (probably amino acids) were being
metabolized, the pH increased to reach a final
value of 7.5 + 0.1.
To determine whether a given concentration

of hydrogen ions in the medium was needed to
initiate pigment synthesis, the amounts of
pigment present and the cell concentrations
were measured during growth at constant pH
values (Fig. 2). The results indicated that the
decrease in pH during starch metabolism was
not a requirement for pigment synthesis initia-
tion.
As previously mentioned, omission of carbo-

hydrate from the growth medium resulted in a
drastic decrease in the amount of pigment
formed. This suggested that growing cells re-
quired a carbohydrate or a product of carbohy-
drate metabolism for pigment synthesis. The
pH of cultures to which carbohydrate was not
added (medium P or PB without starch) did
not decrease, but increased directly from the
initial value of 6.9 to approximately 7.4. How-
ever, the increase in pH was not a determining
factor (or not the only determining factor) in
preventing pigment synthesis, since cells
grown at constant pH values (6.5 and 6.9)
yielded only traces of pigment in the above-
mentioned starch-free media. Addition of
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FIG. 2. Synthesis of pigment by B. subtilis AM-
Lll growing at constant pH in medium PB. The cul-
tures were maintained at approximately pH 6.5 (left
side of figure) and 6.9 (right side of figure). Pigment
is expressed as pulcherriminic acid. Direct cell count
(O-O); amount of pulcherriminic acid (O----0);
pH (0-0)-

starch to this type of culture, in the late expo-
nential or stationary phase of growth, resulted
in greatly increased pigment formation during
continued incubation.
CD medium, containing glutamic acid as

the only amino acid, supported pigment pro-
duction by growing cells of B. subtilis AM. A
typical final yield of pigment in this medium
was 1 mg of pulcherrimin per 1.2 x 1011 cells.
Addition of L-leucine, L-arginine, and L-as-
partic acid to this medium, either singly or in
combinations, increased (up to doubling) the
final pigment yield relative to cell number.
Other amino acids did not stimulate pigment
production significantly. Addition of L-trypto-
phan (50 ,ug/ml) to CD medium totally inhib-
ited pigment synthesis, in contrast to the re-
ported stimulatory effect of this compound on

pulcherrimin synthesis by growing cells of
Micrococcus violkgabriellae (4).
When B. subtilis AM was grown in CD me-

dium supplemented with different amounts of
L-leucine, the initiation of pigment synthesis
was delayed in response to increased amounts
of added amino acid (Table 1). Although the
final amount of pigment accumulated in the
medium by B. subtilis AM did not account for
all of the L-leucine utilized during growth (as
determined by microbiological assay), higher
pigment yields were obtained by increasing the
initial concentration of L-leucine in the me-
dium (Table 1). It appeared that the presence
of L-leucine in the growth medium had the
twofold effect of delaying the. initiation of
pigment formation and of increasing the final
pigment yield. The effect of the initial leucine

TABLE 1. Effect of leucine on pulcherrimin synthesis
by cells of Bacillus subtilis AM growing in a

chemically defined (CD) medium

Initial Delay in
concn of pulcher- Pulcher-

Added to amino Cell yielda rimin
CD medium acid syn- fomedn

(Amoles/ thesis fre

ml) (hr)

No addition 2.8 x 109 C 80
L-Leucine 3.8 2.8 x 109 2 120
L-Leucine 11.4 2.7 x 10' 6 150
L-Leucine 20.0 3.0 x 109 8 160
n-Leucine 7.6 2.7 x 109 0
D-Leucine 15.3 2.7 x 109 0

aCells per milliliter. Direct cell count after 34 hr
of incubation. Some cell lysis occurred when incuba-
tion was continued.

I Nanomoles per ml. Assayed after 36 hr of incu-
bation.

c Pulcherrimin appeared after 16 hr of incubation.
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concentration on the inception of pigment syn-
thesis suggests that this amino acid plays a
regulatory role in pulcherriminic acid forma-
tion. Addition of D-leucine to CD medium pre-
vented pigment production (Table 1), an indi-
cation that, in B. subtilis AM, D-leucine may
act as a competitive inhibitor of pulcherri-
minic acid synthesis from L-leucine.
Incorporation of L-leucine into pulcherri-

minic acid. The role of amino acids in pigment
synthesis was investigated by measuring the ra-
dioactivity of pulcherriminic acid produced by
B. subtilis AM-Lll in the presence of "C-la-
beled amino acids. To determine the radioac-
tivity present in pulcherriminic acid synthe-
sized by the cells, it was essential to remove
contaminating substances from pulcherriminic
acid preparations as described above. Purifica-
tion of pulcherriminic acid from these crude
preparations was accomplished with Sephadex
LH-20 chromatographic columns (see above
and reference 16). When crude preparations of
pulcherriminic acid synthesized by B. subtilis
grown in the presence of L-leucine-U-"C were
resolved by gel filtration through these col-
umns, essentially all the eluted "4C label coin-
cided with visible light-absorbing bands (Fig.
3). The material in band 2 (Fig. 3), which was
yellow and exhibited maximal visible light
absorption at 410 nm, consisted of pulcherri-
minic acid (16). Material from this band was
used to measure the radioactivity of pulcherri-
minic acid. Bands 1 and 3 (Fig. 3), which were
red, contained pulcherriminic acid in associa-
tion with iron and protein material, as deter-
mined spectrophotometrically and by thin-
layer chromatography of acid hydrolysates.
The leucine auxotroph B. subtilis AM-Lll,

when grown in medium CH containing L-leu-
cine-U-14C or L-leucine-l-"4C, yielded pulcher-
riminic acid with a molar specific activity
close to twice that of the amino acid (Table 2,
expt 1, 2, and 3). Similar results were obtained
with suspensions of starved cells (Table 2, expt
5). The data indicated that the carbon skele-
tons of two L-leucine molecules were used to
synthesize one molecule of pulcherriminic
acid. When "C-labeled DL-leucine was used,
the specific activity of pulcherriminic acid was
essentially identical with the total specific ac-
tivity of the D and L isomers of leucine (Table
2, expt 4). This suggested that the D isomer
was not incorporated into pulcherriminic acid.

Essentially no label was found in the pul-
cherriminic acid produced by B. subtilis AM-
Lii growing in medium CH to which other 14C
uniformly labeled amino acids were added
singly (L-tyrosine, L-alanine, L-aspartic, and L-

glutamic acids). These results reflected the
inability of B. subtilis AM-Lll to synthesize L-
leucine from the amino acids added and im-
plied that, in the wild type, L-leucine is an in-
termediate in the synthesis of pulcherriminic
acid from other amino acids.

Cycloleucyl-leucyl as an intermediate in
pulcherriminic acid synthesis. Suspensions
of washed cells (harvested at the beginning of
pigment production) were incubated in the
presence of cycloleucyl-leucyl to investigate
the role of this compound in pulcherriminic
acid synthesis by B. subtilis. Significant stim-
ulation of pulcherriminic acid synthesis was
observed when cyclo-L-leucyl-L-leucyl was the
substrate (Table 3). Essentially no pulcherri-
minic acid was formed in the presence of
cyclo-D-leucyl-L-leucyl or cyclo-D-leucyl-D-
leucyl (Table 3).
Apparently the L isomer of cycloleucyl-

leucyl was not degraded to L-leucine by an ex-
tracellular enzyme before entry into the cell,
since leucine was not detected in the superna-
tant liquid of reaction mixtures incubated with
cyclo-L-leucyl-L-leucyl. The results are in
agreement with the hypothesis that cyclo-L-
leucyl-L-leucyl is an intermediate in pulcherri-
minic acid biosynthesis (Fig. 1).

Bacterial cell suspensions metabolized L-
leucine to pulcherriminic acid at a greater rate
than cycloleucyl-leucyl (Table 3). This differ-
ence may be a reflection of the low solubility
of cyclo-L-leucyl-L-leycyl or of the rate of entry
of this compound into the cell, or both.
The conversion of L-leucine, or of cyclo-L-

leucyl-L-leucyl, to pulcherriminic acid pro-
ceeded only in the presence of molecular ox-
ygen (Table 3). Previous studies with growing
cells had shown that 02 was required both for
the synthesis of enzymes associated with pul-
cherriminic acid production and for the func-
tioning of the pathway in the presence of the
required enzymes (10). The data in Table 3
indicate that the latter type of requirement is
due, in part or totally, to the occurrence of
reaction II (Fig. 1). It appears unlikely that 02
is needed for the conversion of leucine to cy-
cloleucyl-leucyl, and reaction III (Fig. 1) occurs
both aerobically and anaerobically (10).

Cells incubated with L-leucine evolved CO2
and consumed 02, an indication that the
amino acid was used catabolically as well as
for the synthesis of pulcherriminic acid. The
amounts of 02 utilized for pulcherriminic acid
formation from L-leucine or cycloleucyl-leucyl
were not estimated.
Role of carbohydrate in pulcherriminic

acid synthesis. Experiments in which B. sub-
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FIG. 3. Isolation of 'IC-labeled pulcherriminic

acid by gel filtration on a Sephadex LH-20 column.
The optical density (-@ ) of fractions 5 to 23
(pigmented band 1) was determined at 383 nm; of
fractions 24 to 36 (band 2, consisting of pulcherri-
minic acid) at 410 nm; of fractions 37 to 58 (pig-
mented band 3) at 396 nm. The counts per minute
per fraction (0.72 mt) are reported. The optical den-
sity (OD) values indicate YAo the OD of the eluted
fractions. Radioactivity (O----0) was determined
with a Packard model 3003 7ri-Carb liquid scintilla-
tion spectrometer.

tilis AM-Lll was grown in the presence of uni-
formly labeled "4C-starch (25 MCi in 200 ml of
medium CH) indicated little or no incorpora-
tion of label in the pulcherriminic acid pro-
duced by this leucine auxotroph. These data
agreed with the conclusion that leucine mole-
cules are utilized by the organisms for pigment
synthesis and indicated that the carbohydrate
does not contribute to the carbon skeleton of
pulcherriminic acid produced by strain AM-
L1.

Since pigment synthesis began only after
most of the starch disappeared from the
growth medium, it was thought possible that
the extracellular accumulation of a product of
carbohydrate metabolism triggered or induced
pulcherriminic acid production. To investigate
this possibility, cells were grown in medium P

until starch was no longer detected in the
medium. The cells were removed by centrifu-
gation, and the supernatant liquid was ex-
tracted with chloroform, diethyl ether, or pe-
troleum ether. The extracts were dried in a N2
atmosphere and dissolved in distilled water.
Addition of these extracts to cells growing in

TALE 2. Incorporation of 'IC-labeled leucine into
pulcherriminic acid produced by cells of Bacillus

subtilis AM-Lll

Specific activity
(counts per min

per umole)
Expta Labeled compound addedb

Pulcher-
L-Leucine riminic

acidc

1 L-Leucine-U-14C 147 272
2 L-Leucine-U- 14C 298 512
3 L-Leucine-1-14C 3,330 5,900
4 DL-Leucine-2- 14C 517d 1,025
5 L-Leucine-U-14C 1,000 1,740

a Growing cells were used in experiments 1 to 4, a
starved cell suspension in experiment 5. In experi-
ment 5, radioactivity was determined by liquid scin-
tillation techniques. Counts were corrected for self-
absorption or quenching.
'To medium CH in experiments 1 to 4, to the cell

suspension in experiment 5 (see Materials and
Methods).

c Purified by gel filtration (see Materials and
Methods).

d Calculated from one-half the counts of DL-leu-
cine-2- "4C.

TABLE 3. Pulcherriminic acid synthesis by cell
suspensions of Bacillus subtilis AM-Lll

Pulcher-
Substrate Conditionsa riminic

acid formed"

Cyclo-D-leucyl-L-leucyl Aerobic 0.03
Cyclo-D-leucyl-D-leucyl Aerobic 0.03
Cyclo-L-leucyl-L-leucyl Aerobic 0.42
Cyclo-L-leucyl-L-leucyl Anaerobic 0.00
L-Leucine Aerobic 0.69
L-Leucine Aerobic, then 0.24

anaerobic No increase
L-Leucine Anaerobic 0.00

a Aerobic: 4 hr in air. Aerobic, then anaerobic: 1.5
hr in air, then 2.5 hr in N2.

" Micromoles per reaction mixture. The values
represent the average of several experiments and are
corrected for endogenous metabolism. Cells incu-
bated for 4 hr in air, without addition of substrate,
produced 0.13 Mmole of pulcherriminic acid per re-
action mixture (3.2 ml). No pulcherriminic acid was
produced anaerobically in the absence of substrate.
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me,dium P, from which starch had been omit-
ted, failed to stimulate pigment synthesis.
However, when cells grown in a carbohydrate-
free medium were suspended in the unex-
tracted supernatant liquid mentioned above
(109 cells/ml), pigment was produced upon
incubation. Thus, it cannot be excluded that
an extracellular product of carbohydrate me-
tabolism is involved in initiating pigment pro-
duction by growing cells.
Pulcherrimin-forming cultures of Bacillus

generally contain a number of cells which do
not produce pigment (5). These pigmentless
mutants are readily detected since they form
colorless colonies on iron-containing media
(e.g;, medium P including 2 g of agar/100 ml).
Viable counts showed that 2 x 10- % of the
cells in a pigmented colony of B. subtilis AM-
Lli did not possess the ability to form pig-
ment. Similar or higher percentages (e.g.,
0.2%) of pigmentless mutants were found in
pigmented broth cultures (medium PB) of
strain AM-Lll at the end of the exponential
phase. It was noted that pigmented colonies of
strain AM-Lll, growing on agar plates, hydro-
lyzed the starch in the medium rapidly and
extensively (as shown by large clear areas
around the colonies when the plates were
flooded with iodine-potassium iodide solution).
On the other hand, colonies of AM-Lll pig-
mentless mutants exhibited only limited
starch-hydrolyzing ability under the same con-
ditions. This observation suggested that the
pigment-forming cells were more dependent
on starch for their growth than the pigmentless
mutants and that nutritional selection favoring
the pigmentless population might occur during
growth on media not containing starch. This
possibility was tested by growing B. subtilis
AM-Lll in medium PB from which starch was
omitted and by determining the number of
pigmentless and pigment-forming cells. Viable
counts on P agar plates indicated that only
8.3% of the cell population consisted of pig-
ment-producing cells at the end of growth,
whereas 99.9% of the cells in the culture were
of the pigment-forming type immediately after
inoculation. Apparently, during growth in the
starch-free medium, a drastic shift occurred in
the ratio of pigment-forming to pigmentless
cells; this shift resulted in a preponderance of
pigmentless mutants and in the formation of
small amounts of pigment.

DISCUSSION
The evidence presented in this paper indi-

cates that B. subtilis produces pulcherriminic

acid from L-leucine and that the organism uti-
lizes the carbon skeletons of two leucine mole-
cules to synthesize one molecule of the cyclic
acid. Apparently cyclo-L-leucyl-L-leucyl is an
intermediate in pulcherriminic acid biosyn-
thesis. Cells growing in media containing
amino acids other than leucine also produce
pulcherriminic acid. However, it may be in-
ferred from the available data that these
amino acids are utilized for the synthesis of L-
leucine from which pulcherriminic acid is
formed.

Although growing cells produce significant
amounts of pulcherriminic acid only in media
including a carbohydrate (e.g., starch), carbo-
hydrate carbon is not required for the syn-
thesis of pulcherriminic acid molecules. It may
be speculated that the accumulation of a
product of carbohydrate metabolism is in-
volved in initiating pulcherriminic acid syn-
thesis, or that an enzyme (or enzymes) asso-
ciated with carbohydrate metabolism plays a
role in the formation of the cyclic acid. It is
also possible that when the pigment-forming
cells utilize starch for growth they are able to
compete successfully with pigmentless mu-
tants generally present in the population,
whereas during growth in the absence of starch
the pigmentless mutants may become numeri-
cally predominant and only small amounts of
pigment are formed.
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