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" ABSTRACT

Cultures of Bacillus subtilis growing in ean iron-deficient nmediun

produced copropéiphyriﬁ IIT (coproporphyrin) and phenolic acids.

(2, 3-d1nyaro$qbenzoy1g1ycine (DHBG), 2,3-dihydroxybenzoic acid (DHB),
or both). (DHB(G) refers to DHB or DHBG, or both compounds).
Phenolie acidAprodnction was proportional to the amount‘of iron
present, and occurred logérithmically, paralielling growth. In the

| presence of DHB; lower levels of iron inhibited phenolic acid
production, so that the actual inhibition of synthesls ma& involve

the Fe'3; (DHﬁ(G))B complex. Accumilation of DHB(G) was influenced
by the levels of aromatic amino'acids, anthranilic acid, and histidiﬁe
in the medium. In vitro experiments demonstrated that DHB was formed
from chorismic acid. In vivo and in vitro experiments with strain
B-1471 showed that DHB was coupled to added glycine to Porm DHEG.
Disappearance of ﬁHB(G)_was observed in all strains studied, but
oxidation did not cecur. -

Fhenolic acid prodﬁction always preceded coproporphyrin production.
Phenolié aclds have very strong affinities for ferric iron. Their
productibn.méy:therefore allow the scavenging of the last traces of
iron from the medium for hemin synthesis, The relationship between

phenolie acid and coproporphyrin production was borne out by the
| following 6bseﬁatiom: (1) a higher level of iron was required to
 prevent coproporphyrin production than phenolic acid pro&uction (ii) -
©  the Fe3+(DH:B(G))3 complex was a more potenf inhibitor of coproporphyrin
production than iron alone (11i) & mutant blocked at § -aminolevulinie

acid synthetase did not produce phenoliec acids during jron-deficient



ii

| grdwth ‘(iv)l ‘éérine aﬁxotrophs 'pro&uced much lower levels of copro-
porphyrin and phenolic acids than thé wild-type strain_(v) sone
mutants defective in phenolic acid production éroduced low levels

of coproporphyrin, whereas one strain of this iype produced elevated
levels of coproporphyfin.

Compounds known to inhibit normal functioning of theA tricarboxylic
acid cycle decreased coproporphyrin production in all strains studied.
These inhibitors reduced DHBG excretion, but had no effect on DHB -
i:roduction. A number of analogs of DHB inhibited DHB(G) eccumu-.
laetion to varying degrees, depending upon their structure. The
most potent inhibiﬁors were n-substituted derivatives of benzoic
acid. Two si'deran'xinés,‘ ferrichrome and ferrioxamine, inhibited
DHEG.production in stréin B-1471. The inhi‘bitbry action of ferri-
‘chrame was shown to be due to its ebility to mediate cellular iupta.ke
of low levels of iron. |

The ca.pa;cit;} of B. subtilis for iron uptake was increased about
20-fold by grow:ing the cells in an iron-deficien;t medium., Under
these conditions, the addition of low levels of vhenolic acids
increased both the rate é.nd extent of iron uptake. I-futé.nﬁs u.n_ab_le
to synthesize normal levels of phenolic acid were shown to have a
reduced capacity for iron uptake after growth in an iron-deficient
medium. Mutants resistant to 8-hydroxyquinoline had an increased

capacity for iron-ﬁp‘ta.ke under these conditions.
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INTRODUCTION

An alteration of metabolism as a consequence of iron deprivation
has been reported for a number of microbial species: In many
instances, this alteration ié manifested by the production of high
levels of ferric iron complexing agents (LO). Thus, Ustilago
sphaerogena (17) produced the complex trihydroxamates, ferrichrome

and ferrichroma A, while Bacillus megaterium produced a secondary

monohydroxamic acid ("schizokinen") (10) under iron deficiency,
Other organisms have been shown to excrete phenclic acids when

grown in a medium containing limiting iron. Mycobacterium smegmatis

produced salicylic acid; Aerobacter aerogenes and a strain of

Escherichia coli produced 2,3-dihydroxybenzoic acid (DHB) (50);

another strain of E. coli produced 2, 3-dihydroxybenzoylserine (DHBS)
(17). Extracts of this second strain of E. coli formed DHBS from
DHB and serine, and the level of this enzyme (DHBS synthetase) was
dependent upon the level of iron in the growth medium (17). Brot
and ,Goodwin (6) have suggested that iron may act as a corepressor in
the system controlling the synthesis of DHBS synthetase.

Itoic acid,?2,3-dihydroxybenzoylglycine (DHBG) was found to be

excreted by Bacillus subtilis (18). Accumulation of this compound

depends upon the level of iron in the medium: cultures devoid of
iron did not grow; high levels of iron prevented its production (27);
low levels of iron lead to the excretion of more than 200 mg of DHBG
per litre of culture fluid (L40).

During the past few years, a relationship has been demonstrated

between phenol excretion and aromatic metabolism, Pittard et al



(47, L48) showed that washed cell suspensions of a number of aromatic
amino acid auxotrophs of A. aerogenes excreted o-dihydroxy phenols,
amongst them DHB, when incubated in minimal medium. In one such
strain, NC3, blocked at anthranilate synthetase, formation of o-
dihydroxy phenois was inhibited completely by exogenous tryptophan.,
Furthermore, it has been shown that while a wild type strain of

A, aerogenes produced DHB only under iron deficiency, a mﬁtant of
%his strain blocked after anthranilate synthetase produced DHB
regardless of the level of iron in the medium (51).

The precise alteration of aromatic metabolism brought about by
iron deficiency and causing the formation of phenolic acids is
unclear. Ratledge and Winder (52) have suggested that M. smegmatis
may synthesize salicylic acid from shikimic acid by steps analogous
to those involved in anthranilic acid formation (60), but with the
introduction of a hydroxyl group instead of an amino group. Under
iron deficiency, the hydroxyl-insertion reaction could be accentuated,
possibly by a requirement for iron by a competing pathway. This
suggestion was supported by the observation that either magnesium
or iron was required for the conversion of shikimic acid-5-phosphate
to anthranilic acid by an extract of E. coli (59). Work with
A. aerogenes, however, has indicated that Fe+2 ions inhibit anthran-
ilic acid synthesis (53). In addition, an iron requirement has not
been shown for the anthranilate synthetase prepared from E. coli
(5, 58).

Cox and Gibson (12)'showed that DHB was a growth factor for
certain multiple auxotrophs of E. coli, but only in iron-deficient

medium.  Young et al (67) found that extracts of E. coli were



capable of forming DHB from chorismate, and that the activity of
these preparations was dependent upon the level of iron.

In many microorganisms, growth in iron-deficient media leads
to a disturbance of porphyrin metabolism (31). When U. sphaero-
gena was grown in iron-limiting medium, no porphyrin compounds were
excreted. Extracts prepared from these cells contained less
S-aminolevulinate dehydratase activity than extracts from iron
sufficient cells (29). In other organisms, there was excretion

of high levels of a porphyrin. B. subtilis (18), Corynebacterium

diphtheriae (23) and Micrococcus lysodeikticus (62) produced

coproporphyrin III. Furthermore, it has been reported (25) that
the production of coproporphyrin ITI by B. subtilis was always
accompanied by the excretion of large amounts of DHBEG. As DHBG
has a very strong affinity for ferric iron (26) it has been suggested
that this phenolic acid may be excreted into the medium to make
iron available to the cell (40). In this regard, it is interesting
that o-dihydroxy phenols are required for the growth of M, lysodeik-
ticus (56). Similarly, low levels of these compounds have been
shown to replace the tyrosine requirement of a species of Sarcina
(22).

The work described in this thesis was undertaken in an attempt
to define an overall approach to the study of iron-deficiency in
B. subtilis.

It was necessary, first of all, to determine whether DHB(G) was
produced during active growth of the organism or if it accumulated
only during the stationary phase. If it were produced only during

the stationary phase it would be much harder to design and interpret



experiments on the control of its production. Aromatic compounds
which, like DHB, are synthesized by the cell from chorismic acid,

were examined for their effects on DHB production. Such studies

would indicate whether or not DHB production was regulated by the

control mechanisms known to operate in the aromatic pathway in

B. subtilis.

The relatiénship of DHB(G) production to coproporphyrin
production was then examined. Iron is required for the formation
of hemin and of non-heme iron proteins. It was possible, there-
fore, that the production of coproporphyrin and DHB(G) might be
related in some other way besides a lack of iron.

Analogs of DHB were tested for their effects on DHB production.
Those analogs which were markedly inhibitory might then be useful
in studying the enzymology of DHB(G) synthesis and its control.

DHB and DHBG are known to bind iron strongly (26) so that a
possible function of these compounds might be to serve as iron-
transport factors. A study was made, therefore, of iron uptake
by B. subtilis and of the effects of DHB(G) on this proéess; In
addition, the effects of sideramines on DHB(G) production and on
iron uptake were studied. Sideramines are thought to function as

iron transport factors in other microorganisms (39, L41).



MATERTALS AND METHODS

I.»Bacterial strains
l. Wild type strains

The source of ecach wild-type strain employed is shown in Table I.
Strain WB-T46 was selected (L5) as a spontaneous prototrophic

revertant of a tryptophan auxotroph strain (68).
2., Mutant strains

Mutant strains were selected as spontaneous derivatives or as

}methyl—Nl—nitro—N—nitrosoquanidine (NTG) -induced mutants (Table II).
(a) Spontaneous mutants

Strains resistant to 8-hydroxyquinoline (HQr), 5-methyltryptophan
(MTI), and to various antibiotics were selected by spreading log phase
cells on minimal medium supplemented with a level of inhibitor which
prevented the growth of the wild type strain. The supplementation

level required for each class of mutants is presented in the text.
(b) NTG-induced mutants

Washed, log phase cells were suspended in tris-maleate buffer
(1) and treated with NTG according to the procedure of Lorence and
Nester (33).

Auxotrophs were selected as minute colonies on minimal medium

contailning a limiting level of the appropriate supplement: serine-

glycine auxotrophs, 0.3 pg serine per ml; g—aminolevulinate (ALA)



Table 1:

B, subtilis wild type strains

Strain

B-1471

WB-7h6
WB-443

W-23

6051
6633
6L55
12696
14807

Source

J. B. Neilands,
University of California,
Berkeley.

E. W, Nester,
University of Washington,
Seattle,

J. Spizizen,

Scripps Clinic and Research Foundation,
La Jolla,

California.

American Type Culture Collection (ATCC)
ATCC
ATCC
ATCC
ATCC



Table IT:

Description of B. subtilis mutant strains

Strain

Trp-1
trp-léMTr-l
£rp-1-MT" -2
tTrp-2

trp-3
trp-U4
trp-5
trp-6
trp-7

hem 1
phe-1
phe-2
MT" -1
MT" -2

Q' 1-6

ser 1-4
dhb-1-5

aro-1

SB-168
SB-194
SB-l9h=MTt—l
SB-194-MT" -2
SB-30

WB 2102

SB 167

MT -1

MT" -2

Genotype

trp
trp MTT
trp MT"
trp
trp
trp
trp
trp
trp

phe
phe

MT"

MT
prototroph

ser

shk

trp

trp

trp

trp

tyr~ trp
shk~

shk~

MT

MT

Enzyme defect

anthranilate synthetase
anthranilate synthetase
anthranilate synthetase
tryptophan synthetase
InGP synthetase
anthranilate synthetase
tryptophan synthetase
tryptophan synthetase
PRA isomerase

ATA synthetase

InGP synthetase

anthranilate synthetase
anthranilate synthetase
anthranilate synthetase

DAHP synthetase
DHQ synthetase

Source

B-1471%
trp-ib

trp—ib

B-1471%
B-1471%
B-1471%
B-1471%
B-1471%
B-1471%
B-1471%
B-1471%
B-1k71%
B-lh?ib
B-1471°
B-1u7ib
B-1471%

prototrophic revert-
antsP of DHB auxo-
troph? of B-1L71

B-14712

E.W, Nester,
E.W. Nester,
SB-19hb
SB-19ub
E.W. Nester,
E.W, Nester,
E.W. Nester,
WB-7U6"
WB-7L+6b

WB-T7L46
WB-TL6

WB-T46
WB-7L6
WB-T46



Table IT (continued)

Strain " Genotype Enzyme defect Source
T b
HQ 1-6 prototrophs WB-746
MT" -1 MT" W-23°
MT' -2 MT™ W-o3

a: spontaneous derivative; b: NIG -~ induced derivative.

Abbreviations used: InGP, indoleglycerol phosphate; PRA, phosphoribo-
sylanthranilic acid; Shk, shikimic acid; DAHP, 3-deoxy-D-arabino-heptu-
losonic acid T-phosphate; DHQ, dehydroguinic acid; ALA, -aminolevulinic
acid.



auxotrophs, O.1l pg ALA per ml, with 10 g citric acid per litre
replacing glucose as the carbon source; DHB auxotfophs, 0.05 pg
DHB per ml, with citrate being omitted from the medium in this
casge because it has been shown that citrate can replace DHB as a
growth requirement for a multiple aromatic auxotroph of

Escherichia coli (67). Before plating for mutant selection,

the mutagenized cells were diluted and plated on the appropriate
selection medium to score for survivors. To avoid lysis of the
treated cells during the incubation of plates for scoring
survivors, it was necessary to store the cells at 4 C in minimal
medium containing 5% glycerol (33). Under these conditions
about 90% of the cells remained viable three days.

All strains were stored on Difco TAM sporulation agar slants

in screwacap vials.
IT. Media

Difco trypticase soy broth supplemented with 1% Difco yeast
extract (TSY medium) was used for the growth of inocula. The
minimal medium used for the production of porphyrin -and phenolic
aclds was a modification of the medium of Neilands and Garibaldi
(4k2). It contained, in g per litre: K_HPO), 1.0; ammonium acetate,
3.0; MgSOu57H20, 0.08; glucose, 10.0. It was supplemented with
5 ml per litre of a 10% solution of Difco yeast extract in distilled
water, autoclaved with alumina prior to use (10), and with 0.1 ml
per litre of the Neurospora trace elements solution of Vogel (65),
from which the iron was omitted, The medium was made up with

glass-distilled water, and was adjusted to pH 7.4 before autoclaving.
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The glucose was sterilized separately as a 40% solution in glass-
distilled water.

Extraction of the medium with 8-hydroxyquinoline (HQ) (65)
yielded erratic results, presumably due to microquantities of HQ
remaining in the medium after chloroform extraction. This

procedure was therefore not employed.
IIT. Cultural conditions

All glassware was autoclaved twice with glass-distilled water
prior to use. Erlenmeyer flasks (250 ml), fitted with side arms
and containing 25-ml quantities of the medium, were incubated at
37 C in a New Brunswick Metabolyte water bath (New Brunswick
Scientific Co., New Brunswick, N.J.), rotating at 250 rev/min.

A1l experiments were performed by use of a 0.5% inoculum from a lb-hr
culture, which was one transfer away from the stock slant. The

time of onset of DHB(G)¥ production was constant under these
conditions. Additions to flasks were made at the times mentioned

in the text.
IV. Determinations
1. Growth

Growth was followed turbidimetrically, by use of a Klett-Summerson
colorimeter with a5L0 filter. Readings were converted to cell

numbers by use of a standard curve prepared with the organism.

* DHB(G) refers to DHB, or DHBG, or both compounds.
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For higher densities it was necessary to dilute the culture with
8 .
complete medium. A cell density of 10 per ml gave a reading of

42 Klett units. Growth curves were followed during all experiments.,
2., Phenolic acids

DHB(G) was assayed by adding 0.5 ml of a ferric iron solution
(0.5 mg per ml) to 2.0 ml of cell-free medium adjusted to pH 7.6,
centrifuging, and measuring the optical density (0.D) of the super-
natant at 510 mp, 1.0 cm light path, with a Beckman Model B spectro-
photometer. Blank corrections were always made, using 2,0 ml of cell
free medium and 0.5 ml distilled water. Under these conditions,
1.0 0.D. unit represented a concentration of 364 pg DHB(G) per ml
of culture supernatant. Production of DHB and DHBG was confirmed
spectrophotometrically and chromatographically (27) by comparison
with authentic specimens. Descending chromatographic analyses were
performed using two solvent systems; (1) n-butanol, acetic acid,
water 4/1/5; (2) t-butyl alcohol, methyl ethyl ketone, water,

diethyl amine 10/10/5/1. The RF values are given in Table V.
3. Coproporphyrin III¥

A 2,0 ml sample of culture supernatant was adjusted to pH 5.0
with acetic acid. The coproporphyrin was extracted with a known
volume of ether. The absorption of the ether extract was measured
at 408 mp using a Beckman DB spectrophotometer (15). Care was

taken to ensure that, at the time of measurement, the volume of

¥ Coproporphyrin IIT is referred to as coproporphyrin.
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the ether was equal to that originally added to the acidified

culture supernatant.
iy, TIdentification of glycine

Electrophoresis was performed with a model D high-voltage
eleetrophorator (Gilson Medical Electronics, Middleton, Wisc.),
using 2.5% formic acid and 7.8% acetic acid buffer (pH 1.9), at
2000 v for 45 min. Glycine was identified by co-eléctrophoreéis

with an authentic specimen.

5% Protein concentration

Protein was assayed by the method of Lowry et al (35).
Vf Preparation of extracts

After 12-14 hr growth, cultures were harvested by centri-
fugation at 20 C, washed once with complete medium, and the cells
resuspended at a concentration of 1 g wet weight per 5 mi in 0,05
M_potaésium.phosphate - 0.01 M mercaptoethanol, pH 7.>. Lysozyme
(100 pg per ml), deoxyribonuclease (10 pg per ml) and MgCl,

(5 x 1073

M)'were added to the suspension and the mixture incubated
for 30 min at 37 C, The resulting extract was sonicated for

2 min at a probe intensity of 70 using a Biosonik probe oscillator,
(Brdmwill Scientific, New York, N.Y.), and then centrifuged at
25,000 x g for 15 min at 4 C, " The supernatant fluid was used

directly for enzyme assays.

VI. Enzyme assays
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1, Synthesis of DHB

The formation of DHB from chorismic acid was measured by the
method of Young et al (67). DHB production was estimated at a stan-
dard curve prepared using commercial DHB (67). Under these

conditions, an 0.D. at 318 mp of 0.1 represented 0.12 pmoles DHB.
2, Synthesis of DHBG

The synthesis of DHBG from DHB and glycine was determined by the
method of Brot et al (7), except that glycine was substituted for

serine in the reaction mixture.
VII. Respiration studies

Cells were harvested at 20 C at the times indicated in the text,

+
washed twice with 0.005 M Mg e

- 0.1 M tris(hydroxymethyl)aminomethane
(Tris)-chloride (pH 7.4), and resuspended in the same buffer at a
concentration of approximately 5 mg dry weight of cells per mi.
Respiration studies were performed at 37 C in Warburg vessels which

2

contalned a final concentration of 0.005 M.Mg+ - 0.05 M Tris pH 7.4,

one ml of cell suspension, and 5 pmoles of acetate or citrate.
VIII. Iron transport studies
1, Preparation of cells

Cultures were grown to a density of 5.5 x 108 cells/ml (unless
stated otherwise), then used immediately for transport studies. For
iron-sufficient growth, the medium was supplemented with 1 pg of

iron/ml.



2. Iron uptake
(a) Iron-deficient cells

Ten ml of culture were transferred to a 250 ml Erlenmeyer
flask. The flask was incubated at 37 C (unless stated otherwise)
in a New Brunswick Model G-77 Metabolyte water bath (New Brunswick
Scientific Co., New Brunswick, N.J.), rotating at 100 rpm.

Additions were made after 10 min,
(b) Iron-sufficient cells

Ten ml of culture were filtered through a 0.45 p Millipore
membrane. The cells were washed with 10 volumes of prewarmed,
iron-deficient medium, and the membrane transferred to 10 ml
prewarmed iron-deficient medium in a 250 ml Erlemmeyer flask.

The cells were resuspended by gently blowing medium over the
membrane with a pipette. The flask was incubated as for iron-
deficient cells, with additions again being made after 10 min,

In both cases, additions were made in a total volume of 0,5 ml
glass-distilled water. When uptake was measured at O C, glycerol
was added to a concentration of 5% to prevent lysis of the cells.
Unless stated otherwise, iron was used at a concentration‘of

5.0 mpg/ml.
3. Assay of iron uptake

Samples of 1,0 ml were withdrawn with hypodermic syringes,
filtered through 0.45 p Millipore membranés and the cells washed

with 2.0 ml prewarmed, iron-deficient medium. The membranes were
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dried, placed in vials containing 10 ml scintillation fluid
(Liquifluor, New England Nuclear Corp.) and assayed for radio-
activity in a liquid scintillation counter (MNuclear Chicago
Model 225). Unless stated otherwise, the rate of uptake was
measured over the interval 3 min to 8 min after iron addition.
Radioactivity in the cold TCA-insoluble fraction of cells was
measured by the method of Roberts et al (53). A 1.0 ml sample
was added to 1.0 ml of 10% TCA at O C. After 30 min at O C,
the suspension was filtered through a 0.45 p Millipore membrane,
and the membrane washed with two volumes of iron-deficient

medium, The membrane was dried and assayed for radiocactivity.
IX. Chemicals

Chorismic acid was purified from the cultural supernatant
of A. aerogenes 62-1 according to the method of Gibson (19)
except that the acid was precipitated from the Dowex effluent
as the barium salt (18). Free chorismic acid was obtained by
sedimenting most of the barium as the phosphate salt, and by
subsequent addition of Dowex-50 to the supernatant. DHBG was
synthesized by a modification of the dicyclohexylcarbodiimide
method of Sheehan and Hess (26). Phosphoribosylanthranilic
acid (1-(O-carboxyphenylamino)-1-d-D-ribulose-5-phosphate) was
synthesized according to the method of Doy (13). |

Ferrichrome was obtained from J. B. Neilands of the
University of California, Berkeley. The iron was removed
from this compound by the method of Emery and Neilands (1k4).

Ferrioxamine was obtained from W, Keller-Schierlein, of Eldg.
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Technische Hochschule, Zurich, Switzerland.

The following chemicals were obtained from commercial sources:

o- and m-tyrosine, &-aminolevulinic acid (Sigma Chemical Co.);

2- and 3-fluoro, and 2,3-dimethoxybenzoic acid, DHB, NTG (Aldrich
Chemical Co.); m-hydroxybenzoic acid, a-picolinic acid, and
hippuric acid (J. T. Baker Chemical Co.); MT, 3-hydroxyanthranilic
acid, hemin, serine—l—luc (specific activity 10.3 pc per umole)
(Calbiochem Co.); salicylic acid (The British Drug Houses, Ltd.);
59Fe as FeClS, specific activity 25.5 uc/pg (International
Chemical and Nuclear Co.); glycine-l—luc (specific activity 2 uc

per pmole) (Merck & Co.).
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RESULTS

Section I: - General properties of phenolic acid excretion
l. Excretion of phenolic acids by wild type strains

A number of wild type strains of B. subtilis were grown in iron-
deficient medium to determine the compounds produced under these
conditions. The strains feil into three groups according to their
patterns of phenolic acid production: strains of group I produced
only DHBG, those of group IT only DHB, and those of group III both
of these compounds (Table ITI). A strain representing each group
was selected for further study. i.e. B-1471 (group I), WB-746

(group II) and W-23 (group III).
2. Influence of iron on DHBG production

Production of DHBG by strain B-1471, in the absence of added iron,
started after about 8 hrs of growth and continued logarithmically,
parallelling growfh, until the early stationary phase was reached.
Significant production of DHBG did not occur in the stationary phase.
If the medium was supplemented with 1 mg of iron per litre, production
of DHBG was inhibited completely (Fig. 1). At concentrations below
150 pg of iron per litre, DHBG production was inversely proportional
to the level of iron in the medium. As the level of iron added was
increased from O to 150 pg per litre of medium, the production of
DHBG began proportionately later.in the growth period (Fig. 2).

DHBG production was inhibited completely by the addition of 150 g

of iron per litre.



Table III. Excretion of phenolic acids by wild type strains
Group Strain DHB | DHBG level produced (mg/1)

I B-1471 - + 300
6633 - + 50

6455 - + 60

12696 - + 150

II WB-7L6 + - 1000
SB-L4k3 + - 100

11T W-23 + + 250
6051 + + 200

14807 + + 100

18
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vFigure 1.

. Growth and production of DHBG by strain B-1h71,
Cells were grown in the absence (@) and presence
(0) of 1 mg of added iron per litre. DHBG was
produced under conditions of iron deficiency -(X)
but was not produced in the presence of added iron.



20

3. re (DHBG)3 complex and the control of DHBG production

When added to an iron-deficient culture at any time between 5 and
9 hrs after inocculation, 1 mg of iron per litre did not completely
inhibit DHBG production. The addition of DHB or DHBG to an iron-’
deficient medium at zero time had no effect on subsequent DHBG
production. (Fig. 3).
| The. simultaneous addition of 3.5 X 10’¥M DHB and 1 mg of iron
per litre, 5 hrs after inoculation, resulted in the complete inhibition
of DHBG production (Fig. 4). In fact, 80 pg of ifon per litre was
equally effective in the presence of 3.5 x lO_%M DHB. When the
iron-DHB mixture was added 7 or 9 hrs after inoculation, its
inhibitory effect on DHBG production was not fully manifested for
about 3 hrs (Fig. 4). It appeared therefore, that between 5 and 7
hrs in the growth cycle, an iron-deficient culture became committed

to the production of some DHBG, regardless of subsequent addition of

an iron-DHB mixture.
k., Effect of aromatic amino acids on DHBG production

The excretion of DHB by certain arcmatic amino acid auxotrophs of
A. aerogenes (U43) prompted investigation of the effects of aromatic
intermediates and end products on the production of DHBG by B. subtilis.
None of the supplements, at the levels used, affected the growth rate
of cultures.

Supplementation of media with p-hydroxybenzoic acid or p-amino-
benzoic acid, at concentrations up to lO_3M, had no effect on
subsequent DHBG production., Addition of tryptophan at a concentration

of lO_&M caused earlier and significantly higher production of DHBG



©
W
1

O0.D. AT 510 m 4
N

o
1

2l

O

Figure 2.

Effect of iron added at zero time on the production

of DHBG by strain B-1471. The levels of iron added
were, in pg per litre: 20 (0), 50 (8), 80 (8), and
150 (a). ©No iron was added to the control flask (X).
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than in the control flask. As the level of tryptophan was increased
beyond 10—¥M, DHBG accumulation was inhibited (Fig. 5). Phenyl-
alanine and tyrosine reduced DHBG accumulation at lO—hM, and to a
greater extent at higher concentrations. Tyrosine was a more
effective inhibitor %han phenylalanine (Fig. 5). These inhibitory
effects were not additive. The percentages of inhibition observed
for each amino acid at lO-3M,,were tryptophan, 25; phenylalanine, 27;
and tyrosine, 52. When all'three amino acids were present together
at 10'3M, the inhibition was 50%.

Inhibition of DHBG production, comparable to that seen with
tyrosine, was produced by anthranilic acid. The production of DHBG
was inversely proportional to the level of anthranilic acid in the
medium (Fig. 6). This inhibition occurred in the presence of

tryptophan, so that the effect of anthranilic acid was not produced

as a consequence of its depriving the cell of tryptophan (Fig. 6).
5. Source of glycine in DHBG

A volume of 200 ml of medium was inoculated and incubated as
described in Matériais and Methods. Immediately after the
initiation of DHBG synthesis, 50 umoles of glycineel- ¢ (specific
activity, 2 pc per pmole) were added. Four hours later, the cells
were removed byvcentrifugation and the DHBG was purified according
to the method of Ito and Neilands (29). A 30-mg sample (wet
weight) of cells was fractionated according to the procedure of
Roberts et al (14). Radioactivity of the various fractions was
measured by use of a NUglear Chicago model 181 A planchet counter

(Table IV). The purified DHBG gave a single spot when chromato-

2L
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Effect of adding end product amino acids on DHBG productic;n“ by

‘strain B-1L71. Flasks were supplemented at zero time with:

10-% M tryptophan (0); 10-% M, 10-3 M phenylalanine, or 10-3 M

~tryptophan (4); 10-3 M ty’ros:.ne (0); 2 x 10-3 M tyrosine, or

2 x 10-3 M of each of tyrosn.ne, tryptophan and phenylala.nlne

(@), .. No addltlons were made to the control flask. (X)
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Figure 6. Effect of adding antrhanilic acid on the production of DHBG by.strain
" B-1471. Anthranilic acid was added at zero time at levels of 10-% M -
- (0), 10-3 M (a), and 2 x 10-3 M (®). Identical curves were obtained
when 10=%* M tryptophan was added to the anthranilic acid supplemented
flasks. .No aromatic addition was made to the control flask (X)."
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graphed on paper with three different solvent systems (29). A
sample of the purified DHBG was hydrolysed in 6 N HC1l for 16 hrs in
a sealed, evacuated tube at 120 C. The hydrolysate was chromato-
graphed in the above systems, and also was subjected to high voltage
paper electrophoresis. Tabelled DHB was not detected. The label

was found only in the glycine moiety.
6. Variations among strains of B. subtilis

By use of chromatographic and spectrophotometric methods (see
Materials and Methods), two other wild-type strains of B. subtilis
Wére examined for compounds produced during iron-deficient growth.
Strain WB-7L6 produced DHB and smaller quantities of catechol.

Strain W-23 produced THBG initially, but after about 10.5 hrs of
growth, appeared unable to maintain the DHBG conjugation system and
began producing DHB (Table V).

Strain W-23 exhibited the same responses to the concentration of
iron, anthranilic acid, and aromatic amino acids in the medium as
strain B-1471.  Strain WB-TL46, however, exhibited significantly
different responses. In this strain, DHB synthesis was independent
of the level of added iron up to a concentration of 120 ug per litre.
At 150 pg of added iron per litre, the quantity of DHB produced was
almost as high as that obtained with the two other strains in the
absence of added iron (Fig. 7). At higher levels of iron, DHB
production by strain WB-746 was inhibited completely. Unlike strains
B-1471 and W-23, production of DHB by strain WB-746 was not stimulated
by low levels of tryptophan. In addition, the inhibition of pro-

duction by high levels of tryptophan and by anthranilic acid was



Table IV. Distribution of glycine-l-luc

Fraction

107 counts/min

Total culture

Cell supernatant fluid
Coproporphyrin III
Purified DHBG

Cells
Cold trichloroacetic acid-soluble
Alcohol-soluble
Ether -alcohol
Hdttrichloroacetic acid-soluble

Residual

5.02
2.03

0.590
0. 600
2.96

0.0k45
0.005
0. 000
0.897
2.06
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Table V. Characteristics of phenolic acid excretion by
strains of B. subtilis in iron deficiency

Characteristics of phenolic Strain
acid excretion B-1471 WB-TL6 W-23
Phenolic acid produced DHBG DHB DHBG and DHB
R, in solvent 1 0.83 0.88 0.83 0.88
R, in solvent 2 0.47 0.69 0.47 0.69
Effect of aromatic supplement-
ation on excretion:
Control 100% 100% 100%
lo'LL M tryptophan 124% 100% 120%
1073 M tryptophan 5% 89% 5%
1073 M tyrosine 48% 4% 50%
1073 u phenylalanine 73% 90% 75%
1073 M anthranilate 58% 849, 55%
2> x 1072 M anthranilate 219 78% 259,

29
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only about 50% of that observed in the two other strains (Table V).
T. Effect of histidine on phenolic acid excretion

When 20 pg histidine per ml was added at zero time to each of the
wild-type strains, phenolic acid excretion was decreased about 25%
in B-1471 and W-23, and about 50% in WB-746 (Table VI). Nester has
demonstrated a regulative involvement of histidine in aromatic bio-
synthesis (43); in all cases, the effect of histidine supplementation
was overcome by tyrosine supplementation at 20 pg per ml (43).
Histidine inhibition of phenolic acid excretion was not relieved by
tyrosine; instead, the inhibitory effect was additive (Table VI,
Fig. 5). These results may reflect an additional unknown involvement

of histidine in aromatic metabolism.
8. In vitro syntheses
(a) Formation of DHB

Cell-free extracts prepared from strains B-1L471 or WB-746
converted chorismate to DHB when incubated under the conditions
described by Young et al (67). (Teble VII). WB-T46 extracts were
twice as active as B-1U71 extracts. The addition of 10'%@ anthran-

ilate completely inhibited the formation of DHB (Table VII).
(b) Formation of DHBG

Extracts of B-1L471 formed DHBG from DHB or from chorismate in
the presence of glycine when incubated under the conditions described
by Brot et al (7). (Table VIII). There was no formation of DHBS

when serine was substituted for glycine. The addition of Fe+3 had



Table VI. Effect of histidine on phenolic acid production
in wild type strains
Strain Supplement (20 pg/ml) | % Phenolic acids excreted
B-1471 - 100
B-1471 histidine 75
B-1h471 histidine & tyrosine 55
W-23 - 100
W-23 ~ histidine 70
W-23 histidine & tyrosine 50
WB-746 - 100
WB-T46 histidine 50
WB-T46 histidine & tyrosine 40
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Table VII. In vitro synthesis of DHB

Extract Source | Reaction Mixture DHB Formed (umoles)
1. WB-746 Complete 0.32
2. " - chorismate 0.02
3. i Complete, at O C © 0,03
L. ; Complete + 1072 M anthran- 0.01
ilate
5. " Complete + 107 M of each 0.13
of tryptophan, tyrosine
and phenylalanine
6. B-1h71 Complete 0.13

Synthesis of DHB from chorismate. The complete reaction mixture

contained: crude extract (3.0 mg protein), 50 pmoles Tris-Cl buffer
(pH 8.0), 1.0 umole chorismate, 1.0 umole NAD, and 5.0 umoles MgCl
in a total volume of 1,0 ml. 2




Table VIII. In vitro synthesis of DHBG

Extract Source | Reaction Mixture lOLL counts/min in DHBG
1. B-1471 Unsupplemented 0.08

2. " + chorismate 3.1

3. " + chorismate + Fe+3 3.0

b, " + chorismate, at O C 0.10

5 " + DHB 8.2

6. WB-Tub6 + chorismate 0.05

7. " + DHB 0.0L

Synthesis of DHBG. Each reaction mixture contained: crude extract

% .0 mg protein), 10 pmoles Tris-Cl buffer (pH 7.4), 0.1 umoles
C-1-gly (0.2 pc), and 1.0 pmole ATP. Additions were made as

indicated: O.1 pmole DHB, 0.5 pmole chorismate, Fe*3 0,05 umole,

The total volume of each reaction mixture was 1.0 ml. The incubation

time was 1 hr at 37 C.




no effect on DHBG formation from chorismate. . WB-ThL6 extracts were

incapable of DHBG formation (Table VIII).
9. Metabolism of DHB(G) by strain B-1471

When DHB was added to cultures of strain B-1471 at zero time, some
of 1t disappeared from the medium. In the absence of added iron,
this disappearance continued until the culture started to produce
DHBG (Fig. 3). When iron, to a concentration of 1 mg per litre, was
added with the DHB, a similar rate of disappearance was observed for
12 hrs (the 0D at 510 mu dropped from 0.55 to 0.35). No further
change occurred during the next 8 hrs. If iron and DHB were added
between 5 and 9 hrs there was no disappearance of DHB before 16 hrs

(Fig. 4). The most marked disappearance of DHB(G) occurred in the

early stationary phase. During this period, the rate of disappearance

was proportional to the concentration of iron in the medium (Fig. 8).
Attempts were made to detect oxidation of DHB(G) in Warburg

experiments. Washed cells were tested after growth with and without

added iron and in the presence or absence of DHB(G). In no case was

oxidation observed.
10. Metabolism of DHB(G) by strains W-23 and WB-T46

Strain W-23 metabolized DHB(G) and the pattern of disappearance
was similar to that seen in strain B-1L471.  Strain WB-746, however,
did not metabolize DHB(G), not even when supplemented with 1 mg of
iron per litre. Oxidation of DHB(G) was not observed with washed

cells of either of these strains.
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11, Properties of mutant strains
(a) 5-methyltryptophan resistant (MT") strains

Resistance to MT (37) in B. subtilis (L5) causes derepression
of the tryptophan biosynthetic enzymes (43). When MT" mutants of
B-1471 were grown in iron-deficient medium, all produced lower levels
of phenolic acids than the corresponding parent strains (Fig. 9).

MTr mutants selected from anthranilate synthetase-less (ant”) strains
of B-1471 (Table II), produced the same level of phenolic acids as
MT-sensitive ant strains (Fig. 9). Similar DHB(G) excretion

patterns were observed in MTr and ant” mutants of WB-746 and W-23.
(b) Aromatic auxotrophs

Phenolic acid production by supplemented aromatic auxotrophs
blocked at one or more steps after the synthesis of chorismate
(Table II) was comparable to that of the corresponding parent strain.
Multiple aromatic auxotrophs (Table II), however, produced no phenolic
acids in iron-deficient medium supplemented with the required aromatic
end-products. (20 pg per ml tryptophan, tyrosine and phenylalanine;
2 Khg per ml p-aminobenzoic acid and p-hydroxybenzoic acid; and

20 pg per ml shikimic acid).
(c) HQ resistant mutants (HQ?)

HQ is a powerful iron-binding compound (66). Growth of the
three wild-type strains was inhibited by HQ at a concentration of
0.01 pg per ml, Spontaneous mutants of B-1471 were obtained, however,

which were resistant to 10 pg HQ per ml (Table II). Five days were
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' required for colony formation under these conditions, although

the growth rate of these mutants in the absence of HQ was the same
as the parent strain. Mutants of W-23 or WB-Th46 resistant to

10 pg HQ per ml were not obtained, but mutants resistant to 0.1 pg
HQ per ml were obtained (Table II). In all strains, one mutant
colony was obtained for every lO—7 to 10_8 cells plated.

When HQ? mutants of W-23 or WB-TL6 were grown in iron-deficient
medium in the absence of HQ, normal levels of phenolic acids were
produced. Under these coﬁditions HQF mutants of B-1L71 produced
only very low levels of DHBG. Supplementation of media with 0.1
73 HQ/ml restored DHBG excretion in these mutants to the level of
the parent strain.

Three series of spontaneous derivatives of B-1471 were selected
which were resistant to: (a) albomycin (49), (b) actinomycin (L9)
and (c) catechol. These strains produced DHBG at the same level

as the parent strain.
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DISCUSSION

Under conditions of iron-deficiency, DHB(G) production by
B. subtilis is associated with active growth of the organism.

It is not a metabolic by-product accumulating during the stationary
phase. The control of DHB(G) production by iron appears to
involve the Feo': (DHB(G))3 complex, and a critical level of this
effector complex is required to stop production. The complex may
function directly, as a corepressor, a feedback inhibitor, or as
both, or it may function indirectly, by facilitating the transport

- of iron into the cell.

The results of adding iron to iron-deficient cultures showed
that after a certain time the cells are committed to the production
of DHB(G), and the addition of iron does not reverse this commitment.
These results also support the suggestion that the FeST: (DHB(G))3
complex is involved in the control of DHB(G) production. If iron
is not added until the culture has started to produce DHB(G),
production is stopped more effectively than by the addition of
iron prior to the onset of production (Fig. 3). DHB and DHBG
were equally effective as the Fe+3:(phenolic a.cid)3 complex.

B. subtilis utilized glycine as a nitrogen source, but was unable
to cleave the glycine from DHBG for its nitrogen requirement.
Therefore DHBG was not being converted to DHB under the conditions
described,

From the levels of DHB(G) accumulated in the medium, it is
obvious that an iron deficiency either (i) causes a severe distortion

of aromatic biosynthesis in B. subtilis, or (ii) allows the cell

Lo
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to utilize a metabolic pathway which is not functional in the
presence of sufficient iron., The length of time required for
the shutoff of DHB(G) production, in the preseﬁce of the Feo':
(DHB(G))3 complex, suggests that repression is involved (see Fig. 3
and Y4), thereby favouring the second alternative. This alternative
agrees with the results obtained with E. coli, where the activities
of extracts for the synthesis of DHB from chorismate were dependent
on the level of iron in the growth medium (67),
The production of DHB(G) was influenced markedly by the exogenous
levels of aromatic amino acids. These effects could be direct,
the amino acids acting on the enzymes specific to DHB synthesis,
or they could be indirect, decreasing the amount of chorismate
available for DHB synthesis. A direct effect is unlikely because
these amino acids do not inhibit DHB synthesis by extracts. (Table VII).
This suggests that the production of DHB in vitro is regulated
by the mechanisms which form part of the general system of control
of aromatic biosynthesis iﬁ B. subtilis (28, Lk, L5).,  That portion
of aromatic biosynthesis relevant to the present study is presented
in Fig. 10. At low levels of exogenous tryptophan (Fig. 5) DHBG
synthesis was initiatéd earlier and occurred to a higher extent than
in the control flask. This phenomenon is expected, since low
levels of tfyptophan would inhibit anthranilate synthetase and
prephenate (PPA) dehydratase (44). The increased levels of
chorismate would then be available for DHB synthesis; and, if the
enzyme(s) responsible for DHB synthesis (67) was derepressed,
efficient utilization of chorismate might prevent PPA accumulation.

High exogenous levels of tryptophan and the other aromatic amino
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acids may have caused direct feedback inhibition and repression

at the level of DAHP synthetase (28). The greater inhibition of
DHBG accumulation by phenylalanine and tyrosine, when compared

to tryptophan may reflect the higher sensitivity of DAHP synthetase
to inhibition by PPA than by chorismate (28).

The inhibition of DHB(G) production by anthranilic acid was
not caused by an indirect effect on tryptophan biosynthesis,
since the inhibition was still observed in the presence of try-
ptophan.  In addition, the inhibition of DHB(G) production was
not caused by the conversion of anthranilate to tryptophan, because.
the inhibition has been observed in mutants blocked at any step
between anthranilate and tryptophan. (Table II). Anthranilate,
however, inhibited the synthesis of DHB from chorismate by extracts
(Table VII).

Cell-free extracts of strains B-1U471 and WB-746 converted
chorismate to DHB. Extracts of B-1471 formed DHBG from chorismate
or DHB in the presence of ATP.' The addition of coenzyme A had
no effect on DHBG formation. Extensive studies were not done on
these in vitro syntheses because they were being conducted in other
laboratories (6,7,21).

The formation of DHB but not DHBG, by strain WB-746 may result
from the rigid control of glycine synﬁhesis in this strain. The
observation that WB-746 did not form appreciable amounts of copro-
porphyrin IIT under iron deficiency provides further evidence for
this strict control. Strains B-1471 and W-23 did excrete copro-
porphyrin IIT under these conditions. It is also significant that

strain WB-T46 consistently produced greater quantities of DHB(G)
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than strains B-1471 or W-23 (Fig. 8). Evidence is presented in
Sections IT and IV that glycine production may be related to an
oxidatively functional tricarboxylic acid (TCA) cycle.

The disappearance of DHB(G) from cultures remains to be explained.
An enzyme which decarboxylates DHB to catechol was purified from

Aspergillus niger. Oxygen was not required for this reaction (61).

A pseudomonad, capahle of using DHB as the sole carbon source,
cleaved the aromatic ring of DHB with the uptake of 1 mole of oxygen.
Decarboxylation did not occur prior to oxidation (55). Although
DHB(G) was metabolized by strains W-23 and B-1471, it was not
possible to demonstrate either decarboxylation or oxidation of DHB
by whole cells of these $trains after growth under a variety of
conditions. Cultures appear to be able to metabolize DHB(G) during
the early log phase and the early stationary phase, but not during
the late log phase, the time during which DHB(G) is produced in
iron-deficient cultures (Fig. 3, 4 and 8).

DHB was present in a strain of A. aerogenes (bloéked after
anthranilate synthetase) after 11 hrs of growth in a quinic acid
medium but not after 24 hrs. Catechol, on the other hand, was
present after 24 hrs but not after 11 hrs (51). - A series of B-1471
mutants (Table II), which were blocked at each of the steps of
tryptophan bilosynthesis, were examined for the compounds produced
under iron-deficiency. Although each of these auxotrophs produced
normal levels of DHBG and showed the usual responses to iron, none
of them produced catechol during the 20-hr growth and incubation
period.

The inability of Mr" strains to produce normal levels of phenolic
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acids may reflect intracellular chorismate depletion by the derepressed
tryptophan biosynthetic enzymes. In addition, excessive tryptophan
production would tend to inhibit DAHP synthetase (28) further decreasing
the chorismate available for DHB synthesis (67). This interpretation
was supported by the observation (Fig. 9) that_all ant~ strains of
B-1471 produced the same level of phenolic acids whether they were
resistant to or sensitive to MT.

The excretion properties of HQ? strains of B-1471 in the presence and
absence of HQ indicated that these mutants may have a lower requirement
for iron. This theory was supported by subsequent iron-uptake studies

(Section IV).
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Section II: - The production of coproporphyrin and its relationship

to the production of phenclic acids.
Introduction

Strains B-1471 and W-23 produced DHBG and coproporphyrin during
logarithmic growth (Table III, Fig. 1, p.43). Both products
accumulated only in iron deficient medium. Since glycine is
required for the synthesis of both compounds, strains auxotrophic
for glycine were selected and were grown in iron deficient medium
to determine alterations in their excretion capacities.

Since an iron requirement has been demonstrated in porphyrin bio-
synthesis (30,32), a strain blocked at the first step of porphyrin
biosynthesis (g—aminolevulinate synthetase) was selected. By growing
this mutant in the presence and absence of 6-aminolevulinate (ALA),
the effect of heme iron requirement on phenoclic acid excretion was
studied.

Strains lacking the ability to synthesize normal levels of phenolic
aclds were selected to further elucidate the relationship between

phenolic acid and coprophorphyrin production.

1. Production of coproporphyrin and phenolic acids by wild-type

strains

Strains B-1471 and W-23 showed similar responses to iron;deficiency,
Phenolic acid production started when the cultures reached a density
of ébout 7.0 x 108 viable cells per ml, and continued logarithmically,
parallelling growth (Fig. 11 and 12). Coproporphyrin production

started about 1 hr after the first appearance of phenolic acids and
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also.continued . .logarithmically (Fig. 11 and 12), Phenolic .acid
production started éarliér in strain WB-TL6, and continuéd at a
fastér'rate'than in thé two .other strains (Fig. 13). Conversely,

. coproporphyrin production started later, occurred at a slower rate,

and did not parallel growth (Fig. 13).
2. Inhibition of coproporphyrin production by iron

Théladdition of various levels of iron at .zero time to .strain
‘B-1471 showed .that whileil50‘ﬁg.per litre completely inhibited
phénolic acid production (Fig. 2), a level in excess of 200 ug per
litré was .required to inhibit‘copropOrphyrin'production; The rate
of growth was not significantly.altered by the addition of iron.
As.theflevel_of.addéd“iron was increased above‘EOOQﬂg.per litre thé
: timé-bf'appearance of .coproporphyrin was delayed, and.at.the'highér
..conCéntrations,OCCurred in the stationary phase.
Thevaddition_of'l_mg'ironﬂpérllitre after T hrs incubation
’.résultéd»in an 85%.décreaSe in.total coproporphyrin production by
‘strain B-1471 (Fig. 14). If this amount of "iron was added after
" 8 hrs incubation, production was decreased by 43%, and if .added
after 9 hrs, by 30% (Fig. 1b). The addition of 3.5 x 107AM;DHB
‘or DHBG aloné did not cause a significant decrease in coproporphyrin
production. If l_mg'ironﬂpér litre was added with the phénolic
.acid,.howévér;.theré was a rapid cessation of coproporphyrin

production (Fig. 1L).
‘3. Inhibition of  coproporphyrin production by.hemin

The .addition of low.levels of hemin to iron-deficient cultures
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Figure 1. Effect on coproporphyrin production of .adding iron and
. DHB(G). One mg iron per litre was added at 7 hr (8); -

- 8hr.(A), or 9 hr (0). DHB(G) at 50 mg per litre and

- 1 mg iron per .litre were added at 8 hr (&). -No

- additions were made to the control flask (X). The
addition of 50 mg of DHB(G) alone had no effect (X).
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6f strain B-1L471 at zero time resulted in later production of copro-
porphyrin and phenolic acid (Table IX). Under these conditions,
coproporphyrin was eventually produced at the normal level but the
level of phenolic acid accumulated was markedly reduced (Table IX).
There was no inhibition of growth at 0.5 - 1.0 ug hemin per ml,

Growth, however, was inhibited above 1.0 pg of hemin per ml.

Lk, Inhibition of coproporphyrin production by aromatic amino

aclds

Whereas accumulation of phenolic acids was inhibited by adding
aromatic amino acids and anthranilic acid to the medium at zero time
(Table V), coproporphyrin production was not influenced by supple-
mentation of the medium with these acids at concentrations up to
2 x lO_%g. Similarly, histidine supplémentation decreased the
excretion of phenolic acids (Table VI) but had no effect on copro-

porphyrin production.

5. Coproporphyrin and phenolic acid production by mutants of

strain B-1471

(a) Glycine auxotrophs

Repéated attempts to isolate glycine auxotrophs were unsuccessful,
(b) Serine auxotrophs

Glycine is known to be synthesized via serine in E. coli (6L).
Therefore, attempts were made to isolate serine auxotrophs so that
their capacity for coproporphyrin and phenolic acid production could

" be examined. Three absolute serine auxotrophs, ser-1, ser-2 and



Table IX. Inhibition of the production of phenolic-acids
and coproporphyrin by hemin in strain B-1471.

0.D. 510 0.D. Lo8
4 hr |18 hr | 24 hr | 16 hr| 20 hr| 24 hr
1. Control 0.50 0.51| 0.48 1.h 1.5 1.6
2. + 0.5 pg hemin per ml 0 0.3 0.35 0 0.9 1.5
3. + 1.0 pg hemin per ml 0 0 0.20 0 0.4 1.k
4, + 2.0 pg hemin per ml | growth inhibited

Hemin was added to cultures at zero time.
unaffected by hemin supplementation at 1.0 pg per ml.

The growth rate was

o3
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ser-3, and one leaky serine auxotroph, ser-U4, were isolated, Glycine
would not replace serine as a growth reguirement for any of the
strains.

None of the strains produced phenolic acids, as determined by
colorimetric assay, when grown under conditions of iron deficiency
in minimal medium supplemented with 30 pg serine per ml. Copro-
porphyrin was produced by ser-1, ser-2 and ser-3 at about 10% and by
ser-4 at about 15% of the level produced by the wild-type (Table X).
When the culture supernatants from these experiments were concentrated
and the phenolic acids extracted into ethyl acetate, chromatographic
examination of thé extracts revealed low levels of DHB but no DHBG
(Table X).

These experiments were repeated using 50 - 100 pg glycine per ml
in addition to the serine supplement. Under these conditions, the
results were qualitatively and quantitatively similar to those
observed with serine alone.

Spontaneous prototrophic revertants were selected from each of
the serine auxotrophs. A1l revertants tested (2 for each auxotrophic
strain) produced normal levels of coproporphyrin and phenolic acids
under iron-deficiency. However, chromatographic examination of the
culture supernatants showed that the revertants produced both DHB

and DHBG (Table X).
(c) AIA auxotrophs

Only one ALA auxotroph, designated hem-1, was isolated in
several attempts. In unsupplemented glucose medium, hem-1 had a

doubling time of 190 min, When the medium was supplemented with



Table X. Production of coproporphyrin and phenolic acids by
serine auxotrophs derived from strain B-1471.

Per Cent Production

Strain Cop Phenolic acids DHB* DHBG*
B-1h71 100 100 0 100
Ser 1-3 10 5 100 0
Ser 4 15 5 100 0
Revertants

of Ser 1-4 100 100 70-80 20-30

* Expressed as per cent of total phenolic acids produced

o9



5.0 pg ATA per ml, the doubling time was 130 min, This strain would
not grow in unsupplemented medium containing citrate as sole carbon
source, When grown under conditions of iron-deficiency in the test
(i.e. glucose) medium, hem-1 showed unusual behavior. In unsupple-
mented medium, neither phenolic acids nor coproporphyrin was produced.
Supplementation of the medium with ALA led to the production of both
coproporphyrin and phenolic acids. However, the responses to
different levels of AILA showed that low levels led to the production
of phenclic acids but not coproporphyrin, and that higher levels led
to the production of coproporphyrin and a decreased quantity of
phenolic acids (Fig. 15). Furthermore, when glycine or serine (50 -
100 pg per ml) was added to unsupplemented medium, phenolic acid
excretion by hem-1 was restored to 10% of the level in the parent
strain, while coproporphyrin accumulation remained unaffegted.
Chromatographic examination of culture supernatants showed that hem-1
produced only DHBG.

Protoporphyrin IX would not support the growth of hem-1 with
citrate as sole carbon source, even in the presence of 1 pg of iron
per litre. Similarly, supplementation of the glucose medium with
0.5 - 1.0 pg protoporphyrin IX per ml did not increase the growth
rate, as seen with ALA, nor did it allow the production of phenolic
acids and coproporphyrin during iron-deficient growth. It should
be pointed out that the growth of strain B-1471 was inhibited by 0.5
pg per ml of protoporphyrin IX.

Ten spontaneous revertants of hem-1 were selected on citrate
medium, A1l showed normal production of phenolic acids and copro-

porphyrin under iron-deficilency.
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(d) DHB auxotrophs

Only five strains, dhb-l, dhb-2, dhb-3, dhb-4 and dhb-5, which
required DHB for growth were isolated in many attempts. When first
isolated, supplementation of the minimal mediuﬁ with 0.2 pg DHB per
ml resulted in the appearance of normal colonies, However, all
five strains rapidly lost their dependence on DHB for growth. The
designations dhb-1, etc. were retained for these revertant strains
because they produced low levels of phenolic acids. A "revertant"
from each strain was screened for coproporphyrin and phenolic acid
production under iron deficiency. In each case, the production of
DHBG was considerably diminished compared to the production by the
wild-type (Table XI). "Revertants" from four of the strains showed
a decreased production of coproporphyrin (Table XI). A "revertant"
from strain dhb-Y4, however, showed very interesting properties.
Under conditions of iron-deficiency it produced a several-fold
higher level of coproporphyrin than the wild-type (Fig. 16).
Subsequently, it was found to produce coproporphyrin in the presence
of iron, iron plus DHB(G), or ferrichrome (Table XII). The wild-
type strain did not produce cdproporphyrin under any of these
conditions. Strain dhb-l4 also had an extended lag period when
inoculated into iron-deficient medium (Fig. 14).  Supplementation
of the medium with 2 mg iron per litre, 2 mg iron with 50 mg DHB(G)
per litre, or L4 mg ferrichrome per litre did not shorten this lag.
The lag was shortened by the addition of 0.5% yeast extract.

It should be pointed out that all the dhb-less strains grew more

slowly than the wild-type strain in iron-deficient medium.



Table XI. Products excreted by "revertants" of DHB

auxotrophs derived from strain B-1471.

Excretion level (per cent of
parent strain)
Strain DHBG Coproporphyrin
Dhb-1 5 20
Dhb-2 20 8
Dhb-3 10 15
Dhb -4 5 300
Dhb -5 5 >

29
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Table XII. Coproporphyrin production in Dhb-l.

Per Cent
Control 100
3+ .
+ 2 mg Fe” per litre 100
+ 50 mg per litre DHB(G) + 2 mg Feo' per litre 100
+ 4 mg per litre ferrichrome 100
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Discussion

The results indicate that when cultures of B. subtilis strains
B-1471 and W-23 became iron-deficient, the cells first started to
produce phenolic acids. About an hour later the production of
coproporphyrin was started. Phenolic acids have very strong
affinities for ferric iron (26), and it has been suggested that
they serve as iron solubilization factors (40).  The production
of DHB(G) may thus facilitate scavenging of the last traces of
iron from the medium for the synthesis of heme and non-heme iron
proteins. Once the available iron was taken up by the cell,
hemin would not have been formed anymore, resulting in a loss of
control over porphyrin biosynthesis, which was manifested by the
production of high levels of coproporphyrin. In R. spheroides,
hemin was éhown to inhibit AILA synthetase (9). In addition, in
the same orgenism (30, 32) and in T. vorax (30), iron appeared to
be required for the conversion of coproporphyrinogen IIT to proto-
porphyrin IX (9). ILoss of control over porphyrin synthesis in
B. subtilis would be expected to lead to the accumulation of
coproporphyrinogen IIT, which would oxidize spontaneously to
coproporphyrin IIT, either before or after excretion. This
interpretation is supported by the observation that phenolic acid
production was initiated before coproporphyrin production, by
the effect of hemin, and by the effect of iron at 150 pg per litre
on phenolic acid and coproporphyrin production. It is supported
also_by the properties of hem-1; only phenolic acids were produced
with low levels of added ALA, whereas both phenolic acids and

coproporphyrin were produced with higher levels. Only the higher



levels of ATLA would have allowed porphyrin synthesis in excess of
~iron.

Phenolic acid production appeared also to be related to the
demand for iron. In the absence of added ALA, hem-1 did not
produce phenolic acids, suggesting that the iron available in the
medium was sufficient to satisfy the non-heme iron requirements
of the culture. In the presence of ALA, additional iron was
required for heme synthesis, and phenolic acid production was
initiated.

Compared with strains B-1471 and W-23, strain WB-T46 showed an
earlier onset of phenolic acid production, and a later onset of
coproporphyrin productién. It has been shown (Section IV) that
the rate of uptake of iron by cells of strain WB-746 is much
slower than the rates in strains B-1471 and W-23. This suggests
that under the experimental conditions, iron was not'madeAavail—
able to cells of strain WB-T46 at a rate fast enough to satisfy
non-heme iron requirements. In addition, the tricarboxylic acid

(TCA) cycle in strain WB-T46 appears to be oxidatively inoperative

when high levels of glucose are present (Section III). This could

lead to a reduced demand for heme iron, and a late initiation of
porphyrin production.

The patterns of inhibition of coproporphyrin production by
1.0 mg iron per litre were in good agreement with those obtained
for inhibition of phenolic acid production (Fig. 3). The results
obtained by adding iron during growth showed that once a culture
became iron-deficient, it was committed to the synthesis of some

phenolic acid and coproporphyrin, even after the addition of iron.
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The much more rapid inhibition obtained by the addition of iron
and DHB(G) suggesfed that DHB(G) might help in carrying iron into
the cell, Neilands (42) suggested some time ago that the addition
of DHBG to the medium could make iron more available to cultures
of B. subtilis. This has now been demonstrated (Section V).

The serine auxotrophs made no DHBG when grown in medium
supplemented with serine, suggesting that the conversion of serine
to glycine may have been the limiting step in the synthesis of DHBG
from DHB (Table VIII). However, when these auxotrophs were grown
in the presence of both serine and glycine, again no DHBG was formed.,
It has been shown that labelled glycine added to the medium was
incorporated into the glycine moiety of DHBG (Table IV), implying
that B. subtilis can take up glycine from the medium. The
results obtained with the serine auxotrophs are difficult to interpret
in light of this observation. However, it is possible that B. subtilis
has a common active transport system for glycine and serine. If
this system is inefficient, and transports serine in preference to
glycine, the results could be explained by the cell being upable to
transport glycine at a rate fast enough to support growth, and serine
only at a rate fast enough to support growth but not DHBG production.

The fact that the inability to synthesize serine prevents the
production of the normal level of phenolic acids and reduces the
production of coproporphyrin suggests that there may be a linked
system of control involving glycine-serine, phenolic acids and
coproporphyrin. Since coproporphyrin is produced by the serine
auxotrophs, although at low levels, it appears that glycine is used

preferentialiy for porphyrin biosynthesis. The fact that supple-



mentation of the medium with glycine or serine led to the production
of some phenolic acid by hem~l is éf significance in this regard.

The low level of coproporphyrin production by some strains
defective in phenolic acid production again suggests a relationship
between these compoundé. The properties of strain dhb-4 cannot
be explained at present, but they also support the existence of
such a relationship. The fact that the extended lag period
observed with this mutant in iron-deficient medium could not be
reduced by supplementation of the medium with iron or iron-binding
compounds suggested that solubilization of iron was not the factor
limiting growth.

Genetic analyses were attempted, to further explain the relation-
ship between the excretion capacities of mutant strains, DNA.
extracted from straims B-1471 and WB-T7h6 was used to transférm (35)
the auxotrophs derived from B-1471, but none of the strains was
competent, even after addition of the ”com?etence inducing factor"

isolated from B. subtilis 168 I (2).

65



66

" Section IIi: - Inhibition of phenolic acid production in B. subtilis
Introduction

In bacteria, certain compounds inhibit growth by acting as false
regulatory metabolites of biosynthetic pathways (37). Thus, in
E. coli (37) and B. subtilis (46), S5-methyltryptophan has been shown
to mimic tryptophan as a feedback inhibitor of anthranilate synthetase
(37) and as a repressor of synthesis of the enzymes of the tryptophan
pathway. Mutants resistant to this compound are either (i) insensitive
to feedback inhibition or (ii) derepressed for the tryptophan bio-
synthetic enzymes (37, L46). Various compounds structurally related
to DHB(G) were therefore tested for their capacity to inhibit phenolic
acid production. Such inhibitors might be useful in the isolation of
mutants defective in the control of phenolic acid synthesis.

DHB(G) production was related not only to the level of iron in the
medium, but also to the level of iron required by the cell for heme
biosynthesis, Because heme biosynthesis requires an operative TCA
cycle, compouhds known to inhibit the operation of this cycle in

B. subtilis were tested for their effects on phenolic acid production.
1, Analogs of DHB

The compounds tested as analogs of DHB(G) varied widely in their
effects on phenolic acid and coproporphyrin production, Table XIIT

lists the analogs in order of their effectiveness as inhibitors.
2. Compounds affecting the functioning of the TCA cycle

Some of the compounds tested are known to inhibit sporulation in



Table XITI. Effect of analogs of DHB on phenolic acid and
coproporphyrin production.
Per cent accumulation

Supplement Strain B-1hL71 Strain W-23 Strain WB-7L6

(200 pg/ml) DHBG Cop* | DHB(G); Cop | DHB Cop

None 100 100 100 100 100 100

Benzoic acid 100 100 100 100 100 100

3-hydroxy- 50 100 50 100 55 100
benzodte

2, 3-dimethoxy- 65 100 50 100 75 100
benzoate

2-fluoroben- 65 100 40 100 65 100
zoate

3-fluoroben- 0 iTg) 0 80 10 100
zoate

Dipicolinic 0 55 0 45 20 4o
acid ’

3-hydroxyanth - 0 100 0 100 0 100
ranilate

¥ Cop refers to coproporphyrin
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Bacilli, possibly because they inhibit the functioning of the TCA
cycle. Glutamic acid (62) and a-ketoglutaric acid (24) inhibited
sporulation in B. subtilis by repressing the synthesis of aconitase.
a-picolinic acid is an iron chelating agent which has been shown

to inhibit sporulation in B, cereus (16) by preventing derepression
of aconitase. m-Tyrosine inhibits sporulation in B. subtilis (4),
but its mechanism of action is unknown. The compounds tested, and
their effects on phenolic acid and coproporphyrin production are

shown in Table XIV.

3. Effect of sideramines on phenolic acid and porphyrin production

by strain B-1471.

Sideramines are ferric trihydroxyamates which can act as growth
factors for certain bacteria (39), possibly by transporting iron

into the cell (40). Micrococcus lysodeikticus will grow in minimal

medium if a dihydroxyphenol, such as catechol (56) or protocatechuic
acid (56), or a sideramine, such as ferrichrome (41), is present.
Therefore, the effects of_sideramines on phenolic acid and copro-
porphyrin production were examined in strain B-1471, There are two
types of sideramine (L49), and a representative of each group was
chosen for study. When added at zero time, 0.4 pg ferrichrome per
ml or 0.2 pg ferrioxamine per ml inhibited phenolic acid production
completely, and delayed and reduced coproporphyrin production (Fig. 17,
Table XV), The level of ferrichrome used was edquivalent to the
addition of 20 pg iron per litre. The addition of this much iron
alone did not inhibit phenolic acid or coproporphyrin production by

strain B-1471 (Fig. 2 and Section II). When the same levels of the
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Table XIV, Effect of inhibitors acting at the level of the TCA cycle
on phenolic acid and coproporphyrin production.

Per cent accumulation

Strain B-1471 | Strain W-23| Strain WB-746

Inhibitors DHEG Cop | DHB(G) | Cop| DHB | - Cop

None 100 100 | 100 100 100 100

0.05% a-ketoglutaric acid 75 70 80 70| 100 80
or glutamic acid

0.10% a-ketoglutaric acid 55 5 60 501 100 50
or glutamic acid

g-picolinic acid 0 0 10 30| 100 80

n - tyrosine 0 0 0 0 0 0

0 - tyrosine 60 0 20 80| 60 85

A1l TCA cycle inhibitors were added at zero time. None of the supple-
ments significantly affected growth except m - tyrosine, which retarded
growth slightly in WB-TL46. Corrections were made for this growth
impairment (see text).
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Figure 17.

o 10 Il 12 13 14 15 6
HOURS

'Effect of sideramine éupplementatlon on phenolic acid excretion in

strain B-1471.  Ferrichrome (0.4 ng per ml) or ferrioxamine: (0.2 :
"ug per ml) was added at zero time () or after 8 hr growth (X).

No. addltlons were made to the control flask (O).



Table XV. Inhibition of the production of coproporphyrin by
sideramines in strain B-1471

0.D. at 408 mu

12 hr |14 hr {18 hr | 24 hr

1. Control 0.45 1.1 1.5 1.6

2. 0.b pg ferrichrome per ml added 0 0 0.4k51 0.60
at zero time

3. 0.4 pg ferrichrome per ml added 0 0 0.4o 0.50
at 8 hours

4, 0.2 pg ferrioxamine per ml added 0 0 | 0.65] 0.90
at zero time

5. 0.2 pg ferrioxamine per ml added 0 0 0.80| 1.2
at 8 hours

The growth rate was not affected by supplementation with ferrichrome
or ferrioxamine,



72

' sideramines were.added to cultures after 8 hr growth under iron-
deficient conditions, phenolic acid production was stopped rapidly
(Fig. 17) and coproporphyrin production was delayed and reduced

(Table XV).
Discussion

It appears that there are two classes of compounds affecting
phenolic acid production in iron-deficient cells of B. subtilis.
Compounds of Class 1 inhibit both coproporphyrin and phenolic acid
production, Those of Class 11 inhibit only phenolic acid
production. |

The production of phenolic acids by B. subtilis is dependent
upon the level of iron in the medium. It is dependent also on the
iron requirements of the cell, If S-aminolevulinate_synthesis is
blocked by mutation, phenolic acids are not produced under iron-
deficiency; presumably because the non-heme iron requirements are
met by the residual iron in the medium (Fig. 15). Therefore, it
is not surprising that compounds affecting the functioning of the
TCA cycle inhibit both coproporphyrin and phenolic acid production.

None of the compoﬁnds of Class 11 inhibited the growth of B.
subtilis, This suggests that phenolic acids are not essential for
growth under the experimental conditions used. Mutants isolated
from B. subtilis strain B-1471 as DHB auxotrophs lost their dependence
on DHB within one or two transfers. When examined, however, such
”revgrtants” were found to produce very low levels of phenolic acid
under iron-defipiency. Some of these strains also produced low

levels of coproporphyrin, whereas one of them produced increased



levels (Table XI). Phenolic acids, therefore, are not essential
for growth or coproporphyrin production, under the experimental
conditions employed.

The most effective inhibitors in Class IT are meta-substituted
benzoic acids, Dipicolinic acid is, in effect, such a compound.
It is interesting that anthranilate (Table V) and m-hydroxybenzoic
acid inhibited phenolic acid production about 50 per cent, whereas
3-hydroxyanthranilic acid inhibited it 100 per cent (Table XIV).
The effects of these inhibitors on DHB synthesis by cell-free
extracts are being investigated.

The inhibitory effect of sideramines is probably due to their
facilitating the uptake of iron by the cell, a conclusion (Section
VI) which is supported by the failure of desferri-ferrichrome to
produce the inhibition seen with ferrichrome.  Since Fe3+:(DHB(G))3
is a more effective inhibitor of phenolic acid production than iron
alone, it would seem that any compound able to form a ferric iron
complex to which the cell is permeable will be able to inhibit
phenolic acid production. This affords an experimental approach
to the study of the specificity of the iron uptake mechanism(s) of

B. subtilis (Section V).
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“Section IV: - Effects of aeration and glucose concentration on

growth and phenolic acid excretion
Introduction

All fhree wild type strains which were studied extensively
produced phenolic acids during logarithmic growth in iron-deficient
medium containing high levels (1 per cent) of glucose (Table V),
One of these strains (WB-746), however, excreted only DHB and no
DHBG under these conditions (Table V). Unlike strains B-1L71 and
W-23, the accumulation of phenolic acid in WB-T46 was not affected-
by inhibition of the TCA cycle (Table XIv). It was found sub-
sequently that WB-T46 excreted coproporphyrin at lower glucose
levels, and that excretion was not initiated until the late station-
ary period (Fig. 13). These observations suggested that the TCA
cycle in WB-746 was only partially functional under the conditions
employed. Because high levels of glucose have been shown to
repress the operation of this cycle in B. subtilis (11, 16, 17),
phenolic acid and coproporphyrin production in WB-7L46 were studied
in medium containing lower levels (0.3 per cent) of glucose. In
addition, the effect of aeration on phenolic acid production was

studied in the three strains.
1, Effect of aeration on phenolic acid production

When strains B-1471 and W-23 were grown in still cultures,
containing 1 per cent glucose, the generation time was 190 min and
the maximum cell density resulting over a 24 hr period was only

7.5 x 108 cells per ml (Table XVI). Under these conditions, no
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Table XVI. Effect of aeration on growth and phenolic acid production in
wild-type strains.
Strains { Aeration Generation | Max, cell density | 0.D. at { O.D. at
time (min) (cells per ml) 510 mp | 408 mu
B-1h71 maximum 130 2.8 x 107 0.55 1.6
B-1471 still culture 190 7.5 x 108 0 0.2
Ww-23 maximum 130 2.8 x 1»09 0.45 1.6
W-23 still culture 190 8.0 x 108 0 0.3
WB-TL46 maximum 190 2.8 x 107 1.2 1.3
.WB-71+6 still culture 190 2.7 x 10° 1.1 0.05

Determinations were made over a 24 hr growth period, and the maximum values
are reported.




76

- DHB(G) and only 10 per cent of the normal level of coproporphyrin
accumulated (Table XVI). Under aerobic conditions, the generation
time of these strains was 130 min, the maximum cell density achileved
was 2.8 x 109 per ml, and phenolic acids and coproporphyrin were
produced (Table XVI). When WB-746 was grown in still culture, no
coproporphyrin was produced; but the generation time, maximum cell
density and production of DHB were identical to those obtained under

aerobic growth conditions (Table XVI).
2, Effect of glucose concentration on phenolic acid excretion

When WB-746 was grown in medium containing 0;3 per cent glucose,
a diauxic growth curve was observed (Fig. 17). The first 10 hr
growth period was followed by a 5 hr plateau, during which there was
no increase in cell number; this was followed by a second period
of logarithmic growth. . DHB production was initiated after 8 hr
incubation, and continued logarithmically for 3 hr. The DHB con-
centration then decreased linearly during the plateau period.
Coproporphyrin was produced only during the second logarithmic growth

period (Fig. 18).
3., Oxidation studies

Because the growth medium contained 0.1% citrate and 0.3% acetate,
the oxidation of these substrates by WB-T46 was studied. Cells
harvested and washed (see Materials and Methods) after 10 hr growth-
(Fig. 18) showed a lag of 1.5 hr before acetate and citrate were
oxidized (Fig. 19). Even after this period, oxidation of these

substrates proceeded very slowly. Extracts prepared from these
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and citrate without a lag (8).
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" 10 hr cells were also unable to oxidize acetate or citrate. In
contrast, cells harvested after 17 hr growth (Fig. 18) oxidized
acetate and citrate without a lag. At no time during growth were
cells able to oxidize DHB(G) in the presence or absence of 1 mg Fe+3

per litre. The extended plateau (Fig. 18) suggested that iron

deficiency may have prevented the formation or functioning of TCA
cycle enzymes. The addition of 1 mgbiron per litre at 9 hr,
however, did not reduce this plateau period.

Unlike strain WB-TL46, strains B-1471 and W-23 did not display
diauxic gfowth when grown in‘mediumbcontaining 0.3 per cent glucose,

and were able to oxidize acetate and citrate without a lag when

harvested at any time after 7 hr incubation.
Discussion

The inability of strain WB-T46 to produce coproporphyrin during
logarithmic growth in iron-deficient medium (Fig. 13) appeared to
be related to its inability to oxidize acetate and citrate in the
presence of glucose. Prior to and during subsequent acetate and
citrate oxidation, the level of DHB in the culture supernatant
decreased; +this decrease was independent of the level of iron in
the medium. No oxidation of DHB was observed by cells harvested
at any time during growth. It is possible that during the plateau
preceding acetate and citrate oxidation (Fig. 17) DHB served, via
the guinone form, as an electron transport by-pass, circumventing
the normally operative cytochrome system.

Gray et al (23) have indicated that when an organism with a

high aerobic and anaerobic rate of glycolysis was grown with adeguate
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"glucose, enough ATP would become available from the Embden-Meyerhof
pathway to minimize the role of the TCA cycle in energy production.
These workers further suggested that the TCA cycle enzymes are induced
or repressed in three groups, each under independent control: enzymes
involved in the synthesis of (a) tricarboxylic acids, (b) 5-carbon
dicarboxylic acids, and (c) Lk-carbon dicarboxylic acids. In a medium
containing adequate glucose, the synthetic portion (i.e. steps leading
to the synthesis of a-ketoglutarate) of the cycle would predominate.
This appears to be the case in WB-TL4b. Glucose was much less inhibi-
tory to the oxidative functioning of the TCA cycle in strains B-1471
and W-23.

The production of high levels of DHB but no DHBG in still cultures
(Table XIV) again reflects the relationship of DHBG production to TCA

cycle activity.



ection V: - Iron transport and phenolic acids
Introduction

Phenolic acids have very strong affinities for ferric iron (26),
and it has been suggested that they may be involved in iron transport
in B. subtilis (LO). The production of phenolic acids was related
not only to the level of iron in the medium (Fig. 2), but also to
the iron requirements of the cell (see Section IIL). Therefore, an
examination was made of the uptake of iron by B. subtilis, and the

~effects of phenolic acids on this process.
1 Preliminary experiments

Labelled iron was added to sterile medium and the mixture
incubated as described in Materials and Methods. Samples were
removed at intervals over a 50 min period and passed through 0.45 u
Millipore membranes. No radioactivity was retained on the membranes.
Therefore, insoluble iron compounds, which might be retained on the
membranes, were not being formed during the experiments described
below. For uptake experiments, it was found that washing of cell
samples with 10.0 ml medium removed no more iron from the membranes
than washing with 2.0 ml. The smaller volume was used in all

experiments.

2. Experiments with iron-deficient cultures. Iron transport

as a function of culture age

The rate of iron uptake was proportional to cell concentration,

i.e. culture age, up to a density of 2.0 x 108/ml. At higher
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densities, the curve became sigmoid (Fig. 20). It should be
emphasized that these expefiments employed growing cells, and that
the culture medium contained traces of iron. Tt was possible
that the increased rate of transport observed abovg a cell density
of 2.0 x 108/ml reflected the development of an increased capacity
to take up iron in response to the approach to an iron-deficient
state. All subsequent experiments were performed using a cell
density of 5.5 x 108/ml. In the absence of added iron, cultures
started to produce DHBG at a cell density of about 7.0 x lOB/ml

(see (Fig. 11).
3, Iron transport as a function of energy

The addition of iron led to an initial rapid binding of label
to the cells (Fig. 21). This was followed by a slower, linear
rate of uptake until about 30 min, after which time the rate
decreased (Fig. 21). A mixture of sodium azide and iodoacetamide
inhibited the slower phase of uptake, but was without effect on
the initial rapid binding of iron (Fig. 21). The gradual decrease
in bound iron in the presence of the inhibitors was the result of

cell lysis.
Y, The effect of temperature on iron transport

The binding of iron to the cells was temperature independent
(Fig. 21). The slower rate of uptake was temperature dependent,
with an optimum at 37 C (Fig. 22). Measurements at temperatures

above 45 C were not made because of cell lysis.

82



83

.04 4
Q. - 0
Ll .
L 1 /
< 084 :
o
(Al
e 0.6-
@)
O 0
=
0.4-
0.2+ o]
=4 o ‘
Y
0 L2 34 5 6
107 CELLS PER ML
- Figﬁre;20. iron uptake as a function of physiological age.

Iron was added to culture samples after growth =
to the density. indicated. Each point represeénts
the rate of uptake measured over the interval

. 3-8 min after iron addition.



8l

L 30] .
= -S/A
i | 8/

g 2.07. /
R o
4

59Fe
o
~

- ’
N

| /gfg—x—é—a-x -4 ) ﬁ'

O Y 1 ‘l I> 1

-0 10 20 30 40 50
MINUTES . K

Figure 21. Iron upteke as a function of energy. The rate
- » of iron uptake was measured at 37 C (0), o C (&),
at 37 C after pre-incubation for 30 min with 30
mM sodium azide and 1 nM iodoacetamide (X), and
.at 37 C after the addition of 0.1% citrate (4).



O

Fe° UPTAKE PER ML

“myg
o

0.2-

85

Figure 22"

20 25 30 35 40 45

TEMPERATURE

"Effect of temperature on iron uptake.: Culture.

samples were pre-incubated at the appropriate

- temperature for 10 min before the addition of

iron.



5 Incorporation of iron into TCA-insoluble material

A significant fraction of the iron bound to the cells, and of
that subsequently taken up, was insoluble in cold 5% TCA (Fig. 23).

This was true also of the ifon bound at O C.
6. Iron transport as a function of iron concentration

The rate of iron uptake at 37 C was proportional to the iron
concentration, up to a level of 4O mug/ml (Fig. 24). As the
concentration was increased beyond 4O mug/ml, the rate of uptake
appeared to decrease (Fig. 2L). Further examination of uptake at
high iron concentrations showed that a period of very rapid uptake,
lasting about 6-7 min, was followed by a period during which iron
was lost very rapidly from the cells. This loss of iron was not
observed at lower iron concentrations (i.e. at 5vmug/ml), not
even when cells were allowed to take up iron for 30 min, were
filtered, washed‘with iron-free medium, and then incubated in iron-
free medium for a further 30 min. The binding sites on the cells

were saturated (i.e. e uptake at O C) at an iron concentration
of 200 mpg/ml (Fig. 25), while the maximum rate of uptake was

obtained at 4O mpg iron/ml.
7. The effect of citrate on iron uptake

The medium used contained sodium citrate. It has been reported
that citrate could replace the DHB requirement of a multiple aro-

matic auxotroph of Escherichia coli (67). When citrate was omitted

from the medium, the rate of iron uptake by cells was increased

‘about 4-fold, and the amount of iron taken up was increased about
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L4o% (Fig. 26). There was also a 2-3 fold increase in the amount
of iron bound by the cells at 0 C (Fig. 26). The addition of
5-300 pg DHB(G)/ml to cultures grown in the absence of citrate
‘caused a 20% increase in the level of iron uptake (Fig. 26). The
addition of 0.1% citrate at zero time or after 30 min incubation,
however, did not affect iron uptake by cells growing in iron-

deficient, citrate-containing medium (Fig. 21).
8. The effect of phenolic acids on iron uptake

The addition of 5 pg/ml of DHB or DHBG at the same time as
5 mpg of iron/ml resulted in a L-fold increase in the rate of iron
uptake (Fig. 27). Increased concentrations of phenolic acid up
to 300 pg/ml did not give any further stimulation of the rate of
uptake. It should be pointed out that the phenolicecids were
mixed with the iron and left at room temperature to equilibriate
for 15 min (26) prior to their addition to the cells. In the
absence of a phenolic acid about 55% of the added iron was taken
up by the cells. In the presence of a phenolic acid about 90%
was taken up (Fig. 27). Phenolic acid in the range 5-300 pg/ml
decreased the binding of iron at O C by about 50%. If less than
5 ug/ml phenolic acid was added, the rate of uptake was still
elevated, but there was some decrease in the amount of iron taken
up by the cells (Fig. 27). The addition of 5 pg/ml of phenolic
acid with 0.5 mpg iron/ml did not affect the rate of uptake, but
it did increase the amount of iron taken up from 30% to 70% (Fig.
28). The binding of iron at O C again was reduced in the presence

of phenolic acid (Fig. 28).
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9. Experiments with iron-sufficient cultures

Cells grown in iron-sufficient medium bound less than 5% of the
level of iron bound by iron-deficient cells at O C (Fig. 25). In
addition, the rate of uptake was greatly reduced as a consequence
of growth in iron-sufficient medium (Fig. 24). The addition of
phenolic acids to iron-sufficient cells did not affect either the

binding or the rate of uptake of iron.
10. Experiments with mutant strains

After growth in iron-deficient mediu@, the rates of iron uptake
in strains dhb-1, dhb-4 and dhb-5 were less than 20% of the rate
observed in strain B-1471 (Fig. 29). The binding of iron at O €
was reduced by 80% in these strains (Fig. 29). In the presence of
50 ‘ug DHB(G)/ml, the rate of uptake was increased 10-fold in strain

dhb—h, but the rates in strains dhb-1 and dhb-5 were unchanged

(Fig. 29).
Discussion

The results indicate that B. subtilis possesses a system for

' the transport of iron, which has the properties of an active trans-
port system (3), being temperature and energy-dependent.  Growth
under conditions of iron-deficiency results in a considerable
increase in the capacity of the transport system. In fact, the
iron-deficient cell develops this capacity to such an extent that
eventually it can no longer retain the high levels of iron taken
up when increased quantities are added to the medium. In addition

to the transport system, cells of B. subtilis can bind iron at O C,
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and this binding also is increased considerably by growth under
iron~deficiency.

The addition of a phenolic acid to iron-deficient cells
stimulated the rate and increased the level of iron transportéd.
At lower iron concentrations, only the level of iron transported
was altered by phenolic acid additioﬁ. Mutants unable to
produce normal levels of phenolic acid showed a decreased rate
of trénsport and a decreased binding capacity. This suggests
that phenolic acids are involved directly in iron transport. At
neutral pH, the 3:1 complex of DHBG:Fe3+ is favoured (Fig. 30)
(40), so that the transport system would be able to recognize the
complex in the presence of a great excess of free DHBG. The
properties of the mutant strains suggest that phenolic acids may
also be involved in the binding of iron to the cell.

The transportsystem may be inducible because the capacity for
transport increases during iron-deficiency. If it is inducible,
the question of the nature of the inducer becomes important. It
is unlikely to be the Fe3+(DHB(G))3 complex because the increased
capacity i1s the consequence of a lack of iron. An attractive
alternative is that the system is repressible, with the corepressor
being an iron complex, possibly Fe3+(DHB(G))3.

Citrate can bind iron, and could serve‘to make limiting iron
more available to the cell, thereby postponing the onset of iron-
deficiency. In the present case, the omission of citrate from
the medium led to an increased capacity for iron transport.

Almost half of the iron taken up by the cells was insoluble

in cold TCA. This was true also of the iron bound to the cells.



Figure 30.-. The re’3; (DHZBG)3 complex
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The nature of this "insoluble" iron is not clear at present, but
it is being investigated. Attempts are being made to isolate
mutants totally unable to synthesize phenolic acids so that their

capacities for iron transport and binding may be studied.
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Section VI: - Control of iron transport
Introduction

Phenolic acid production started earlier and continued at a
faster rate in WB-746 than in B-1471 (Fig. 11, 13). Conversely,
coproporphyrin production started later and occurred at a slower
rate in WB~TW6 than in B-1471 (Fig. 11, 13). Oxidative functioning
of the TCA cycle in WB-T746 was inhibited by 0.3% glucose (Fig. 18),
while that of B-1471 was not. Hem-1 had no oxidative TCA cycle
in unsupplemented medisg, but the normal functioning of this cycle
was restored following supplementation with ATA (Fig. 1k, p. ).
These properties prompted an investigation of the relationship

between iron transport capacity and heme-iron requirement.
1, Effect of heme-iron requirement on transport capacity

When uptake studies were conducted, the rate and extent of iron
uptake in B-1471 greatly exceeded that in WB-TW6 or of hem-l in
unsupplemented medivm (Fig. 31). When hem-1 was grown in medium
supplemented with 5 pg ALA per ml, its iron uptake capacity approached

that of the parent strain (Fig. 31).

2., DBffect of ferrichrqme

Addition of the phenolic acid Fe

complex inhibited phenolic
acid (Fig. 4) and coproporphyrin production (Fig. 1U4) by strain B-1L71.
This was probably the result of phenolic acids increasing iron uptake

(Fig. 27). The addition of low levels (0.4 pg per ml) of ferrichrome

to iron-deficient cultures of B-1471 at zero time or after



- 3.07

~ 100

= 7.
o &7
L /x
& 2.071 o
= C x 0
- R | ())( : @/A/A—_A
o 10]- / Y
N R YA
-A A Y
g; aE ’OX/C?%
‘0. o 20 30 40
~ MINUTES
Figu?évsifllStraiﬂAdifferences in ifoﬁ uﬁﬁaké capacities. Iron

upbake was measured in strains.B-1471 (0) and WB-Tu46
(). Hem-1 growing in the absence of ALA had a low
iron uptake capacity (¢). When hem-1 was grown in

"~ the presence of 5 pg ALA per ml, its uptake capacity

T

S (x) was comparable to that of the parent strain (0).



8 hr growth, inhibited DHBG (Fig. 17) and coproporphyrin production
(Table XIV). The level of iron provided by this supplementation
is about 20 pg per litre, a level which alone caused no inhibition
of excretion (Fig. 2). Ferrichrome has been implicated as an iron
solubilization factor for several microorganisms (39, 41). Ferri-
chrome and desferri-ferrichrome were tested therefore for their
effects on iron transport. When cells were incubated with 5 mug
59Fe per ml, 55% of this iron was available to the cell over a 40
min incubation period (Fig. 32). When O.4 pg ferrichrome per ml
was added simultaneously with the radioéctive iron, there was a 30%
decrease in the amount of label incorporated into the cells, Pre-
incubation of the ferrichrome with 59Fe for one hr, which would
allow about 22% of the ferrichrome-~bound unlabelled iron to exchange
with 59.Fe (34) resulted in only an 18% decrease in the amount- of
radioactive label incorporated compared to cells . in the absence of
ferrichrome (Fig. 32). The addition of desferri-ferrichrome

simultaneously with 59Fe, made 99% of the labelled iron available to

the cells within 15 min incubation (Fig. 33).
T
3. HQ mutants

The properties of strains HQ -1-6 (Section I) suggeéted that
these strains required less available iron thén‘the parent strain.
To check this theory, iron transport studies were conducted. When
these strains were grown in the absence of HQ, the rate and extent
of iron uptake were significantly increased (Fig. 34). Supple-

mentation of media with 0.1 pg HQ per ml (which did not affect the
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growth rate) further increased the rate and extent of transport (Fig. 3L).
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"Discussion

A requirement for heme-iron éppeared to cause an lncrease in
the transport capacity of cells. The inhibitory effect of low
levels of ferrichrome on DHBG and coproporphyrin excretion in B-1471
appeared to be related to its ability to drastically increase both
the rate and extent of iron uptake. The observations that uptake

of 5 mug 59F

e per ml was decreased by ferrichrome addition, and was
increased by supplementation with desferri;ferrichrome may indicate
that: (i) ferrichrome was competing at the active site for free
iron transport, or (ii) upon entering the cell, ferrichrome caused
inhibition of free iron uptake.

It has been suggested (41) that ferrichrome is active in the
insertion of iron into porphyrin. Thus, ferrichrome may have
provided iron directly for heme synthesis in B-1471, allowing normal
iron sufficient porphyrin biosynthesis, thereby eliminating the
requirement for DHBG synthesis. Results with B-1471 (Section II)
indicated that if iron were available for heme synthesis, neither
coproporphyrin nor DHBG would accumulate.

The extent of iron transport under the experimental conditions
employed allows speculation concerning the level of extracellular
iron remaining prior to the'excretion of DHBG and coproporphyrin
(Fig. 11) by this strain. Transport studies were conducted under
conditions identical to those used for studying excretion products,

except that 5 pg Fe+3

per litre were added to cells approximately
one hour prior to the onset of phenolic acid excretion (Fig. 11).
Of this level of added iron, 45% was unavailable to cells in the

absence of phenolic acids (Fig. 26), so that the extracellular iron
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concentration prior to DHBG excretion could be estimated to be

5 pg per litre. Excretion of DHBG by cells would then facilitate
solubilization of about 90% of this iron (Fig. 26) preceding the
onset of coproporphyrin production (Fig. 11). Only about 0.35 ug
per litre of the remaining iron wouid subsequently be available

to the cell (Fig. 27), which accounts for the excretion of very
high levels of coproporphyrin (Fig. 11).

HQ?»mutants had an increased iron uptake capacity compéred to
the parent strain. When these mutants were grown in the presence
of 0.1 pg HQ per ml, their iron transport ability was increased
further. HQ?—l-6 were unable to excrete normal levels of DHBG or
coproporphyrin in the absence of HQ (Section I). In The presence
of 0.1 pug HQ per ml, however, these products did accumulate in the
medium (Section I).- It remains to be determined if HQ forms a
complex with iron which then (a) cannot be taken up by the cell,
or (b) can be taken up by the cell but from which the iron cannot

be released.
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GENERAL DISCUSSION

Although the factor exerting the greatest effect on phenolic
acid production by B. subbllis was the level of iron in the medium,
production was influenced also by other aromatic compounds syn-
thesized from chorismic acid and by the requirements of the cell
for iron.

The effects of the aromatic amino acids in reducing phenolic
acid production were to be expected because it is known that the
aromatic biosynthetic pathway in B. subtilis is subjected to feed-
back inhibition by these amino acids (28, 33). Repression of the
enzymes of the pathway has been demonstrated recently (43) and it
is significant that it appears to be mediated most strongly by
tyrosine, the amino acid exerting the greatest degree of inhibition
of phenolic acid production. The aromatic amino acids would reduce
the level of chorismic acid available for DHB synthesis. The
marked inhibitory effect of anthranilic acid appeared to be directly
on DHB synthesis from chorismic acid.

That the production of phenolic acids was related to the a;tual
iron requirements of the cell was shown by the properties of strain
B-1471 hem-1. This strain, blocked at the first step of porphyrin
biosynthesis, did not produce phenolic acids under iron-deficiency.
In addition, still cultures of strains B-1471 and W-23 did not
produce phenolic acids under iron-deficiency. Such cultures
would have had a low capacity for porphyrin biosynthesis. The
production of DHB by strain WB-746 under these conditions may have

reflected the decreased iron uptake capacity of this strain. It
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was possible that, in spite of these observations, the relationship
between phenolic acid production and a requirement for iron for
hemin biosynthesis was more apparent than real, with phenolic acid
and coproporphyrin production occurring independently in response
to an iron deficiency. However, hemin inhibited phenolic acid
production. It has been shown that hemin is probably unable to
satisfy the non-heme iron requirements of certain bacteria (39),
suggesting that it does not readily release its iron inside the
cells. It was significant, also, that phenolic acid production
started before coproporphyrin production. . This aspect of the
problem is to be extended by examining mutants blocked after ALA
for their capacities for phenolic acid production. It is intended
also, to use strain B—lh7l hem-1 to determine the heme-iron, the
‘non-heme iron and the total iron requirements of strain B-1471
under various conditions. The relative importance of iron for
hemin biosynthesis can then be assessed and the relationship of
phenolic acid production to porphyrin biosynthesis worked out in
detail)

DHB and DHBG have strong affinities for ferric iron (26), so
that they could chelate low levels of iron in the medium. The
development of an increased capacity for iron uptake by cells grown
in an iron-deficient medium, and the enhancément of this capacity
- by phenolic acids, supported the idea that the acids were serving
to scavenge the last traces of iron from the medium. The production
of phenolic acids could have been initiated when the level of iron
inside the cell fell below a critical value. It remains to be

determined what this value might be and whether it represents total,
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free or bound iron.

Perhaps the most interesting aspect of this problem is the
question of how the level of iroﬁ in the medium controls the
production of phenolic acids. There are two major possibilities:
the enzymes for DHB synthesis are either repressible or inducible.
The nature of the corepressor or inducer is not clear at this
point. It might be that iron itself is a corepressor, with a
critical level being required to activate the repressor. The
Fe3+:(DHB(G))3 complex might be the corepressor; in this case it
would be necessary to postulate that sideramines inhibit phenolic
acid production by carrying iron into the cell to allow formation-
of the Fe3+:(DHB(G))3 complex. Alternatively, the system might
be induced by free DHB(G). In the presence of sufficient iron,
all the DHB(G) could be in the Fe3+:(DHB(G)) complex; as the
level of iron falls below the critical level, free DHB(G) could
~ appear to induce the system. It is unlikely that the m-substi-
tuted benzoic acids inhibited phenolic acid production by acting-
as corepressors since none of them could complex iron, aﬁd the
medium was iron-deficient. They could, however, have competed
with free DHB(G) to prevent induction.

The increased capacity for iron uptake seen in iron-deficient
cells could have resulted from the appearance of a specific
permease in response to the initiation of phenolic acid production.
This point must be investigated further, and an attempt made to
determine if such a permease is under the same system(s) of
control as the enzymes involved in DHB synthesis. The system

can be subjected to genetic analysis, using transformation and
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or transduction. Attempts will be made to isolate mutants in which

the production of phenolic acids is no longer controlled by iron.
Ferrichrome and ferrioxamine gerved as effective "inhibitors'" of

phenolic acid production, and ferrichrome served very effectively

to carry iron into the cell. If a specific permease was involved

in carrying ferric iron complexes into the cell, it might be character-

ized by being relatively non-specific with regard to the ligands binding

the iron. The specificity of the iron uptake mechanism seen in iron-

deficient cells could be examined using phenolic compounds closely

and distantly related to DHB and DHBG.
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