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ABSTRACT

The iron-protein ferritin has been purified from mycelium, sporangiophores, and spores of
the fungus Phycomyces blakesleeanus. It has a protein-to-iron ratio of 5, a sedimentation co-
efficient of 555, a buoyant density in CsCl of 1.82 g /cm®, and the characteristic morphology
of ferritin in the electron microscope. Apoferritin prepared from Phycomyces ferritin has a
sedimentation coefficient of 18S and consists of subunits of molecular weight 25,000. In the
cytoplasm of Phycomyces, ferritin is located on the surface of lipid droplets (0.5-2.0 u in
diameter) where it forms crystalline monolayers which are conspicuous in electron micro-
graphs of sporangiophore thin-sections. Ferritin is found in all developmental stages of
Phycomyces but is concentrated in spores. The level of ferritin iron is regulated by the iron

level in the growth medium, a 50-fold increase occurring on iron-supplemented medium.

INTRODUCTION

Ferritin is a large protein containing up to 309,
iron by weight. It was discovered in horse spleen
and first purified by Laufberger (1937). Since
then, ferritin from mammalian tissues has been
extensively studied (see Granick, 1946, and
Harrison, 1964, for reviews). More recently,
ferritin has been demonstrated in invertebrates
(Roche et al., 1961; Towe et al., 1963) and plants
(Hyde et al., 1963). This paper presents evidence
that it is also present in the fungus Phycomyces
blakesleeanus, indicating an even wider occurrence
of this protein than was previously supposed.

Ferritin consists of a core of ferric hydroxide
surrounded by a spherical protein shell (apo-
ferritin) which is made up of 20 identical sub-
units, each of which has a molecular weight of
24,000 (Hofmann and Harrison, 1963). The iron
core is sufficiently electron-opaque to be visible
in the electron microscope in unstained prepara-
tions, while apoferritin appears in negatively
stained preparations as an electron-lucent an-

nulus around the core (Richter, 1959). Due to
its iron content, ferritin has a high buoyant den-
sity in CsCl (1.8 g/cm?®) and a high sedimentation
coefficient (65-70S). Moreover, the iron content
of individual molecules can vary from no iron
(apoferritin) to about 4000 atoms in a full core
(Fischbach and Anderegg, 1965). Ferritin mole-
cules with different iron contents have corre-
spondingly different sedimentation coefficients
and buoyant densities. In ferritin preparations
from mammalian liver and spleen, a hetero-
geneous distribution of iron contents and apo-
ferritin (up to 259%,) are observed.

The first part of this paper describes the puri-
fication and properties of Phycomyces ferritin and
the extent to which it is different from mammalian
(e.g. horse) ferritin. The second part describes the
unique localization of Phycomyces ferritin on the
surface of lipid droplets in cytoplasm (Sassan,
1965; Peat and Banbury, 1968) and its distribu-
tion in the various developmental stages—
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mycelium, sporangiophores, and spores. Because
of the availability of these distinct developmental
stages, Phycomyces is a very suitable organism for
studying the role of ferritin in the metabolism,
transport, and storage of iron. Results are also
presented which demonstrate that ferritin syn-
thesis in Phycomyces is regulated by iron concen-
tration in the growth medium. Further studies on
Phycomyces ferritin will be published elsewhere.

MATERIALS AND METHODS

Stocks of Phycomyces blakesleecanus

Experiments were done with mycelium, vegetative
spph’s,! and spores. The strain used was NRRL
1555(—), which has been used for biophysical ex-
periments (see review by Bergman et al., 1969).

Mycelium was prepared by germinating spores in
aerated liquid culture. After 2-5 days of growth (at
20~23°C), the mycelium was harvested by filtration
through a Buchner funnel. To prepare spph’s, spores
were germinated on solid medium in Petri dishes.
After 3 days, mycelial growth covered the agar sur-
face and spph’s were initiated. On GA medium,
about 3,000 spph’s grew on a single Petri dish. Spph’s
(4-6 cm high) with a mature sporangium were
harvested by cutting them off with scissors or plucking
them from the mycelium.

Media

A synthetic glucose-asparagine (GA) medium was
used for all experiments (Bergman et al., 1969). The
medium was solidified by the addition of 1%, agar.

To induce higher levels of ferritin biosynthesis, 15
ug/ml Fe (as FeCls) was added to liquid cultures;
500 ug Fe/Petri dish was added to the solid medium.

Reagents

Horse ferritin (2X crystallized) and tripyridyl-s-
triazine were obtained from Sigma Chemical Co.,
St. Louis, Mo. Bovine gamma globulin was obtained
from Behringwerke AG, Marburg-Lahn, Germany.
®FeCl; in 0.1 M HCl (5.8 mCi/mg) was obtained
from New England Nuclear Corp., Boston, Mass.

Electron Microscopy

Phycomyces spph’s were fixed for 2 hr in 2.59%,
glutaraldehyde at room temperature, followed by
osmium tetroxide at 4°C for 14 hr. Specimens were
dehydrated with ethanol and propylene oxide prior

! Sporangiophore is abbreviated spph throughout
this paper.

to embedding in Maraglas (The Marblette Co. Div.
of Allied Products Corp., Long Island City, N. Y.).
Thin sections were cut on an LKB microtome and
stained briefly with 0.5, lead citrate.

Purified ferritin was prepared for examination by
placing a drop of ferritin solution onto a grid covered
with a thin film of carbon. After allowing a minute
for adsorption, the excess was removed by a thorough
washing with distilled water and the sample was
allowed to dry. Negative staining was achieved by
adding a drop of a saturated aqueous solution of
uranyl acetate to the grid before drying. After 15 sec.
this solution was diluted with an equal volume of
water, and then the liquid on the grid was absorbed
with filter paper.

Unstained material was examined in a Phillips
EM 200 operating at 40 kv with a 20 p aperture;
stained material was examined at 80 kv with a 40 u
aperture.

Electron diffraction was performed on unstained
films of ferritin by the selected area method in a
Siemens Elmiskop I with a 200 u aperture (Alderson
and Halliday, 1965).

Ultracentrifugation

Preparative centrifugations were carried out with
SW-39 and SW-50 rotors in a Spinco Model L ultra-
centrifuge (Spinco Division, Beckman Instruments,
Inc., Palo Alto, Calif.). Analytical runs for sedimenta-
tion velocity and buoyant density determinations
were performed in a Spinco Model E ultracentrifuge
with UV absorption optics. The resulting photographs
were traced with a Joyce-Loebl (Joyce, Loebl and Co.,
Gateshead-on-Tyne, England) microdensitometer.

Aecrylamide Gel Electrophorests

5% gels (90 X 6 mm) were made by combining:
two volumes of 0.2 M sodium phosphate buffer, pH
7.5, two volumes of 209, acrylamide (0.53% methyl-
enebisacrylamide), three volumes of water, one vol-
ume of 0.56%, ammonium persulfate (freshly made),
and 20 ul N,N,N,N-tetramethylethylenediamine per
100 ml gel solution. The electrode buffer was 0.05 M
sodium phosphate, pH 7.5 Samples (50-100 ul) were
applied in 10% glycerol. Electrophoresis was carried
out for about 12 hr at 5 mamp/gel.

Sodium dodecylsulfate (SDS)-acrylamide gel elec-
trophoresis was performed in a continuous buffer
system of 0.1 u sodium phosphate, pH 7.0, 0.1%, in
SDS, according to the procedure of Weber and
Osborn (1969).

Gels were stained with Coomassie Brilliant Blue
and destained electrophoretically (Weber and
Osborn, 1969).

Dissociation of ferritin with SDS was performed by
incubating 500 pg samples for 2 hr at 37°C in a
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solution of 19, SDS, 1% mercaptocthanol, and 0.1 M
sodium phosphate buffer, pH 7.0, followed by dialysis
overnight in a solution of 0.1% SDS, 0.1%, mercapto-
ethanol, and 0.01 M sodium phosphate, pH 7.0.

Determination of Protein and Iron
Content of Ferritin

The amounts of protein and iron present were de-
termined in hydrolysates of ferritin with ninhydrin re-
agent (for amino acids) and tripyridyl-s-triazine (for
iron). Ferritin samples were hydrolyzed in 6 N HCI
(approximately 500 ug/ml) at 110°C for 20 hr in
sealed tubes under nitrogen. After hydrolysis, samples
were evaporated to remove HCI and taken up in the
same volume of water.

For amino acid determinations, aliquots were di-
luted to 0.5 ml with water, 0.5 ml ninhydrin reagent
(Moore and Stein, 1948) was added, and the reaction
was heated at 100°C for 20 min. Samples were cooled
rapidly, before dilution with 2.5 ml of 50% ethanol.
The optical densities of samples were measured at 570
nm. Leucine was used as the standard.

For iron determinations, aliquots were removed
from the HCI hydrolysates, diluted to 2 ml with water,
and mixed with 1 ml of freshly prepared buffered
tripyridyl-s-triazine (Fischer and Price, 1964). The
optical density of the colored iron complex was
measured at 593 nm. Ferrous ammonium sulfate and
ferric chloride were used as standards.

Preparation of Fe-Labeled Spph’s
and Spph Homogenates

Heat-shocked spores were spread on GA plates
with ®FeCl3 at a given specific activity. Spph’s were
harvested from the plates after 4-5 days and ground
in a mortar with several volumes of a cold, buffered
isotonic sucrose solution (0.44 M sucrose, 0.05 M
phosphate buffer, pH 6.7). The homogenate was
filtered through Miracloth (Johnson & Johnson Filter
Products Div., Chicago, Ill.) to remove spph cell walls
and large debris prior to fractionation by differential
centrifugation as described in the text.

Spore homogenates were prepared by mixing spore
suspensions in a ratio of 1:2 with 2 mm glass beads,
and shaking the slurry in the stainless steel capsule of
the Nossal Cell Disintegrator (Nossal, 1953) for 14-2
min.

Sucrose Gradients

Linear sucrose gradients (5 ml, 5-20%,) were per-
formed in cellulose nitrate centrifuge tubes. The
gradients were buffered with 0.1 M phosphate at pH
6.7, and contained 0.1 M NaCl. Following centrifuga-
tion, drops were collected from the bottom of the
centrifuge tube by using a canula piercing unit

(Buchler Instruments, Inc., Fort Lee, N. J.). The
RNA bacteriophage MS2 (81S) was used as a sedi-
mentation marker. Assay of MS2 followed the pro-
cedure of Strauss and Sinsheimer (1963).

Radioactivity Measurement

Aqueous samples (I ml) were added to 10 ml
portions of Bray’s scintillation solution (Bray, 1960)
in glass or polyethylene vials, and their radioactivity
was measured with a Packard Tri-Carb scintillation
counter (Packard Instrument Co., Inc., Downers
Grove, TIL).

RESULTS
Part I

Purification and Properties of
Phycomyces Ferritin

Ferritin was usually isolated from mycelium
or spph’s of Phycomyces grown on iron-enriched
GA medium. Spores were also found to be a good
source of starting material (see Part II), although
homogenization of spores was possible only on a
small scale. Typically, 100-300 g wet weight of
tissue was homogenized in several volumes of
cold 0.5 M phosphate buffer (pH 6.0) in a Waring
Blendor. This suspension was cycled twice through
a Gaulin homogenizer to break the mycelium.

Since Phycomyces ferritin is associated with
lipids in the cell (see Part II), the initial fractiona-
tion of the crude homogenate involved extraction
with n-butanol (Morton, 1953). This step was
particularly useful since most celiular proteins
precipitated at the interface between the butanol
phase, containing the lipid, and the aqueous
phase, containing the ferritin. Effective butanol
extraction required a high salt concentration
(0.5M) in the aqueous phase, and an elevated
temperature (35-40°C).

To 1500 ml of crude homogenate at 40°C,
600 ml of n-butanol was added with vigorous
stirring over a 10 min period. The resultant
emulsion was separated into two phases by
centrifugation at 10,000 g for 10 min. The aqueous
phase was dialyzed against 0.05M phosphate
buffer to remove salt and butanol, and was con-
centrated by lyophilization.

The lyophilized material was resuspended in a
10-fold smaller volume, and dialyzed against
0.1 M acetate buffer, pH 5.0. At this pH, Phyco-
myces ferritin was selectively precipitated. The
precipitated ferritin was collected by low-speed
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centrifugation and dissolved in 0.5 M phosphate
buffer, pH 6.0. Ferritin molecules having high
iron contents were selected by equilibrium sedi-
mentation in CsCl density gradients.

Apoferritin was prepared from pH 5-pre-
cipitated ferritin by reduction and dialysis in 29
Na»S:04 in 0.1 M sodium acetate buffer, pH 5
(Behrens and Taubert, 1952). Phycomyces apo-
ferritin precipitated slowly during this procedure
but redissolved readily upon dialysis in 0.2mM
sodium phosphate buffer, pH 7.5. Such apo-
ferritin preparations were free of iron and had a
typical protein absorption spectrum with a sharp
maximum at 280 nm.

Aecrylamide Gel Electrophoresis

The purity of Phycomyces ferritin was assessed
by: (a) electrophoresis of native ferritin in 5%
gels at pH 7.5, and (b) electrophoresis of the
ferritin - subunit-SDS  complex following dis-
sociation of native ferritin with 19 SDS and 19
mercaptoethanol.

Electrophoresis of Phycomyces ferritin precipi-
tated at pH 5 yielded one principal component, a
minor dimer component (Harrison and Gregory,
1965), and some aggregated material which did
not enter the gel (Fig. 1a). All components con-
tained both iron and protein. Dissociation of
ferritin with SDS and electrophoresis of the sub-
unit-SDS complex yielded only one component
(Fig. 1 &). On the basis of these results, we con-
clude that Phycomyces ferritin prepared by n-buta-
nol extraction and pH 5 precipitation is prob-
ably free of contaminating protein, despite some
aggregation.

SDS-acrylamide gel electrophoresis was also
used to estimate the molecular weight of the
ferritin subunit (Weber and Osborn, 1969).
Myoglobin (mol wt 17,200), horse ferritin (sub-
unit mol wt 24,000), and ovalbumin (mol wt
43,000) were used as markers of known molecular
weight. Interpolating from these markers, we
determined that the molecular weight of the sub-
unit of Phycomyces ferritin was 25,000, similar to
the molecular weight of the horse ferritin subunit.

UV Absorption Spectrum,; Protein
and Iron Content
Concentrated solutions of mammalian ferritin

are red because of the ferric iron in the core of
the molecule. The color is due to continuously

increasing absorption, starting in the blue and
running into the UV (Drysdale and Munro,
1965). A similar spectrum was found for Phycomyces
ferritin, from 240 to 450 nm (Fig. 2). At the longer
wavelengths, mammalian ferritin and Phycomyces
ferritin have identical spectra, reflecting the
presence of ferric iron in both. Below 300 nmn the
absorbance of Phycomyces ferritin becomes slightly
higher. This increase in absorbance is associated
with the higher amount of protein, relative to iron,
in Phycomyces ferritin.

Determination of the protein and iron content
of Phycomyces ferritin was done on hydrolysates
by using the ninhydrin reagent to determine
amino acids, and tripyridyl-s-triazine to deter-

haad -

@ a b

Figure 1 Acrylamide gel electrophoresis of native
ferritin (¢) and ferritin subunit-SDS complex (b).
For details see Materials and Methods. Migration was
towards the anode. Bromphenol blue (used to mark
the front) migrated out of the gel in (a), and just to
the end of the gel in (b). Shorter runs of the type shown
in (a) revealed no fast-moving proteins.

18 TrE JourNAL oF CeLL Brorocy - Voruwe 48, 1971

800z ‘€z |udy uo Bio gal'mmm woly papeojumoq


http://www.jcb.org

20

10~

ABSORBANCE PER mg IRON

| 1 1 —1
250 300 350 400 450

WAVELENGTH nm

Fraure 2 UV absorption spectrum of Phycomyces
ferritin. Absorbance is plotted per milligram Fe as
determined from the iron assay. The absorbance due
to apoferritin on this scale would be approximately 5
at 280 nm. Absorbance measurements were made in a
Cary 15 recording spectrophotometer (Cary Instru-
ments, Monrovia, Calif.) with a 1 em pathlength.

mine iron. Gamma globulin and mixtures of
iron and gamma globulin were hydrolyzed and
assayed as controls for recovery of amino acids
and iron. Horse ferritin samples were also hy-
drolyzed as controls for ferritin of known iron
content. The results of several independent
hydrolysates are given in Table I.

Selection of the highest density fractions from
CsCl gradients yielded Phycomyces ferritin having
P/Fe ratios of about 5. Similar high-density
fractions of horse ferritin yielded the expected
P/Fe ratio of about 3 (Fischbach and Anderegg,
1965). Total Phycomyces ferritin (pH 5 precipi-
tated) had an average P/Fe ratio of 10-11, which
is about two times higher than that of total
horse ferritin preparations. Thus, both maxi-
mally and on the average, Phycomyces ferritin con-
tains about one-half as much Fe per molecule as
horse ferritin.

Determination of Sedimentation Coefficient
and Buoyant Density in CsCl

The sedimentation coeflicients of ferritin and
apoferritin were determined by boundary velocity
sedimentation (Schachman, 1959). The measured
sedimentation coefficients are given in Table II.
Since the sedimentation runs were done at low
protein concentration in dilute aqueous buffer,
the observed S values are probably quite close to

S0, »- The results are very similar to S values for
horse apoferritin  (17.6S; Rothen, 1944) and
horse ferritin having a P/Fe ratio of 5 (515;
Fischbach and Anderegg, 1965).

The buoyant density of Phycomyces ferritin in
CsCl was determined by centrifuging solutions of
ferritin in CsCl (p = 1.81 g/cm®) for 36 hr at
44,770 rpm. The buoyant density of the ferritin
band formed at equilibrium was determined from
the calculated composition density gradient as
described by Vinograd and Hearst (1962).
Ferritin from Phycomyces grown on iron-supple-
mented medium had a buoyant density of 1.82
g/cm®. It formed a relatively narrow band (a
band width of 0.38 cm is equivalent to a density
difference of 0.046 g/cm?), indicating rather less
density heterogeneity than in similar mammalian
preparations.

Electron Microscopy

The morphology of Phycomyces ferritin was
examined in the electron microscope in the un-
stained condition and after negative staining
(Fig. 3). Its appearance was the same as that of
horse ferritin: an electron-opaque core 50-60 A
in diameter which could be seen, in the nega-
tively stained preparation, to be surrounded by
an electron-lucent annulus with an over-all
diameter of 105 A,

Electron Diffraction

The structure of the iron cores of Phycomyces
ferritin and horse ferritin were compared by
electron diffraction (Harrison et al, 1967).
The three strongest rings observed in the horse
ferritin pattern (2.52 A, 2.23 A, and 1.48 A)
were the only ones clearly visible in the Phycomyces
pattern. Of the other (weaker) lines present in
the horse ferritin pattern (1.95 A, 1.74 A, 1.29 A,
1.12 A, 1.06 A, 0.88 A, and 0.83 A), only one at
1.95 A was possibly present in the Phycomyces
pattern. The three rings present in the Phycomyces
pattern were qualitatively weaker and broader
than those in horse ferritin, despite a greater
area density of Phycomyces ferritin on the grids.
This may only reflect the lower iron content per
core in Phycomyces ferritin. Nevertheless, the
identity of the three lines in the Phycomyces pattern
with those in the horse pattern cannot be con-
sidered sufficient proof that the two core structures
are identical.
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TasrLe 1
Protein and Iron Content of Phycomyces Ferritin

Each line represents an independently prepared hydrolysate. Each protein value
is the average of four to six ninhydrin assays of the same hydrolysate with the
standard deviation from the mean. Iron determinations were in all cases repro-
ducible to within 2%,.

Total volume per hydrolysate was 1.1 ml. The assay volume was 0.05 ml. Thus,
the recovery of amino acids was essentially complete and was not affected by the
presence of iron during hydrolysis. (Losses due to destruction of tryptophan during
hydrolysis are too small to be observed in this assay for total amino acids). Iron was
quantitatively recovered.

Protein* Iron P/Fe
g /assay Mg /assay
Phycomyeces ferritin
pH 5 precipitated 22.3 = 0.8 2.00 11.1
20.5 £ 0.9 2.00 10.3
Main band from CsCl gradient 14.8 = 1.2 3.30 4.5
High density side 15.3 = 0.9 3.20 4.8
7.0 £ 0.5 1.65 4.2 g
8.7 & 0.2 1.65 5.3 2
o
Low density side 16.5 & 1.1 2.95 5.6 8
16.5 & 0.6 3.10 5.3 2
10.1 £ 0.2 1.65 6.1 o
8.5 & 0.9 1.65 5.2 2
Controls g
Gamma globulin (450 ug/hydrolysate) 19.5 & 0.3 — — =
20.8 + 0.3 — — =)
Q
«
Gamma globulin (450 ug/hydrolysate) 4 20.0 = 0.7 2.30 8.7 g
iron} (50 pg/hydrolysate) 20.1 & 0.7 2.30 8.7 >
e}
Horse ferritin selected from CsCl gradient  22.6 + 1.2 8.60 2.6 _ﬁ
at density 1.8 g/cm® 220 £ 1.5 8.60 2.6 S
o
®

* Refers to micrograms of amino acid as determined with ninhydrin reagent.
1 Added as FeClj .

RESTULTS TasLe I1
Pagr IT Sedimentation Coqﬁicz;:nts of .P'hycomycex Ferritin and
poferritin
Imtracellular Ferritin: Localtzation Boundary sedimentation was performed at 20°C

in 0.05 M NaPOjy buffer, pH 7.5.

Phycomyces ferritin is bound to lipid droplets in
the cytoplasm of spph’s, mycelium, and spores. Protein

This ferritin-lipid complex forms an unusual concentration  Sobsorved
subcellular structure which is clearly visible in gl

electron micrographs of spph’s in thin section .

(Fig. 4). In osmium tetroxide—fixed tissue, the Ferritin 004 54-8

lipid droplets in the spph cytoplasm are large, 0-08 55-2

round, uniformly staining objects 0.5-2.0 u Apoferritin 0-80 18.0

in diameter. At high magnification, dense granules
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Ficure 8 Phycomyces ferritin. Top: unstained. Botfom: negatively stained with uranyl acetate. X
340,000.

are visible around the edge or over part of the
surface of each lipid droplet, depending on
whether the section through the droplet is equa-
torial or tangential. These granules are arranged
in a partially crystalline, two-dimensional pat-
tern over the surface of the lipid droplet. They
have the same dimensions as Phycomyces ferritin
described in Part I, and are electron-opaque
when seen without heavy metal fixative or stain.

A simpler, more effective method of examining
the ferritin-lipid complex was developed with the
use of spph homogenates prepared in buffered
isotonic sucrose solutions. When such homogenates
were centrifuged (10,000 g for 10 min), the lipid
droplets sedimented centripetally because of their
low density, and collected in a thick pellicle on
top of the solution. Dilution of the homogenate
prior to centrifugation produced a monolayer of
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Figure 4 Thin section near the top of a glutaraldehyde—osmium tetroxide—fixed stage III spph show-
ing lipid droplets covered with ecrystalline arrays of ferritin. Some of the lipid droplets are cut tangen-
tially showing extensive crystalline regions; others are cut more equatorially showing only a ring of
ferritin. The medium was not supplemented with iron. X 83,000.
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Figure 5 Crystalline monolayer of Phycomyces ferritin from the surface of a lipid droplet. The prepara-
tion was obtained by diluting a spph homogenate (from iron-supplemented medium) to the point where
centrifugation produced a monolayer of lipid on the surface of the solution. A specimen grid was touched
to the surface of the solution, washed with a drop of water, dried, and examined without staining in the
electron microscope. The electron-opaque cores of ferritin are visible. X 444,000.

lipid droplets instead of a pellicle. Such mono-
layers could be picked up on electron micro-
scope grids, washed with several drops of water to
remove most of the lipid, and examined directly
in the electron microscope (Fig. 5). In such prepa-
rations the crystalline array of ferritin molecules
from the surface of the lipid droplets stuck to the
grid. At high magnification the fine structure
typical of ferritin was easily resolved.

Distribution of Ferritin among Subcellular
Fractions of Phycomyces Spph’s

To determine the distribution of ferritin in
spph’s, Phycomyces was grown on 5°Fe-supple-
mented medium, spph’s were harvested, and the
resulting homogenate was fractionated by differ-
ential centrifugation. Low-speed centrifugation
(500 g) pelleted the spores, nuclei, and aggre-
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TasrLe III

Distribution of °Fe and Ferritin in Spph Homogenate

Phycomyces was grown on GA medium supplemented with 500 ug of Fe per Petri
dish. %%FeCl; was added to a specific activity 4.2 X 10° cpm/mg Fe. Spph’s were
harvested from 20 Petri dishes and ground in buffered isotonic sucrose in a mortar.

Total cpm

Amount of
59Fe¢ in ferritin (as determined by

Fraction % 105 %% scdime::::)osz ;iazfifnr;gion of

Homogenate 4.7 160 —

500 g pellet (spores) 3.5 72 1009 of extractable 5°Fe
(but only ~50%, of total
cpm are extractable)

10,000 g pellicle (lipid droplets) 0.4 8 1009,

10,000 g supernatant 0.8 16  Variable but <50%,

10,000 ¢ pellet (mitochondria, 0.2 4  Not investigated

glycogen)

gated debris. Centrifugation of the low-speed
supernatant for 15 min at 10,000 g pelleted the
mitochondria and glycogen, and collected the
lipid droplets on top of the solution (pellicle).
Table III gives the distribution of 5*Fe among
these fractions. The bulk of the %°Fe was in-
corporated into the low-speed spore pellet. Sub-
sequent purification of the spores from the nuclei
and debris in this fraction (by centrifugation
through 1.9 M sucrose and repeated washings in
fresh buffer) caused no loss of 3°Fe, indicating
that the label was located in the spores.

The amount of $*Fe in ferritin in each subcellular
fraction was determined by sedimenting samples
in sucrose gradients. Prior to sedimentation,
ferritin was freed from any associated lipid in the
fractions by treatment with zn-butanol (see Part
I). Spores were homogenized in a Nossal cell
disintegrator (Nossal, 1953) before n-butanol
extraction. The results are given in Table III.

The lipid fraction contained only *°Fe, which
sedimented in the 558 region of the gradient and
was therefore identified as ferritin (Fig. 6). In a
spore homogenate, all the extractable radioac-
tivity sedimented at about 5538 in a sucrose gra-
dient, similar to the result obtained with the lipid
fraction (Fig. 7). It should be noted, however,
that only 40-509; of the **Fe in a spore homogen-
ate could be recovered in the aqueous phase
after butanol extraction. Re-extraction of the
precipitated material at the interface, containing
the remaining radioactive matter, yielded some
more 5*Fe which sedimented as ferritin, although
it was never possible to recover all of the 5°Fe

from spore homogenates. No radioactive matter
which sedimented differently than ferritin was
recovered.

The nature of the %Fe in the 10,000 g super-
natant varied from experiment to experiment.
At least 509 of the radioactive matter was always
dialyzable; of the remaining 5°Fe, some always
sedimented as ferritin. We believe this ferritin to
be molecules released from ferritin-lipid complexes
during homogenization, rather than ferritin nat-
urally free in the cytoplasm, since such free fer-
ritin is not seen in electron micrographs of spph’s.

Ferritin Content of Spph’s and Spores
as a Function of Iron Content
of the Growth Medium

Much of the work already discussed in this
paper has depended on the fact that supple-
mental iron in the growth medium markedly
enhances the ferritin content of Phycomyces. This
effect has been examined quantitatively. GA
medium containing two levels of iron was used:
iron poor (no iron added to GA medium; iron
level in the medium due to impurities is 0.1
pg/ml) and iron rich (GA medium supplemented
with 15 ug/ml of Fe). Phycomyces was grown at
these two iron levels in the presence of %°FeCls.
Spph homogenates (from 30 Petri dishes; ap-
proximately 30 g total wet weight) were prepared
and separated by low-speed centrifugation into
a spore fraction and a cytoplasmic fraction. (The
cytoplasmic fraction contained the mitochondria,
glycogen, lipid, and supernatant fractions which
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were examined independently in the previous
section.) The distribution of 5°Fe between these
two fractions is given in Table IV. The absolute
amounts of iron calculated from the specific
activities are also given in the table. It is evident
that the iron content, both of the spph cytoplasm
and of the spores, increases sharply when the
growth medium is supplemented with iron.
The cytoplasmic and spore fractions were ex-
tracted for ferritin analysis by using the n-butanol
procedure. The cytoplasmic fraction was treated
directly with n-butanol. The spores were first
homogenized in a Nossal cell disintegrator, and
then extracted with n-butanol. Between one-
third and]two—thirds:of the ®Fe in cytoplasmic
and spore homogenates of both iron-rich and
iron-poor samples was recovered in the aqueous

COUNTS/MIN °Fe

2 & 6 8 10 12 % 16

FRACTION NUMBER
Fiure 6 Sucrose gradient sedimentation of *Fe-
labeled lipid pellicle treated with n-butanol to dissoci-
ate the ferritin from the lipid droplets. The material
was centrifuged at 37,000 rpm for 2 hr at 4°C. Sedi-
mentation is from right to left.

phase following butanol extraction. The aqueous
phases from these extractions were analyzed for fer-
ritin by centrifuging samples in sucrose gradients.
The results are given in Fig. 7. All extractable
radioactivity from both iron-rich and iron-poor
spores sedimented in the 535S region of the gra-
dients. In the two cytoplasmic samples, about
half of the 5?Fe also sedimented as ferritin. The
conclusion from this experiment is that the ad-
ditional iron in spores and spph cytoplasm from
iron-rich growth medium is contained largely in
ferritin.

Sedimentation Properties of Cytoplasmic
and Spore Ferritin from Iron-Rich
and Iron-Poor Growth Media

Supplementing the growth medium with iron
not only induces the formation of additional
ferritin in both cytoplasm and spores, but also
alters the sedimentation properties (i.e. iron
content) of the average ferritin molecule. This is
shown in the four sucrose gradients in Fig. 7.
When the growth medium was supplemented with
iron, the ferritin isolated from spores and spph
cytoplasm was indistinguishable by sedimentation.
It had a value of 53S. By comparison, on iron-
poor medium, the ferritin from spores was rela-
tively homogeneous and sedimented at 458S,
whereas the ferritin from spph cytoplasm was
very heterogeneous and sedimented over a
broad range of values from 55 to 30S. Clearly,
under iron-poor growth conditions, two popula-
tions of ferritin exist in Phycomyces spph: one in
spph cytoplasm and one in spores.

TasLeE IV

89Fe Content of Spph Cytoplasm and Spores from Iron-Poor and Iron-Rich Growth Media
Approximately 30 g wet weight of Phycomyces spph’s were used in each homoge-
nate. The same number of spores was recovered from the iron-rich and iron-poor

homogenates.
Fraction Iron rich Iron poor
cpm X 1076 pg Fe % cpm K 1076 JgFe %
Homogenate 14 1900 100 52.7 48 100
500 g supernatant 4.7 640 35 10.2 9.2 22
(cytoplasm)
500 g pellet (spores) 10 1360 65 41.4 38 78
Specific activity:
Iron-rich medium 0.74 X 107 cpm/mg
Iron-poor medium 1.1 X 10° cpm/mg
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Ficure 7 Sedimentation properties of cytoplasmic
ferritin and spore ferritin. Homogenates of spph’s
grown on iron-rich and iron-poor media (containing
59Fe) were separated into spore and cytoplasmic frac-
tions. Samples from the aqueous phase of n-butanol-
extracted fractions were layered on sucrose gradients
and centrifuged for 2 hr at 37,000 rpm, 4°C. 20-drop
fractions were collected for %Fe assay. One drop be-
tween each fraction was collected into broth for assay
of bacteriophage MS2 added before centrifugation to
each sample as a sedimentation marker at 818. To
facilitate comparison, the results from the iron-rich
and iron-poor samples have been superimposed. The
position of the MS2 peak is indicated by the arrow.
Sedimentation is from right to left. o——o, iron rich;
@ ——@, iron poor.

DISCUSSION

Part I of this paper presents the purification pro-
cedure for a large, iron-containing protein from
Phycomyces having properties similar to those of
mammalian ferritins. On the basis of these simi-
larities, we have identified it as Phycomyces ferritin.
The purification procedure yields a single molecu-
lar species, as judged by acrylamide gel elec-
trophoresis, which can be shown in electron
micrographs to consist of a spherical protein shell
surrounding an iron-containing core. Reduction
with NayS:0, and dialysis of Phycomyces ferritin
removes the iron core, leaving only the protein

shell (apoferritin). Phycomyces apoferritin is similar
in size (18S) to mammalian apoferritin, and also
consists of similar subunits (each of mol wt
25,000).

Although similar in most respects, there are
several indications that Phycomyces ferritin con-
tains maximally only one-half as much iron per
molecule as mammalian ferritin. Total Phycomyces
ferritin (from iron-supplemented medium) has
a protein-to-iron (P/Fe) ratio of 10-11, com-
pared to about 5 for total horse ferritin;
selected high-density fractions of Phycomyces fer-
ritin have P/Fe ratios of 5, compared to 2.5 for
high-density horse ferritin fractions. Since the
protein moieties of both ferritins appear to have
the same molecular weight (sedimentation co-
efficient), the 2-fold difference in P/Fe ratio must
be due to a 2-fold lower iron content per molecule
in Phycomyces ferritin. This decreased iron content
per molecule is also reflected in the sedimenta-
tion coefficient—555-—of  Phycomyces  ferritin.
Horse ferritin molecules having P/Fe ratios of 5
(i.e. about one-half the full complement of iron)
sediment at 518 (Fischbach and Anderegg, 1965).
The buoyant density of Phycomyces ferritin, how-
ever, does not agree well with the lower iron con-
tent per molecule. The expected density for
ferritin with a P/Fe ratio of 5 would be about 1.65
g/cm?, rather than the observed 1.82 g/cm?
(Fischbach and Anderegg, 1965). We can offer
no explanation at present for this surprising
difference. The possibility that the Phycomyces
ferritin core has a somewhat different structure,
and thus a different density, has not been ex-
cluded by our electron diffraction results.

The localization of Phycomyces ferritin in crystal-
line monolayers on the surface of lipid droplets is
unique. By comparison, mammalian ferritin occurs
scattered throughout the cytoplasm as individual
molecules (Kuff and Dalton, 1957; Kerr and
Muir, 1960; Bessis and Breton-Gorius, 1959),
and plant ferritin, although found in monolayers
in proplastids, does not appear to be associated
with lipid droplets (Hyde et al,, 1963; Robards
and Humpherson, 1967). The exact structure of
the ferritin-lipid complex in Phycomyees is still
unclear. The lipid pellicle produced by centrifuga-
tion of spph homogenates consists principally of
triglycerides, ergosterol, and @-carotene, but
also contains some protein (Stoffel, personal
communication). Thus, the possibility exists of a
membrane around the lipid droplets to which
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ferritin is bound. Neither we nor Zalokar (1969)
have been able to identify such a membrane in
electron micrographs, although Zalokar has
suggested that it may exist because ferritin mono-
layers detached from lipid droplets can be found
in disrupted cytoplasm.

This paper has demonstrated a 50-fold increase
in the ferritin content of Phycomyces when the
fungus is grown on iron-supplemented medium.
Similar increases in ferritin content following
iron administration occur in mammalian systems,
and are associated with an increase in the net
synthesis of the protein moiety of ferritin (Fine-
berg and Greenberg, 1955; Loftfield and Eigner,
1958; Saddi and von der Decken, 1965; and
Drysdale and Munro, 1966). The magnitude of
the ferritin increase in Phycomyces strongly sug-
gests that de novo apoferritin synthesis has been
induced by the presence of supplemental iron
in the growth medium. No direct evidence, how-
ever, has been obtained.

In conclusion, mention should be made of the
advantage of Phycomyces for studying the role of
ferritin in iron metabolism. Despite extensive
study in mammalian systems, little is known about
the mechanisms and control of iron incorporation
into, and release from, ferritin. This is the result
of the fact that iron metabolism in mammals is a
complicated process involving several organs
{bone marrow, liver, spleen, and blood), and
several molecular Intermediates (transferrin,
ferritin, and hemoglobin), none of which can be
easily isolated from the rest for the purpose of
investigation. By comparison, Phycomyces spores
offer a simpler system. The results of this paper
show that ferritin is selectively incorporated into
spores (Tables III and IV), where it probably
functions as a storage form of iron for biosynthetic
steps requiring iron during early stages of spore
development. The results also show that the
amount of ferritin per spore can be regulated.
Thus, germinating spores of Phycomyces offer a
system in which intracellular ferritin concentra-
tions and extracellular iron concentrations can
be experimentally manipulated to study ferritin
iron metabolism. Phycomyces also offers to the in-
vestigator the possibility of selecting mutants
with defective or altered iron metabolism (Berg-
man et al., 1969).
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their interest in Phycomyces ferritin and for criticism
during the completion of this work. The electron

micrograph in Fig. 7 was kindly supplied by Dr. E.
William Goodell.

This work was supported by National Science
Foundation Grant GB-4642. C. N. David had a pre-
doctoral fellowship from United States Public Health
Service Trainee Grant No. GM-00086.

Received for publication 14 November 1968, and in revised
Sorm 13 July 1970.

REFERENCES

ArpersoN, R. H., and J. S. Harumay. 1965. In
Techniques for Electron Microscopy. D. Kay,
editor. Blackwell Scientific Publications Ltd., Ox-
ford. 478.

BeEHRENS, M., and M. TAUBERT. 1952. Hoppe-Seyler’s
Z. Physiol. Chem. 290:156.

Berauman, K., P. V. Burkg, E. CErpa-OLMEDO, C. N.
Davip, M. DeLsriick, K. W. Foster, E. W.
GooperLr, M. HesenBerg, G. MEmssNER, M.
ZALOKAR, D. S. DennisoN, and W. SHROPSHIRE.
1969. Bacteriol. Rev. 33:99.

Bessis, M. C., and J. BRETON-GORIUS. 1959. J. Biophys.
Bigchem. Cytol. 6:231.

Bray, B. A. 1960. Anal. Biochem. 1:279.

Dryspate, J. W., and H. N. Munro. 1965. Biochem.
J. 95:851.

Dryspalg, J. W., and H. N. Munro. 1966. J. Biol.
Chem. 241:3630.

FmNeEBErG, R. A., and D. M. GrEeNBERG. 1955. J.
Biol. Chem. 214:97.

Fiscasach, F. A., and J. W. ANpErREGG. 1965. J.
Mol. Biol. 14:458.

Fiscuer, D. S., and D. C. Price. 1964. Clin. Chem.
10:21.

GRANICK, S. 1946, Chem. Rev. 38:379.

Harrmson, P. M. 1964. In Iron Metabolism—An In-
ternational Symposium. Aix-en-Provence, France,
July 1963. F. Gross, editor. Springer-Verlag, Berlin.

HarrisoN, P. M., F. A, FiscusacH, T. G. Hoy, and
G. H. Hacess. 1967. Nature (London). 216:1188.

HarrisoN, P. M., and D. W. Grecory. 1965. J.
Mol. Biol. 14:626.

Hormann, T., and P. M. Harrison. 1963. J. Mol.
Biol. 6:256.

Hvoe, B. B., A. J. Hobce, A. KanN, and M. L.
BirnsTiEL. 1963. J. Ultrastruct. Res. 9:248.

KEerr, D. N. S, and A. R. Muir. 1960. J. Ultrastruct.
Res. 3:313.

Kurr, E. L., and A. J. Davron. 1957. J. Ultrastruct.
Res. 1:62.

LAUFBERGER, V. 1937. Bull. Soc. Chim. Bisl. 19:1575.

LorrrELD, R. B, and E. A. EieNer. 1958. J. Biol.
Chem. 231:925.

Moore, S., and W. H. SteEN. 1948. J. Biol. Chem.
176:367.

Morron, R. K. 1953. Biochem. J. 55:786.

CrarrEs N. Davio aNp KenNeErH Eastersrook Ferritin in the Fungus Phycomyces 27

800z ‘€z |udy uo Bio gal'mmm woly papeojumoq


http://www.jcb.org

NossarL, P. M. 1953. Aust. J. Exp. Biol. Med. Sci.

31:583.

Peat, A., and G. H. Bansury. 1968. Planta. 79:268.
RicaTer, G. W. 1959. J. Biophys. Biochem. Cytol.

6:531.

RoBarps, A. W., and P. G. HumpHERSON. 1967.

Planta. 76:169.

Rocaug, J., M. Bsssis, J. BRETON-GORIUS, and H.

STrRALIN. 1961. C. R. Acad. Sci. 252:3886.
RotHEN, A. 1944. J. Biol. Chem. 152:679.

Sappi, R., and A. voN bER DECKEN. 1965. Biochim.

Biophys. Acta. 111:124.

SasseN, M. M. A. 1965. Acta Bot. Neer. 14:165.

Scuacuman, H. K. 1959. Ultracentrifugation in Bio-
chemistry. Academic Press Inc., New York.

Strauss, J. H., Jr., and R. L. SinsuemMERr. 1963.
J. Mol. Biol. 7:43.

Toweg, K. M., H. A. Lowenstam, and M. H. Nesson.
1963. Science (Washington). 142:63.

VINOGRAD, J., and J. E. HEARsT. 1962. Progr. Chem.
Org. Natur. Prod. 20:372.

WEeeer, K., and M. Ossorn. 1969. J. Biol. Chem.
244:4406.

ZALOKAR, M. 1969. J. Cell Biol. 41:494.

28 TaE JourNaL oF CeLy Brorogy - VoLUME 48, 1971

800z ‘€z |udy uo Bio gal'mmm woly papeojumoq


http://www.jcb.org

