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ABSTRACT Ribosomes isolated from growing hyphae of Neurospora crassa con-
tain 53 per cent protein and 47 per cent RNA and have a sedimentation coeffi-
cient of 818 at 20°C and infinite dilution. These ribosomes are stable at pH 7.4
in the presence of 0.01 M and 0.002 M MgCl, but undergo a dissociation into
smaller particles if the MgCl, concentration is lowered to 0.0001 M. Two types
of RNA with sedimentation coefficients of 19S,” and 13S,”™ have been extracted
from the 81$ particles. i

A. INTRODUCTION

Ribosomes are ribonucleoprotein particles (RNP) having sedimentation coeffi-
cients ranging from 30S to 150S. These RNP tend to associate in the presence of a
high concentration of dibasic metal ions. Dissociation occurs when this concentra-
tion is lowered. In the case of Mg ions, dissociation usually takes place at concentra-
tions ranging between 0.001 M and 0.0001 M (1). In intact cells, the ribosome
population can be changed by modifying the physiological stage (2-5). Recent
experiments performed with in vivo (6, 7) and in vitro systems (8-10) strongly
suggest that ribosomes are the primary site of protein synthesis.

RNP have been found in extracts of all the animal, plant, and microbial cells so
far analyzed (1, 11). In many instances careful studies of the physicochemical prop-
erties of these ribosomes have been made. In fungi, however, no such information
is yet available with the exception of yeast (12) and Penicillium funiculosum (13).
The presence of RNP in hyphae of Neurospora crassa has been demonstrated by
electron microscopy (14, 15). Several authors have obtained ribosomes in pellets
during differential centrifugation of mycelial and conidial extracts (16-18).

In the present work, ribosomes were isolated from growing hyphae of N. crassa
and identified as RNP with a sedimentation coefficient of 81S. These particles,
stable at pH 7.4 in 0.002 M Mgt++, dissociate into two smaller components when
the Mg++ concentration is lowered to 0.0001 M. The 81S particles contain two
RNA types with sedimentation coefficients of 19S and 13S. Thus N. crassa ribo-
somes have the general characteristics of RNP found in other organisms and are
similar to those which have been isolated from yeast.
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B. METHODS

1. Growth of N. crassa. The strain used in this work was kindly supplied by
Dr. R. P. Wagner. It is a wild type obtained in his laboratory from a cross between wild
types 5256 A and 5297 a. Both strains originate from the laboratory of Dr. S. Emerson
of the California Institute of Technology.

N. crassa was grown on Vogel’s synthetic medium supplemented with 2 per cent
sucrose (19). Conidia from 7-day-old cultures on solid medium were collected asepti-
cally with sterile medium. The spore suspension was then homogenized to destroy conidia
aggregates and stored in the freezer. The number of conidia per milliliter was routinely
determined by measuring the turbidity of the suspension with a Klett-Summerson
colorimeter using a No. 56 filter. The measurements were made after determining the
proportionality zone of the curve obtained by plotting turbidity versus the reciprocal of
several dilutions of a spore suspension. The number of conidia per milliliter was de-
termined directly with a bacteria counter. The dry weight of spores washed twice with
distilled water was also determined. Standard curves were then obtained by plotting
turbidity values versus spore number and dry weight. It was found that 1 colorimetric
unit corresponds to 8 X 10* spores/ml and 4.8 X 10 mg dry weight/ml. The average
dry weight of one conidium is thus equal to 6 X 10~ ug, 57 per cent of which is protein
and 2 per cent phosphorus. -

A liquid medium was inoculated with spore suspensions of a known turbidity. The
cultures were incubated at 30°C on a rotary shaker. To obtain maximum aeration and
prevent the formation of large mycelial aggregates, long-necked Erlenmeyer flasks with
baffles were used. At the end of a 10 to 13 hour lag phase the spores germinated, each
giving rise to an individual mycelium. After given time intervals samples were removed
and their turbidity recorded. A typical growth curve is shown in Fig. 1. The initial
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FiGure 1 Growth curve of Neurospora crassa.
400 ml of medium was inoculated with 10 ml
of a spore suspension having a turbidity corre-
1 sponding to 640 Klett units (Filter No. 56).
Samples were removed at the times indicated
and their turbidity recorded. When the turbid-
ity reading was higher than 100 Klett units, the
sample was diluted in order to remain in the
I TR e linear portion of the calibration curve (Klett
Time in hours units versus dilution).
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turbidity rise corresponds to the swelling of the conidia and the formation of a germina-
tion tube followed by an increase in the volume of the mycelium originating from each
spore. A rapid increase in turbidity typifies the second phase of growth. A straight line
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is obtained if the cubic root of the turbidity values obtained in this last growth phase
are plotted versus time. The same type of curve is obtained when the cubic root of the
dry weight is plotted versus time (20).

Since the method used in the present work for growing N. crassa is the same as that
used for growing bacteria and yeast, an accurate sampling is possible. This method is
now being used for the study of the kinetics of RNA synthesis.

2. Preparation of Mycelial Extracts. Mycelia from cultures having a turbidity
corresponding to about 3 mg/ml were centrifuged and washed twice with 0.01 M tris(hy-
droxymethyl)-amino methane HCI buffer at pH 7.4 containing 50 umoles of KCl/ml
(tris-KCl). The pellets were pressed between sheets of filter paper to remove excess
water. The hyphae were disrupted at 0°C in the presence of 0.01 M MgCl, either by
alumina grinding or by shaking with glass beads in a Nossal disintegrator. The abrasives
and large cell debris were removed by centrifuging twice at 15,000 g for 15 minutes.
The supernatant (15 Gs) containing tris-HCl buffer at pH 7.4 and MgCl, both at a
concentration of 0.01 M (tris-Mg) was used for the isolation of ribosomes. The con-
centration of the 15 Gs is expressed in RNA assuming that an optical density at 260 my.
(OD.s) of 1.0 corresponds to 50 ug.

3. Detection, Isolation, and Characterization of Ribosomes. The 15 Gs was
centrifuged in a linear gradient of sucrose in tris-Mg (21). Fractions of equal volume
were collected after centrifugation and their OD,, measured. A profile was obtained by
plotting OD.y, versus fraction number. The fractions corresponding to the upper part of
the ribosomal peaks were pooled. Ribosomes were pelleted and washed three times with
tris-Mg by centrifugation at 40,000 reM for 180 minutes in the rotor No. 40 of the
Spinco model L preparative ultracentrifuge. The determinations of the sedimentation
coefficients were performed with a Spinco model E analytical ultracentrifuge equipped
with Schlieren optics.

4. Preparation and Characterization of RNA. RNA was obtained from ribo-
somes after extraction with sodium dodecyl sulfate and protein elimination by phenol
(23). RNA in potassium acetate (0.2 M) was further purified by repeated ethanol pre-
cipitation. The sedimentation analysis of ribosomal RNA was performed with the ultra-
violet adsorption system of the Spinco model E ultracentrifuge. The sedimentation co-
efficients were normalized to a temperature of 20°C. The concentration of RNA solu-
tions was measured by determination of the OD., using an equivalence of 50 pug/unit
OD:e.

5. Chemical Analysis. Protein was determined by the method of Lowry et al
(24) and RNA by the method of Mejbaum (25). Crystalline lysozyme and bovine se-
rum albumin were used as standards for protein determination. Ribose was used as a
standard for the determination of RNA.

6. Preparation of Labeled Ribosomes and RNA from Escherichia coli. For
comparative purposes radioactive ribosomes and RNA were used as markers in the
density gradient centrifugation of N. crassa extracts. An exponentially growing culture
of E. coli was allowed to incorporate H*-uridine for 10 minutes. The culture was har-
vested by centrifugation and washed twice with tris-KCl containing 0.01 M sodium azide
(22). The cells were disrupted by grinding with alumina in the presence of 0.01 M
MgCl, and 10 pg DNase/ml. Unbroken cells and cell wall debris were removed by two
centrifugations at 15,000 g for 15 minutes. The clear supernatant (15 Gs) was centri-
fuged in a sucrose density gradient. Fractions were collected and their OD.,, measured.
Aliquots were removed, mixed with 250 ug of DNA, and precipitated with trichloro-
acetic acid. The precipitates were collected on filter membranes, washed, dried, and the
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radioactivity measured in a liquid scintillation spectrometer (27). In the centrifugation
diagrams OD,, and radioactivity peaks corresponding to ribosomes coincided. The spe-
cific activity of these peaks had an average value of 500 cPM/pg RNA.

C. RESULTS

1. Characterization of N. crassa Extracts by Centrifugation in a Sucrose
Density Gradient. N. crassa and E. coli 15 Gs containing respectively 1 mg and
90 pg of RNA were mixed and layered on a 3 per cent to 20 per cent sucrose
gradient. After 120 minutes’ centrifugation at 38,000 RPM the ODgq and the radio-
activity of the collected fractions were determined. Two profiles were obtained and
they are shown in Fig. 2. The radioactivity profile produced by E. coli is char-
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FIGURE 2 A mixture of N. crassa and E. coli extracts containing respectively 1 mg
and 90 xg of RNA were layered on top of a 3 per cent to 20 per cent linear sucrose
gradient. The mixture was centrifuged for 120 minutes at 38,000 rpM. The two pro-
files were obtained after collecting fractions of equal volume and measuring both their
OD:s, and their radioactivity. The RNA of E. coli was labeled with H*-uridine. The
ODse profile corresponds to the N. crassa extract.

acterized by three ribosomal peaks with respective sedimentation coefficients of
708, 508, and 30S. A fourth peak produced by soluble RNA and proteins is also
present in the profile. The OD.g, profile produced only by N. crassa is characterized
by two peaks. The peak situated at the top of the profile corresponds to soluble
RNA and proteins. The peak located near the bottom of the centrifuge tube is
produced by N. crassa ribosomes. They are larger in size than the 70S E. coli
ribosomes. Little or no ultraviolet adsorption occurs between the two ODggo peaks.
Such a centrifugation diagram could result from a technical artifact rather than
the typical property of N. crassa. The influence of several factors on the centrifuga-
tion profile was analyzed to validate this assumption.
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The centrifugation profile was not modified when extracts were prepared from
cultures with turbidities ranging from 150 to 600 Klett units nor when the centrifu-
gation time was changed from 80 minutes to 120 minutes nor when the RNA con-
centration of the 15 Gs layered on top of the sucrose gradient varied from 0.5 to
1.5 mg/ml. The OD,g, profile was further found independent of the method used
for the layering of the 15 Gs on top of the sucrose gradient: by direct layering, in
a mixture with 2 per cent sucrose; or by inverted gradient (26). Furthermore, the
method used for destruction of the hyphae was found to have no effect on the
centrifugation diagram. However, since large amounts of alumina and glass beads
(5 gm and 40 gm per gram dry weight of mycelium, respectively) were needed to
obtain a good extraction yield, some ribosomes could possibly have been adsorbed
on these abrasives. The centrifugation pellets containing alumina or glass beads
were therefore washed several times by centrifugation in tris-Mg. After these wash-
ings, pellets and supernatants were analyzed for their RNA and protein content.

The results expressed as per cent of the sum of all the fractions analyzed show
that for a 15 Gs corresponding to 67 per cent RNA and protein the first washing
represented 22.5 per cent to 24 per cent, the second 3.0 per cent to 4.5 per cent,
and the third 3.0 per cent to 4.0 per cent. The remainder, 2.0 per cent to 3.0 per
cent, were accounted for by the pellet. When the first washing was centrifuged
through a sucrose density gradient, it yielded a profile identical with that obtained
with the 15 Gs. There remained the possibility that in N. crassa some ribosomes
are firmly attached to an endoplasmic reticulum (16). Therefore, after grinding the
mycelium, the pellets containing alumina or glass beads and large cell debris were
treated with 0.5 per cent sodium deoxycholate or two volumes of trifluorotrichloro-
ethane. After centrifugation through a sucrose density gradient under conditions
similar to those described above, a profile identical to that shown in Fig. 2 was
obtained. Therefore the small amounts of protein and RNA found in the centrifuga-
tion pellets do not correspond to ribosomes of a class different from that observed
in the diagram of the density gradient centrifugation.

As already indicated, ribosomes can be characterized by the dissociation they
undergo when the Mg ion concentration is decreased to a specific critical value.
N. crassa extracts in tris-Mg were therefore dialyzed against 0.01 M, 0.002 M and
0.0001 M Mg++ for a period of 16 hours. As shown in Fig. 3, the ODgq, profile
obtained after density gradient centrifugation is not affected by dialysis against 0.01
M Mg++, The same observation was made when the Mg+t concentration was
0.002 M. However, when extracts originally in 0.01 M were dialyzed for the same
period of time against 0.0001 M Mg++, the single ribosome peak disappeared and
was replaced in the density gradient centrifugation profile by two distinct major
peaks corresponding to particles of smaller size. After 15 hours’ dialysis of such
an extract against 0.01 M Mg++, an incomplete reassociation of the two smaller
components leading to the reformation of the larger RNP peak was observed.
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FiGure 3 Two preparations of N. crassa ribosomes having identical ODgwo values

and containing tris-Mg (0.01 M MgC

1) were dialyzed for 16 hours, one against

0.01 M MgCl, (dotted line) and the other against 0.0001 M MgCl, (solid line). After
dialysis, the preparations were centrifuged at 38,000 rRpM for 100 minutes in a 3 per
cent to 20 per cent linear sucrose gradient with the appropriate Mg** concentration.
The preparation dialyzed against 0.01 M MgCl: gives a normal profile (see Fig. 2).

After dialysis against 0.0001 M MgCl.,

the large ribosomes disappeared and gave rise

to two new peaks corresponding to particles with a smaller sedimentation coefficient.

2. Determination of Sedimentation Coefficients. Four different concentra-
tions of 15 Gs, ranging from 625 pg to 5,000 ug RNA /ml were centrifuged at 39,460
RPM and 20°C in the analytical ultracentrifuge. With 625, 1,250, and 2,500 g RNA/
ml two peaks were observed as in the density gradient centrifugation profiles. As
shown in Fig. 4, a value of 81.2 is obtained when the curve obtained by plotting S
values against concentrations is extrapolated to zero concentration.

625 1,250 2500
g RNA/mI

FIGURE 4 Determination of the sedimentation co-
efficient of N. crassa ribosomes. Three preparations
containing respectively 625, 1,250, and 2,500 ug
RNA/ml were centrifuged at 39,460 rRpM and
20°C. The individual values obtained for the sedi-
mentation coefficient are plotted versus concentra-
tion. The extrapolation of the curve to zero concen-
tration corresponds to a value of 81.2Sx.
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By increasing the concentration of RNA to 5,000 xg/ml, two small additional
peaks could be detected. These peaks were located between the 81S component
peak and the soluble material peak. A determination of the sedimentation coefficient
without correction for concentration gave respective values of 39S and 49S. These
values are too low because of the interference caused by the very high concentra-
tion of 81S ribosomes. A comparison of the area under the curves indicated that
these two small particle types represent less than 1 per cent of the total ribosome
population.

Purified RNA extracted from 81S RNP was centrifuged at 59,730 rRepM and
26°C. As can be seen in Fig. 5, two boundaries are present in the microdensitometer

FiIGURE 5 RNA extracted from N. crassa ribosomes by the sodium dodecyl sulfate
phenol method and purified by repeated ethanol precipitation was dissolved in tris-
KCl. The preparation containing 28 ug RNA/ml was centrifuged at 59,730 reM and
26°C in the analytical ultracentrifuge equipped with ultraviolet optics. The figure
shows a typical microdensitometric tracing with two boundaries corresponding to 19S
and 13S RNA, respectively.

tracing. These boundaries correspond respectively to 19.09S20%° and 12.76S2,5
RNA classes.

3. Chemical Analysis. Ribosome pellets washed three times with tris-Mg
were analyzed for their relative RNA and protein content. An average ratio of
ODgg, Over ODgg, of 1.86 was found. Repeated chemical determinations on sam-
ples originating from several extracts yielded an average of 53.4 per cent protein
and 46.6 per cent RNA.

D. DISCUSSION

Ribosomes have been found in cells of animals, plants, and bacteria. These ribo-
nucleoprotein particles display a remarkable uniformity in their properties. They
contain RNA and protein in almost equal proportions. They have similar molecular
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weights and their average sedimentation coefficient lies around 80S. At neutral pH
when the Mg++ concentration is lowered to 0.0001 M they undergo a dissociation
into smaller particles characterized by sedimentation coefficients of 40S and 60S.

The results presented in this work show that N. crassa is not an exception to the
list of the organisms studied so far.

The only fungus in which ribosomes have been studied in detail is yeast (12, 28,
29, 30). Therefore, a comparison of the properties of the RNP from yeast (pri-
marily the genus Saccharomyces) and N. crassa might be more instructive. The
ribosomes of yeast have a sedimentation coefficient of 80S and those of N. crassa
818S. The ratio of OD,go Over ODg2q is the same for both types of particles. In both
organisms the RNA content of the ribosomes is about 40 per cent. Certainly the
results of the chemical analysis presented in this work are not absolutely correct
since washing with buffer does not necessarily remove aggregated protein. How-
ever, the 81S particles described here are obviously of a ribonucleoprotein nature
and can therefore be referred to as ribosomes. N. crassa ribosomes could thus have
a molecular weight like that of yeast between 4.1 X 10° and 4.5 X 10°® (12). The
control of the reversible dissociation of these particles is achieved by similar Mg
ion concentrations. The sedimentation coefficient of the dissociation products of
the 81S particles was not determined directly. However, a comparison between
the position of the derived N. crassa ribosomes and the derived 30S and 50S of
E. coli indicates that they have sedimentation coefficients corresponding to 60S and
408, respectively. These values are in agreement with those found for the disso-
ciation products of the 80S yeast ribosomes (12). Purified ribosomal RNA from
yeast falls into two categories: 28S and 19S (30). In N. crassa the principal RNA
class was found to have sedimentation coefficient of 19S. This value is not unique
for yeast and N. crassa since it is also characteristic of ribosomal RNA extracted
from plant and animal cells (1). Recently experimental evidence has been pre-
sented (30) which indicates that the fundamental unit of yeast ribosomal RNA has
a sedimentation coefficient of 19S and that 28S molecules are dimers formed in
the presence of Mg++ concentration on the order of 0.01 M. It has also been
shown (1) that in the absence of Mg++ ions, 19S RNA undergoes a dissociation
into smaller molecules, some of which have a sedimentation coefficient of 13S.
The absence of 28S molecules and the presence of 13S RNA in our preparations
could thus be explained by use of tris-KC1 buffer as a solvent. Certainly the com-
parison between the position of E. coli and N. crassa ribosomal RNA in gradient
centrifugation profiles (when large amount of RNA is used) indicates the presence
of a molecular class which sediments faster than the 23S RNA characteristic for
E. coli.

In higher organisms, ribonucleoprotein particles are attached to an endoplasmic
reticulum. They are obtained as free particles after treatment of the cells with
deoxycholate. Generally when such a treatment is unnecessary as for embryonic,
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tumor, and bacterial cells, the absence of an internal membrane organization is
indicated. Our results suggest that the same situation prevails for hyphae of N.
crassa. However, fine structure studies with the electron microscope (14, 15)
demonstrate an internal membrane similar to the endoplasmic reticulum of higher
organisms. Possibly this internal structure is absent only from young growing
hyphae of N. crassa. Such a conclusion is in part supported by the fact that ribo-
somes are extractable from N. crassa conidia (31) and Aspergillus niger hyphae
(32) only after deoxycholate treatment of the disrupted cells. Fine structure studies
with the electron microscope will be undertaken to verify this observation directly.

We are indebted to Dr. S. Spiegelman and Dr. C. Doudney for placing their analytical ultra-
centrifuge at our disposal.

This work was supported by the United States Public Health Service and The University of
Texas Research Institute.
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