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ABSTRACT

Investigations into the structure and function of

mesosomes of Neurospora crassa were made using electron

microscopial, histochemical, biochemical, and radiotracer
techniques. This study is divided into two parts, morpho-

logical investigations and functional investigations.

Morphological investigations were performed by

light and electron microscopy on Neurospora at various

growth stages. Various fixatives and embedding procedures
were employed, and attempts were made to determine whether

or not mesoscmes of Neurospora are real structures or are

artifacts of preparatory techniques. It was found that
mesosomes are seen more frequently at some stages than
others, that there may be two kinds of mesosomes, and that
they are seen most commonly in cells that have been fixed
in glutaraldehyde followed by 0s0,. The effect of various
fixatives on the appearance of mesoscomes suggests that the
morphology of these structures may be determined by the

type of fixative employed.

Functional investigations were designed to identify

possible functions for mesosomes in Neurospora. Two areas

were explored, both suggestec by the morphological resemblance



of Neurospora mesosomes to those of bacteria. The possibility

of mesosomes having respiratory activity was investigated
histochemically, using succinic dehydrogenase as a marker, and
employing tetrazolium salts or ferricyanide as electron accep-

tors. Also, cells of Neurospora were fractionated, and the

fractions assayed biochemically for succinic dehydrogenase
activity to determine if extra-mitochondrial activity was
present. These investigations indicated that respiratory
(succinic dehydrogenase) activity is associated with the

plasma membrane, mesosomal membranes, as well as mitochondrial

membranes in Neurospora.

.

The possibility of mesosomes being associated with

mitochondrial DNA replication in Neurospora was also investi-

gated. These investigations required- radioactive labelling
of mitochondrial DNA specifically to high levels of activity.
This was found to be very difficult, both in vivo and in
11259, However, as a consequence cf these studies, much in-
formation about factors influencing incorporation of DNA
precursofs (3H-deoxythymidine triphosphate) was obtained.
Also, the experimental results cbtained suggest that mito-
chondrial DNA is associated with some membrane, probably the

mitochondrial membrane.

ii
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INTRODUCTION

Mesosome-like structures are seen in the mitochondria

and in the cytoplasm in electron micrographs of mycelia of

Neurospora crassa. These structures were simultaneously-re-

ported in wild type Neurospora by Beck and Greenawalt (1)

and in the poky mutant of Neurospora by Malhotra (2). Beck

and Greenawalt observed these mesosomes most freguently in
germinating conidia and also observed that a high concentra-
tion of glucose in the growth medium increased their

frequency. From these data, thev proposed a biogenetic
function for these structures. Malhotra compared these
mesoscmes to bacterial mescscmes, and suggested the possibility
that they might have analogous functions. This was indicated

by the observation of these structures in poky Neurospora

which is a respiratory deficient mutant, which might reguire
supplementary respiratory organelles. This mutation is
maternally inherited and is carried by cytoplasmic determinants
(3), probably by mitochonérial DNA. The mutation affects the
amount of binding of various components that are present within
the mitochonéria, ané therefore the crcwth rate. However,

the identification by Beck and Greena~alt of mesosomes in wild

type Neurospora made it seem unlikely that these structures
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serve a respiratory function.

Mesosome-like structures in mitochondria have been
reported from a variety of embryonic vertebrate tissues by
Ferreira and Ferreira (4), using standard methods of
electron microscopy, including fixation in glutaraldehyde

and 0504.

The possibility that these mesosomes, and the meso-

somes of Neurospora, are artifacts of fixation was suggested

by the work of Curgy (5), who reported similar structures in
embryonic chick hepatocytes. He presented evidence to show
that these structures could be induced by double fixation

(fixation in glutaraldehyde followed by 0504).

The investigations reported in this paper had two
aims. First, to examine the reality and morphology of
mesosomes under various conditions; and second, to attempt
to establish a function for these mesosomes. Investigations

of the general morphology of mesosomes in Neurospora were

carried out to determine characteristics of mesoscmes.

These investigations included examination of Neurospora

at various growth stages, the effect of various culture
conditions on the mesosomes, and the effect of differing

techniques of fixation and embedding.

Investications of possible functions for mesoscmes

were suggested by their morphological similarity to bacterial
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mesosomes. Bacterial mesosomes are membranous infoldings of
the plasma (limiting) membrane and have been observed in
many types of bacteria. They have been shown to be
associated with DNA replication (6), and histochemical tests
have demonstrated respiratory activity in these membranes

(7).

Attempts to show a respiratory function in Neurospora

mesosomes were not necessarily aimed at demonstrating a
specific respiratory function for these orcganelles, but

rather to use respiratory enzymes as markers for mitochondrial
percursor materials. A role in mitochondrial biogenesis for
mesosomes was considered in which mesosomes would provide a
method of transport of mitochondrial material from the site(s)
of synthesis to the mitochondria. Demonstration of mito-
chondrial components associated with mesosomal membranes

could serve as evidence for a mesosomal role in mitochondrial
biogenesis. Transportation of proteins from microsomes to

mitochondria has been demonstrated in rat liver cells (8).

Investigations of a possible role for Neurospora meso-

somes in mitochondrial DNA replication were sucggested by the
analogous structures in bacteria, and by the observed close
spatial association betwWeen some mesosomes and mitochondria

in Neurospora. 2lso, similar structures have been observed

in veast by Yotsuyanagi (9). He proposed that these structures

(Y]

may have a role in replication of mitochondérial DX& in yeast.
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Two approaches to this problem were considered, one
employing electron microscopic autoradiography, and the other
using a detergent fractionation method introduced by Tremblay
et al. (10). Considerable difficulty was encountered in the

application of these techniques to Neurospora, due to the re-

quirement of both techniques for specifically labelled mito-
chondrial DNA. It has been shown (11, 12, 13) that DNA of

Neurospora cannot be specifically labelled in vivo by the

conventional technique of supplying exogenous labelled

thymidine. Neurospora lacks a thymidine kinase activity,

and specific labelling does not result. Exogenous thymidine
is metabolized through thymine, 5-hydroxymethy luracil,
5-formyluracil, to uracil and then is used in pyrimidine
synthesis (13). If the supplied thymidine is labelled in the
ring, then the jabel is recovered in RNA and DNA in equal
amounts. Also, in vivo labelling by use of radioactive
thymidine triphosphate has been shown to be non-specific and
highly inefficient, apparently due to the permeability
barrier of the plasma membrane (12). Because of these prob-
lems, attempts were made to label mitochondrial DNA in vitro,
and investigations concerning mitochondrial DN2 and mesosomes

were limited to isolated mitochondria.



MATERIALS AND METHODS

1. Morphological studies

wild type Xeurosporsa crassa (strain 25a) was used for

all the studies reported in this paper. The culture was
maintained on slants of Hororitz (14) complete nedium (Fig.
1), and conidia were obtained in large guantities when re-
quired by growing the organism in 500-1000 ml flasks
containing the same medium. An increased number of conidia
were obtained by coating the sides of the flask with the
medium just before solidification. Conidia were harvested

by vigorous shaking with sterile water. The resulting suspen-
sion was filfered through glass wool and adjusted to the de-
sired concentration by centrifugation or by filtration through
glass fiber filters (Reeve—-Angel) on 2 Millipore apparatus.
The concentration of conidia was determined by the optical

density of the suspension at 600 mu (Fig. 2).

Mycelia were cbtained by growth of conidia in Vogel's
minimal liguié medium (Fig. 3) by the methoé described by
Eakin (15, 16). The medium was made as a 50x concentrate,
diluted and sutoclaved or Millipore £iltered prior to use,
and the appropriate carbon socurce (usually 2 ¢ sucrose)

added. Cultures wecre esually incculated with between 10
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1010 conidia, depending on the growth rate and growth stage
desired. Young cells were harvested by filtration through
glass fiber filters on Millipore apparatus. Older cultures
were more easily harvested by filtration through cheese cloth
or flannel. After harvesting, the cells were washed in water
several times and pressed until most of the water was removed.
small amounts of mycelia for fixation could easily be obtained
at any growth stage by filtration through glass fiber filters.

The mats thus formed could be cut into small pieces which re-

mained intact throughout processing for electron microscopy.

Growth of mycelia during culturing could be monitored
by observing the increase in optical density at 600 nm of
the culture, by determining the dry mass of samples of the
culture, or indirectly by monitoring the 02 uptake of the
culture. Observation of the optical density increase could
only be used at early stages of growth, as the elongating
cells became tangled into clumps and prevented meaningful

optical density determinations.

Fixations of cells for electron microscopy was
usually accomplished at room temperature with 3% glutaraldehyde
in 0.1 M PO, buffer (pH 6.8) for 1 to 2 hours. The fixed cells
were then washed with three changes of buffer over an hour,
and then post-fixed in unbuffered 2 % 0sO, for 2 to 4 hours
at room temperature. Occasionally one or the other of the

fixatives was omitted for experimental reasons. Dehydration
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and embedding were accomplished by replacing OsO4 directly
with 98.5 % ethanol. The ethanol was changed 3 times over
X hour and then substituted by 100 % propylene oxide.
After 3 changes of propylene oxide in an hour, a mixture
of equal volumes propylene oxide and complete embedding
mixture (Epon or Araldite) was substituted for 100 & propy-
ljene oxide. The propylene oxide in this mixture was allowed
to evaporate off for 24 hours. The tissue was then removed
from this mixture, placed in embedding molds, fresh embedding
nixture was added, and polymerization was carried out at 60°

C for 24 hours.

Glycol methacrylate was occasionally used as an em-
bedding medium because of its water miscibility, thereby
avoiding the necessity of dehydrating with ethanol and
propy lene oxide. wWhen this procedure was employed, the

method described by Leduc and Bernhard (17) was employed.

Thin sections were cut on a Porter-Blum MT-2 or a
Riechart Om U2 ultramicrotome. Electron microscopy was per-
formed with a Philips EM 200 or EM 300 eguipped with a
goniometer stage. Sections embedded in epoxy resins were
stained for 30 to 60 minutes at room temperature in 2 %
agueous uranyl acetate, rinsed, and stained 3 to 5 minutes
in 0.2 % agueous lead citrate. Sometimes lead citrate was
used alone. Sections embedded in glycol methacrylate were

stained in 2 % a2gueous uranyl acetate for 30 minutes at
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60°C, rinsed, and stainred 5 minutes at room temperature in

0.2 % lead citrate.



HOROWITZ COMPLETE SOLID MEDIUM

To 800 ml HZO' add

K2 Tartrate 5.0 g
NaNO3 4.0 g
MgSO, * 7H,0 0.5 g
NaCl 0.1 g
KHzPO4 1.0 g
CaCl2 0.1 g
Casamino acids 0.25 g
Yeast extract 5.0 g
Malt extract 5.0 g
Glycerocl 20.0 g (16 ml)
Agar 15.0 g

plus HZO to 1000 ml final volume. This

must be autoclaved immediately.
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FIGURE 1

for culturing Neurospora

Horowitz complete solid mediun
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FIGURE 2

Graph used in determinations of conidial concentration in

agueous suspensions by optical density measurements. From

R. T. Ea2kin (15).
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FIGURE 3

Vogel's minimal liquid medium for Neurospora, 50x concentrate.

The diluted medium is used for culturing large amounts of

mycelia.



VOGEL'S MINIMAL MEDIUM FOR NEUROSPORZ, 50X CONCENTRATE

To 1500 ml HZO' add

CaCl2

MgSO0 - 7H,0

NH4N03

Na citrate

KH2P04

Biotin solution (0.1l mg/ml)

CHCl3

Trace elément solution (see below)

Dilute 1:50 with HZO' make to 2 % sucrose,autoclave.

2

20

25

50

7.4
0.0
0.0
0.0
0.0

5.0

5.0

10.0

Do not autoclave concentrated salt solution.

TRACE ELEMENT SOLUTION:

To 95 ml HZO' add
Citric acid

Zn504-7H20

Fe(II) (NH4)ZSO4-6 HZO

Cu504'5320

% |
MnSO4 -HZO

H3BO3 (anhydrous)

| Na,Mo0, 2 H,0

ChCl3

«Q o] \Q Lo}

n W

\Q



13

II. Functional Studies

A. Respiratory Activity

Investigations into possible respiratory function of
mesosomes were made by histochemical and biochemical techniques.
Succinic dehydrogenase activity (SDH) was used as a typical

mitochondrial component throughout these investigations.

Two histochemical techniques were employed in attempts
to locate SDH activity in electron micrographs of Neurospora
cells. One method employed TNET (tetranitro blue tetrazolium
chloride) as described by Leene and van Iterson (7). TNBT
is a tetrazolium salt, containing two positively charged
nitrogen atoms which can function as electron acceptors.

In the presence of succinate and the enzyme, succinic dehy-
drogenase, electrons are transferred from succinate to the
charged nitrogens in the tetrazolium salt. These electrons
do not necessarily come directly from SDH, they are most
likely accepted from some level several steps removed from
SDH in the electron transport system (18). However, SDH
activity is required to jnitiate the flow of electrons from
succinate. Upon acceptance of two electrons, the ditetra-
zolium molecule is reduced to a colored, water insoluble difor-
mazan which precipitates out of a solution at the site of
reaction.

The incubation medium for treatment of cells with

TNBT consisted of 0.065 3 TNBT and 0.25 M Na succinate in 0.1
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M PO, buffer at pH 7.5. Control incubation media were either

4
without succinate or had Na malonate (a competitive inhibitor)

added to excess.

Several problems were encountered in the application

of this technigque to electron microscopy of Neurospora.

While the staining results were intense and reproducible at
the light microscope level, difficulty was experienced in.
recognizing the reaction product in sections observed in the
electron microscope. Also, it was found difficult to re-
produce experimental results. These problems were thought
to arise from the low electron density of the reaction pro-

duct in the sections.

Because of these problems encountered in using these
techniques, experirents were performed in an attempt to
determine the amount of reduced TNBT necessary to be repro-
ducibly observed in the electron microscope. Reduced
tetrazolium was dissolved in amyl acetate in varying
concentrations and applied directly to formvar coated grids
and allowed to dry. The electron density of the dried
formazan vwas measured at several places on the grid in the
Philips EM 300 by use of the exposure meter, and by photo-
graphing the film on plates and recording the resulting
optical density on a2 Joyce-Loebl scanning microdensitoneter.
The results were expressed as the difference in optical
density between the background (formwvar £ilm + no formazan)

and the film (formvar film + formazan), and were plotted
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against the concentration of the formazan applied to the

grid.

The second, and more extensively employed histo-
chemical method was the potassium ferricy anide-copper
sulfate technigque introduced by Ogawa et al. (19). This
method employs ferricyanide as an electron acceptor for
SDH activity. As with the teirazoliums, it is not certain
where in the electron transport system that ferricyanide
is reduced. However, SDH activity is required for the
reduction of ferricyanide in the presence of succinate (19).
The reduced ferricyanide combines rapidly with Cu++ ions
present in the medium, and precipitates out at the site of
reaction as insoluble, electron dense, copper ferrocyanide.
This reaction product is @ifficult to discern in the light

microscope, but is easily recognizable in sections in the

electron microscope.

The ferricyanide medium contained in each ml: 100
umoles PO,, pH 7.5; 18 umoles Na succinate; 3 umoles Na
citrate; 3 uroles CuSG,; and 0.5 umoles K3Fe(CN)6. Control

media were either without succinate or had malonate added,

or both.

Cells subjected to the histochemical procedures were
either freshly harvested or prefixeé for 10 minutes in cold
3 ¢ formaldehyée or 3 % glutaraldehyde 1n 0.1 ¥ PO,, pH 7.3.

They were incubateé in the reaction mixture for 20 miputes
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at 27°C with constant agitation. After incubation, the
cells were collected by filtration, washed, and fixed in
3 % glutaraldehyde at room temperature for up to 12 hours.
In some cases, the cells were post-fixed in 2 % OsO4 in

0.1 M PO pH 7.3 for 3 hours. The fixed cells were em-

4'
bedded as previously described, and -thin sections were

examined without staining in the Philips EM 200 or EM 300.

Possible extra-mitochondrial SDH activity was assayed
for in subcellular fractions of Neurospora. These fractions
were obtained by homogenizing freshly harvested mycelia in
an equal volume of isolation medium (0.25 M sucrose; 0.1 %
BSA; 0.003 M EDTA; 0.05 M tris-HC1l, pH 7.5) by grinding
with sand in a mortor. The mycelia were ground until the
homogenate was free of lumps and had the consistency of
thick pea soup. Mitochondrial and microsomal fractions were
prepared from this homogenate (as illustrated in Fig. 4) by
differential centrifugation. &All operations were carried

out at 0° - 3° cC.

SpH activity of these fractions was assayed by the
method described@ by Green et al. (20) at 37° in a solution
consisting of in éach ml: 100 umoles PO4, pH 6.8, 500 ug
BSA; 2.0 umoles NaCy; 20 ug 2,G—dichlorophenolindolphenol;
10 umoles Na succinate; ané 100 uc mitochondrial protein or
S00 ug microsomal protein. Succinate was added separately

to initiate the reaction, and the reaction was followed by
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observing the reduction in optical density at 600 mu of the
assay medium against a blank identical to the sample except
succinate was deleted. SDH units were defined as reduction
in optical density at 600 mau per minute per milligram pro-
tein at 37°C. Protein concentration was determined by the

method of Lowry et al. (21).

Créss contamination of the microsomal fraction by
mitochondrial material was checked by electron microscopical
examination of negatively stained samples of the fractions,
and by assaying for oligomycin sensitive (Fl) ATPase
activity. Fl 2TPase activity of the fractions was assayed
at 37°C in a medium containing in each ml: 250 umoles
sucrose; 10 umoles MgClz; 50 umoles tris-HCl, pH 7.5; 1.0
umole ATP; 10 ug oligomycin; and 0.5 mg mitochondrial pro-
tein or 1.0 mg microsomal protein. The reaction was
followed by sampling at intervals and determining the
amount of Pi released by the method of Taussky and Shorr
(22). F, ATPase units were defined as ug Pi released per

1
minute per milligram protein at 37%%.

Parallel studies to those just described on SDH

activity in Neurospora were performed on rat liver cells

both in situ histochemically, and in isolated fractions
biochemically. For histochemical demonstration of SDH
activity, the liver was irmediately (within 60 seconds)

removed from a rat killeé by neck dislocation, and placed
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into a chilled medium consisting of 0.25 M sucrose; 0.1 3%
BSA, 0.003 M EDTA, and 0.05 M tris-HCl at pH 7.5. The liver
tissue was cut into rectangular pieces about 1 x 3 mm,
affixed to filter paper déiscs with warm agar, andé chopped
into approximately 125 u slices by a'Smith-Farquar tissue
chopper. These slices were placed into a ferricyanide

medium identical to that used for demonstration of SDH

activity in Neurospora, incubated 30 minutes at 37°C,

washed, doubly fixed in glutaraldehyde and 0504, and pro-

cessed routinely for electron miCIOSCOpPY.

Subcellular fractions of rat liver were obtained by
the method described by Mahler ané Cordes (23). These

fractions were assayed as previously described for Neurospora

for both SDH activity and Fl ATPase activity. Mitochondrial,

microscmal, rough microsomal, and smooth microsomal fractions

were assayed.
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FIGURE 4

Isolation method for obtaining mitochondrial, microsomal, and

soluble fractions from Neurospora. The mycelia were homo-

genized as described in the text, and then differentially

centrifuged as indicated.
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B. Mitochondrial DNA Replication

Investigations of a possible role in mitochondrial
DNA (mDNA) replication for mesosomes in Neurospora were
limited to ig.giggg_studies for reasons given in the intro-
duction. Because in vitro incorporation of radioactive
nucleoside triphosphates into mDNA had been demonstrated in
several organisms (24, 25, 26), including yeast (27), this

activity was investigated in Neurospora. It was hoped that

this activity could be used to provide radioactive mDNA in

Neurospora for use in further experimentation. Tritiated

thymidine triphosphate (BH-TTP) was used in this investiga-

tion as a radioactive DNA precursor.

Mitochondria for these experiments were isolated by
the method essentially described by Luck (28). The isolation
medium consisted of 0.44 M sucrose; 0.1 % BSA; 0.003 EDTA;
and 0.05 M tris-HC1l, pH 7.5. Mitochondrial fractions pre-
pared in this medium by differential centrifugation were
purified on 0.9 M to 1.9 M sucrose density gradients by
centrifugation at 140,000g for 90 minutes. The mitochondrial
bands formed were removed by pipet and diluted with a storage
medium (0.25 M sucrose; 0.1 % BSA; 10 uM B-mercaptoethanol;
0.05 M tris-HCl, pH 7.5) to approximately 0.8 M sucrose.

The mitochondria were then pelleted and resuspended in a
small volume of storage medium. Protein concentration was

determined by Losry's technigue (21), using crystallinre
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BSE as a standard, and adjusted to 2 mg/ml. The condition
and purity of the mitochondrial fractions were checked by
examination of negatively stained samples (2 % potassium

phosphotungstate) in the electron microscope.

Incorporation of 3H-TTP into an acid insoluble

product by isolated mitochondria of Neurospora was assayed

in a medium modified from Wintersberger (27) for assay of
mitochondrial DNA polymerase activity in yeast. This

medium contained in each ml: 50 umoles tris-HCl, pH 7.5;
10 umoles Mgclz; 1.0 umole each of dATP, &CTP, dGTP (from

3H—TTP (9.8 C/mmole, from

Sigma Chemical Co.); 2.5 uC
Schwaétz Bio-research); 200 umoles sucrose; 3.0 mumoles
B-mercaptoethanol; and 1.0 mg mitochondrial protein. The
incubation temperature was usually 27°C. Incorporation was
initiated by addition of the mitochondrial protein, and the
amount and rate of incorporation was determined by with-
draving 0.05 ml samples at intervals. These samples were
applied to 1 inch filter paper discs or glass fiber filters
previously marked with pencil to facilitate sorting after
washing. After the sample had been completely absorbed by
the filter (about 5 seconds), the filters were immediately
dropped into a largé volume of cold 10 % TCA (trichloroacetic
acid) and processed by the method described by Bollum (29).
The method involved washing the filters twice with a large
volume (50 ml per filter) of colé 5 $ TCR, followed by two
similar washings with colé 95 % ethanol, followed by two

similar washings with ethyl ether. The filters were then

¢ i o s o W e L7
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allowed to dry, sorted, placed into liquid scintillation
counting vials with 10 ml of a toluene based scintillant,
and cognted in a Nuclear Chicago Mark I liquid scintilla-
tion counter. Counting efficiency was determined by the
channel ratios method. The amount of 3H--TTP incorporated
was calculated from the acid insoluble dpm and the specific

activity of the 3H-TTP used, as determined by the supplier.

Conversion of 3H-TTP to 3H-TMP (tritiated thymidine

monophosphate) during the incorporation of 3H-TTP was
detected by sampling a portion of the assay mixture at
intervals into cold 10 % TCA. After 5 minutes at OOC, the
samples were centrifuged and 5.0 ul of the supernatant

was spotted onto a thin layer silica gel chramatogram
(Eastman Kodak). 5.0 ul of 1.0 mM TTP and 5.0 ul of 1.0 mM
TMP were added to the spots as carriers, and the chromatograms
were run in a solvent system consisting of 700 ml of 98.5 %
ethanol, 300 ml of 1.0 M ammonium acetate and 0.33 M EDTA,
and 100 ml of glacial acetic acid. The pH of the solvent was
3.8. After 20 hours, the chromatogram was examined with
ultraviolet light, and the spots containing TTP and TMP were
cut ocut. The radiocactivity of the spots was determined by
placing them directly into counting vials with a toluene

based scintillant, and counting in a liquid scintillation

counter.

Possible mitochondrial nuclease activity was assayed
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by measuring the conversion of 3H labelled DNA (from
E. coli) to products soluble in 2 % perchloric acid. The
3H labelled DNA was prepared by the addition of 3H--thymine
(1.0 mC/0.008 mg, New England Nuclear) to a culture of
E. coli, strain K 12 thy -, requiring 2 ug thymine per ml,
and grown in a synthetic medium. DNA was isolated by the
method of Marmur (30), and had a specific activity of 4.2
p 4 105 cpm per umole. The assay mixture contained in 0.11
ml: 15 nmoles native or denatured 3H-DNA; 1.0 umole MgClz;
5.0 umoles tris-HCl, pH 7.5; and sufficient enzyme (mito-
chondrial proteinf to convert 5 to 40 % of the substrate
to acid soluble products. The incubation temperature was
37°%. After 20 minutes, the assay was terminated by putting
0.1 ml of the mixture into a microcuvette containing 0.1
ml cold perchlofic acid, and 0.1 ml of 2.5 mg/ml calf thymus
DNA was added as a carrier. The samples were kept 5 minutes
at 0°C, and then centrifuged 1 minute in a Beckman micfo-
fuge. 0.2 ml of the supernatant was counted in Bray's
solution (31). The nuclease activity of the mitochondrial
preparation was constant with time and linear with protein
concentration in the range given. One unit of activity was
defined as that amount catalyzing the production of 1.0

umole of acid soluble nucleotide in 20 minutes.

Tritiated actinomycin D (BH-actD) was also employed
as a method of labelling mDNA. HMitochondrial suspensions

containing 1 to 2 mg/ml protein were incubated with 0.5 to
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1.0 uC 3H—actD (3.38 C/rmmole, Schwartz Bio-research) in the
absence of Mg++ and in the dark at room temperature for 60
minutes. Specificity of 3H—actD binding to mDMNA was demon-
strated by freezing and thawing such a preparation, dividing
it into two aliquots, and incubating one with DNAse. Both
aliquots were then washed and layered onto 30 to 60 % sucrose
gradients, centrifuged at 140,000g for 90 minutes, and
fractionated. The optical density at 280 mu and radiocactivity

" of each fraction was measured (Fig. 5).

Isolation of a membrane-DNA complex from in vitro
3H-TTP or 3H-actD treated mitochondria was attempted using
the detergent fractionation technigue of Trerblay et al.
(10). This method employs the detergent sodium lauroyl
sarcosinate (Sarkosyl, Giegy Chemical Co.). In the presence
of Mg++, the detergent crystallizes and the crystals can be
banded by sucrose density gradient centrifugation. When
this detergent is applied to spheroplasts or other fragile
forms of bacteria in the presence of Mg++, 10 to 30 % of the
cell membrane, 90 $ more of the DXA, and about 75 % of the
nascent RNA are found associated with the crystals. The form-
ation of this complex depends on the interaction of membrane
components with the detercent crystals, as neither nucleic
acids nor riboscmes interact directly with the crystals,

but partially purifiec membranes and phospholipids cdo (10).

To adapt this techricue to Neurospora mitochondria,
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. ++ ... ++ .
it was found necessary to replace Mg with Ca , as it has
been shown (32) that the mitochondrial nuclease activity of

Neurospora is activated by Mg++, but is inactive in the pre-

sence of catt. Ca++ was found to cause crystallization of

. . ++
the detergent in the same concentration range as Mg .

3

Mitochondria treated with “H-TTP or 3H-actD were

concentrated by centrifugation to 5 to 10 mg protein per ml
and layered onto a 30 to 60 % sucrose density gradient
containing 0.01 M tris-HCl, pH 7.5; 0.05 M CaClz' and 0.1

M KC1l. Sodium lauroyl sarcosinate was then added to the
layered material to a final concentration of 1 to 2 % of the
layered volume. The layered material and the detergent were
mixed gently so as not to disturb the gradient. Control ex-
periments were performed using identical density gradients,
except no detergent was added. The gradients were centri-
fuged at 140,000g for 90 minutes, and fractionated either
by dripping through a hole pierced in the bottom of the

centrifuge tube, or by an ISCO density gradient fractionator.

The optical density at 280 and 260 mu, total radio-
activity, and acid insoluble radioactivity of each fraction
was determined. Optical density determinations were made
with a Gilford model 2400 recording spectrophotometer eguipped
with microcuvettes. Total radiocactivity of the samples was
determined by adding an aliguot of the sample (usually 0.1

ml) to 10 ml of Bray's solution (31) in a counting vial, and
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counting in a scintillation counter. Acid insoluble

radioactivity was determined by applying an aliquot of
the sample (usually O.1 ml) to a 1 inch filter paper disc

or a glass fiber filter. These filters were then processed

by the method of Bollum (29) and counted as previously des-

cribed.
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FIGURE 5

Distribution of optical density at 280 mu (solid line) and
radioactivity (cpm, dotted line) after treatment of mito-
chondria with 3H-actinomycin D and centrifugation on

density gradients. The top graph represents the fractiona-
tion pattern of mitochondria not treated with DNAse before
centrifugation, and the bottom graph represents the results
from mitochondria that were treated with DKise before cen-

trifugation.
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RESULTS

I. Morphology of Mesosomes

Mesosomes of Neurospora appeared as membranous whorls

or vesicles which were observed to be continuous with the
plasma membrane (Fig. 6). In sections, two apparent types
of mesoscmes were observed, one closely associated with
mitochondria, and another larger and more complex, not
associated specifically with mitochondria. Mesosomes vwere
observed most frequently from cells fixed from early growth
stages (Fig. 7). Whether this observation is a result of
the cells being in a particular developmental stage, or is
a result of a statistical effect of sectioning, will be

discussed further.

Changes in the carbon source of the culture medium
affected the growth rate (Fig. 8) as well as the appearance
of mesosomes in the cells. High concentrations of sucrose
(7 to 10 %) and dextrose (15 to 25 %) caused an increase
in the frequency of observation and the complexity of the
large, non-mitochondrial type of mesosome. Mesosomes from
cells grown in high concentrations of sucrose oOr dextrose

appeared larger and had a rore complex organization. These

P

dehyde

t\

observations were made only in cells fixed in glutara
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followed by 0504,(Fig. 9).

In sections prepared for electron microscopy., the
mesosomal and plasma membranes appeared much more electron
opague than the mitochondrial membrane. This difference
in staining was observed when the material was doubly fixed
in glutaraldehyde followed by 0sO,, but not when either

fixative was used alone.

The method of fixation employed on these cells was
found to have a pronounced effect of the morphology of
mesosomes, and on the general ultrastructural appearance
of the cells. Cells fixed ir glutaraldehyde and 0504
shosed many more mesosomal strictures in and near mito-
chondria (Figs. 10, 11} than did cells fixed only in 0sO,.
The membranes of these mitochorndrial associated mesosomes

could be observed to be closely associated with, but not

applied to or penetrating into, mitocchonérial membranes

(Fig. 12).

Larce, complex mesoscmal structures not associated
with mitochondria were observed frecuently in doubly fixed
cells (Figs. 13, 14). They were not seen in cells fixed

only with 0sO,. These results were not affected by the

erbedding procedure used (epoxy resins or water soluble

glycol methacrvlates). In living cells observed at hich

nt microsccpe, large

3]

agnification in a polarizing 1z

¢]

regular lameller membranous bodies such as these mesosomes
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should be visible by their birefringence. NO such
birefringent bodies were observed. If these structures
existed as membranous vesicles or some other irregular
membranous structure in living cells, then they would
not be visible under these conditions. In these same
preparations, the birefringence of the cell walls of both

Neurospora and contaminating bacteria could be seen, as

well as that of the nuclear membranes within the Neurospora

cells.

Mitochondrial mesosomes also appeared different in
cells fixed only in 0504. No complex arrays of whorls or
tubules, as seen in doubly fixed cells, were observed in
cells fixed only in OsO4. However, simple membranous
structures were observed in association with mitochondria
in these cells. These structures appeared closely
associated with the outer mitochondrial membrane. In some
cases, they appeared to link the outer mitochondrial
membrane ané the plasma merbrane (Figs. 15, 16, 17).
These membranes connecting the plasma membrane with the
outer mitochondrial membrane were observed after fization

in glutaraldehvde or 0504, but not after fixation in both.

It was also rnoted that the plasma membrane appears
more complex and irregular in cells fixed only with OsO4
than in Goubly fixed cells. This difference was measured by

rerbrane in rancdom sec-

-

1

s

[
)]

overlaying with string the pl



I. CELLS FIXED ONLY IN OsO,

Cell wall length in Plasma membrane length Ratio PM length

measured segment in same segment to CW length
687.2 1231.2 1.82
921.2 1473.9 1.60
498.2 905.7 1.82
474.8 926.6 1.95
646.4 1189.8 1.84

Averace 1.81

II. CELLS FIXED IN GLUTARALDEHYDE AXD OsO,

692.3 749 .9 1.08
652.1 669 .2 1.03
794.1 915.3 1.15
823.8 909 .4 1.10
1065.1 1143.1 1.07

Average 1.09
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ments of cell edges seen in electron micrographs of cells
processed identically except for fixation. The length of
the cell wall in these segments was also determined, and
the ratio of these lengths was used to determine relative
differences in the amount of plasma membrane Seen in
doubly fixed cells and cells fixed only in OsO4 (Fig. 18).
It was found that sections of doubly fixed cells showed a
plasma membrane profile with 2bout 40 % less length than
0s0, fixed cells. Othcr membranous structures in 0sO,
fixed cells (nuclei, mitochondria) also appeared very ir-

regular and poorly defined when compared to similar

structures in cells fixed by glutaraldehyde and 0504.

These results imply that growth conditions and, in
particular, the method of fixation, affect the organization

of membranous structures in Neurospora. The nature of this

effect will be discussed further.
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FIGURE 6

Electron micrographs showing (1) a large, complex mesosacme not

associated with mitochondria, and (2) a smaller, simpler
mesoscome associated with a mitochondrion. Both micrographs
are from material fixed in glutaraldehyde and 0504, and both
show the mesosome continuous with the plasma membrane. The

upper micrograph (1) is of an unstained section, the magni-

fication is 62,800. The lower is stained with lead citrate,

and the magnification 1is 120,000.
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FIGURE 7

Graph illustrating the relation of growth of Neurospora in

liquid culture (as measured by the optical density of the
culture at 600 mu) and the number of mesoscmes observed in
sections of material fixed at various times from this

culture.
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FIGURE 8

pable showing the amount of Neurospora harvested from

Vogel's minimal liquid medium using various carbon sources.
The cultures were inoculated with the same number of coni-
dia (5 x 104/ml) and grown under identical conditions for

24 hours. The mycelia were dried over PZOS in a vacuum for

5 days, and then weighed to determine dry mass.



TABLE OF UTILIZATION OF CARBON SOURCES

Carbon
Source

sucrose
sucrose

dextrose
dextrose
dextrose
glycerol
glycerol

glycerol

Concentration _ Dry Mass Neurospora (g)

(w/v) harvested/liter culture/24 hrs.
5% 4.38

10 % 4.20

7% 4.24

15 % 2.80

20 % 2.45

5% 1.37

10 % 1.22

15 %

0.83



35

FIGURE 9

An electron micrograph of a section of a Neurospora cell

fixed during the late exponential phase of growth in Vogel's
mediunm containing 10 % sucrose as the carbon source. A
large complex mesosome connected with the plasma membrane
(axrow) ié shown. This material was fixed in glutaralde-
hyde and 0sO,, and stained with uranyl acetate and lead

citrate. The calibration line represents 0.5 micron.
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FIGURE 10

An electron micrograph of a doubly fixed Neurospora cell

during the early exponential phase of growth. A mesosome
apparently within a mitochondrion can be seen (arrow),

but this appearanée could result from sectioning across

a mesosome impressed into a mitochondrion (see Figure 12).
A large donut shaped mitochondrion also can be seen (M)

surrounding a bit of cytcplasm (cyt). This type of mito-

chondrion is frequently seen in sections of Neurospora from
this stage. Lipid droplets (L) and glycogen granules (G)
are also apparent. The calibration line represents 0.5

micron. The material has been stained with lead citrate.
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FIGURE 11

An electron micrograph of Neurospora cell similar to the one

seen in Figure 10. The arrow in the center area of the cell
points out a mitochondrial mesosome, while the arrow at the
lower left indicates a mesosome apéarently not associated
with a mitochondrion. The calibration line represents 0.5

micron.
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FIGURE 12

An electron micrograph showing close apposition of mesosames

to mitochondria in Neurospora. Note that the mesosomal

membranes (arrows) do not contact the mitochondrial membrane.
The material was fixed in glutaraldehyde and OsO 4 from a
culture in the early exponential growth phase, and stained

onlir with lead. The calibration lines represent 0.1 micron.
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FIGURE 13

An electron micrograph from a cell of Neurospora doubly fixed

during the carly exponential phase of growth. A mesosome not
associated with mitochondria‘and its connection with the
plasma membrane can be seen (arrow). A nucleus (N) can also
be seen in this section. This material was stained with

lead citrate, and the calibration line represents 0.1 micron.
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FIGURE 14

An electron micrograph illustrating a large complex mesosome
not associated with mitochondria. A connection with the
plasma membrane can be seen (large arrow) and areas of ap-
parent unit membrane reorganization can be seen within the
mesosome (small arrows). This is better illustrated in
Figure 37. The material was doubly fixed from a culture

in the late exponential phase of growth, and is unstained.

The calibration line represents 0.1 micron.
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FIGURE 15

An electron micrograph of an exponentially growing Neurospora

cell fixed only in glutaraldehyde and embedded in glycol
methacrylate. A menbrane can be seen connecting the mito-
chondrion with the plasma membrane (arrows). The plasma
membrane is not discernible in this type of preparation as
it appears white (electron transparent) against a white
background. The section has been stained with hot uranyl
acetate, and the calibration line represents 0.1 micron.

The micrograph was taken with the specimen tilted 6° clock-

wise from horizontal.
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FIGURE 16

Two electron micrographs of the same cell of Neurospora from

different angles. The material was fixed with 0s0, only,

from the early exponential growth phase ana stained with

lead citrate. An apparent connection can be seen (arrows)
between the plasma membrane (pm) and the outer membrane of
a mitochondrion (m). The upper micrograph was taken with
the specimen tilted 27° clockwise from horizontal, and the
lower 36° clockwise from horizontal. The calibration line

represents 0.1 micron.
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FIGURE 17

An electron micrograph of a cell of Neurospora fixed only

with 0504 from the early exponential grosth phase. An
apparent connection between the plasma membrane (arrows)
and a mitochondrion (m) can be seen. This micrograph was
taken with the specimen tilted 18° counterclockwise from
horizontal. The material is stained with lead citrate,

and the calibration line represents 0.5 micron.
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FIGURE 18

Table of plasma membrane length measurements from micrographs.
The cells measured were from the same culture, were fixed at
the same time, and were embedded by the same technigue. The

only difference in procedure was the method of fixation.
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I. CELLS FIXED ONLY IN 0sO,

Cell wall length in Plasma membrane length Ratio PM length

"measured segment * in same segment to W length
687.2 mu 1231.2 1.82
921.2 1473.9 1.60
498.2 905.7 1.82
474.8 926.6 1.95
646.4 . 1189.8 1.84

Average 1.81

1I. CELLS FPIXED IN GLUTARALDEHYDE AND 0sO,

§92.3 749 .9 1.08
652.1 669 .2 1.03
794.1 915.3 1.15
823.8 909.4 1.10
1065.1 1143.1 1.07

Average 1.09
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II. Functional Studies

A. Respiratory Activity

Histochemical and biochemical studies of respiratory
activity, using succinic dehydrogenase (SHD) as a marker,
demons trated the presence of this activity in non-mitochondrial

membranes of Neurospora.

In fresh cells processed in complete ferricyanide
medium for the demonstration of SDH activity, as previously
described, deposits of electron dense copper ferrocyanide
were observed on the mitochondrial membranés, meso;omes, and
the plasma membrane in electron micrographs (Fig. 19). Not
all mitochondria showed the same degree of electron dense
deposit, some revealed a uniform heavy deposit, while others
showed a patchy deposit, and still others showed no deposit
at all. The plasma membrane and mesosomal membranes showed
a similar heterogeneous response. Sections of fresh cells
incubated in the ferricyanide medium without succinate
showed sparse deposit on mitochondrial membranes, and no
deposit on the plasma and mesosomal membranes. No electron
dense deposits were seen in sections of fresh cells incubated
in media to which malonate had been added. 1In sections of
cells pre-fixed before incubation in the complete ferricyanide
medium, a slight deposit was observed on the mesosomes OI
plasma membrane. NoO deposit at all was seen in sections of

pre-£fixed cells jncubated in ferricyanide media from which
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either succinate had been deleted or malonate added.

Incubation of fresh cells of Neurospora in TNBT medium

gave results essentially similar to those obtained with the
ferricyanide technique. Because of difficulty recognizing
the histochemical reaction product in thin sections in the
electron microscopey, which apparently resulted from the low
electron density of the formazan, the ferricyanide method
was preferred. Experiments to determine the amount of elec-
tron density yielded by varying concentrations of formazans
gave the results illustrated in Figure 20. This graph,

plus subjective visual observations of the grids from which
the optical (electron) density values.were obtained,
indicate that the amount of formazan necessary for consistant
recognition is about 140 x 10-9 g/uz. This value was deter-
mined by dividing the amount of formazan on the grid (1 mg)

by the area of the grid (7.07 m2) which equals 0.14 mg/mm?,

or 140 x 1072 g/uz.

These histochemical results indicate an extra-
mitochondrial SDE activity associated with the plasma and
mesosomal menbranes. Biochemical assays for SDH activity in

fractions isolated from Neurospora cells showed SDH activity

present in the microsomal fraction (Fig. 21), which should
contain the fragmented plasma and mesosomal membranes. This
SDH activity was found to be linear with time and protein

concentration, and made up about 8 % of the total activity
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(mitochondrial plus microsomél). No SDH activity was found
associated with the soluble fraction of the cell. Examina-
tion of negatively stained samples of the microsomal
fraction shoved a sméll amount of mitochondrial contamina-
tion in this fraqtion. However, about 98 % cof the Fl ATPase
activity was found in the mitochondrial fraction, and less
than 2 % could be detected in the microsomal fraction (Fig.
21). These observations suggest that only about 25 % of
the microsomal SDH activity can be accounted for by
mitochondrial contamination. These data indicate that SDH

activity is associated with the plasma and mesosomal

NIRRT S P TL B TR S 0 i

membranes, as well as with the mitochondrial membranes, in

Neurospora.

In parallel studies localizing SDH activity in rat
liver cells, a similar situation was observed. In fresh g
cells processed histochemically by the ferricyanide technique
for demonstration of SDH activity, electron dense deposits
were observed on mitochondrial membranes, and on the plasma
membranes of some cells. These cells also appeared
structurally disorganized with considerable damage apparently
occuring during the incubation procedure (Pig. 22). Cells
fixed before incubation in the ferricyanide medium showed
no SDH activity, but appeared morphologically intact. The
electron dense deposit observed in cells treated by the

ferricyanide technigue apparently resulted from SDH activity,

A




48
as it was not observed if succinate was deleted or malonate

was added to the incubation medium.

In subcellular fractions of rat liver cells, 92.1 %
of the total SDH activity (mitochondrial plus microsomal)
was recovered in the mitochondrial fraction and 7.9 % in the
microsomal fraction. The microsomal fraction was further
sub-fractionated into rough and smooth fractions, and 73.7 . %
of the microsomal activity was recovered in the smooth
fraction. Twenty-two per cent of the microsomal activity
was found in the rough fraction. The mitochondrial fraction
contained 95 % of the Fy ATPase activity, and 5 % of this
activity was found in the microsomal fraction, indicating
that about 70 $ of the microscmal SDH activity could be

accounted for by mitochondrial contamination.

Despite this large amount of apparent mitochondrial
contamination of microsomal material, the histochemical re-
sults together with the microsomal SDH activity which cannot
be accounted for by contamination, strongly suggest the
presence of extra-mitochondrial SDH activity in these cells.
These results also suggest that the extra-mitochondrial
presence of SDE activity may be a more general feature of
cells, as it has been demonstrated here in two widely

different cell types.
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FIGURE 19

tron micrographs of Neurospora showing the dense

Three elec
reaction proéuct resulting fr

for demonstration of SDH activity in (A) a mitoch
Arrows in B

om the ferricyanide technique

ondrion,

(B) a mesosome, and (C) the plasma membrane.

and C indicate reaction product. Magnification of 2 is
82,800, B is 101,200, and C is 205,100. The material is

unstained.
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FIGURE 20

A graph illustrating the relation of optical density to various
concentrations of formazan on grids photographed in the electron
microscope. Each point represents an average of 20 values taken
from different points on each grid. Two grids of each concen-
tration were photographed. A0. D. represents the difference
in optical density between the naked formvar film and the

formvar film coated with formazan.
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FIGURE 21

Summary of SDH and Fy ATPase activities in fractions of

Neurospora. SDH units equal the reduction in optical

density at 600 mu per minute per mg protein at 37°C, and

F. ATPase units equal ug Pi released per minute per mg

1
protein at 37%.
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FIGURE 22

An electron micrograph of rat liver tissue treated for demon-
stration of SDH activity. Deposits of electron dense material
can be seen along the plasma membrane of one of the cells
(arrows), as well as in the mitochondria (m). The material
was doubly fixed after treatment for SDH demons tration, and

is unstained. The calibration line represents 1.0 micron.
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Mitochondrial DNA Replication

Investigations of factors affecting incorporation of

3H-TTP by isolated mitochondrial fractions from Neurospora

demonstrated that this incorporation does take place, and
is influenced by: (1) the isolation procedure; (2) the
time lapse between isolation of the mitochondria and assay-
ing of ability to incorpofate 3H-TTP; (3) the composition, 1
temperature, and pH of the assay medium. Also affecting this :
incofporation are two enzymatic reactions which apparently E
occur concomitantly with incorporation of 3H-TTP. One is a
dephosphorylation, converting 3H-TTP to 3H-TMP, and the

second is a nuclease activity which could degrade both the

newly formed and pre-existing nucleic acid in the mitochondria. P

12

Isolated mitochondria incorporated 2.8 x 10 ~“ moles

of 3H-TTP per mg of mitochondrial protein into acid insoluble
material in 15 minutes under optimal conditions. This figure
is an average of 9 determinations. This activity varied.
linearly with protein concentration in the range tested (0.25
mg/ml to 2.0 mg/ml). The extent and rate of the incorporat-
ing activity was influenced by the method of purification of
the mitochondria. Mitochondria prepared by differential
centrifugation without subsequent purification on density
gradients were found to be more active (3.7 versus 2.8 x

-12

10 moles/mg protein/l5 minutes) than mitochondria

purified by density gradient centrifugation. Electron

FRPEAn TE L S S
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microscopic examination of negatively stained samples
showed mitochondria isolated by differential centrifugation
alone were mostly intact, though somewhat swollen. However,
these preparations were also contaminated by non-mito-
chondrial membranous material which proved difficult to
remove without losing a considerable amount of mitochondrial
protein. A single pass on the previously described density
‘gradients removed almost all of this material, but some of
the mitochondria were disrupted. This was observed by
studying several negatively stained prepérations obtained
by density gradient centrifugation (Figs. 23, 24).
Approximately 25 % of the mitochondria in these preparations §

appeared broken. :

Maximum incorporation of 3H-TTP was observed in
mitochondrial preparations assayed soon after isolation.
After 24 hours of storage, incorporating activity was re-

duced about 50 %, and after 48 hours, none could be detected.

The effect of composition, pH, and temperature of the
assay medium on incorporation of 3H—TTP is given in Figure
25. Each value is the average of three or more determina-
tions. These results show that Mg++ and all four
deoxynucleoside triphosphates are required for incorporation,
that the pH optimum is 7.5, and that the temperature optimum
is 27°Cc. The temperature of the assay medium was observed

to affect not only the rate of the reaction, but also the

Pt
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total amount of 3H-TTP incorporated (Fig. 26). At 27°%,
the level of maximum incorporation was reached in about
15 minutes, whereas at 37°C a lower maximum was reached
in about 5 minutes. At both these temperatures, a rapid
decline in acid precipitable radicactivity occurred

after peak incorporation was reached.

This rapid decline in acid precipitable radioactivity
suggested the presence of a nuclease activity associated
with the mitochondrial fraction. This fraction was there-
fore assayed for nuclease activity as previously described,
and found to be highly active. The characteristics of the
nuclease activity were very similar to those described by

Linn and Lehman (32) for an endonuclease of Neurospora

mitochondria. The nuclease was found to be effective on
native or denatured DNA to the same extent. When the
mitochondria were disrupted by sonication, the activity was
found to increase by 60 % over the initial value. Storage
of the mitochondria at 4°c for 3 days resulted in more than
a 100 % increase over the initial value (Fig. 27). Addition
of EDTA to the assay system abolished the nuclease activity
of the mitochondrial fraction, and this effect of EDTA could
be reversed by Hg++. The nuclease activity was negligible

when ca’t was substituted for Mg++ (Fig. 28).

The activity of a nuclease degrading newly synthesized

DNA labelled by incorporation of 3g-1TP should result in the
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release of 3H-TMP as one of the degradation products.
This was assayed for as described and found. However,
the rate of appearance, and the amount of 3H-TMP
recovered, was much greater than expected (32). Even more
3H-TMP was recovered if incorporation of 3H-TTP was pre-
vented by ommission of one or more of the unlabelled
deoxynucleoside triphosphates from the assay medium (Fig.
29) . This converéion was linear with time, and up to
50 % of the SH-TTP was converted to 34-TMP in 90 minutes.

No conversion occurred without the presence of mitochondria

during this time.

Isolated mitochondrial fractions from Neurospora

treated by the detergent fractionation technique of Tremblay
et él. (10), modified as described previously, were found to
form membrane-detergent crystal complexes. If the DNA of
these mitochondria was labelled by use of either 3H~TTP or
3H-actD before treatmené with the detergent, some of the
radioactivity was recoverable in this complex. When mito-
chondria with labelled DNA were centrifuged on control
gradients (without detergent), 95.8 % of the acid insoluble
radioactivity was recovered in the mitchondrial band (Pig.
30). When the detergent was added to these preparations,
only 27 % of the original acid insoluble radioactivity was
recovered, all of it in the membrane-detergent crystal
complex (Fig. 30). 1f Hg++ was substituted for ca™ in the

gradient solutions, only about 1 % of the original acid in-
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soluble radioactivity was recovered. BAnalysis of the total
radioactivity of the fractions from the detergent contain-
ing gradients showed a high amount of radioactivity at the

top of the gradients, as compared to the control gradients

(Figs. 31, 32).

paCYSEE
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FIGURE 23

A low magnification micrograph of negatively stained mito-

chondria from Neurospora isolated by density gradient

centrifugation. The mitochondria were stained with 2 %
potassium phosphotungstate. The calibration line

represents 1.0 micron.
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FIGURE 24

Electron micrographs of negatively stained mitochondria from

Neurospora isolated by density gradient centrifugation. Both

intact and disrupted mitochondria can be seen. At top right
in the upper micrograph (arrow), elementary particles can be
seen on disrupted mitochondrial membranes. The loWwer micro-
graph is an enlarged view of this area. The calibration line
in the upper micrograph represents 1.0 micron, and in the

lower, 0.5 micron.
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FIGURE 25

Table summarizing the effect of composition (top), pH (middle),

and temperature (bottcm) of the incorporation of 3H—TTP by

The composition of the

isolated mitochondria of Neurospora.

basic medium is given in the text.



Effect of compositicn, pH, and temperature on incorporation

of 3H-TTP by mitochondria of Neurospora.

moles x 1012 3H-TTP incorporated
. in 15 minutes per milligram
Assay medium mitochondrial protein
Basic, at 27°c, pH 7.5 2.8
Basic, - dATP 0.1
Basic, - d4dCTP 0.7
ﬂBasic, - dGTP 0.7
Basic, - 4CTP, 4GTP 0.0
Basic, + ATP (1.0 umole/ml) 2.2
Basic, + ATP, - dATP 1.0
Basic, - Mg++ 0.0
Basic, - JH-TTP, + -H-thymidine | 0.0
Basic, pH 6.5 0.6
Basic, pH 7.0 1.1
Basic, pH 7.5 - 2.8
Basic, pH 8.0 0.7
Basic, 0°C 0.0
Basic, 27°% 2.8
Basic, 37°C (in 5 minutes) 1.7

Basic, 45°C (in 5 minutes) 1.1
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FIGURE 26

Graph illustrating the effect of temperature on the in-
corporation of 3H-TTP by isolated mitochondria of

Neurospora at 37°C (circles), and 27°c (x's). Each

point is an average of three or more determinations.
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FIGURE 27

The effect of sonication (top) and storade (bottom) on the

nuclease activity associated with mitochondria of Neurospora.
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FIGURE 28

Nuclease activity of mitochondria of Neurospora. Each assay
contained 1.0 ug mitochondrial protein. CaCl2 was present

at 1.0 umole per assay when used in place of Mgclz.
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FIGURE 29

Conversion of 3H-TTP to 3H—TMP by mitochondria of Neurospora.

The upper line (solid circles) represents the percent of acid
soluble dpm as TMP versus time in the absence of 3H-TTP in-
corporation by mitochondria. The lower line (open circles)
represents the percent of acid soluble dpm as TMP in the

presence of 3H-TTP incorporation by mitochondria.
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FIGURE 30

Density gradient fractionation results from untreated (upper
graph) and detergent treated (lower graph) mitochondria
labelled with 3H-TTP. The solid line represents the optical
density at 280 mu of the fractions, and the dotted line

represents the acid insoluble radiocactivity (dpm) of the

fractions.
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FIGURE 31

Density gradient fractionation results from untreated (upper
graph) and detergent treated (lower graph) mitochondria
labelled with 3H-TTP. The solid line represents the optical
density at 280 mu of the fractions, and the dotted line

represents the total radioactivity (dpm) of the fractionms.
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FIGURE 32

Density gradient fractionation results fram untreated (upper
graph) and detergent treated (lower graph) mitochondria
labelled with 3H-actinomycin D. The solid line represents
the optical density at 280 mu of the fractions, and the
dotted line represents the total radiocactivity of the

fractions.
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DISCUSSION

I. Morphological Studies

The results of the morphological studies on meso-

somes of Neurospora suggest several things. One is that the

morphology seen in a section at a given time of culturing is
not a direct function of the duration of culturing, or the
growth stage, but where in the cell the section was made.
The frequency of observation of mesosomes can be seen to be
correlated to particular growth stages during culturing
(Fig. 7). This could be interpreted to indicate that meso-
somes are characteristics of this particular growth stage.

However, because sectioning of a sample of Neurospora hyphae

is a random selection of areas (sections) of cells for ob-
servation, this interpretation implies that the hyphae observed
are representative of the entire culture, and that the hyphae

are morphologically hcmogeneous along their length.

A variety of observations suggest that this is not
true. It has been shown that physiological differentiation

in hyphae of Neurospora does exist, and that growth occurs

only at the tip of the cell (33-35). Examination of serial
sections of individual cells is difficult because of the

long length of the cell compared to the thickness of the
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sections (the growing region alone will yield over 300
sections of 6008 thickness). However, examination of
fortuitously obtained longitudinal sections do show
general morvhological differences along the length of
the cell (Fig. 33). It therefore seems likely that the
apparent association cf mesosomes with the early érowth
stages is probably a result of mesosomes being a
characteristic of the growing zone of the cell. At the
stage when conidia are germinating, growing zones are
much more abundant than at other stages, and make up
most of the length of the cell. If mesosomes are a
characteristic of the growing zone, then they will be
observed most often in material fixed at this stage.
At later stacges, the proportion of the growing zone to
the rest of the cell becomes 1less and less, and so does

the frequency of cbservation of mesosomes.

The effect of different fixatives on the ultra-

structural appearance of cells of Neurospora is marked.

There is an overall difference in the appearance of
membranous structures in doubly fixed cells (glutar-
aldehyde folloWwed by OsO4) as compared to cells fixed
only in 0sO,. In doubly fixed cells, membranes have a
relatively smooth appearance, stain intensely (except the
mitochondrial membranes), and appear well defined. In
cells fixed only with Osoé, 211 membranes appear hichly

irregular ané convoluted (Fig. 34), stain poorly. aréd do
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not appear well cefined. Complex mesosomes are not seen in
cells fixed only with 0sO,. An association between simple
infoldings of the plasma membrane and mitochondrial mem-
branes is often seen in cells fixed with either glutaralde-
hyde or OsO4, but not both. In some of these preparations
the plasma membrane appears to be continuous with the outer

mitochondrial membrane (Figs. 15, 16, 17).

Curgy (5) has observed structures similar to meso-

somes of Neurospora in embryonic chick hepatocytes after

double fixation. He does not ocbserve them after fixation
in OsO4 alone. For this reason he suggests that these
mesosome-like structures are reorganization products of
membrane somehow mobilized or disorganized by giﬂtaralde-
hyde (which is not a lipid fixative) and then fixed in a
new organization by 0504. Similar structures to Curgy's
mesosomes can be produced in mouse heart mitochorndria by
allowing the heart tissue to sit at room temperature for
30 minutes in buffer after removal from the mouse and
before fixation (Fig. 35). These structures are seen with
double fixation after this treatment, but not if the heart

tissue is fixed immediately upon removal from the animal.

Gupta and Malhotra (36) have performeé experiments
designed to demonstrate penetration of lanthanum hydroxide

into mesosomes of Neurospora from the outside medium, using

the technique of Revel and Karnovsky (37) . These studies
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were performed to elucidate the physical relationship between
the plasma membrane; mesosomal membranes, and mitochondria.
Lanthanum was used for this purpose because of its observed
ability to penetrate intracellular spaces without penetrat-
ing cells, and because of its high electron density. 1In
cells prefixed with glutaraldehyde and incubated with
lanthanum in the presence of 0504, lanthanum was cbserved
in the interior of mesosomes, including those associated
with mitochondria. Attempts to show lanthanum penetration
in unfixed cells, or cells fixed only with glutaraldehyde
were unsuccessful. The authors suggest that Oso4 fixation
is necessary to retain lanthanum in tissues during sub-
sequent procéssing for electron microscopy, as lanthanum
deposits were not seen when the tissue was fixed with
aldehyde alone. However, it seems equally possible that
double fixation may be necessary for lanthanum penetration
into mesosomes, either by physically altering the membrane,
or by causing a reorganization of membrane material as
suggested by Curgy (5). It is known that OsO4 reacts with
lipids of membranes by cross linking unsaturated fatty
acids through diester formation, causing polymerzation of
the fatty acids (38). Because lanthanum penetration cannot
be demonstrated without OsO, fixation, it seems likely that
some alteration to the membrane is necessary for this pene-

tration to be cbserved.

Observations of fresh frozen-etched cells of Neurosgora
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by Tewari (39) have shown no structures comparable to
mesosomes as seen in sections from doubly fixed cells.
These same preparations show smooth membrane surfaces
similar to the profiles seen in sections of doubly fixed
cells, and not convoluted as seen in cells fixed only in
0s0, (Fig. 36) . However, mesosome-like structures can

be seen in frozen-etched preparations of Neurospora if

the cells were pre-fixed briefly with glutaraldehyde be-

fore freezing.

The bulk of this evidence suggests that mesosomes,
as seen in double fixed cells, could be reorganized con-
figurations of some cellular membranes. The fact that
enzymatic activity (succinic dehydrogenase) can be demon-
strated in association with mesosomal membranes and the
plasma membrane, and that doubly fixed cells show 40 %
less plasma membrane length in electron micrographs,

sugges ts mesosomes of Neurospora could be reorganization

products derived from the plaesma membrane during fixation.
The connections observed between the plasma membrane and
mitochondria could provide same of the material ard a
site for formation of mesosomes, and might explain the
close association of some mesosomes with mitochondria.
Figure 37 shows apparent reorganization of unit membrane
structure within a large complex mescsome to 2 system of

tubules reminiscent of micellar arrays.

Two considerations arcue against this conclusion.

One
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is the observations of freeze-etch preparations of Neurcspora

which show membrane surfaces which are not convoluted as seen
in cells fixed only in 0s0,, but are smooth and similar to
the profiles seen in doubly fixed cells. Also, no communi-
cating membranes between the plasma membrane and mitochondria

have been observed in freeze-etch preparations of Neurcspora

(39). Second, mesosomes seen in doubly fixed cells have
never been observed to be continuous with the mitochondrial
membranes, as would be expected if they were derived from
communicating membranes between the plasma membrane and

mitochondrial membranes.

For these.reasons, it is difficult to come to a

conclusion about the reality of mesosomes in Neurospora.

Because they can be seen routinely in doubly fixed cells,

and because enzymatic activity can be demonstrated

associated with them, it seems likely that while they may
not exist in vivo in the form in which they are observed

in doubly fixed material, they are a result of some real
rstructure” which does exist in vivo and is somehow modified
in different ways by different fixation procedures. This
"structure” prcbably is a medification of the plasma mem-
brane. More evidence for this is provided by the functional

studies discussed below.
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FIGURE 33

A long section of a germinating conidium. This figure is
a montage of 3 prints, and has been reduced considerably
in size to fit on the page. The conidium is the expanded
portion of the cell to the bottom left. The growing
region of the cell is approzimately the upper half of the
hypha. No septa have formed. The cytoplasm of the tip
region appears densely packed with glyccgen granules and
ribosomes. Numerous small mitochondria are present in
this region, and nuclei and vacuoles are not seen. Also,
very few lipid droplets are present in the tip region.

In the half of the hypha adjoining the conidium, nuclei
are present, mitochondria are larger and more complex, and
lipid droplets are much more abundant. The cytoplasm does
not appear as densely packed with glycogen and riboscmes.
This cell was fixed with glutaraldehyde and 0sO,. The

calibration line represents 1.0 micron.
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FIGURE 34

An electron micrograph of a Neurospora cell fixed in OsO4
only, from the exponential phase of growth, and stained
with lead citrate. The plasma membranc (gm), and nuclear
membranes (N) all appear irregular and convoluted as
compared to similar structures seen in doubly fixed cells.

The calibration line represents 0.1 micron.
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FIGURE 35

A section through mouse heart ventricle fixed, after incubation
in buffer at room temperature for 30 minutes, in glutaraldehyde
and 0504. Mesosomal-like structures can be seen (arrows) in

some of the mitochondria. The material is not stained, and the

calibration line represents 1.0 micron.
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FIGURE 36

A freeze-etch prepared replica of a Neurospora cell in the

exponential phase of growth. The fracture plane crossed the
cell obliquely, exposing the cell wall (cw) and plasma
membrane (pm) for some length. Various cellular organelles
are exposed, mainly nuclei (N) and mitochondria (m). Nuclear
pores may be seen on two of the nuclei. Note that the
membrane surfaces appear smooth and not convoluted as seen in
material fixed only in 0s0,. The calibration line represents

1.0 micron.
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FIGURE 37

Electron micrographs of a Neurospora cell doubly fixed from

the exponential phase of growth. A well developed mesoscme
is shown in the upper micrograph. Apparent reorganization
of the unit membrXane in this mesosome can be seen (arrow).
The lower micrograph is the same mesosome phctographed at
higher magnification. The small arrows indicate the unit
membrane structure of the mesosomal membranes, and the large
arrox indicates a region in which reorganization of the unit
membrane to a tubular array haé apparently occurred. The
material is stained with uranyl acetate and lead citrate.
The upper_calibration line represents 0.5 micron, and the

lower 0.1 micron.
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II. Functional Studies

A. Respiratory Activity

The results of the histochemical investigations indi-
cate the presence of an activity which oxidizes succinate
and concom-itantly reduces an electron acceptor (ferricyanide
or TNBT). This activity is visualized in electron micro-
graphs in association with mesosomes and the plasma membrane,
as well as the mitochondrial membranes (Fig. 19). The
dependence of this activity on the presence of succinate,
and its inhibition by malonate, indicate that the activity

is dependent upon the presence of a succinic dehydrogenase.

Assays of SDH (succinic dehydrogenase) activity in

fractions from Neurospora shov approximately 8 % of the total

SDH activity of a given volume of cell free extract to be
associated with the microsomal fraction. Electron micro-
scopical examination of the microsomal fraction, and the
distribution of F, ATPase activity in the fractions, indicate
that cross contamination of the microsomal fraction by
mitochondrial material is low. The amount of mitochondrial
contamination, as measured by Fl ATPase activity, is
considerably less than the amount of SDH activity foundé in
the microsomzl fraction. Therefore, it seems that mito-
chondérial contamination of the microsomal material could
not account for the entire SDH activity observed in the

microsomal fraction.
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The extra-mitochondrial finding of SDH activity is

not unique to Neurospora. Two different cytoplasmic succinic

dehydrogenases (or fumarate reductases) have been demonstrated
in yeast (40). McEwen et al. (41) have presented evidence

for a unique nuclear SDH activity in calf thymus nuclei.

Also, the results of the parallel studies of SDH aqtivity in
rat liver cells reported above indicate the presence of
extra-mitochondrial SDH activity in these cells, or at least
some of these cells, and that the extra-mitochondrial

finding of SDH might occur generally in various kinds of

cells.

Riess (42) reported that the ferricyanide technique

is not applicable to Neurospora because of inhibitory action

of CusO, and K,Fe (CN)6 on its SDH activity. He found 95 %

4 3
inhibition of tetrazolium reduction by succinate in intact
mycelia in the presence of 3 umoles/ml CuSO,, the amount
present in the ferricyanide medium. Reiss also stated that,
even after prolonged incubation in the ferricyanide medium,
distinct granular reaction products are not observed. How-

ever, the reaction product produced by incubation of

Neurospora in ferricyanide medium is not discernable with

the light microscope, but considerable amounts of electron
opague reaction product can be easily visualized in sections
of mycelia processed for electrorn microscopy . Shepard (43)
. e N . e P
reported that Cu is inhibitory to SDH activaty o= Xeuro-

spora in cell free extracts when methylene blue is used as
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the electron acceptor. This apparent contradiction from
the results presented in this paper, in which reduction
of ferricyanide in the presence of cutt has been observed
in situ, could result from acceptance of electrons at |
different levels in the respiratory chain by the different
acceptors. Singer and Kearney (1?) indicate this possibility

in their extensive discussion of SDH from various sources.

Demonstration of SDH activity associated with
mesosomes and the plasmé membrane suggests that these mem=
branes could be involved in mitochondrial biogenesis.

Neurospora cells lack an endoplasmic reticulum, and modifica-

tions of the plasma membrane could substitute partly for

this system. One of the functions of this system may be to
transport mitochondrial components from the site of synthesis
to the mitochondria. Evidence for continuity between the
endoplasmic reticulum and the outer mitochondrial membrane
has been presented by several authors (44, 45, 46), and
transport of newly synthesized proteins from the endoplasmic
reticulum (microsomal fraction) to mitochondria has been

shown in rat liver cells (8).

Singer and Kearney (18) indicate that acceptors such
as ferricyanide, TNBT, methylene blue, and 2, 6-dichloro-
phenolindolphenol do not accept electrons directly from SDH,
but rather from other components of the respiratory chain

one or more steps removed from SDE. They also show that these
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compounds accept electrons poorly, or not at all, from
purified preparations of SDH. This suggests that the
histochemical and biochemical assays emploved to detect

SDH activity in Neurospora determine not only the presence

of SDH activity, but of one or more other respiratory
components as well. As SDH activity has been detected

associated with extra-mitochondrial membranes in Neurospora

by these methods, this could suggest that SDH and other
respiratory components are pre-assembled outside the mito-
chondria on a membrane system, and then incorporated into

the mitochondrial membrane as a unit.

B. Mitochondrial DNA Replication

The results of studies on factors influencing in vitro
incorporation of 3H-TTP into mitochondria of Neurospora
demonstrate that the chief factor affecting this activity is
the presence of a nuclease activity associated with tﬂe
mitochondrial fraction. This nuclease activity rapidly
degrades E. coli DNA. 2 similar degradation of newly
synthesized DNA could occur within the mitochondria. The
nuclease activity appears to be specifically associated with
mitochondria, ané is similar in its characteristics to the
nuclease described by Linn ané Lehman (33) from mitochondria

of Neurospora. They found that the nuclease could not be

washed free of the mitochondria, that purified mitochondrial
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nuclease was not bound by isolated mitochondria and, upon
sonic disruption of the mitochondria, a significant increase
in nuclease activity occurred. All this evidence suggests
an intra-mitochondrial location of the enzyme. Moreover, it

has been reported that mitochondria of Neurospora are im-

permeable to DNAse (47). Linn and Lehman isolated and
characterized this enzyme as an endonuclease, active on both
single and double stranded nucleic acid to an egual extent.
The enzyme requires a divalent cation (Mg++, Mn++, Co++,

but not Ca++), is inhibited by EDTA, and has a pH optimum . -
of 6.5 to 7.5 and a temperature optimum of 379 to 45°C.
These properties distinguish this endonuclease from the
extra-mitochondrial nuclease first described by Linn and
Lehman (48) and by Rabin et al. (49). The decrease observed

in incorporation of 3H-TTP by mitochondrial fractions of

Neurospora upon storage could be accounted@ for by the

parallel increase in nuclease activity conspicuous in these
fractions. However, the relationship between the DNA poly-

merase activity and the nuclease is not clear.

Degradation of the newly synthesized DNA by the
nuclease should produce a small amount of 3H—TMP. However,
the amount of BH—TMP observed upon assaying was far greater
than one would expect to result from the nuclease activity.
Moreover, in the absence of incorporation of 3H-TTP by
mitochondria, even a greater amount of 3H-TMP was recovered.

These observations sucgest that there is an enzymatic activity
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responsible for the conversion of 3H-TTP to 3H-TMP. This
activity may be due to the presence of kinases associated

with the mitochondria.

The amount of 3H-—TTP incorporated by mitochondrial

fractions of Neurospora is probably the net result of the

three enzymatic reactions discussed above. Two of these
reactions may compete for the same substrate, i.e., 3H-TTP,
and the third reaction may degrade the newly synthesized
broduct, i.e., DNA, as it is formed. These reactions make
it impossible to obtain labelled mitochondrial DNA with
high specific activity by this method. Because of the
lability and low activity of the mitochondrial DNA, auto-
radiography was not attempted. The detergent fractionation
method of Tremblay et al. (10) was attempted to elucidate

a possible role of membranes (mesoscmes) in mitochondrial

DNA replication.

The results of detergent fractionation of Neurospora

mitochondria suggest that the detergent sodium laurcyl sar-
cosinate had an activating effect of the mitochondrial

nuclease of Neurospora. This activating effect is probably

related to disruption of the mitochondrial membranes, as an
increase is also seen with sonic disruption or storage of
these fractions (Fig. 27). The fact that the mitochondrial
DNA is found in the membrane-detergent complex after fraq-

tionaticn and nowhere else, stroncly suggests that
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mitochondrial DNA in Neurospora is membrane associated.

Experiments by Tremblay et al. (10) have shown that pre-
formed membrane-detergent crystal complexes will not bind
free DNA, and work by Kalf and Faust (50) has shown
mitochondrial DNA polymerase activity to be associated
with the inner membrane in rat liver mitochondria. It

has been shown in bacteria that membrane association is
necessary for replication of DNA, and that the replicating
enzymes are probably membrane bound (51, 52). Thus it

seems likely that mitochondrial DNA in Neurospora is

associated with some membrane, probably the inner mito-

chondrial membrane.

Demonstration of the possibility of mitochondrial
DNA replication being membrane associated in mitochondria

of Neurospora unfortunately supplies no useful information

about mesosomes in Neurospora. As previously indicated,

the mesosomes of Neurospora are probably reorganization

products induced by fixation of the plasma membrane or some
other simpler membranous structure derived fram the plasma
membrane. These membranes may have a role in mitochondrial
biogenesis, but it seems unlikely that they are directly

involved in mitochondrial DNA replication;
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