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PART I. = INTRODUCTION.

1.1 Historical.

One of the earliest uses of the word "Cell" in
connection with biological materials is to be found in
the description of the microscopical examination of a
plece of cork published by Robert Hooke in 1665. In
the years that followed, many workers repeated this obser-
vation on a variety of planﬁ tissues; among them Grew
and Malpighl observed within their sections, small savities
which they called utricles or vesicles. Mirbel in 1808
concluded that plants were composed of a "Membranous
cellular tissue," and Lamarck that no bod& could have life
if 1ts parts were not cellular tissue, or were not formed
by cellular tissue. It was not however until after the
improved design of the compound microscope by Amicl in
1827 that a more or less complete cell theory was put
forward by Schlieden in 1838 for plants, and by Schwann
in the following year for animals. The theory as stated
by Schwann 1s as follows:~- "The cells are organisms, and
animals as well as plants are aggregates of these organ-
isms, arranged in accordance with definite laws." It is
pertinent to recall these words after more than a century,
and to observe how closely they conform to our present day

views on the subject.



Untll the beginning of the 19th century only the
existence of the cell was recognised and nothing was
known a8 to what, if anything, it might contain. The
discovery therefore by Brown in 1831, of the constant
presence wlthin the cell of what we now call the nucleus
represented a considerable step forward. Rapid progress
was made in the researches on the nucleus bringing to
light the various phenomena associated wlith cell division,
and the structures which it contained.

Studies on the cytoplasm (the substance surround-
ing the nucleus and bounded by the cell membrane) made less
rapid progress, and it was not until Schultze in 1861 re-
marked on the particulate matter within the cytoplasm that
any advance was made- The delay 1n recognisilng these
particles.may in part be attributed to the fact that the
fixatives, which proved so sultable for studles of the
nucleus, broyght about coagulation of the cytoplasmic con-
tents sb as to obscure the particulate matter which was
present. = In view of this, the development by Altmann
(1894) of the bichromate fixative which preserved the
cytoplasm and made possible its examination must be re-
garded as of considerable importance. By this means large

rod-shaped particles, which we now know as mitochondria,

were observed as a constant constituent of the cytovlasm,

as was the reticular apparatus --- the Golgil Body.
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PFurthermore, dark field illumination made visible numerous
highly refringent bodies of much smaller dimensions which
appear to correspond to what has since been called the

ground 3ubstancs of the cell or the microsomes. A com-

bimation of chemical and histochemical methods made it
¢lear that mitochondria were distinct from secretory
granules and glycogen particles, that they were comparative
ly little affected by lipid solvents, but that, in common
with the ground substance, they exhiblted a marked affinity
for basic dyes (Berg, 1934). Several protein reagents
gave positive reactions with both substances, but applica-
tion of the Feulgen staining technique (Feulgen and Rossen-
beck, 1924) indicated that no deoxyribonucleic acid (DN4)
was present.

Though of very considerable value, the methods of
the histologist are somewhat limited in application, in
that they are not readily adapted to quantitative measure-
ments . Even from the qualitative point of view they are
open to considerable criticism, on the grounds that the
frequently drastic preparatory treatment to which the
tissues are subjected may bring about, within the cell,
multiple changes which may or may not be recognlsed. It
would therefore be of very great interest, if the internal

environment of the cell could be studied by some other



means which would enable our present conceptions to be
verified, and make possible a more thorough and detalled
examination of the nature of the cellular contents and

of the processes carried out therein.

1.2 Cell Fractionation.

Miescher (1897) perhaps pointed the way to one
approach when he studied the chemistry of isolated cell
nuclei. His technique has since been vastly improved,
and numerous workers have applied it to a study of the
substances present within the nucleus, and of its meta-
bolic processes (Dounce, 1950). The isolation of cyto-
plasmic constituents proved a more difficult task, one of
the first attempts being that of Warﬁurg (1913) who showed
that the capacity of guinea pig liver to respire, was
largely associated with the large granules sedimented by
low speed centrifugation. He also suggested that these
granules might be ldentical with those observed by micro-
scopic examination. It was not however until some years
later that Bensely and Hoerr (1934) succeeded in isolating
mitochondria by differential centrifugation. Such studies
were taken up by other workers, and Claude (1940), by a
combination of long and short runs at a centrifugal force
of 18000 gy succeeded in separating particles varying in

diamter from S0mu.  to 200n}u. from homogenates in



isotonic saline of normal and tumour tissue. Claude found
that these granules were chemically similar irrespective of
the tissue from which they were derived, and supposed them
to be mitochondria. 1In the following year Claude (1941)
showed that these particles tended to agglutinate in iso-
tonic saline, and advocated the use of dilute phosphate
buffer at pH 7.1 or "alkaline water " (0.0002N-NaOH) as

the suspending medium. The particles obtained by centri-
fuging tissue homogenates in these media were similar in
size to those obtained previously and these he called
mitochondria. The mitochondria of Bensely and Hoerr
(1934) were considerably larger than those obtained by
Claude (1940, 1941) who maintained that these larger
particles were secretory granules. In a later paper how-
ever Claude (1943a) renamed the smaller particles "micro-
somes", and agreed that the Bensely and Hoerr granules

did contain mitochondria as well as secretory granules.
Further studies by Claude (1944a, 1946) have confirmed

this view, although he maintains that liver tissue 1s not
the most suitable material with which to work since it
contains a high proportion of secretory granules as well
as mltochondria. Full details are given in these two
papers of the methods of preparing the fractions, and since

this is the procedure most commonly used for the isolation



of the cytoplasmic particles from saline homogenates, it
1s briefly described below.

Chilled rat livers were forced through é 1 mm.
mesh masher to remove the main vessels and conﬁective
tissue. 60 g. to BO g« of the resulting pulp were ground
in a mortar for 5 minutes, and the solvent (0.85% NaCl
adjusted to pH 9.5 by the addition of 2ml. of 0.1N-NaOH
per litre) was added drop by drop until 20 to 30 ml.
weré intimately mixed with the tissue. The volume was
finally adjusted to 5 times the welight of pulp taken, and
the suspension centrifuged at 1500 g for 3 minutes. The
sediment was discarded and the process repeated twice, the
resulting supernatant belng known as a liver extract.

This extract was then submitted to fractionation according

to the scheme illustrated in Fig.l.




Figure 1.

The Fractionation of Cytoplasmic Particles in 0.85%

Saline (Claude, 1946).
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About the same time, Schneider (1946a, b) made use
of a similar technique, dispersing the tlssue by means of
a glaSs homogeniser‘as described by Potter and Elvehjem
(1936). While Claude and Schneider believed essentially
in the existence of two types of granules, large and small,
Chentrenne (1947) maintained that the cytoplasmic granules
could be separated into 5 different fractions depending
upon the nature of the suspending medium and the centri-
fugal fields applied.

The mitochondrila isolated by the methods so far
described differed morphologically and histochemically
from those present in the intact cell. The isolated
material consisted of spherical particles which did not
stain with Janus Green, while the mitochondria of the cell
were rod-shaped, and stained readily wlth low concentrations
of Janus Green-. Moreover, the isolation procedure was com-
plicated by the tendency of the mitochondria to agglutinate
in isotonic saline and to be disrupted in water. These
difficulties led to the development of a new technique by
Hogeboom, Schneider and Pallade (1947, 1948) in which the
tissue was homogenised in 0.88M-sucrose, in place of the
saline or alkaline water, and the homogenate subsequently
submifted.to differential centrifugation. With such a

medium, of course, the centrifugal fields employed had to



be much greater, owing to the increased density and vis-
cosity of the strong sucrose solution. Homogenates pre-
pared in this way contained an abundance of rod-shaped
-elements about 300mM. to S00MAM. in diameter and from
1.0 to 5.0 M. in length which stained readily with very low
concentrations of Janus Green; There was no staining of
these particles with neutral red which is recognised as a
stain for secretory granules. The mitochondria isolated
from such homogenates stained readily with Janus Green
and were free from neutral red stalning matter. The
secretory granules migrated centripetally during centri-
fugation and this has been confirmed by Pallade and Claude
(1949). The complete method of separation is described
briefly below:-

~ Rat liver tissue was forced through a 1 mm. mesh
screen, and the resulting pulp placed on ice. 5 g. of
the pulp were then homogenlised in the apparatus of Potter
and Elvehjem (1936) with 50 ml. of 0.88M-sucrose, and

fractionated according to the scheme shown in Fig.2.



Flgure 2.

The Fractionation of Cytoplasmic Particles in 0.88 M- Sucrose._

(Hogeboom et al. 1948).
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Two major difficulties arise from ﬁhe technique of
Hogeboom et al. (1948), the first being the'éxtremely high
centrifugal force required to sediment both mitochondria
and microsomes, and the second being inhibitlon by the
high concentration of sucrose, of some of the enzyme
systems in the fractions which it is deéired to study
(Lehninger and Kennedy, 1948; Schneider, 1948). Hogeboom
et al. (1948) however showed that mitochondria could be
l1solated in isotonic (0.25M-) sucrose solution; these were
not morphologically identical with fhose isolated at the
hilgher concentration, nor did they stain with Janus Green,
but they showed no tendency to agglutinate or to be con-
taminated with microsomes. At the same time these
particles resembled those obtained from saline homogenates,
at least In so far as the activities of the various enzyme
systems were concerned (Schneider and Hogeboom, 1950a),
and Schnelder (1948) has suggested that the use of 0.25M-
sucrose 1s to be preferred, at least for enzyme studies.

The procedure adopted by Schneider with 0.25M-
sucrose was similar to that of Hogeboom et al. (1948) in
respect of the homogenisatlon, and the actual fractionation

scheme is 1llustrated in Fig.3.



Figure 3.

The Fractionation of Cytoplasmic Particles in 0.25M-Sucrose.
(Schneider 1948)
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Various modifications have been suggested for the
isolation of the cytoplasmic particles from sucross.

Thus Kennedy and Lehninger (1949) added potassium chloride
to the extract after the removal of nuclei and cell debris,
in order to agglutinaté the mitochondria and render them
more easily sedimented at low centrifugal fields, but this
procedure has met with disapproval on the grounds that the
salt may tend to agglutinate the microsomes as well.
Cunningham, Griffin and Luck (1950) fractionated liver
tissue in a medium composed of 0.88M-sucrose, O.l4i-sodium
chloride and 0.0lM-phosphate buffer, but their results
suggest that there has been some contamination of the
various fractions-A In a recent paper, Muntwyler, Seifter
and Harkness (1950) have carried out histological examina-
tion of the fractions, and have concluded that an initial
centrifugal field of 200 g is quite adequate for the re-
moval of all nuclei and céll debris from a homogenate in
0.25M-sucrose .

Schneider and Hogeboom (1950a) have described a
further prbcedure for the fractionation of cytoplasmic
particles in 0.88M- and 0.25M-sucrose solutions, which
differs from their earlier methods mainly in the somewhat
stronger centrifugal flelds employed in the sedimentation,

and particularly in the washing of the fractions.
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From all this work there emerge three maln types of
procedure for the fractionation of the cytoplasmic contents.
1. Fractionation of homogenates in lsotonic saline or
"alkaliné water" (Claude, 1946).

2. PFractionation of homogenates in 0.25M-sucrose
(Schneider, 1948).

3. Fractionation of homogenates in 0.88M-sucrose (Hoge-
boom et al., 1948).

Each of these procedures has much to commend it,
and the cholce of the one to be used must depend on the
object of the particular experiment. Thus fractionation
in saline 1s eminently suitable for subsequent enzyme assay,
and the partiéles are obtained without the use of excessive
centrifugal forces. On the other hand, the recognised
tendency for both mitochondria and microsomes to agglutin-
ate in this medium make the nature of the final product
uncertain, and the mitochondria obtained are not morpho-
logically identical with those in the intact cell. The
use of lsotonlc sucrose overcomes the difficulty of
agglutination, but in order to obtain the same degree of
sedimentation of the microsomes as 1s obtained with saline,
higher centrifugal fields must be employed. The concentra-
tion of sucrose used does not appear to affect the enzyme

studies, but once again the mitochondria differ
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morphologically from those in the intact cell. Finally
the use of hypertonic sucrose railses some difficulties

in the assay of enzyme activities owing to partial in-
hivition. Moreover, the centrifugal fields which must
be employed'in order to sediment the microsomes are so
large as to render the technlque impossible in many
laboratories. The mitochondria which are obtained by
this method, however, resemble those in the whole cell
both in shape and dimensions and also in their character-

istic affinity for Janus Green.

1.3 The Physical Properties of the Cytoplasmic Particles.

Mitochondria:-

About 30 to 35% of the total nitrogen of rat and
mouse liver can be accéunted for in the form of mito-
~ chondria (Schneider & Hogeboom, 1951) which, as has been
shown by Hogeboom et al. (1948), are rod-shaped particles
of 500MAL. in diameter and 1.0 to l-Q}A. in length stain-
ing readily with low concentrations of Janus Green. Iso-
lation in 0.88M-sucrose yields particles>similar in sigze,
shape and stalining properties (Hogeboom et al., 1948;
Harman, 1950a), while mitochondria obtained from isotonic
saline or 0.20l-sucrose homogenates are spherical bodies

of 0.5 to l-Q/L. in diameter.



The similarity between these particles and osmotic
systems has been commented upon by Claude (1943b, 1944a,
1946), who has described the swelling and final bursting
of the granule when placed in distilled water, and the re-
lease of small particles similar in size to the microsomes.
This phenomenon, in conjunction with some inconclusive
electron microscope studies by Claude and Fullam (1945),
and the observation that the mitochondria show no tendency
to coalesce on centrifugation for prolonged periods, has
led Claude (1947) to conclude that a conbtinuous membrane
surrounds the mitochondrion, a view which is supported by
Dalton, Kahler, Kelly, Lloyd & Striebich (1949) and
Schneider and Hogeboom (1951). Harman (1950a) however,
after a careful study of the processes by which the mito-
chondrion in 0.88M-sucrose solution changes from a rod-
shaped body to a sphere on dilution, and on the non-
selective penetration of radiocactive sodium and potassium
has concluded that the phenomena exhiblted are quite
compatible with a fibrous gel type of structure.

iThe effect of pH changes upon suspensions of the
mitochondria in isotonic saline has been studied by Claude
(1946), who has observed that they remained dispersed over
the comparativély narrow range of pH7 to pH1lO. Between

pH 3.5 and pH7 the granules agglutinate, and in strongly
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acid or alkaline solution they are found to disintegrate.
Microsomes :-

Rather less is known of the physical characteristics
of the microsomes, partly due to the fact that they are not
visible as particles using the light microscope. They arc
obtained as a pink or amber coloured jelly on high speed
centrifugation of tissue extracts after the removal of the
mitochondria, and on dispersion are found to range from
100 to 200 . in diameter (Claude, 1947), and to account
for about 15 to 20% of the cell mess. Some of the pro-
perties of the pigment associated with the microsomes
have been studied by Bensley (1947).

With regard to pH changes, Claude (1946) has shown
the behaviour of the microsomes to be similar to that of
the mitochondria, in that they are dispersed between pH 7
and pH 10, but agglutinate in slightly acid solutions and

disintegrate in strong acid or alkalil.

The relationship between the mitochondria and microsomes:-
There has been considerable discussion concerning
the interrelationship of the mitochondria and microsomes
in view of Claude's (1944a, 1946) finding that the mito-
chondria are disrupted in water rekasing smaller particles -
It 1is possible that the microsomes are artifacts produced

as a result of the fractlonation procedure, but the quesh: .
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is difficult to solve since the microsomes are too small to

be visible in the light microscope. Claude (1943Db) and
Claude and Fullam (1946) from studies on centrifugation of
intact cells, and also from electron mlcrographs of liver
sections, believe that the ground substance of the intact cell
is particulate in nature, and that the microsomes as 1isolated
exhibit many of the properties of this material. Lagerstedt
(1949) however has found in most of the normal liver cells
which he has examined, large particles about 6—7/p- in

length and 2—31p, wide which he terms Basophilic Cytoplasmic

Inclusions (BCI). These BCI are composed of ribonucleo-

protein, and account for most of the ribonucleic acid (RNA)
of the cytoplasm. In view of this finding, he concludes
that the microsomes are in fact breakdown products of the
BCI released by the fractionation process. The BCI are
distinct from mitochondria which are also found in the cyto-
"plasm. Lagerstedt states that the BCI disappear on
starvation or on maintaining the animals on a low protein
diet for four to five days, but if the microsomes are
derived from the breakdown of BCI, a contradiction arises,
since Muntwyler et al. (1950) have examined the microsomes
of animals maintained on a severely restricted protein
diet, and find that although there is some diminutlion in

the size of the fraction, it by no means disappears. it
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would therefore appear most likely that the BCI are
actually aggregates of microsomes produced by the fixation
process, although this does not explain the disappearance
of the BCI on starvation unless some change occurs in the

microsomes which hinders aggregation.

l.4 The Chemical Composition of the Cytoplasmic Fractions.

Mitochondria:-

In the earlier papers of Claude (1940, 1941, 1943a),
the elementary composition of the granules has been studiled,
and Claude (1946) states that they contain 10-12% N,
0.9-1.5% P, 0.82-1.16% S, 0.02-0.04% Fe and 0.02-0.035% Cu.
The cqnélusiQn was reached that the mltochondria were com-
plexes of phospholipid, protein and ribonucleic acid.
Furthermore, Claude (1943b) reported on some preliminary
findings concerning the localisation of enzymes in the
cytoplasmic fractions. The nitrogen, phosphorus, RNA and
lipid contents of the fractions obtained by Barnum and
Huseby (1948) from mouse liver shown in Table 1 are in
general agreement with those of other authors for liver
tissue.

Phospholipid:-

Generally speaking, about 25 to 30% of the dry

welght of the mltochondria is composed of lipid material,

of which about 1/2 to 2/5 is phospholipid. Comparatively
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little research has been carried out on thls component,
but Ada (1949) has studied its distribution, and with the
ald of 92P its metabolism. Other workers have studied
its distribution throughout the cytoplasmic fractions
(Barnum & Huseby, 1948, 1950; Schneider, 1946b).
Enzymes -

A great deal of interest has centered on the
mitochondria in view of the enzyme systems which appear to
be associated with them. Initial experiments in thls fileld
however were subject to difflculties caused by incomplete
separation of the wvarious cytoplasmic fractions, and a
large amount of the published data is of questionable value
since the authors have not taken the necessary steps to
purify and characterise the material which they were study-
ing. Thus some enzymes have been reported in the nuclear
fraction and in the mitochondria, this being due to con-
tamination of the nuclei with mitochondria. Misleading
conclusions have similarly been arrived at because of con-
tgmination of the mitochondria with microsomes. It is
also necessary to bear in mind the fact that, in the course
of separating one fraction from asnother, a co-factor
necessary for the proper functioning of an enzyme may be
lost, thus reducing the apparent activity of the enzyme.

Furthermore, a fraction might appear to be very rich in
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enzymic activity, but belng itself small in bulk might
only account for a small proportion of the activity of

the whole cell. In view of these observations, Hogeboom
and Schnelder (1950a) have set down the followlng criteria
which must be satisfied before any conclusions regarding
the localisation of biochemical property may be reached.

l. The cell fraction must be cytologically defined in
terms of the intracellular component which it represents.
2. The validity of the method of assay of the biochemical
property must be established.

3. The bilochemical property must be concentratsd to a
greater (preferably much greater) extent in the cell
fraction than in the orlginal tissue.

Besides these three points Hogeboom & Schnelder strongly
advocate the establishment of a balance sheet demonstrat-
ing the content of each fraction, andvof the various
combinations of fractions compared with the values obtailned
for whole tissue.

Considerable criticism has been levelled at the
procedure of cytoplasmic fractionation, on the grounds
that the artifacts produced as a result of the rupture of
the cell are sufficient to inval idate any subsequent pro-
cedure which might be applied (Bradfield, 1950; Danielli,
1946) . Such artifacts are of course obvious problems,

and must at all times be considered when results are being
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interpreted, but it would be unjustifiable to discard the
procedure for this reason when the only other means of
carrylng out comparable studies are liable to produce
equally misleading changes. Furthermore no other
available technique lends itself to the study of such a
diversity of biochemical properties within the cell with
any degree of accuracy-.

Certain enzymes have been clearly shown to be
assoclated with the mitochondria. Thus there appears to
be no doubt that most of the cytochrome oxidase and
succinoxidase activity of rat liver and kidney (Hogeboom,
Claude & Hotchkiss, 1946; Hogeboom et al., 1948; Schneider,
1946b,c, 1947; Schneider, Claude & Hogeboom, 1948) and of
mouse liver (Schneider & Hogeboom, 1950b) is localised in
the mitochondrial fraction, the small amounts found in
other fractlons being accounted for as contamination. So
much reliance is placed on this specific localisation of the
succinoxidase that it has been used as a means of estimat-
ing the contamination of the nuclear fraction with mito-
chondria . Among the other enzymes concentrated in this
fraction are octanoic acid oxidase (Kennedy & Lehninger,
1948, 1949; Schneider, 1948) and oxalacetic acid oxidasge
(Schneider & Potter, 1949), but in both cases the addition

of other fractions, themselves inactive, leads to increased
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activity. The fact that these enzymes are found largely
in the mitochondrial fraction demonstrates that these
structures must play a part in the Krebs cycle reactions,
although recent observationsby Hogeboom and Schneider
(1950a) on isocitric dehydrogenase suggest that the mito-
chondria are not solely responsible.

Of the enzymes not exclusively associated with the
mitochondria are DPN-cytochrome ¢ reductase (Hogeboom,
1949, Hogeboom & Schneider, 1950b) and TPW-cytochrome ¢
reductase (Hogeboom & Schneider, 1950a) both of which are
also found in the microsome fraction. Acid phosphatase,
AMP-ase (Novikoff, Podber and Ryan, 1950) and ATP-ase
(Novikoff et al., 1950; Schneider, 1946b, Schneider
Hogeboom & Ross, 1950) as well as uricase (Schein, Podber
& Novikoff, 1950) also appear to be largely recoverable
from the mitochondrial fraction.

Recently a system capable of synthesizing P-emino
hippuric acid has been shown to be localised in the mito-
chondria (Kielley & Schneider, 1950)- Numerous other
enzymes and substances of biological importance have been
reported in the mitochondrial fraction, but it has not been
established that they are localised within the mitochondria.
Thus the presence of d-amino acld oxidase, A-glycero-
phosphate dehydrogenase and ribonuclease 1is reported by

Claude (1944b).
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‘Several authors have commented on the differences
in enzyme distribution between mormal liver mitochondria and
mitochondria from hepatoma (Schneider, 1946b; Schneider &
Hogeboom, 1950b; Schneider, Hogeboom & Ross, 1950).

Green, Loomis & Auerbach (1948) describe an enzyme
system prepared by centrifuging at 2000 g  homogenates of
various tilssues, and subsequently washing the sediment
several times. This system has been shown to be capable
of catalysing the complete oxidation of pyruvic acid, the
fatty aclids and amino acids to carbon dioxide and water,
by way of the cltric acid cycle, and‘has been named
"cyclophorase" to indicate that it is a complex enzyme
éystem. Harman (1950b) has examined this complex enzymati-
cally and cytologically, and concludes that the mitochondria
are the morphological units of the 'eyclophorase system".
This view is strongly contested by Schneider and Hogeboom
(1951) on the grounds that most of the cyclophorase of
whole tissue is not recoverable from and concentrated in the
mitochondria; this is shown by the fact that d-isocitric
dehydrogenase is found in higher concentrations in the
supernatant fraction than elsewhere, although they are care-

ful to remark on the possibility of the enzyme having been

removed from the mltochondria in the course of fractionation.
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Microsomes :

The elementary composition of the microsomes like
that of the mitochondria has been studied by Claude (1946).
The values quoted for rat liver are as follows:- 8.95% N,
1.74% P, 0.75% S, 0.01-0.02% Cu and 0.02-0.04% Fe. The
low nitrogen figures are accounted for on the basis of an
exceptionally high content of 1lipid, about 40 to 45% of
the fraction- Of the remainder a considerable proportion
is represented by ribonucleoprotein, and Claude (1947) con-
giders the microsomes to be complex structures of phospho-
lipid and nucleoprotein of the ribose typé. The content
of’nitrogen, phosphorus, RNA and phospholipid in mouse
liver microsomes is shown in Table 1 (Barnum & Huseby, 1948).
Phospholipids:- 7

About 40 to 45% of the dry welght of the microsomes
1s made up of phospholipids and these have been studied by
Ada (1949), Barnum and Huseby (1948, 1950) and Claude (1946).
Enzymes :~

The enzymes of the microsomes have excited less
attention than those of the mitochondria, and corresponding-
ly less is known concerning them. Omachi, Barnum and Glick
(1948) have demonstrated the concentration of an esterase,
while Hogeboom (1949) has shown that DPN-cytochrome ¢
reductase 1s found largely in this fraction, TPN-cytochrome

¢ reductase is also found in the microsomes although to a
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lesser extént than in the mitochondria (Hogeboom & Schneider,
19504) . Likewise ATP-ase is found to a very much lesser -
degree in the microsomes than in the mitochondria
(Schneider, Hogeboom & Ross, 1950). Schneider and Hoge-
boom (1951) in their review on the subject mention other
enzymes which have been less conclusively demonstrated in
the microsomes.

Supernatant Fraction:

The supernatant remaining after the removal of
mitochondria and microsomes constitutes the supernatant
fraction, and for this reason its nature is less well
defined. Variations in this fraction can usually be linked
with the suspending medium and centrifugal fields employed
in the . separation. Generally speaking however, all
particulate matter down to a size of 50 @P. in diameter is
sedimented in the microsome fraction, so that the supernatant
for most practical purposes can be considered free from
larger particles. In rat liver subjected to fractlionation
in sucrose about 32 to 44% of the Eotal liver nitrogen is
recovered in the supernatant fraction (Schnelder & Hogeboom,
1951), while the valme s for other tissues are of the same
order. The main component of the fraction appears to be
protein in nature (Price, Miller & Miller, 1948), although

a considerable proportion of the RNA of the cell is also




found there together with some 1lipid material which migrates
centripetally because of its low specific gravity. :
Enzymes -

As might be expected, a great variety of enzymes
has been found in the supernatant fraction. Thus LePage
and Schneider (1948) reported that in rabbit liver and
Flexner-Jobling carcinoma, all the enzymes connected with
the glycolysis of glucose to lactic acid were present in
this fraction, and that its total activity accounted for
about 50% of that of the whole tissue- Cytochromé ¢ of
mouse and rat liver (Schneider, Claude % Hogeboom, 1948;
Schneider & Hogeboom, 1950a), isocitric dehydrogenase
(Hogeboom & Schneider, 1950a) and acid and alkaline phos-
phatase (Wovikoff, Podber & Ryan, 1950) are also found to

a large extent in the supernatant fraction.

1.5 The Pentose Nucleic Acid of the Cytoplasn.

The sugar part of the molecule of deoxypentose and
pentose nucleic aclids has been studied in relatively few
cases, but has then proved to be deoxyribose and ribose
respectively. It has therefore become common practice to
refer to the deoxypentose nucleic aclid as deoxyribonucleic
acid (INA), and to the pentose nucleic acid as ribonucleic
acid (RNA). For the sake of convenience therefore it is

proposed to make use of this terminology, it being under-
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stood that it refers to deoxyribose and ribose only in the
cases, e.gs., llver, where these sugars have been identified;
and in all other cases to deoxypentose and pentose.

Untll the early part of this century it was generally
believed that DNA was to be found exclusively in animal
tissues, while RNA was characteristic of plant tissues.
Feulgen and Rossenbeck (1924) demonstrated the presence of
ﬁNA in the nuclei of wheat germ, and assumed that the RNA
was present in the cytoplasm. Jorpes (1934) was able to
show the presence of RNA in pancreas, and when Behrens
(1938) demontrated RNA in the cytoplasm of rye embryo, the
early ideas of plant and animal nucleic acids were finally
disproved. Claude (1940, 1941, 1943a,b) found that RNA
was associated with the particulate matter of the cyto-
plasm of various animal tissues, and has since found it to
be present in all the cytoplasmic fractions, while Schneider
(1946b) has proved that all the INA of the cell is recover-
able from the nuclear fraction. However, although DNA is
exclusively found in the nucleus, RNA is not a purely cyto-
plasmic constituent since Caspersson and Schultz (1940) and
Davidson and Waymouth (1946) have found small amounts of
RNA within the nucleus.

As a result of the demonstration of RNA in the cyto-

plasm, numerous workers have examined its distribution
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throughout the cytoplasmic fracfions of several tlssues.
The results obtained by some of these workers for liver
are summarised in Table 2. Analysis of rat kidney has
been carried out by Schneider (1946b) and Schneider and
Potter (1949) while Schneider, Hogeboom and Ross (1950)
have repeated this work on rat and mouse tumours. Munt -~
wyler et al. (1950) have observed varlations in the dis-
tribution of RNA in the liver fractions of rats maintained
on a protein deficlient diet, and Price, Miller and Miller
(1948), Price, Miller, Miller and Weber (1949a,b, 1950)
have studled the affects of feeding various carcinogenic

and related dyes on the RNA distribution in rat liver.

1.6 The Biological Activity of the Nuclelc Acids.

Several authors have sought to study the bio-
synthesis of the nucleic acids making use of isotopically
labelled precursors. Thus Davidson and Raymond (1948)
feeding ammonium citrate labelled with 15N to pigeons and
rats found incorporation of the isotope into the RNA of
the livers, while there was negligible incorporation into
the DNA. Plentl and Schoenheimer: (1944) showed that
labelled guanine was not incorporated into the tissue
nucleic acids, while Brown, Roll, Plentl and Cavalierl
(1948)'demonstrated the Incorporation of labelled adenine

into the adenine, and to a lesser extent the guanine, of




(S8¥6T)
JOpTOUTOg

(896T)
T8 46 690TJg

(8¥6T)
*I8 90 69TJIg

(8%6T) °1®
1o wooqeSoy

(a9%6T)
JepTeuyss

eoUsI9JoY

esoaong
-NG2°0

esogong
-Ng88°0

ToX
“R¥T°0

esoaong
~N88°0

ouUTTBS

UOT]BTOST
Jo poujel

JeATT 384

I6ATT 38Y

dOATT 38y

IOATT 984

JISATT 38Y

enseTy

g6t -
g ey -
0°9 -
P 1t 8°92
8°28 T4
0°02
0°93

. 0°¢ee
0°6
0°6
0°1¢
04T
0°62
g*03 -
G°93 -
9°¢T -=
AR 4t 8°G3
¢*68 -
S° 9L 0°92
8° LY --=
EANN ==
6°¥ AR
2°G99 9°33
dVNY dVNG

ensstq yseaJ <3 001/ -Sw

Uo0T398I] quBgBUIedng
UOT308BI  OWOSOIOTH
UO0T308Id TBTJIPUOYOI0LTH
UO0T308Jd JIBOSTONN
29BUSTOWOY

UO0T308Id qUBYBUISING
UOTQ0BJI] SWOSOIOTH
UOTQ08Jd] TBTIPUOYO0LITH
UOT3 08I IBSTONYN

uoT308Ig quUBgBUIedng
UOTJ0BI ] OWOSOJIOTH
UO0T398IJ TBTJIPUOUOOLTI
U0T308I,] JIBOTONN

4+U0T308Bad quBlBUISdNg
+UOT308IJ SWOSOIOTH
UOoT308dg TBTIPUOUIOTH
UOT30BId IBOTONN
q08I9xy oTwseTdogLn
99BUSTOWMOY

snpisey

UOT398Id TBTIPUOYDI0]TH
UOT308I,] IBOTONYN
99BUSTOWOY

UOT30BIJ

*SUOT30BIJ 116D I6ATT UT VNI PUS VI JO UOT4NQTI3stTd oUg

2 oTq®d



(og8T)
UL eg

» Kqesng

(0g6T)

*I® 36
JoTAmqunyy

(696T)
a0130d ®
IepTeW0g

(676T)
wo 0qeI ox

: (8%61)
JOPFoUWOg
% o38geT

euTTES

esoJdong
-NG3°*0

.

esogong
-NGg2°0

esoIong
-N88°0

esoIoNng

JOATT OSNORK

JOATT 98Y

IOATT 38Y

I0ATT 9%Y

~NG3°0 JI9ATT 3TqQsy

L]

0060
©

N~ O

[ [ ] . * .
¢ VO
$rl - AHQ

e P

0

e

9

S

14
-9

e

e

6

2°'9

€9

g°8

T°0

e°6

6°8

e

8

*

(4

8

(4

9

T

0

0~

p

e o

~

o~

{ *p3uo))

aQ

o1q8g

»UOT 3081 quejBUIOdNG
UOT308IJ SWOSOJIOTH
UOT308Id TBTJIPUOUDIOFTH
q08a9xH OfwssTdo3 LD

uot3o8Ja, gusgeUIadng
UOT308BIJ OWOESOIOTH
UO0TROBIY TRTJIPUOUI0F TN
UOT30BIJ JIBOTONN
egBvuUeIOoWOH

UO Tq08Bag FusgBuUIodng
UOTA0BII SWOSOJIOTH
UOTQ0BII TBTIPUOUSOFTH
108aqxy otwssTdog LD
UOT390BIA] I8STONN

91 BUST OWOY

UOT3 o8BI qusBjBUILdNY
UOTGOBI] SUWOSOIOTH
UOT308Bdd TBTIPUOYOOITH
q08I9x" otwssTdo3 LD

UO T3 08BJIJ qusBlBUISANS
UOTJ 08I, OWOSOIOTH
UoTq98Id TBTIPUOYDI0QTH
U0T39BII JBOTONN
eqB8USTOWOY



(ogeT) ssoy
® wooqedon

‘IOpPTOUOg

*UO0T308BIJ quBjlBUISdNS OUYq YJFTM Popnilo
~UT ueeq §VY:-BTU] LJTWIOITUN JO OHBE OUJ JI0J *UOT3BINI
-Jagueo peeds YTy ALTFulpeedsxs £q jgusgsurodns TBUWOSOIOTW

9U3 WOIJ UOT408AT 03BTNOTaIBd J6UANT B U800 SIOYINB OYT .

*9880 UY0BO UT UOT30BJIJ quUenbesqns eya 09 UC POPPB Ueeq

g8y 08oU3 UT JVNY JO Juejuoo oyj ‘LqTUIOITUN JO O©X8S oyq J0Jd

*U0T30BIJ SWOSOJIOTW PUB UOTFOBIJ TBTIPUOUOCOFTW ©UJ WOIJ
giutysem eyq U0 SUOTQBWILse o3BIBdeS quno LIIBO sIOUYINB O N

¢qT --

4L°8Y -~

99T --
agoaong 2°0T - - y°22
-HG3'0  I8ATT esnoj 626 8L

T°P3u00) g etaeg

UOT398Ig Fusgsuredng
UOTQ208I,] OWMOSOIDTH
UOoT398Id TBTIPUOUI0ATH
: UOTE9BI,] IBOSTONN
eqBUS OWOH



27.

tissue nucleic acids. Later Brown; Peterman and Furst
(1948) and Furst, Roll and Brown (1950) found that feeding
adenine labelled with 19N to rats resulted in the labelling
of the purines of whole viscera and liver RNA, while the
obrrgsponding incorporation into the INA 1in resting liver
was very small. LePage and Heidelberger (1951) however
have shown that the purines of both RNA and DNA of rat
liver and tumour take up 14C labelled glycine quite rapidly.
The apparent anomaly in these findings has been investi-
gated by Furst and Brown (1951) who conclude that two
pathways for the synthesis of DNA purines must exist.

Other workers have made use of radiophosphorus to
study the incorporation of phosphorus into the molecule of
RNA and DNA. By this means Brues, Tracey and Cohn (1944),
Hammarsten and Hevesy (1946) and Davidson (1947) have shown
that in resting liver the specific activity of the ribo-
nucleic acid phosphorus (RNAP) is much higher than that
of deoxyribonucleic acid phosphorus (DNAP).

With the demonstration that the RNA of the cell is
distributed throughout the various cytoplasmic fractions
and in the nucleus, it would obviously be of interest to
study the uptake of 32p by the RNAP of these fractions
individually. In view of the association so frequently

postulated between RNA and protein synthesis (Splegelman
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& Kamen, 1947; Caspersson, 1947; Thorell, 1947; Davidaon,
1949) and also the opinions expressed concerning the syn-
thesis of RNA and DNA (Marshak, 1948; Marshak & Calvet,
1949; Brachet, 1947 and Jeener & Szafarz, 1950s), such &
study becomes not merely a matter of Interest but one of
necesslity.

In such work it would be interesting to examine not ?
only the specific activities of the phosphorus from the
RWA in the different fractions, but also the quantitative
distribution of the RNA. Previous work has involved the
lisolation of the RNA and DNA in order to measure the uptake
of 32p, but this procedure 1s neither quantitative nor con-
venient where small portions of tlssues or tissue fractions
are concerned. As a result, Davidson, Gardner, Hutchison,
MecIndoe, Raymond and Shaw (1949 ) and Davidson, Gardner,
Hutchison, McIndoe and Shaw (194¢ ) have examined the
possibility of making use of the tissue fractionation pro~
cedure of Schmidt and Thannhauser (1945) as a means of

obtaining a measure of the incorporstion of %2p into the

RNAP and DNAP of various tissues- Several workers
(Campbell & Kosterlitz, 1949; Holmes, 1949; Hull & Kirk,
1950a,b,c) have adopted this procedure without reservation
as a means of studying the uptake of radiophosphorus by

HNAP and AP, This involvesz the zssumption that the
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specific activities of the Schmidt and Thannhauser
fractions corresponding to RNA and DNA are the same as
those of the isolated materials. Jeener (1949a,b),
Jeener and Szafarz (1950a,b) and Davidson, Frazer and
Hutchison (1951} have shown that this assumption is not
justifisble, and in company with Euler, Hevesy and
Solodowska (1948), Friedkin and Lehninger (1949) and Mar-
shak and Calﬁet (1949) have drawn attention to the presence
of a small amount of highly active inorganic phosphate in
the RNA fraction obtained by the Schmidt. and Thannhauser
procedure.

-The possibility of this arising at least in part
from incomplete removal of the acid soluble phosphorus
compounds in the initial stages of the extraction ﬁas
been recognised by Friedkin and Lehninger (1949) and
Davidson, Frazer and Hutchlson (1951). Both groups have
applied wvarious extfactions such as washing the tissue
initially with triclibracetic acid (TCA) containing sodium
phosphate prior to the Schmidt and Thannhauser procedure.
This treatment however did not eliminate the contaminating
inorganic phosphate from the RNA fraction. Jeener (1949a,
b) carried out repeated additions of inorganic phosphate
to the RNA fraction followed by reprecipitation wilth

magnesia mixture, in an attempt to remove all traces of the
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highly active phosphorus, but found the method not com-
pletely successful. Jeener and Szafarz (1950 a,b) re-
sorted to paper chromatography of the fraction using
phenol as a solvent, a method which although not separat-

ing the nucleic acld components in any way apparently re-
| moved the last traces of inorganic phosphate.

Besides the presence of contaminating inorgenic
phosphate, Davidson, Frazer and Hutchison (1951) have shown
that the RNA content of the fraction as estimated by pentose
determination is invariably about 85% of that expected on
the basis of the phosphorus content,“and they have expressed
the oplnion that the RNA fraction contains phosphorus com-
pounds other than acid soluble ribonucleotides and the in-
organic phesphate generally considered to be derived from
phosphoprotein.

Clearly then, before any successful attempt can be
made to examine the incorporation of 32P into the RNA of
animal tissues; it is essential that a method should be
devised yilelding substances which can be readily identified,
and which are free from contamination with other acid
soluble phosphates. Such a method should at the same time
be applicable to the small amounts of material which are
available for example on the fractionation of the cellular
components.

The primary object of this investigation has there-




fore been the development of a method whieh meets the
above requirements, and the subsequent applieatien of
such a technique to the study of the uptake of SEE inte
the RNAP of the cytoplasmic fractions. It is hoped by
such an examination to obtaln a greater understanding

of the synthesis and function of the RNA of the eell.

3.




PART II - METHODS.

2.1. Animals.

The animals used in the experiments to be described
were as follows :-

a. Male albino rats varying in weight from 150 to
300 g. from the colony maintained in the department, and
fed on a standard diet.

b. Male hooded rats varying in weight from 150 to
300 g. from the departmental colony, and fed on a standard
diet.

Ce Fémale rabbits welghing from 2.0 to 3.0 kg.
from the departmental colony and fed on a standard diet.

d. Brown leghorn fowls from the departmentel stock,
fed on a standard diet. Cocks, laying and non-laying birds
were used, and also cocks bearing the GRCH 15 tumour
(Peacock, 1933).

2.2. The Administration of Radioactive Phosphorus.

Redioactive phosphorus (32P as inorganic phosphate
obtained from A.E.R.E. Harwell), except in the experiments
involving the isolation of cytoplasmic fractions from
sucrose homogenates, was made N with respect to HC1l and
subjected to 10 min. hydrolysis at 1000, in order to destroy
any polyphosphates present. The sclution was then

32

»3ubralised by SN-NaOH before use. The P soclution was
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administered by subcutaneous injection between the shoulder
blades, except in the experiments referred to above, when
intramuscular injection in the thigh was used. In the
initial experiments the dosage was 10 to 20 pe. 52pf100 g.
body wt., but latterly this was increased to 50‘pc. 323/100 g
body wt.

2.3. The Excision of the Organs.

The animals were killed either by cervical dislocation
or by exsanguination under ether anaesthesia. The abdomen
was rapidly opened and the liver perfused with cold isotonic
saline through the portal vein. The organs and tissues
required were quickly removed, blotted to remove excess
blood, weighed, and chilled on ice.

2.4. Preparation of Homogenates.

a. Where only whole tissue waé being studied, and no
attempt was being made to separate the cytoplasmic fractions,
an "Atomix", Waring or Nelco blender fitted with an ice
jacket was»useﬁ. In this case the tissue was homogenised
with 4 or 9 vol. of ice cold 0.9% saline at full speed for
6 min.

b. In the tissue fractionation experiments, it was
necessary to adopt a procedure which would not bring about
appreclable destruction of the nuclei, but which would

effect maximum breakdown of the intact cells.
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0.9% saline was used in the preliminary experiments
as the suspending medium, and it was found that elther the
glass homogeniser of Potter and Elvehjem (1936), or the
"Atomix" run at half-speed for 6 min. gave good results.

Experiments with 0.25M-sucrose however showed that
the tilssues were much more fragile in this medium, and that
a very much milder homogenising technique was necessary.
The apparatus of Potter and Elvehjem (1936) suffers from
certain disadvantages in that it is very tedlous when
dealing with more than about 10 g. of tissue, that the
degree of homogenisation is difficult to control from
experiment to experiment, and that a fair amount of powdered
glass was lnevitably produced which contaminated the homo-
genate . As a result, a paddle-shaped blade was made to
fit a Nelco blender, and it was found that 4 min. at full
speed with a total volume of 75 ml. produced homogenates
containing a minimum number of unbroken cells and a maxi-
mum number of intact, free nuclei. A photograph of this
apparatus is shown in Fig.4.

2.5. The Fractionation of Liver Tissue.

Preliminary experiments were carried out on saline
homogenates. Homogenisation was obtained by means of the
Potter and Elvehjem (1936) homogeniser, and the homogenate

before being fractionated was strained through 2 layers of




Figure 4.
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nylon to remove most of the connective tissue and any B
large pleces of unbroken tissue. Fractionation was then
carried out by the method of Claude (1946) using an
International Equipment Co. Model P.R.1 refrigerated
centrifuge, with the high speed attachment when required.
Later work was carried out on homogenates in 0.25M-sucrose,
which after straining through nylon were fractionated by
the method of Schneider (1948) described in the previous

gectlion, except that the microsome fraction was not washed.

2.6. Fractionation of Phosphorus Compounds in the Tissues.

Procedure 1. In early work when all the phos-
phorus containing fractions of the cellular constituents
were studled, the method used was the modification of the
Schmidt and Thannhauser (1945) procedure proposed by
- Davidson, Frazer and Hutchison (1951) (Fig.5).

In this procedure, the homogenate was treated
with 0.5 vol. 30% (w/v) A.R. trichloracetic acid (TCA),
and allowed to stand on ice for about 30 min. The pre-
cipitated material was centrifuged out and washed twice
with a volume of ice-cold 10% (w/v) TCA equivalent to the
original vol. of homogenate. The supernatant fluid and
washings were set aside on ice for further fractionation
as the acid-soluble fraction (Als). The precipitate was

then extracted successively with acetone, ethanol, ethanol-



Figure 5.
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CHCl3 (3:1), ethanol-ether (3:1) (twice), and finally
ether. The extracts were combined, taken to dryness on
a water bath, and the residue extracted with CHClS to
provide the lipid fraction (lipid P).

The dry residue was treated with a volume of N-NaOH
equal to that of the original homogenate, and incubated
overnight at 37°.  The alkaline digest was generally
slightly turbid in accord with the experience of Davidson,
Frazer and Hutchison (1951), but for the purposes of these
experiments this insoluble matter was ignored. The di-
gest was neutralised with 1OW-Hy80,, and sufficient 30%
(w/v) TCA added to bring the final concentration to 10%-
The precipitate containing protein and DNA was centrifuged
out and washed twice with 10% (w/v) TCA, the supernatant
and washings being set aside for further fractionation as
the acid-soluble fraction (AgS). The solid residue was
dissolved in N-NaOH to form the residual (R) fraction.

Both acid-soluble fractions AqS and Azs contained
inorganic phosphate, and a portion of each was therefore
treated with Mathison's (1909) reagent, in the ratio of
1 ml. reagent to 10 ml. of extract, in order to separate
the inorganic and organic components. The mixture was
made alkaline with ammonia and allowed to stand overnight

in the cold. The pfecipitate of Mg(MHé)Poé was filtered
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off through a Whatmen no.42 filter paper, washed with
dilute ammonia and finally dissolved in N-HCl. This pro-
vided the imorganic fractions Pl and P2 while the mother

liquors were taken as the organic phosphate fractions S

1
and S_..

2
Procedure 2. The above procedure while suitable
for the analysls of tissues and tissue fractions, did not
lend itself to further studies of the ribonucleotide c6n-
taining (AgS or S,) fractions. In order to make this
possible further modifications of the separation scheme
were adopted, the aim being threefold:-
a. the concentration of the fraction,
b. the elimination of as much of the salt content
as possible,
c. the use of a precipitant to replace the TCA,
which would not absorb ultraviolet light.
The final technique developed is shown in Fig.6, and 1s
similar to that of Davidson, Frazer and Hutchison (1951)
initially, diverging at the stage of alkaline incubation.
Here 0.3N-KOH was used to replace the N-NaOH in order to
provide a metallic ion which could be readily removed;
at the same time the volume of alkall was reduced to
1 ml./100 mg. dry powder. Incubation was carried out at

37° for 18 hr. The resulting digest, winich waa frequently



Figure 6.
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(or eell fraction)
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Acid-soluble (AlS) Residue
Orgénic P Inorganic P Lipid Extraction

(Ususlly dlscarded)
: Lipid P Resldue
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0.3N-KOH at 37°

Alkali-soluble P

Acidification (H6104)

Aeld~soluble P (AoS) Prec%p?tate
| ' R
I . ] (Usually discarded)
Organie P Inorganic P

(Vot carried out)



a8.

quite thick, was cooled on ice and adjusted to pH 1 by the
addition of 60% HC10,. By this means protein, DNA and the
hulk of the K (in the form of the insoluble perchlorate)
were precipitated and removed by centrifugation. The pre-
cipitate was washed twice with a small amount of N-HGlOé,
the supernatant and washings combined and the pH adjusted
to 4 with SN-KOH. Any KC10, produced was centrifuged out
and the supernatant then formed the acid-soluble (AZS)
fraction which contained the ribose mononucleotides derived
from the tissue RNA. In most experiments, the R fraction
was discarded since the Interest was centered mainly on
the Azs fraction. When this was done, no attempt was made
to wash the precipitate, in order to obtalin maximum con-
centration of the Azs-

The fraction A_S obtalined as described above was

2
avallable for use as such for the subsequent analysis
ﬁrﬁcedﬁfas.

Procedure 3. in later experiments when 1t had been
found necessary to prepare a nucleotide fraction fres from
ﬁh@»phosphate esters (see later) which accompany the
Auclsotides in fraction AQS, a further modification of the
Schmidt and Thannhauser (1945) procedure was adopted. The
scheme used is shown dlagrammatically in Fig.7, the inlitial

stages being unchanged from those of Davidson, Frazer and



Figg;e 7.
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Hutchison (1951). It proved advantageous however to
separate the RNA from as much of the extraneous protein

as possible before incubation with alkali. The procedure
adopted was therefore to extract the dry powder, obtained
after extraction of the lipids, three times at 100° for

1 hr. with a vol. of 10% (w/v) NaCl equivalent to that of
the original homogenate. This extraction removed from the
main bulk of the tissue, most of the RNA and DNA together
with a small amount of proteinaceous material. The dis-
solved RNA and DHA were then precipitated by the additilon
of 2 vol. of absolute ethanol, the precipitate was washed
with ethanol and ether and dried. The dry white powder
obtained by this method was then incubated with 0.3N-KOH
at 379 for 18 hr., in the proportion of 20 mg./ml., sub-
sequent procedures being as described before.

2.7. The Technigue of Ionophoresis.

Initial experiments were carried out using silica
gel as the medium for ionophoresis as described by Consden,
Gordon and Martin (1946), but these proved unsuccessful.
‘The use of agar gel as described by Gordon, Kell, Sebesta,
Knessl and Sorm (1950) however was more satlsfactory. By
this means separation of all four ribose mononucleotides
was achieved, their positions being established by inspect-
ing the surface of the gel in the radiations from an ultra-

biolet lamp fitted with a filter as described by Holiday
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and Johnson (1949). Elution was not attempted, but the
areas of gel found to contain the nucleotides were cut
out and the excised portions dissolved in water for the
determination of the ultraviolet absorption spectra of
the nucleotides. The agar solution was then digested
for the determination of phosphorus.

This method, while moderately satisfactory, was
rather clumsy, and not readily adapted to the analysis of
the small amounts of the four nucleotides which would be
available. It was therefore superseded by the method of
ionophoresis on filter paper described by Durrum (1950)
for amino acids.

The procedure was as follows:-

An accurately measured volume of the material to be analysed
containing about BO‘Fg. P was applied in a narrow band
about 35 cme wide 5 cm. from one end of a strip of Whatman
3MM filter paper 72 cm. by 7 cme. The application was made
from an Agla micrometer syringe, and by holding the paper

in a current of warm air it was not difficult to spot up

to SOO‘Pl. (Care was necessary that too much heat was

not used since this resulted in the spontaneous formation

of the isomeric nucleotides.) The strip was then moistened
with 0.02M-citric acid/tridodium citrate buffer at pH 3.5

obtained by & fiftyfold dilution of a mixture of 3 parts
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of M-citric acid and 1 part of M-trisodium citrate solutions.
The strip was then suspended over a glass rod so that the
two ends were immersed to a depth of 1 cm. in two separate
glass dishes containing the same buffer. The dishes
used were refrigerator dishes and the volume of buffer in
each was 500 ml., three strips of paper being accommodated
in each pair of vessels (Fig.8). Carbon electrodes
placed in each dish were connected to a source of direct
current so that the anode was in the vessel further away
from the spot on the paper. The direct current supply
consisted of a full wave valve rectifier capable of a
smoothed oubtput of 600V. at 300 ma., which on small load
actually delivered about 300 V. The output was controlled
by means of a Variac transformer in the input side, thus
making available a continuous range of 100 to 800 V.
Complete separation of adenylic acid, cytidylice
acid, guanylic acid and uridylic acid was obtained in
amounts of the order of 200 to 500‘Fg- of each by running
at a potential gradient of 11 V./cm. for 18 hr., the current
flowing being about 0.5 to 1.0 ma./cm. The apparatus was
covered during the run with a glass case to minimise
evaporation, and although 1t proved possible to obtalin the
same separation in a shorter time by increasing the voltage

applied, this procedure resulted in heating of the psper



Figure 8. Ionophoresis Apparatus’showing

four papers set up during a run.



Figure 8.
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and increased evaporation which gave rise to artifacts.
Moreover, water condensed on the case and was liable to
drip on to the papers.

Samples of the four purified ribose mononucleotides
were supplied by Nutritional Biochemicals Inc., guanylic
and cytidylic acids supplied by B.D.H., and adenylic acid
made by Ernst. Bilschoff Co., Inc., were also used in the
preliminary experiments.

2.8. Location of the Ribonucleotides.

On completion of the run, the papers were dried by
suspending them in the radiations from a pair of 250 W.
125 V. Industrial infra-red lamps connected in series.
The bands were located by inspecting the papers in ultra-
violet 1light by the procedure of Holiday and Johnson (1949),
and were then marked lightly in pencil. When a permanent
record was desired, a photograph was made by the method of
Markham and Smith (1949b).
2.9. The Elution and Identification of the Spots.

The bands located in the ultraviolet light were
cut out and eluted by the method of Consden, Gordon and
Martin (1947) into graduated pyrex tubes in the apparatus
shown in Fig.9. The volume of the eluate was adjusted to
5 mi. with distilled water, sufficient SN-HCl having been

added to give a final concentration of 0.1N. The ultra-




Figure 9. Elution Apparatus showing a series
of paper strips being eluted into

graduated pyrex tubes.




Figure 9,

Elution Apparatus.
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violet absorption spectrum of each eluate was determined
on the Beckman Model DU Spectrophotometer or a Unicam
SP 500 quartz spectrophotometer, but owing to the high
blank from the paper, only the maxima could be established.
Identification was carried out firstly from the positions
of the bands, and secondly by relating ﬁhe ultraviolet
absorption spectra of the eluates to those of the four
nucleotides at the same pH (Fig.l0).

As a further check on the identity of the nucleo-
tides in the early experiments, samples of the eluates
were hydrolysed with HC1l0, according to the method of
Marshak and Vogel (1950¢, the bases separated by the paper-
chromatographic procedure of Wyatt (1951), and subsequently
characterised by their ultraviolet absorption spectra. In
every case only the appropriate base was present. These
separations and determlnations have been kindly carried
out by Dr. G. Crosbie of this department.

After identification, the quantity of nucleotide
present in each eluate was determined by P estimation.

2.10. The Purification of Ribonucleic Acids.

a. A sample of commercial yeast RNA made by B.D.H.,
was purified by dissolving in a minimum of dilute alkali
‘and repeated precipitation with 10 vol. of glacial acetic
acid. The final precipitate was washed free of acetilc

acld with ethanol and dried with ether.
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b. Samples of rabbit and rat liver RNA and RNA
isolated from the cytoplasmic fractions were prepared by
the method of Davidson, Frazer and Hutchison (1951),
traces of glycogen being removed by incubation with sali-
vary amylase immediately prior to deproteinising.

The hydrolysis éf these purified materials before
ionophoresis was carried out by incubating with 0.3N-KOH
at 37° for 18 hr., in the proportion of 1 ml. alkali per
5 to 10 mg. of RNA. Acidification was carried out as
with tissue digests.

2.11. The Estimation of Phosphorus.

Determination of phosphorus was carried out by a
modification of the method of Allen (1940). When necessary
the sensi‘tivity of the method (normally 20 to 200 Pg.)
could be increased by working on a half or fifth scale, the
latter being used for determination of phosphorus in the
eluates from ionophoresis.

Reagents :-~

a. 10N-sulphuric acid.

b. 100 vol. hydrogen peroxide (M.A.R.)

c. 8.3% (w/v) ammonium molybdate solution.
d. 20% (w/v) sodium metabisulphite.

e. Amidol, 1% (w/v) in d.

Procedure : -

The sample (containing between 20 and 200 );Lg. P)
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in which P was to be estimated was pipetted into a 30 ml.
microkjeldhal flask, followed by a glass ball and 1.2 ml.
of 1ON—H2804.
or electrlc digestion rack with the aid of a few drops of

The contents were then digested on a gas

100 vol. Hzog. When digestion was complete, the flask was
allowed to cool and 21.35 ml. of distilled water were added
followed by 1 ml. of 8.3% (w/v) ammonium molybdate and

2 ml. of a freshly prepared 1% (w/v) solution of amidol in
20% (w/v) sodium metabisulphite giving a final vol. of

25 mf. After shaking, the intensity of the blue colour
was measured between 10 and 30 min. after the addition of
the reagents, on a Hilger spekker absorptiometer fitted
with Ilford red no. 608 filters. The reagent blank was
then subtracted, and the phosphorus content obtained from
standard tables. These tables were constructed from the
readings obtained using varying amounts of a stock solution
of inorganic P containing 2O‘Pg-3/ml.

2.12. The Assay of Radioactivity.

For the determination of radioactivity, portions
of the solutions were pipetted into a liquid counter
(Type M 6, manufactured by 20th Century Electronics)
attached to a conventional probe unit and scaling unit
(Type 200, manufactured by Dynatron Radio Ltd.). All

specific activitles were calculated as counts/min./100 )Ag. P,
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corrections being applied for slight variations in efficiency
between the counters used, and also for decay of the 52p
back to the time of injection.

2.13. Autoradiographs.

Autoradiographs of the strips of filter paper éfter
ionophoresis of radiocactive materials were made using
Kodak Industrex Type D X-ray film. The procedure was as
follows:-

The ultraviolet absorbing areas on the papers were
lightly outlined in pencil, and a strip of X-ray fiim ‘
placed on top of the paper so as to cover all these areas.
The two were then stapled together, and heavy pencil marks
made on the filter paper at both ends of the strip of film.
The paper and film were then sandwiched tightly between
two sheets of hardboard which were clamped together. The
whole was then wrapped in lightproof paper, and placed in
g drawer well clear of any radioactive material. After
14 days' exposure, the film was separated from the filter
paper, developed for about 15 min. in Ilford ID 19
developer, washed in water, and fixed normally. At the
same time ultraviolet photographs of the filter papers were
made by the method of Markham and Smith (1949bj). |

2.14. The 3eparation of very small Quantities of Organic

and Inorganilc Phosphate.

The precipitation of inorganic P as Mg(NH4)PO4 is
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not convenient when amounts of both are very small. The
‘method used on such occesions has therefore been as follows:-
The volume of solution was usually 3 to 4 ml.; 0.24 ml. of
10N-Hg80, was added as in the micro-modification of the
Allen procedure; this was immediately followed with 0.2 ml.
of 8.3% (w/v) amidol in 20% (w/v) sodium metabisulphite
solution without any digestion. Any blue colour which
developed was then due to inorganic phosphate. The total
volume was adjusted to 5 ml. with distilled water, and the
intensity of the colour measured. The solubion was then
extracted with isobutanol which removed the blue phospho-
molybdate complex. The isobubtanol extract and aqueous
layers then contained the inorganic and organic phosphate
components respectively, and could be used for radioactivlity
determinations. Estimation of the organic phosphate was
carried out by determination of the total phosphate 1ln an
aliquot of the original and calculating the organic part

by difference.
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PART IITI - RESULTS.

3.1 The Separation of the Pure Nucleotides.

The separation of the four pure ribose mononucleo-
tides obtained by ionophoresis on filter paper is illustrated i
in Fig.11. In order to demonstrate the separation, a wide
strip of paper was used, the four pure nucleotides being !
applied singly and in a mixture at intervals along the start-
ing line. The paper was then subjected to ionophoresis in
the normal manner, and after drying was photographed in
ultraviolet light by the method of Markham and Smiﬁh
(1949b). The spots in order from left to right are
cytidylic, adenylic, guanylic and uridylic acids and finally
a mixture of all four. From the photograph it is obvious
that an adequate separation can be achieved by this method,
and that the nucleotides separate in the order uridylic,
guanylic, adenylic and cytidylic acids in decreasing order
of mobility-.

The separation obtained at pH 3.5 agrees well with
the values for net charge per molecule of ribonucleotide
as a function of pH calculated by Cohn (1950) from the
data of Levene and Bass (1931), although it was found in
practice that all four nucleotides moved more rapidly in the
direction of the anode than might be expected from such con-

siderations. This anomaly may be explained at least in

part by the very strong endosmotic flow which tekes place



Figure 11.

‘The separation of the pure nucleo-

tides by ionophoresis.  The nucleo-
tides were applied singly and as a
mixture at intervals along the start-
ing line and subjected to ilonophoresis

in the normal fashion.
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in the direction of the anode, and which may be measured by
running under identical conditions, a separate strip of

- paper to which a spot of an un-ionised materal such as
glucose had been applied at the starting point. The paper
was dried in the normal manner after running, and the |
position of the glucose determined by spraying the paper
with one of the conventional reagents for its detection ,
such as aniline hydrogen phthalate (Partridge, 1949). By
this means, it was found that the glucoSe spot was located
immediately behind cytidylic acid, i.e., nearer to the
starting point. Some of the factors which must be con=-
sldered in connection with ionophoresis on paper have been
dealt with by Durrum (1951).

3.2 The Recovery of the Nucleotides after Ionophoresis.

The results shown In Table 3 illustrate experiments
in which the recoveries of the pure nucleotides were de-
termined after being run singly. The phosphorus content
-of the nucleotide solutions was determined, and an accurate-
ly measured volume of each was then applied to separate
papers. On completion of the run, the papers were dried,
the spots located, cut out and eluted by the usual methods.
The phosphorus content of each eluate was then determined,
and it will be seen from the table that the recoveries

obtained were quite adequate.



Table 3.

The Recovery of Pure Nucleotides when applied to

Paper singly, run and eluted;

Nucleotide pe: P appliedlpg. P recovered Percentage
Recovery
1. Cytidylic Acid 25.0 24 .6 98.5
2. " " 19.2 19.0 99.0
3. " " 25.4 24.1 95.5
1. Adenylic Acid 20.7 20.0 97.0
2. " " 20.6 20.1 97.5
3. L " 20.7 19.8 96.0
1. Guenylic Acid¥ 19.6 19.0 97.0
2. L 19.6 19.2 98.0
3. " L 10.0 9.4 94.0
l. Uridylic Acid 24.7 28.7 96.5
2. " " 23.2 22.8 98.5
s. U " 23.3 23 .7 101.0

%

Previously purified by lonophoresis.
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In Table 4 the above procedure was repeated on
papers to which accurately measured amounts of all four
nucleotides had been applied. Once again the recoveries
proved to be satisfactory.

| The guanylic acid used in both sets of experiments
was contaminated with small amounts of adenylic acid and
free guanine, and was therefore subjected to purification
by ionophoresis before use.

As a check that the phosphorus determination was a
valid method of estimating the nucleotides, an experiment
wa.s carried out in which the pure nucleotlides wefe de-
termined by phosphorus estimation, and by the uitraviolet
absorption of the bases obtained from them éfter digestion
and chromatography. One portion of the solution was used
for phosphorus estimation, from which the amount of nucleo-
tlde present was calculated: a second portion was evaporated
bo dryness, digested with HClOé, the bases separated by
chromatography, and determined by ultraviolet absorption
measurements. It will be observed from Table 5 that the
amounts of nucleotides determined by these two methods
are in agreement.

3.3 The Comparison of Analysis of & Nucleotide Mixture

by Ionophoresis and by Chromatography.

One further check on the validity of the iono-

phoretic procedure is illustrated by the results in Table 6



Table 4.

The Recovery of Pure Nucleotides when applied to

Paper as a mixbture, run and eluted.

Nucleotide }ug. P applied lpg. P. recovered Percentage
Recovery
I. Cytidylic Acid 19.2 18.3 95.0
2. " " 25.0 24.6 98.0
3. " " 25.4 25.0 98.0
1. Adenylic Acid 20.6 19.4 94 .5
g2, M " 20.7 19.6 94 .5
3. " 20.7 19.7 95.0
1. Guanylic Acid* 10.0 10.2 102.0
2. " noo 10.0 9.9 1 99.0
3. " "o 10.0 9.8 98.0
l. Urlidylic Aclad 25.2 22.0 95.0
2. " o 24.7 25.4 102.0
3. " " 23.3 21.8 193.5

% Previously purified by lonophoresis.



Table 5.
Comparison of the estimation of the pure nucleotides
(a) by phosphorus estimation, and (b) by determination of
the base liberated by perchloric acld digestion and

separated by the paper chromatographic method of Wyatt

(1951).
Nucleotide Conen./ml. of nucleo- Concn./ml. of nucleo-
tide calculated from = tide calculated from
P the ultraviolet ab-
sorption of the base
Ing- mg-
Cytidylic Acid 10.4 9.8
Adenylic Acild 9.6 9.3
Guanylic Acld 1.9 ‘ 1.9

Uridylic Acid 9.9 o 9.4



Table 6.

Analysis of & mixture of pure nucleotidss (2} by iono-
phoresis and (b) by chromatography of the bases derived
from the nucleotides by H0104 hydrolysis and separated

by the method of Wyatt (1951}. The results are exprasssd

88 molar ratios relative to asdenylic acid as 10.

Rucleotide Ionophoresis Chromatograply -
Cytidylic Acid 10.8 10.8
Adenylic Acid 10.0 10-0
Guanylic Acid”® 9.0 9.3
Uridylic Acid 13.4 12+3

% A correction has been applied for approximabtsly
4% free guanine present in the ssmple of guanylic

acid used.
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in which comparison is made between the analysis of a
mixture of nucleotides by ionophoresis of the nucleotides
and chromatography of the bases derived from them. It
will be noticed that there is in general good agreement
except in the case of uridylic acid, where it was invariably
found that the figure obtained by ilonophoresis was slightly
higher than that found by chromatography. Further experi-
ments carried out with pure uridylic acid alone revealed
that the uridylic acid estimated both by phosphorus and
ultraviolet measurements from eluates of an ionophoretic
run were in agreement, and tallied with the concentration
by weight of uridylic acid in the original solution. It
would appear therefore that the correct figure in Table 6
is that obtained by ionophoresis, and that the value ob-
tained by the chromatographic procedure is low.

3«4 The Effect of Alkaline Incubation on the Nucleotides.

Marrian, Spicer, Balis and Brown (1951) have shown
that when cytidylic acid is incubated in N-alkall at 37°
for 18 hr., partial deamination occurs with the formation
of uridylic acid. These authors suggest the use of either
0.3N-alkali at 37° or N-alkali at room temp., in which con-
ditions they state that no deamination takes place. This
observation has been confirmed by taking portions of
cytidylic acid which had been incubated for 18 hr., in

N-KOH at 37° and 25° and in 0.3N-KOH at 37°, and submitting
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them to ionophoresis. Only after incubation in N-KOH

at 37° was any detectable amount of uridylic acid produced,
the quantity involved being about 10% of the original
cytidylic acid.

A mixture of all four nucleotides was then divided
into four parts, one of which was maintained as a control
while the others were incubated in N-KOH at 37° and at
25° and in 0.3N-KOH at 37° respectively. The pH of each
fraction was then adjusted to 4 with 60% HC10, , the pre-
cipitate of KC10, centrifuged out, and portions of the
supernatants applied to the papers in the usual‘way- The
results of this experiment are illustrated in Table 7
which shows that only cytidylic acid 1s affected by the
variations in conditions, and that it is not deaminated by
incubation in 0.3N-KOH at 37° although there is appreciable
deamination in N-KOH at 379, with a resultant increase in
uridylic acid.

5.5 The Hydrolysis of RNA by 0.31-KOH.

The extent of liberation of acid-soluble phosphates
from RNA by incubation in 0.3N-KOH at 37° for 18 hr. is
illustrated in Table 8 from which it is clear that the
phosphorus of the RNA 1s liberated quantitatively in the
form of acid-soluble phosphates. The fact that only about

97% of the RNAP is recovered in the acid supernatant is



Table U.

Comparison of the analysis of a mixture of pure nucleo-

tldes by ionophoresis before and after incubation for 18

hr. in varlous strengths of alkali at different tempera-

tures. The results are expressed as molar ratios teking

adenylic acid as 10.

Nucleotide Unincubated 0.3N-KQH
at 37°
Cytldylic Acid 11.0 10.8
‘Adenylic Acid 10.0 10.0
Guanylic Acid 9.1 9.0
Uridylic Acid 13.1 13.4

Percentage P ;
Recovered 98.0 98.5

N-KOH
at 25°

10.3

10.0
9.0

13.0

100.0

N—KOHo
at 37°.

9.9
10.0
9.4
15.0

92.0



Table 8.

Liberation of acid soluble phosphates from a specimen

of yeast RNA by alkaline hydrolyses followed by acidifica-

tion. In each case 37.5 mg. RNA was incubated with 5 ml.

0.3 KOH at 37° for 18 hr.

P content of the P content of the

alkaline digest acld supernatant
in peg. in 8-

1. 3150 ‘ 3070

2. 3128 3025

3. 3143 3035

Percentage

recovery
97.5
96.7
96.6
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almost certainly due to small losses incurred in the pro-
cess of acidifying, removing precipitated KC104, and
washing the precipitate.

5.6 The Analysis of Specimens of Purified RHNA.

The technigue of lonophoresis was applied to the
analysis of the ribonucleotides obtained by the digestion
of several samples of purified RNA from yeast, rabbit and
rat liver. The separation of nucleotides achieved from
hydrolysates of a sample of yeast RNA 1s illustrated in
Fig.1l2 from which it is clear that separations comparable
with those achieved with mixtures of the pure méterials
are also obtalned with the RNA hydrolysates. The results
of the analyses of a number of different samples of RNA
by ionophoresis of the nucleotides and chromatography of
the bases are shown in Table 9 in which the results are
expressed as molar ratios relative to adenylic acid as 10.
Agreement between the two methods is close, with the ex-
ception of the uridylic acid. The discrepancy in this
case 1s considerably larger than in the mixture of nucleo-
tides (Table 6), but Dr. G. Crosbie of this department has
confirmed the ionophoretic values by ultraviolet determina-
tions on eluates from ionophoretic runs of the specimen of
Yeast RNA.

One other aspect of Table 9 which deserves considera-

tion is the recovery of nucleotide P which is about 93%.



Pigure 12.

Ultraviolet photograph of the
separation by lonophoresis of the
four nucleotides from a hydrolysate

of a specimen of yeast RNA.



Figure 12.




Table 9.

The analysis of several samples of RNA by ionophoresis of

the nucleotides and chromatography of the bases. The

results are expressed as molar ratios relative to adenylic

acid as 10.

Nucleotide

Cytidylic Acid
Adenylic Acid
Guanylic Acid
Uridylic Acid

Percentage
Recovery

Yeast RNA Rabbit Liver RNA Rat Liver RNA

8.8
10.0
12.4
10.4

93.7

P estm. Base

8.1
10.0
11.5

7.9

P estm.

13.9
10.0
18.8

10.9

92.0

Base

14.3
10.0
16.9

7.1

P estm.
14.5
10.0
17.6

10 *1

93.8

Base
13.9
10.0
17.5

8.1



54 .

This might be due either to the presence in the RNA origin-
ally of a small amount of non-nucleotide P, or to loss of

P from the nucleotides during hydrolysis. From the results
in Table 7 it would appear that the former explanation is
the’more likely as there is no evidence of loss of P from
the nucleotides in this case.

5.7 The Tonophoresis of the A.S Fraction of Rat Liver.

The method of ionophoresis having proved satis-
factory when dealing with pure nucleotides and hydrolysates
of samples of purified RNA from various sources, the next
step was its application to the analysis of the rather
less pure AZS fractions obtained by the modified Schmidt &
Thannhauser (1945) procedure 2. When this was done, it
was found that separations comparable with those obtained
with the purified materials were obtained when the same con-
ditions were employed. An ultraviolet photograph of a
strip of filter paper on which such a separation had been
carried out is shown in Fig.l3 where it will be seen that
the nucleotides have been adequately separated. It was
found however that if the length of the run was curtailed,
an extra component, which showed only faintly in the ultra-
violet photograph, was apparent, preceding uridylic acid.
In order to demonstrate the presence of this additional
component which we have called "A", a short run on a 57 cm.

paper strip at 14 V./cm. for 6 hr. sufficed, although this



Figure 13. Ultraviolet photograph of the
separation of the four nucleotides

from a rat liver AZS fraction

(Long run)-



Figure 13.

CYTIOVLIC ACID

ADENYLIC ACID

SUARNYLIC ACID

URIDYLIC ACID




was inadequate for the complete separation of the nucleo-
tides. Fig.14 is an ultraviolet photograph of such a
strip of paper, and ,JAf Is the faint slightly crescent-shaped
area preceding uridylic acid. In the normal procedure for
the separation of the nucleotides on a longer paper, this
fast moving component was run off the paper into the buffer
in the anode compartment. For each AgS therefore two
runs were usually employed, — a short run for the separa-
tion of the fast moving component A” (Fig.14), and a long
run for the separation of the nucleotides (Fig.13). The
component nA(f was found to be present both in solutions
obtained by acidifying the alkaline digest with HCIO”, and
in solutions obtained by acidification of the digest with
TCA and subsequent removal'of the TCA by repeated extraction
with ether. As a means of detecting the presence of HXCA
the reaction between TCA and oC-naphthol in ultraviolet
light described by Eggleton, Elsden and Gough (1943) was
used.

The nature of "A” will be discussed at greater
length later.

By eluting the four nucleotides from the long run
alone and by estimating their phosphorus content, it was
possible to obtain a measure of the relative compositions

of the RNA of different animal tissues. In Table 10 the



Filgure 14.

Ultraviolet photograph of a short
ionophoretic run of an AgS fraction
from rat liver showlng the crescent
shaped area "A" preceding uridylic
acid. o '




Figure 14.
lonophoresis of A>S Fraction. (Short run)

(UV.Photograph)

CYTIDYLIC  ACID

ADENYLIC ACID

GUANYLIC ACID

URIDYLIC ACID

COMPONENT A




Table 10.

Comparison of the analysis of the AoS and RNA prepared
from the cytoplasm of several different batches of rat
liver. Results are expressed as molar ratlios relative to

adenylic acid as 10.

Expt. No. Adenylic Guanylic Cytidylic TUridylic Purine/

Acid Acid Acid Acia Pyrimidine

: ratio.

1. RNA 10.0 17.6 15.9 11.2 1.02

AoS 10.0 17.0 16.8 11.2 0.97

2. RNA 10.0 17.7 16.6 12.3 0.96

AoS . 10.0 17.6 . 15.7 11.5 1.01

3. RNA 10.0 17.2 14.9 9.5 1.11

AgS 10.0  18.7 15.2 11.6 1.07

4. RNA 10.0 17.7 -~ 14.5 10.4 1.11

AgS 10.0 19.7 - 14.4 11.1 1.16
Mean '

RNA 10.0 17.6 . 15.5 10.9 1.05

AgS 10.0 18.3 15.5 11.4 1.05
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analysis of the AZS from the whole cytoplasm of rat liver
and of the RNA isolated from the same material is com-
pared for several groups of animals. The results are
expressed as molar ratios relative to adenylic acid as

10. It will be noticed that in all cases, guanylic acid
is present in the largest proportion, while cytidylic acid
follows next. There is also reasonable correlation be-
tween the results from the AoS and isolated RNA, while

the figures for the different experiments indicate a
similar compogition for the RNA in each case.

5.8 The Analysis of fraction AzS prepared from the Saline

Extract of Dry Tissue Powder.

The study of the AzS prepared by procedure 3
1llustrated in Fig.7 proved to have several advantages as
will be seen later. Not the least of these was the fact
that from rather more than a gram of dry tissue powder
which proved quite difficult to dissolve in 0.3N-KOH, there
was thained about 150 mg. of material which was readily
soluble in water. Using this technlque it was therefore
possible to obtain a solution containing the nucleotides
in higher concentration than had hitherto proved feasible,
and which at the same time contained fewer degradation
products of the tissue proteins. The recovery of the

tissue RNA was not quantitative, but proved to be of the
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order of 70%, and since, as will be seen later, the com-
position of the ENA in the various cytoplasmic fractions
appears to be reasonably homogeneous, it seems to be valid
to consider the composition of the RNA extracted by pro-
cedure 3 as representative of the tissue concerned. The
results illustrated in Table 11 show the molar ratios of‘
the Tour nucleotides in the RNA from several different
tissues. In rat and raboit livers, it will be noted that
the relative proportions of the nucleotides agree with
those found Ior isolated rat and rabbit liver RNA and
also for crude rat and rabbit liver AZS (Tables ©,10}.

The relative proportions of the nucleotides in all the
fowl tissues studied proved to be simllar, and to differ
little from those found in rats and rabbits.

3.9 Preliminary Experiments with 92p.

Severazl authors (Marshak : Vogel, , 19500; Jeener &
Szafarz, 1950a,b) have stressed the c¢ifficulty of removing
traces of conteminating 52p from the nucleotide~containing
fraction of animal tissues, and Davidson, Frazer and
Hutchison (1951) have demonstreted that if a smell amount
of radicactive phosphate 1s added to & homogenete of non-
radiogsctive rat liver slong with TCA, there is still con-
siderable activity in the A58 fraction obtalned by the
method of Schmidt end Thonnhsuser (1945) even after exceed-

ingly esheustive washiay of the Tissue with TCL and TCA



Table 1ll.
Composition of the RNA of several tissues. The analyses
were carried out on the ribonucleotide fraction obtained
by procedure 3, and the results are expressed as molar

ratios relatlive to adenylic acid as 10.

Tissue Adenylic Guanylic Cytidylie Uridylic
Acld Acid Acild Aclad
Rat Liver 1. 10.0 17.5 13.9 10.9
Rat Liver 2. 10.0 17.6 14.3 10.8
Rabbit Liver 10.0 16.9 4.6 10.3
Liver from Cock 1. 10.0 16.5 13.4 10.3
Liver from Cock 2. 10.0 17.7 13.9 10.8

Liver from
Laying Hen 10.0 16.7 15.6 10.2

Liver from Cock
bearing GRCH 15
breast tumour 10.0 18.1 14.5 11l.1

GRCH 15 Tumour
from Cock 10.0 18.4 14.5 1l1.1
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containing sodium phosphate.
Experiments have therefore been carried out to
investigate the efficlency of ionophoresis in removing

such contaminating 52p,

Small amounts of inorganic
radioactive phosphate were added to a spot of the mixed
nucleotides on paper, and the mixture submitted to iono-
rhoresis. The progress of the inorganic phosphate band
was followed by means of a "Panax" monitor set, and iono-
phoresis was generally continued until this band was
approaching the end of the paper. The position of the
band was obtained after drying the paper by moving the
monitoring counter slowly over its surface. It was found
that all the activity was located in one well defined
area, and this was marked in pencil. On subsequent
examination of the paper in ultraviolet light, the radio-
active region proved to be well clear of the four nucleo-
tides. When the separate nucleotides were eluted, the
amount of contaminating 3ZP as determined in a 20th Century
Electronics Type M 6 liquid counter was found to be negli-
gible.

In another experiment, a small amount of radiocactive
phosphorus was added to the paper at the starting point
along with the normal quantity of a non-radioactive rat
liver A_S, and the whole submitted to a normal short run.

2
The paper was then dried, the ultraviolet absorbing areas
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ineluding "A" marked in pencil and the "Panax" monitor
moved slowly over the paper. On this occaslon the single
area which exhibited radiocactivity was found to coincide
with component "A". Determination of the activity of the
nucleotlides once again indicated negligible contamination
from added °%p.

One further check on the removal of contaminating
radiocactive phosphate from the A28 fractions was then
applied. The experiment of Davidson, Frazer and Hutchison

32? was added to a homogenate of

(1951) in which 0.88}xh
4 g. of non-radicactive rat liver tissue along with TCA
was duplicated. The precipitated materiasl was washed
four times with ice-cold 10% TCA and subjected to the
usual modified Schmidt and Thamnhauser (1945) procedure,
the alkaline digest belng precipitated with HClOé- The
ribonucleotides were separated by ionophoresis, eluted
and the eluates assayed for radioactivity which proved to

be negligible.

3+10 The Ionophoresis of the AQS Praction from the Livers

of Rats which had received 32?-

Inorganic radioactive phosphate was administered
to rats in doses from 20 to 50/pc./100 g+ body wt., and
the animals killed at specifled times thereafter. The

livers were perfused wlth saline, excised, homogenised



60.

and then submitted to the modified Schmidt and Thannhauser
(1945) procedure (Fig.6). The ribonucleotidses were
separated by ionophoresis both by long and short runs.

The papers were photographed in ultraviolet light and were
then left in contact with Kodak Industrex Type D X-ray
film for 14 days for the preparation of autoradiographs.
Comparison of the ultraviolet photographs and autoradio-
graphs for both long and short runs is made in Figs. 15
and 16. From these photographs it is clear that there
are present particularly in the short runs phosphorus-
containing spots which are strongly radioactlive, but which
are not apparent In the ultraviolet photograph. The first
of the non-nucleotide spots and that showing most strongly
on the autoradiograph corresponds to the ultraviolet
absorbing area "A".  About half way between "A" and
uridylic acid there 1s found on the autoradiograph a
second intense spot which has been deslgnated "C". It
will be noticed that the front edge of the nucleotide
block in the ultraviolet photograph does not correspond
with the front edge on the autoradiograph. Closer in-
spection reveals that there are in fact two bands in this
region on the autoradiograph, one of which corresponds
with the uridylic acid spot, the other being slightly in
front of it. This component we have called "D". At

the other end of the block of nucleotides, it was again



Figure 15.

Autoradiograph (A) and ultraviolet
photograph (B) of the separation of
the nucleotides from an A28 fraction
of rat liver by ionophoresis. Com-~
ponents "D" and "E" are visible on the
autoradiograph but not on the ultra-
violet photograph. The Azs was pre-
pared from the liver tissues of rats

which had received SQFG.SZR/lOOg.
body wt. 2 hr. before sacrifice.




Figure IS.

Cytidylic Acid.

Adenylic Acid.

VR Guanylic Acid.

Component E.

Uridylic Acid.

Component D.




Figure 16. Autoradiograph (A} and ultraviolet

| photograph (B) of a short ionophoretic
run of an AgS fraction from rat liver,
showing components "AY, "W, tch, 6 upt,
WEM and "F". The animels received
59#0.5232160g- body wt. 2 hr. be-
fore kiliing-



Figure 16.

Component F.

Guanylic Acid.

PR a:@Component E.
< * . Uridylic Acid.
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found that there was lack 6f correlation between the ultra-
violet photograph and the autoradiograph, there being an
additional spot on the latter located between the cytidylic
acid regionkand the origin: this area has been called "F".
The autoradiographs have therefore provided very
useful information by locating the positions on the papers
of other phosphorus containing substances which were not
detectable by the other methods used. The presence of
these additional components had been suspected because the
total phosphorus recovered from the strip when the nucleo-
tides and "A" ﬁere added together amounted only to about
80% of the'phosphorus applied to the paper initially.
— When the ultraviolet absorbing area "A" was
eluted, it was found possible to separate the eluate ihto
an inorganic and an organic constituent, both of which
dontained phosphorus . The inorganic peortion which was
separated by developing the blue phosphomolybdate complex
on an undigested eluate and extracting with lsobutanol
was designated "B", while the organic portion which must
be that responsible for the ultraviolet absorption retained
the name "AM. The other components "C", "D% and "F%
contained no inorganic phosphate, nor were they visible on
examination of the paper in ultraviolet light. The re-

lationship of all these components to the nucleotides is
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apparent from the photographs in Figs. 15 and 16.

When the phosphorus content of all these areas was
taken into account in conjunction with the nucleotides,
the recovery of the phosphorus applied to the paper
a?proached 100%- The results of some of these experiments
are shown in Table 12, 1n the earlier of which all the
additional components are not listed since at the time of
analysis they had not been located. One striking feature
of the figures is the considerable proportion of the AgS
phosphorus which is non-nucleotide despite the fact that
it has previously been generally assumed by users of the
Schmidt and Thannhauser method that this fraction contains
only nucleotide phosphorus together with a minute amount
of "phosphoprotein" phosphorus. It will be noted that
there 1s considerable variation in the amount of phosphorus
in the components "A", "B“, "ct, "p¥, and'"F"; this is in
part due to the fact that the exact position of these spots
was not located before the paper was cut up for elution,
the procedure being to cut the whole area between uridylic
acid and "A" into strips approximately 2 cm. wide, elute
each separately and determine the phosphorus in each.
The subsequently developed autoradiograph served as a key
from which the phosphorus content of the various strips was
allocated to the various components. The phosphorus con-

tent of these components was in most cases so low as to



Table 12.

Separation by lonophoresis of the components of the

ribonucleotide fraction of rat liver tissue submitted to

the modified Schmidt and Thannhauser procedure. For an

explanation of "A", "B, UchH,6 WDW gnd "F" gee Fig.M¥s and

text.

Expt. Components in }1g.P/lOO pg-
Whole Adeny- Gueny- Cytidy- Uridy-

Liver 1lic
Acid
1. 14.2
2. 14.6
3. 13.3
4. 13.2
5. 12.8
6. 14.0
Whole
Cytoplasm
1. 4.1
2 12-5

lic
Acild

24 .2
25.0
25.5
25.4
25.8
26.4

25.8
28.4

lic
Acid

20.6
24.0
20.8
21.5
16.9
20.6

21.8
19.7

lic
Acild

1647

16.4

15.3
15.9
18.2
15.9

17.1

15.4

total P

A

4.3
1.9
1.4
3.5
4.6
3.8

5.6
6.0

3.8
2.2
1.5
2.0
5.6
2.5

1.4
1.5

in fraction Ags
C D F Total

6.1 6.5 - 89.1

8.1 8.0 - 96.2
9.7 11.0 - 96.5

6.9 3.0 = 91.2 -
100.2

8e7 4.6 =
2.4 6.2 - 92.8
- - - 8108

4.5 4.2 1.1 93.1
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preclude the cutting of narrower strips for elution since
the spekker readings on the exlsting eluates were frequent-
ly only about twice those of the reagent blank, thus making
the accuracy of the estimation poor. The nucleotides them-
gelves appear to be remarkably consistent in amount account-
ing for about 75% of the total vhosphorus in the fraction.
Moreover, the relative amounts of the nucleotides is of the
same order in each case; 1in rat liver guanylic acid was
always most abundant, while the cytidylic acid was also
high in comparison with adenylic and uridylic acids.

The specific activities of the nucleotides and
other cqmponents of several whole liver A,S fractions is
shown in Table 13. In this table sqme_of the components
were not analysed and no values are therefore quoted. In
three cases, "A" and "B" were not separated, and in these
instances the combined value is shown. It will be observed
that in every case the activities of the nucleotides are
very much lower than those of the corresponding whole
fractions, and particularly of the additional components.
This is most noticeable 2 hr. after injection, the increased
activity of the nucleotides 24 hr. after injection tending
to diminish the effect of the concomitants on the activity
of the whole fractions. Of the nucleotides, uridylic acid
invariably exhibits the highest activity, a fact which must

be regarded with some suspicion in view of its proximibty to
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the more active components "AW, “B", "C" and "D" (see
later).

5.11 Comparison of the Specific Activitles of the Nucleo-

tides from the Isolated RNA and the A,S of whole

Cytoplasm.

In view of the possibility mentioned above that
uridylic acid obtained by ionophoresis of an AoS fraction
might be contaminated with a more active component, it was
decided to compare the activitles of all the nucleotides
obtained by ionophoresis of a hydfolysate of RNA isolated
from rat liver cytoplasm with the activities of the nucleo-
tldes obtained from an AoS fraction prepared from an all-
quot of the same material. An autoradiograph of a strip
of paper on which the nucleotides from a sample of radio-
active RNA had been separated is shown in Fig.l7 alongside
the corresponding ultraviolet photograph. It will be
observed that in this case there is no evidence of addition-
al phosphorus containing substances besides the nucleotides.
The results of this experiment are shown in Table 14.

It is clear from such figures that the activity of the
uridylic acid obtained from the isolated RNA is in all
cases but one substantially lower than that from the A28
fraction, and that the values for uridylic acid in the iso-
lated RNA are comparable with those obtaining for the

other nuckotides. The values found for the other nucleo-



Figure 17. Autoradiograph (A) and ultraviolet
photograph (B) of the separation of
nucleotides from an isolated RNA.
The RNA was prepared from the liver
cytoplasm of rats which had received

52? 24 hr. before sacrifice.

5ch.
The tendency for the isomeric
guanylic acids to separate is visible

on the autoradiograph.



Figure 17

- Cytidylic Acid.

Adenylic Acid.

Uridylic Acid.




Table 14.

Comparison of the specific activities (ct./min./lOOPg.P)
off the nucleotides obtained from the RNA and A2$ obtained
from rat liver cytoplasm. 50}1c.52P/100 g+ body wt. was
administered to the animals.

Expte. No. Time after Adeny- Gueny- Cytidy- Uridy- Whole

injection 1lic lic lic lic Fraction
Acid Acid Acid Acid

1. RNA 2 hr. 541 310 453 385 605
A S 2 hr. 702 370 544 965 1730
2. RNA 2 hr. 1190 640 690 880 864
AgS 2 hr. 975 570 810 870 2560
3. RNA 2 hr. 356 170 350 294 454
A S 2 hr. 350 310 255 610 1210
4. RNA 2 hr. 255 133 164 187 236
AgS 2 hr. 300 255 215 588 1190
5. RNA 24 hr. 2020 1750 1920 1940 2210

®
7

AoS 2076 1970 2010 2320 2640
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tides are not in good agreement with one another although
the discrepancy is much smaller than in the case of uri-
dylic acid. One possible explanation of this anomaly is
that only a small proportion of the total RNA present in

the cytoplasm is‘fecovered on lsolation, while all the RNA
is represented in the Azs fraction. It seems likely there-
fore_that the isolated material is not a representative
sample of the cytoplasmic RNA since several authors

(Jeener, 1949a; Jeener % Szafarz, 1950a; Barnum & Hgseby,
1950, and Davidson, McIndoe & Smellie, 1951) have demon-
strated differences in uptake of 32P into the RNA of the
different cytoplasmic fractions. Moreover, since a very
high proportion of the cytoplasmic RNA is to be found in
the microsome fraction in which the specific activity of
the RNAP has been found to be low, 1t is quite possible
that the isolated RNA comes preferentially from this source.
Apart from these possibilities it is clear in addition that
the uridylic acid obtained from the AZS was contaminated
with some other highly active component which we have called
"E' (Fig.15). The amount of phosphorus in this component
would appear to be small since ‘there is 1n general good
agreement between the estimates of the molar proportions

of uridylic acid in the isolated RNA and in the A3
fraction (Table 10), although the tendency is for the A,S
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figure to be higher than that found for the RNA. One
other feature of the results obtained in thils experiment
i1s noteworthy:- even in the isolated RNA the flgures for
the.activities of the nucleotides are in most cases con-
8iderably lower than the activity of the whole RNA. The
significance of this finding is of 1tself difficult to
assess, but taken in conjunction with the fact that the
recoveries of nucleotide phosphorus from the isolated

RNA although approaching close to 100% has never actually
been 100%, it seems not impossible that the isolated RNA
may contain some highly active contaminsnt. This was
confirmed by autoradiographs of short lonophoretic runs of
isolated RNA hydrolysates which indicatdk the présence of
- an additional component corresponding to "C" in Fig.l6.

3.12 The Elimination of the Concomitants.

In view of the number and amount of the concomi-
tants M"AM, "BM, "gnw, "ph UM gnd "F' (RPigs.15 and 16) in
the A_S fraction obtained by the initial modification of
the Schmidt and Thannhauser (1945) procedure, it was obvious-
ly desirable to find some means of eliminating them or at
least reducing them in number or extent.

At first 1t seemed most likely that the origin of

these substances would be either acid-soluble material which

had not been completely extracted in the initial washings
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with TCA, or some phospholipid which had remained even
after the exhaustive extraction applled. Experiments
were therefore carried out in which the number of washings
with 10% TCA was increased to 5, and in which the lipid
extraction was supplemented by two extractions of 30 min.
with boiling ethanol-chloroform (3:1). On ionophoresis
of the AgS obtained after such drastic prior treatment
however it was found that there wés no diminution in either
‘number or amount of the concomitants as evidenced by phos-
phorus and radioactivity determinations.

In several cases, lonophoresis of a radioactive
AoS was carried out down one edge of a wide strip of paper,
the paper dried in the usual fashion, and then subjected to
chromatography in the form of ascending chromatégrams at
right angles to the direction of ionophoresis. The solvents
utilised were the isobutyric acid/ammonia, isopropanol/HC1
and methanol/formic acid systems of Magasanik et al. (1950),
Wyatt (1951) and Bandurskl and Axelrod (1951) respectively.
After running, the chromatograms were dried and the uridylic
acid located in ultraviolet light as before. The uridylic
acid lane was then cut up, eluted in strips, and phosphorus
and radioactivity determinations carried out on each eluate.
All these solvents reduced the activity of the uridylic acid
to about that of'the other nucleotides, and to a level com-

parable with that found for the uridylic acld obtained from
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an isolated RNA prepared from the same starting material.

Such procedures were clumsy and at the best quali-
tative, and it was therefore considered desirable to find
some means of obtaining an A,S fraction as far as possible
free from these contaminants. The experiments on ex-
haustive extraction of the acid-soluble and lipid sub-
stances of the tissue indicated that the concomitants were
probably protein bound and were liberated only after al-
kaline incubation. An attempt was made to eliminate some
of these concomitants by separating the RNA from the bulk
of the protein before it was incubated with alkalil. This
procedure involved the extraction of the dry 1lipid free
residue of the tissue with 10% saline as previously
described (procedure 3).

At this stage owing to the apparent heterogeneity
of the RNA of the cell, it was decided to carry out
further experiments on the validity of such methods on the
cytoplasmic fractions themselves, and further results on
this work arﬁpresented later.

3.13 Results of Analysis of Cytoplasmic Fractlons.

A number of preliminary experiments were carried
out in order to investigate the separation of cytoplasmic
fractions, and to obtaln some data on the distribution of

phosphorus compounds in them using the Schmidt and Thann-
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hauser (1945) procedure as modified by Davidson, Frazer and.
Hutehison (1951). The results obtained were rather
scattered, largely due to the method of expression, viz.,
mg.B/loo g; fresh tissue. This did not take into account
the fact that homogenisation was difficult to control from
experiment to experiment with the result that a variable
proportion of unbroken cells was found in the nuclear
fraction. At the same time, straining of the homogenate
through nylon, which proved to be desirable, removed
variable amounts of intact tissue. These experiments
furthermore were carrled out on saline homogenates made very
8lightly alkaline with NaOH so that both mitochondria and
microsomes were partially agglutinated and the nuclear and
mitochondrial fractions contaminated. In view of these
variations, the use of average values was rejected, but

the results of one typical experiment are illustrated in
Table 15. From these figures it will be noted that the
distribution of RNWNA is comparable with that found by other
workers . A very high proportion of the DNA content of

the homogenate is found in the nuclear fraction indicating
that there has been little destruction of nuclei. Since
the ratio of RNA:DNA in the nucleus 1s of the order of 1:3,
the contamination of the cytoplasmic fractions with nuclear

RNA must be very small.
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314 The Specific Activities of the phosphorus containing
Fractions from the Cytoplasmic Constituents.
In the experiments described above, the uptake of
P by the various cytoplasmic fractions was studied
simultaneously. The rats were treated with '7‘0P at the
rate of 107c./100 g- body wt., 2 hr. prior to sacrifice,
and the radioactivity of each of the phosphorus containing
fractions was assayed for the determination of specific
activities. The results of these studies corresponding
to the analyses in Table 15 are illustrated in Table 16,
and are of course subject to the same limitations. In
general however the same pattern was found throughout all
the preliminary experiments. Perhaps the most important
feature was that the specific activities of the ribonucleo-
tide-containing fractions from the mitochondria and super-
natant were of the same order while that from the microsomes
was considerably lower.
313 The Ionophoresis of the ApS fraction from the
Cytoplasmic Constituents.

In view of the results previously obtained with
whole tissue and whole cytoplasm in which it was found that
there was considerable contamination of the A”S with highly

active P compounds, it was obviously desirable to determine

the true specific activities of the ribonucleotides from
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the different cytoplasmic fractions and also to determine
whether the additional components were limited to one
fraction or were common to all. At the time of these
experiments only the presence of UAH and "B,f had "been
established, and no concrete evidence as to the contamina-
tion of the uridylic acid had been obtained. The results
of four experiments in which the specific activities of the
nucleotides from the three cytoplasmic fractions of isotonic
saline homogenates of rat liver tissue were determined are
shown in Table 17. The animals used in these experiments
had received 20jx0.32P/1CO g. body wt., two hours before
killing.
3.16 Results obtained using the Q.25M-3ucrose Procedure
of Schneider (1948).

In view of the criticisms which have been levelled
at the separation of the cytoplasmic constituents from
saline homogenates, it was considered desirable that future
experiments should be carried out in sucrose. Electron
micrographs of the mitochondria and microsomes obtained in
saline were kindly prepared by Dr. I#M* Dawson of the
Chemistry Department of this University, and revealed that
both types of particle were grossly agglutinated, and that
the mitochondrial fraction was contaminated with considerable

quantities of microsomes (Pig.38a,b). In view of these
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Figure 18.

Electron micrographs of (A) the
mitochondrial fraction x 14,000
and (B) the microsome fraction
X 27,000 isolated from a saline

homogenate of rat liver tlasue.



Figure 18.
A.
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findings, experiments were carried out on rat liver tissue
homogenised in 0.25M-sucrose in order to confirm the re-
sults obtained in Table 17. The 2P was administered
intramuscularly in doses of SO‘pc./lOO g+ body weight, the
fractions isolated by the Schneider (1948) procedure, and
submitted to the modified Schmidt and Thannhauser separation.
The AZS fraction obtained from an aliquot of the whole
cytoplasm and from each of the cytoplasmic constituents was
analysed by both long and short ionophoretic runs. The
results of-specific activity determinations are shown in
Table 18.

| The fractionation on this occasion was carried out
6n a large scale in an M.S.E. "High Speed Centrifuge",
operated in the cold room, where it was observed that the
temperature of the microsomal supernatant after running for
1 hr. at full speed was 15°. The centrifugal fields obtained
with this centrifuge were comparable with those used with
the International Refrigerated Centrifuge using the high
speed attachment . In this experiment as in all subsequent
ffactionation experiments, NaF was added to the homogenate

to yield a final concentration of 0.02M in order to minimise
enzymic phosphorylation reactions during the time of isola-
tion. The components obtained were divided into two portibns

from one of which the AgS fraction was prepared in the normal
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fashion, while the other was used for the isolation of the
RNA by the procedure of Davidson, Frazer and Hutchison (1951).

During the course of these fractionation experi-
ments, samples of the mitochondrial and microsome fractlions
were examined by Dre IL.il. Dawson of the Chemistry Department
of this University in the electron microscope. The
fractions were fixed in sucrose with osmic acid, and then
washed with distilled water to remove the sucrose. Electron
micrographs of mitochondria and microsomes obtained in
sucrose are lllustrated in Fig.19a,b. Careful searching of
the fields in both cases showed that there was no contamlna-
tion of the mitochondria with nuclei, nuclear débris or
microsomes. Similarly, there was no contamination of the
microsomes with mitochondria.

From the results in Table 18, 1t is clear that the
results obtained in the sucrose experiments are similar to
those obtained in saline in that the microsome fraction
again exhibits the lowest uptake of 52p 2 hr. after in jection.
Comparison of the specific activities of the nucleotides
from the Azs and RNA shows them to be simlilar except in the
case of uridylic acid which invariably exhlblts a higher
activity in the A,S than in the RNA. This discrepancy
makes it quite clear that there is contamination of the

uridylic acid with an organic phosphate of conslderable




Figure 19. Electron micrographs of (A) the
mitochondrial fraction x 14,000
and (B) the microsome fraction
i.14,ooo isolated from a homo-
genate of rat liver tlssue in

,0 «25M-sucrose.




Figure 19-
A.
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specific activity, and this component has been designated
ngw, In this experiment, components "A" and "B" were
not separated, and the figures quoted apply to the mixbture
of the two. All the components have proved to be presént
in each of the cytoplasmic fractions. The comparison of
the activities of the nucleotides with those of the whole
A28 make 1t quite obvious that the acﬁivity of the whole
fraction bears no relationshlp whatever to that of the'
nucleotides. Even the 1solated RNA has a slightly higher
activity than that of any of the nucleotides derived from
it.

in view of the fact that the autoradidgraphs indi-
.cated that the chief contaminant of uridylic acid "g"
Fig.15 lay at the back edge of the uridylic acid spot, and
that "D" was located slightly in front of it, it was decided
to atfeﬁpt to obtain the true activity of the uridylic acid
by cutting the spot into three areas. The first, "E", was
cut 1 cm. inside the ultraviolet absorbing area extending
fora 3 cme in the direction of guanylic acid. The second
which was taken as uncontaminated uridylic acid extended
from the first cut to the front edge of the uridylic acid
spot; while the third, "D", comprised the 3 cm. immediately
in front of uridylic acid. The results of such an experi-

ment are shown in Table 19 where the activities of the
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nucleotides separated from the Azs and isolated RNA of the
three cytoplasmlc fractions are shown side by side. It
is clear from these figures that this procedure is not by
any means completely satisfactory since even the area |
taken to represent uncontaminated uridylic acid exhibits
an activity considerably in excess of the uridylic acid
from the isolated RNA. Of interest also are the figures
for the acitivities of the areas "D" and "E" which explain
the high values for uridylic acid found when the entire

‘area of ultraviolet absorption is taken.

5.17 The Composition of the RNA from the Cy?oplasmic

Fractions. |

The heterogeneity of the RNA of the cytoplasmic

fractions with respect to the uptake of 32P has been
illustrated, and iﬁwas therefore desirable to consider the
composition of the RNA from the three sources. The re-
sults illustrated in Table 20 are the figures obtained for
the analysis of the RNA isolated from the three cytoplasmic
fractions in the experiment carried out in the previous
section. From these figures it would appear that there
is no major difference between the fractions, although the
guanylic acid content of the microsome RNA appears to be
somewhat higher than that of the other two components of

the cytoplasm.
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3.18 The Relationship between Specific Activity and Time

after Injection.

A series of experiments was carried out to examine
the variation with time of specific activities of the
nucleotides from the three cytoplasmic fractions. In
previous experiments with rats some difficulty was found
in relating the final activity of the nucleotides to the
dose of 9P administered. It was therefore decided to
carry out this series of experiments on rabbits, which
have the advantage that one animal provides all the
necessary tissue, thus obviating the possibility of non-
uniform uptake by different members of the groﬁp. At the
same time by using rabbits it was possible to draw a sample
of blood at any interval after the injection of isotope,
from which the specific activity of the inorganic phosphate
of the blood could be determined.

The procedure adopted was as follows:-

Radioactive phosphorus was administered to female
rabbits of the same strain by intramuscular injectlon in

the thigh. The dose of °%

P used was 50 ).10-/100 g« body
wt. The animal's ears were then shaved, and after 2 hr.
a. sample of blood (about 5 ml.) was withdrawn from the ear
vein. This was treated with 0.5 vol. 30% (w/v) TCA.

The precipitated proteins were removed by centrifugation,
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and the clear supernatant was then treated with lathison's
(1909) reagent for precipitation of inorganic phosphate.
This precipitafe was filtered off through a Whatman no.42
filter paper, washed with ammonia, dissolved in N-HCl, and
was then used for the determination of phosphorus and
radioactivity. The supernatant from this precipitate
provided the blood acid-soluble phosphate fraction.

At the end of the appropriate time interval, the
animal was killed by cervical dislocation, a sample of
blood collected, the liver perfused with saline and removed.
Fractionation of the cytoblasmic constituents was carried
out by the Schnelder (1948) procedure (Fig.S),rwashing of
the fractions being omilitted. These were then submitted
to the modified Schmidt and Thannhauser (1945) procedure
(Fig.6). The nucleotides were separated by ionophoresis
of the ribonucleotide (AgS) fractlon, and after elution
radioactivity and phosphorus determinations were carried
out. In order to overcome variations in the amount of
52P administered, the results of specific activity determina-
tions were calculated relative to the specific activity of
the blood inorganic phosphate at 2 hr. from each animal,
giving the "Relative Specific Activity" (R.S.A.).

Specific Activity
Relative Specific Activity = of fraction

(R.S.A.) Specific Activity of blood™
inorganic phosphate at 2 hr.

10°
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In this series of experiments the activity of the
uridylic acid was obtained by taking only the area extend-
ing from 1 cm. in front of the rear edge of the ultra-
violet absorbing spot to the front edge of the same, which
although not giving an accurate value for the activity
was at least a considerable improvement on taking the whole
area. |

The results of this series of experiments are
illustrated in Figs.20, 21, 22, 23 and 24. In Fig.20, the
variation with time after injection of the relative
specific activities of the blood inorganic and acid-
soluble phosphates (1,2), whole cytoplasm inorganic and
acid-soluble phosphates (3,4) and of the whole cytoplasm
lipid phosphorus (5) are illustrated. From this figure
as might be expected it will be noted that the blood and
tissue inorganic phosphate (1,3) K.3.A.s fall very rapidly
over the first 18 hr., after which the slope of the curves
becomes similar to those of the blood and tissue acid-
soluble phosphates (2,4) and lipid phosphorus (5). The
R.3.A. of the lipid phosphorus on the other hand rises
steédily from 2 hr. to 24 hr. before beginning to fall.

In Figs. 21, 22 and 23 the varlation with time of
"R.S.A.s8 of tﬁe four nucleotides derived from each of the

three cytoplasmic fractions in turn are illustrated.



Figure 20.

The variagtion with time of the relative
specific activities of some components
of_rabbit blood and liver.
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8 |.Blood inorganic phosphate.

- | 2.Blood acid-soiuble phosphate.

o) 3.Cytopiasm inorganic phosphate.

e i 4.Cytoplasm acid~soluble phosphate,
5.Cytopiasm Lipid Phosphorus.
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Figure 21.

The varigtion with time of the relagtive
specific activities of the nucleotides
derived from the RNA of the mitochondrial
fraction.
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Figure 22.

The varigtion with time of the relative
specific activities of the nucleotides
derived from the RNA of the microsome
fraction.
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Figurc 23.
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specific activities of the nucleotides
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From these figures it is apparent that, certainly in the
case of the mitochondrial and microsome fractions, the
uptake of 32p into the four nucleotides follows exactly
the same pattern, although there might appear to bé at any
one time interval a considerable difference between any
particular pair of nucleotides. These differences how-
ever are ironed out when seen in the perspective of the
whole curve-. In the supernatant fraction (Fig.23) uri-
dylic acid and to a lesser extent adenylic acid seem -to
behave in a slightly different fashion from the other two
nucleotides at 18 and 24 hr. In the case of uridylic
acid this is almost certainly due to contamination with "E",
while the one value for adenylic acid (18 hr.) which is
anomalous might easily be due to errors. Generally how-
ever, the pattern which emerges is that the four nucleo-
tides in each cytoplasmic fraction behave in a similar
fashion, reaching peak uptake of 32P about 24 hr. after
injection.

Comparison of the three fractions is made in Fig.24
where the variations with time of the R.S.A.s of the
cytidylic acid from them is plotted. From this figure it
is clear that each of the cytoplasmic fractions behaves in
the same way, although at the earlier time intervals there

would appear to be some differences between them. These



Figure 24.

The variation with time of the relative
specific activities of the cytidylic acids
derived from the ribonucleic acids of
the three cytoplasmic fractions.
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differences, like the differences between the individual
nucleotides within a fraction, however, fade intb insig-
nificance when considered in the perspective of the rest
of the time curve.

The limited number of determinations which have so
far been carried out make it impossible to predict the
location of the maximum of the curves plotted in Fig.24,
but it would seem certain that this must fall between 24
and 48 hr. after injection. It is obviously necessary to
carry out many more experiments in this series in order to
fill in the curve, and also to overcome difficulties due
to variations in the metabolism of the particulér animals
used. In view of these considerations it is impossible
to vouch for each of the points quoted on the figures as
being representative of a group of animals, but the main
facts emerging are that each of the nucleotides in any of
the cytoplasmic fractions hehaves in the same manner as
does the RNA from each fraction.

319 The Specific Activities of the Nucleotides from the

Mitochondrial Fraction obtained by different methods.

It has been shown that the Specific Activity of the
uridylic acid obtained by ionophoresis of the AZS fraction
prepared as shown in Fig.6 indicated that there was con-

tamination with some highly active material. The work of
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Mitchell and Moyle (195l1a,b) suggested that this contamina-
tion might be due to glycerophosphate which has a pK value
intermediate between that of uridylic and guanylic aclds.
This was tested, by the ionophoresis of known quantities
of uridylic acid plus {-glycerophosphate. Results indi-
cated that glycerophosphate did in fact occupy a position
overlapping uridylic acid after ionophoresis. Various
attempts were made to free from contamination the Azs
fraction from a radioactive mitochondrial preparation.
These included incubation with acid phosphatase from
prostate, alkaline phosphatase from intestinal'mucosa
and also treatment with 2N-H0104 at 100°. It was found
that both phosphatases destroyed the uridylic acid, and
that the HC10, hydrolysis did not remove the contaminant.
A large sample of mitochondria from radiocactive
rat liver was prepared, and divided into 3 parts. From
the first of these, the A28 fraction was prepared in the
normal fashion, while the second portlion was utilised for
the isolation of the RNA. The third aliqﬁot was treated
by procedure 3 outlined in Fig.7 yielding what has been
called the ASS fraction. Ionophoresis of all three
hydrolysates was then carried out in the usual mﬁnner, the

nucleotides belng eluted, counted and the phosphorus con-

tent of each eluate measured. The results of this
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experiment are illustrated in Table 21 from which it is
clear that the primary object has been obtained by use of
procedure 3, the uridylic acid activity of the AzS
fraction approximating to that of the other nucleotides.
At the same time, except in the case of uridylic acid,
there is better agreement between the specific activitiles
of the nucleotides from the AzS and AES than between the
AzS and RNA. The reason for this discrepancy is not clear;
it may be due to contamination of all the nucleotides
obtained by lonophoresis from the A S and ABS fractions.
This however does not seem likely as one might‘expeot that
at least one of the nucleotides obtained by these methods
would be free from contamination. Furthermore auto-
radlographs of strips of paper on which ionophoresis of
radioactive Az3 fractions had been carried out showed no
evidence of contamination of the nucleotide region.

One possible explanation is that the full isolation
of the RNA involves precipitation from glacial acetic acid,
and deproteinising by the method of Sevag, Lackman and
Smolens (1938), procedures which are quite drastic and
could bring about partial degradation of the RNA. This
difficulty is obviated by the use of procedure 3 which does
not require the use of glacial acetic acid or deproteinisa-

tion. It is possible that the labelling of the RNA is



Table 21.

The specific activities (counts/min-/lOO}Jg-P) of fthe
nucleotides of the ENA of rat liver mitochondrie ob-
tained by ionophoresis of (a) hydrolysed RNA, (b) AgS
(fig.6}), (c) AgS (f1g.7).

Nucleotide Is Ogi‘?qzed A8 AgS
Adenylic Acid 512 482 565
Guanylic Acid 297 412 $70
Cytidylic Acid 315 450 - 495

Tridylic Acid 340 1355 562



not homogeneous, and that the more biologically labile
phosphate groups are also the more chemically labile.

If then during the isolation of the RNA some loss of the
more active nucleotides occurred, the activity of the
final product would be lower than might have been expected,
but thils requires further investigation.

3.20 The Determination of the True Specific Activities of

all four Nucleotides, by Ionophoresis of the A3§

(procedure 3) from the three Cytoplasmic Fractions.

The partial isolation of the RNA (procedure 3)
was then applied to the analysis of the nucleotides from
the three cytoplasmic fractions isolated in 0.25HM-sucrose.
The animals were male albino rats, and they received 50‘pc.
323/100 g. body weight intramuscularly 2 hr. before
sacrifice. The results of specific activity determinations
are illustrated in Table 22, from which it is clear that
the uridylic acid activity is of the same order as that
of the other nucleotides in each of the cytoplasmic
fractions. Furthermore, the microsome fraction again ex-
hibits the lowest activity, as was previously recorded.
In each of the fractions the activities of the nucleotides
is considerably less than that of the whole ABS despite
the partial isolation procedure . This is in accord with

- the findings for the RNA isolated from the three cyto-
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plasmic fractions (Table 19). Of the nucleotides,
adenylic acid exhibits the highest activity in each of
the fractions, while guanylic acid is in#ariably found

to have the lowest activity.



. 85.

PART TV - DISCUSSION.

4.1 Methods of Analysis of RNA.

Since the development of the technique of chromato-
graphy on filter paper by Consden, Gordon and Martin (1944),
numerous authors have sought to apply similar methods to
the separation of the degradation products of RNA with a
view to its analysis. Vischer and Chargaff in 1947 first
investigated the possibilities of chromatography in this
respect, and in the following year they (1948a) described
the separations of purine and pyrimlidine bases as well as
several related compounds achleved by the use of a variety
of solvents. They next turned their attention to the
hydrolysis and analysis of samples of RNA (Vischer & Char-
gaff, 1948b), utilising two of the previously studied
solvent systems. The procedure was twofold, a preliminary
hydrolysis with methanolic HCl, followed by formle acid
hydrolysis of the pyrimidine residues, and proved to be
rather complicated and by no means quantitative. The
analysis of a sample of yeast RNA by this method is>included
in Table 23. About the same time, Hotchkiss (1948) studied
the separation of pﬁrine and pyrimidine bases and nucleo-
sides on filter paper using n-butanol saturated with water
és the solvent. Preliminary experiments with the purifiled
materials proved reasonably satisfactory, but once again

the hydrolysis of RNA proved to be a pitfall.




The composition of the RNA from several differant sources
-as determined by various authors.

calculated relative to adenylic acid as 10.

Source of
RNA

Yeast

Yeast

Yeast

Yeast

Yeast

Yeast

Yeast

Yeast

Yeast

Yeast

Yeast

Pig Pancreas
Pig Pancreas
Pig Pancreas
Pig Liver
Sheep Liver
Beef Liver

Calf Liver

Adeny- Guany- Cytidy- Urldy-

lic
Acid

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

Table 23.

lic
Acid

9.7

9.7

9.6
10.6
10.5

5.4
12.2
10.8

9.7
12.3
12.4
24.5
22.5
24.5
16.3
16.8
14.6
16.2

lic
Acid

9.4
6.1
75
8.6
8.0
5.9
7.8
7.9
9.4
7.8
8.8
12.5
9.8
12.6
16.1
15.4
10.9
11.1

All results have been

lic
Acld

3.1
7.0
6.7
8.2

10.2

15.4
9.0
8.9
3.1

11.2

10.4
2.8
4.6
2.8
7.7
5.6
6.6
5.3

Reference

Vischer & Chargaff
(1948b)
Chargaff et al.
" (1920)

n n
tt 1i]
Carter (1950)
Smith & Markham
(1950)
Wyatt (1951)

Beale et al. (1950)

Boulangsr & Montreuil:
{1951b) ;
Current Experiments |

Vischer & Chargaff
(1948b) y
Chargaff et al.(1950)!

Beale et al. (1950)

Chargaff et al.(1950)°

tt n
n 1

" n



Source of
RNA

Calf Liver
Calf Liver

Calf Spleen
Calf Thymus

Table 23 (Contd.)

Calf Péncreas]D.O

Beef Pancreas 0.0

Rabblt Liver
Rabbilt Liver
Rabbilit Liver

Rabbit Liverf 10.0

Rat Liver

Regenerating
Rat Liver

Rat Lilver
Rat Liver
Rat Liver
Rat Liver
Rat Liver*
Rat Liver®
Mouse Liver

Mouse Hepa-~
toma

Carcinomatous Human

Unaffected
Tissue

Adeny~- Guany- Cytidy- Uridy- Reference
lic lic lic lic
Acid Acid Acid Acla
10.0 18.0 14.9 8.4 Volkin & Carter (19514
10.0 18.8 16.1 8.7 " "
10.0 19.8 17.7 8.6 " "
10.0 23.2 14.2 6.7 no. "
35.1 17.1 9.7 " "
23.0 10.0 3.9 Boulanger & Montreuil
(1951b)
10.0 20.1 16.8 9.9 Volkin & Carter(195la)
10.0 19.2 16.1 9.5 n " ;
10.0 18.8 13.9 10.9 Current Experiments.
16.9 14 .6 10.3 Current Experiments. ,
1 10.0 17.2  18.9 8.6 Volkin & carter(lgslai
10.0 19.0 18.3 9.3 " " ;
10.0 17.6 15.9  11.2 Current Experiments. .
10.0 17.7 16.6 12.3 " J
10.0 17.2  14.9 9.5 " "
10.0 17.7 14.5 10.4 " "
10.0 17.5 13.9 10.9 " "
10.0 17.6 14.3 10.8 " " g
10.0 16.2 12.9 8.6 Volkin & carter(leslaf
10.0 15.5 15.5 8.3 n "
Liver
10.0 32.9 28.8 8.3 Chargaff et al.(1950)



Source of
RNA

Metastases

GRCH 15 Fowl
Tuamour

Cock Liver*
Cock Liver®

Liver from
Laying Hen®

Liver from
Cock bearing
GRCH 15
Tumour=<

Table 23 (Contd.)

Adeny- Guany- Cytidy- Uridy-

lic
Acid

10.0

10.0
10.0

10.0

10.0

10.0

GRCH 15 TPumour

from Cock®

10.0

lic
Acid
41.4

33.6
16.5
17.7

16.7

18.1

18.4

lic
Acid

43.2

20.1
15.4
13.9

15.6

14.5

14.5 |

lic
Acid

7.2

9.0
10.3
10.8

10.2

11i.1

11.1

Reference

Chargaff et al.(1950)

Beale et al. (1950)

Current Experiments.

*pnalysis was carried out on the partially

‘1solated RNA obtained by procedure 3.
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Markham and Smith (1949a,b) described a method for
the detection on filter paper of spots containing the purine
or pyrimidine bases, based on thelr strong ultraviolet
absorption and also reported on the separation of the purine
and pyrimidine bases, nucleosides and several related com-
pounds in different solvent systems.

The separation of mononucleotides by paper chromato-
graphy was first described by Vischer, Magasanik and Char-
gaff (1949), and was utilisedfor the analysis of some speci-
mens of RNA (Chargaff, Magasanik, Doniger & Vischer, 1949).
This procedure, which did not obtain resolution of guanylic
and uridylic acids, made use of a system composed of iso-
butyric acid/water in an atmosphere of ammonia, was later
modified by Magasanik, Vischer, Doniger, Elson and Chargaff
(1950) by incorpdrating the ammonia in the solvent itself.
Using this technique, determination of guanyllic acid and
uridylic acid was carried out by differential spectrophoto-
metry. Chargaff, Magasanik, Vischer, Green, Doniger and
Elson (1950) then applied the method to the analysis of RNA
from yeast and several mammalian tissues, the results of
which are illustrated in Table 23.

Smith and Markham (1950) carried out careful studiles
of the separation of the components of yeast RNA obtained

by hydrolysis with HC1l, and were able to obtaln conslstent
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figures for its analysls by separation of the purine bases
and pyrimidine nucleotides obtained by this hydrolysis.
The results of such an analysis are shown in Table 23.
This method was then appllied by Markham and Smith (1950)
to the study of virus RNA. The use of starch columns
was continued by Beale, Harris and Roe (1950} who separated
the four nucleosides by means of an n-butanol/water system
et room temp. Two methods of hydrolysis were utillsed;
firstly the agueous pyridine method of Bredereck, Martini
and Richter (1941), and secondly the hydrolysis of the
nucleotides obtalned by alkaline hydrolysis of the RNA:
using human prostate acid phosphatase (Schmidt, Cubiles &
Thannhauser, 1947) which proved to be more satisfactory.
By this method Beale et al. (1950) were able to obtain
figures for the composition of some different samples of
RNA which are shown in Table 23. |

Carter (1950) proposed the use of several buffered
solvent systems for the separation of various degradation
products of RNA, and has applied one of these to the analysis
of a specimen of yeast RNA hydrolysed to the mononucleotides
with barium hydroxide. In this case there was no re-
solution of cytidylic and uridylic acids; moreover it is
clear from the figures quoted (Table 23) that there is an

enormous preponderance of urldylic acid, while the value
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for cytidylic acid is low. This would suggest that the
hydrolysis with baryta has brought about deamination of
the cytidylic acid as described by Marrian et al. (1951)
and confirmed above.

Further improvements on their earlier methods of
analysis of RNA were made by Markham and Smith (1951), who
also described the separation of nucleotides on paper using
a solvent system composed of ammonium sulphate, water and
isopropanol. This solvent, like those of Carter (1950),
did not resolve the two pyrimidine nucleotides although
the isomeric purine nucleotides were separated from one
another. The technique of chromatography of the purine
bases and pyrimidine nucleotides was also improved although
the authors found 1t necessary to apply a correction for
hydrolysis of the pyrimidine nucleotides which suggests
that the conditlons were not so quantitative as might have
been desired.

Wyatt (1951) using the method of hydrolysis with per-
chloric acid described by Marshak and Vogel (1950a) and a
solvent system of isopropanol/HCl obtained excellent
separations of all four bases produced by the hydrolysis of
RNA . He found figures for the analysis of a specimen of
yeast RNA comparable with those found by Smith and Markham
(1950) for the same specimen of RNA by their method (Table

23). There appears however to be a slight discrepancy
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between the two methods since Markham and Smith (1951) in
a subsequent paper apply a 5% upwards correction for the
hydrolysis of the pyrimidine nucleotides. When such a
correction 1ls applied to the analysls of yeast RNA quoted
by Smith and Markham (1950) (Table 23), the values obtalned
for the pyrimidine nucleotides are appreclably higher than
those found by Wyatt (1951) (Teble 23). Very recently,
Boulanger and Montreuil (195la,b) have described the use of
several phenolic solvents for the quantitative separation
of the ribonucleotides, and have applied these to the
analysis of samples of RNA hydrolysed with ammonium or
sodium hydroxide (Table 23). In this case the nucleotides
were detected by means of the phosphate detecting spray
reagent of Hanes and Isherwood (1949), and estimation was
carried out by phosphorus determinations on duplicate
chromatograms .

A new departure was made by Cohn (1949) when he made
use of anion and catlion exchange resins to separate the
bases and nucleotides from mixtures of the pure materials,
and also of the nucleotides obtained by alkaline hydrolysis
of yeast RNA. In all these experiments, good recoveries
were obtained, and the results were very promising. The
technique was further improved by Cohn (1950) who achieved

good separations of all the nucleotides, and demonstrated
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the presence of the isomeric adenylic and guanylic aclds
in samples of rat liver RNA. Volkin and Carter (195la)
made use of this technique to analyse several specimens of
RNA ffom animal tissues, the results of which are shown in
Table 23.

During this time, the purely chemical methods of
analysis were not entirely neglected. Thus Kerr, Serai-
darian and Wargon (1949a,b) described a method based on the
precipitation of the purine bases from sulphuric acid
hydrolysate of RNA with silver sulphate, leaving the pyrimi-
dine nucleotides in solution. The two groups of substances
were then determined by differential spectrophotometry.
Fairley, Seagram and Loring (1950) subsequently made use of
a8 similar technique to examine the RNA of the mitochondrial
fraction of beef pancreas.

The crlteria of a satlsfactory method of analysis of
RNA for our purposes were as follows:-

1. The method of hydrolysis must yield the mononucleotides.
2. The hydrolysis to mononucleotides must be quantitative,
and must involve no intercoversion of the breakdown

products.
3« The method of separation must be adequate for all four
nucleotides.

4. The method of estimation of the separated components

must be accurate and wvalid.
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Examimation of all the methods available made 1t clear
that very few were therefore sultable for our purposes.
Methods involving separations of the bases and nucleosides
were ruled out since for isotope studlies using 52? it was
necessary to use the nucleotides, but even the methods of
separation of the nucleotides were in some instances unsuilt-
able since they did not achleve resclution of all four com-
ponents (Carter, 1950; lagasanik et al., 1950; and Markham
and Smith, 1951). The techmique of Cohn (1950) appears to
be gquite suitable, but was not published until much of our
work was In progress, and 1n addition it could not be
readily adapted to the small quantities of matefial at our
dispossal. The paper chromatographic method of Boulanger
and Hontreull (1951), likewise, was not published umtil
mach of our work was completed, but it suffers from the dis-
advantage that the spots cannot be exzactly located on the
chromatogram whiich is to be used for analysis. The presence
of phenol precludes the location of the nucleotides by the
method of Holidsy and Johnson (1949} or Markham and Smith
{(1949a). Boulanger and lontreull locate the nucleotides
on a duplicate chromatogram by using the Hanes and Isher-
wood {1949) reagent for the detection of phosphates, a method
which in our hands has not proved satisfactory for the de-

tection of the nmucleoctides.
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4.2 The Techmique of Ionophoresis.

It has been demonstrated that at the time of commence-
ment of these studies, none of the existing methods for the
analysis of RNA was suitable, and that it was necessary to
adopt a new approach to the problem. It was therefore
declided to attempt a separation of the nucleotides based on
their differing mobilities in an electric fleld. The
photographs in Figs.1ll and 12 make 1t clear that an adequate
separation of the nucleotides can be achleved by the method
of lonophoresis on filter paper, while the results illustrat-
ed In Tables 3 and 4 show that the recoveries of the pure
meterials from the paper are satisfactory. The figures
shown in Table 8 demonstrate that the RNAP is liberated
quantitatively into the material to ve analysed on incuba-
tion with alkall and acidification, while from Table 7 it
will be seen that although alkaline hydrolysis can cause
interconversion of cytidylic acid and uridylic acid this
does not occur in the conditions utilised. From this Table
also it will be noted that using C.3M-alkall all the origin-
al material was recovered as nucleotide phosphorus. In
the case of the samples of isclated RNA studied (Table 9)
the nucleotide phosphorus recovered accounted for about 93%
of the original RNAP, indicating that the hydrolyses,

separations and estimations 1f not absolutely quan titative
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were very close to being so especially since it seemed not
impossible that the 7% phosphorus unaccounted for might
not all have been nucleotide phosphorus initially.

The method of phosphorus determination was well
established, and has been carefully checked in respect of
its use as a means of estimating the quantity of mono-
nucleotide (Table 5). The overall validity of the method
of ionophoresis has been further checked by comparison of
the analysis of mixtures of nucleotides and of samples of
RNA with results obtained by the totally different method
of chromatography of the bases (Tables 6 and 9). These
tables indicate that in the cases of adenylic, guasnylic and
cytidylic acids, good agreement is obtained; in the case
of uridylic acid, however, the ionophoretic value is in-
variably slightly higher than that obtained by chromato-
graphy of the bases. Experiments carried out on the re-
covery of uridylic acid based on phosphorus estimations and
also on ultraviolet determinations on the eluates from
lonophoretlic runs showed quite clearly that the uridyliec
acid recovered was the same whether determined by phosphorus
or ultraviolet measurements. Moreover this accounted almost
exactly for that applied to the paper initially both in
terms of phosphorus and weight. Finally Dr. Crosbie, who
carried out the base chromatography, has concluded that

there is a loss of uracll in the course of the perchloric
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acid hydrolysis. It would appear therefore that the iono-
phoretic method for the analysis of RNA satisfies the
criteria set out above, and can be adopted as a valid
method.

The compositlon of RNA from different sources de-
termined by ionophoresis of the nucleotides, and by the
other methods discussed above 1s shown in Table 23, which
also includes the results obtained from the analysis of
the partially isolated RNA obtalned by the saline extraction
of the lipid free tissue powder (Procedure 3). These
figures 1indicate that the ionophoretic method yields re-
sults which are comparable with the more recent and more
carefully established techniques-. In the case of the
samples of yeast RNA there is considerable wariation in the
analysis figures. It is difficult to estimate to what
extent these variations are due to the method of isolation
of the RNA, and to what extent they are due to faults in
the methods of analysis, but it would appear that the de-
gree of degradation of the RNA is greatly dependent on
the isolation procedure, and that this can alter consider-
ably the composition of the final materlal.

In the case of the RNA from animal tissues, two facts
are apparent, the high content of guanylic acid in every
sample, and the high cytidylic acid value. These results
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have been obtained by a variety of techniques of analysis
applied to numerous tissues, and it would appear therefore
that the high guanylic and cytidylic acid content of the
tissues studied is in fact characteristic. In RNA from
pancreas and from tumour tissues, the guanylic acld content
1s greatly increased. The high concentration of rilbo-
nuclease in pancreas renders the results for that tissue
suspect, since degradation of RNA by this enzyme prefer-
entially removes the pyrimidine nucleotides and adenylic
acid, leaving a core very rich in guanylic acid (Magasanik
& Chargaff, 1951).

Similar considerations may apply to the RNA from tumour
tilssue since here again high guanylic acid values are re-
corded (Beale et al., 1950; Chargaff et al., 1950). In
our aﬁalyses of the GRCH 15 tumour of the fowl when pro-
cedure 3 was applled, i.e., when any ribonuclease would
have minimum opportunity to degrade the RNA, the values
quoted were obtained. On one occasion when the cytoplasmic
materlal remaining after the isolation of nuclei in citric
acid was used, after standing at room temperature for some
time, values similar to those obtalned by Beale et al.
(1950) were obtained.

4.3 The Analysis of the Schmidt and Thannhauser (1945)

Ribonucleotide Fraction.

The exact nature of the A28 fraction obtalned by the
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application of the Schmidt end Thannhauser (1945) pro-
cedure has for some time been the subject of controversy.
Thus numerous authors (Jeener, 1949a,b; Marshak & Cal-
vet, 1949; HMershak & Vogel, 1950b; Jeener & Szafarz, 1950
8,b; Davidson, Frazer & Hubtchison, 1951) have commented
upon the presence in thils fraction of inorganic phosphate
which they heve found difficult to remove by purely chemil-~
cal methods. FRecently Szafarz and Paternotte (1951)

have deserlbed in detall a chromatographic method for its
removal, without however achieving separation of the nucleo-
tides from one another. The lomphoretic analysis which
has been descrived, not only achieves the removal of all
inorganic phosphate from this fraction, but also provides

a means of separating the four nucleotides into four dis-
crete spots (Fig.l3).

Davidson, Frazer and Hutchison (1951) besides noting
the presence in the AQS fraction of inorganic phosphate
suggested that there might be present other organic phos-
phates in addition to the ribonucleotides. This was
based on the observation that only about 85% of the phos-
phorus of the fraction could be accounted for on the basis
of pentose determinations, and while the inorganic phos-
phate admittedly accounted for some of the remainder, a
large proportion of this extra phosphorus was neither nucleo-

tide nor inorganic phosphate. Application of the iono-
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phoretic procedure has confirmed that a large proportion
of the Azs P is not nucleotide in origin, and that nucleo-
tide phosphorus in fact accounts for only about 75% of the
total (Table 12). It 1s therefore not satisfactory to
estimate the RNA content of a tissue by application of the
Schmldt and Thannhauser (1945) procedure alone since such
analyses will yleld results that are high by some 33%.

Short ionophoretic runs (Fig.l4) indicated where
' some of the additional phosphorus was to be found, but it
was not until autoradiographs of papers on which the AQS
fraction from the livers of rats which had recelved 52?
before killing, were prepared that exact location of all the
remaining phosphorus was possible. It 1s clear from
Figs. 15 and 16 that at least five phosphorus containing
components are present in the A28 fraction over and above
the inorganic phosphate which coincides with the most rapid-
1y moving concomitant. It will be noticed on the auto-
radiographs (Fig.l16) that fogging of the photographic
emulsion is most intense in the region of these additional
components, and since between them they comprise only about
25% of the total phosphorﬁs of the fraction, it 1s to be
expected that they will exhibit a high activity.

That this 1s the case will be seen from the results
in Table 13 where the specific activities of all the

separate components of the AZS fraction are illustrated.
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From the figures, it is apparent that the most actlve com-
ponent 1is "B which seems to correspond to the “phospho-

protein" or P_ phosphorus of Davidson, Frazer and Hutchison

2
(1951). Owing to the presence of these additional phos-

phorus containing substances in the fraction A_3, the

2
activities of the nucleotides themselves bear no relation-
ship whatsoever to the activity of the whole fraction, and

it is therefore quite unjustifiable to assume that the
specific activity of the ribonucleotide fraction obtained

by the procedure of Schmidt and Thannhauser represents the
true activity of the RNAP itself.

Of the nucleotides, guanylic acid invafiably exhibits
the lowest activity, while uridylic acid is usually higher
than any of the others. The proximity of the uridylic acid
to the concomltants "A", "B' 6 Ugo® gnd "D" aroused suspicion
as to whether this high value was in fact correct, or was
due to contamination with an undetected phosphorus containing
compound of high specific activity. That the latter was
the case 1s obvious from the comparison of the specific
activitles of the nucleotides from an isolated RNA and an
AZS prepared from the same material (Table 14), and from
the results illustrated in Table 19 where the area around
the uridylic acld was cut into three portions each being
assayed separately for phosphorus and radioactivity.

An investigation of these additional components
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proved that they do not originate either in the acld-
soluble or in the 1lipid phosphate compounds of the tissue.
Unfortunately the method of ionophoresis does not lend
itself to preparation of these substances in quantity,
and no attempt has therefore been made so far to identify
them. The recent papers of Mitchell and Moyle (195la,b),
who detected the presence of a glycero-phospho-compound
in the ribonucleotide fraction of certain micro-organisms,
suggested that something similar might be found in the
ribonucleotide fraction of animal tissues. In experiments
in which a mixture of o(-glycero-phosphate and uridylic acid
was applied to filter paper and run in the nofmal fashion,
the two components were not resolved. This observation
does not prove tbe presence of glycero-phosphate in the
AS fraction, but indicates nevertheless thatvit 1s a
possible contaminant. It is more difficult to trace the
origin of such substances in animal tissue than in the
experiments of Mitchell and Moyle (1951b), but the presence
of these components in each of the cytoplasmlic fractions
welghs againét.localisatipn in any particular cytologlcal
unit. '

0f the concomitants, "E" proved the most obstinate
to eliminate and since 1t affected both the activity snd

phospuorus determinations of uridylic acid (Tables 10, 14,
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18, 19 and 21), it was necessary to adopt the further modi-
fication of the Schmidt and Thammhauser (1945) procedure
shown in Fig.7, which amounted to a partial isolation of
the RNA.

The results obtained using this procedure, and also
from isolated specimens of RNA (Tables 21, 22), disprove
the earlier conjecture that uridylic acid exhilbits a
markedly higher activity than the other nucleotides. The
highest activity 1s invariably associated with adenylic acid,
and the lowest with guanylic acid as was observed by Volkin
and Carter (1951b) for several tissues. This latter find-
ing is perhaps of some significance in view of the con-
clusions regarding the structure of RNA reached by Magasanik
and Chargaff (1951) who found that the actlon of ribonuclease
on RNA left an undlgested residue exceedingly rich in
guanylic acid. They suggested that the maln skeleton of
the RNA contained a high proportion of guanylic acld. Ir
this were so, it seems not impossible that the "backbone"
of the molecule may be comparatively inert biologically, the
side chains providing the functional portion. The guanylic
acid obtained on complete hydrolysis of the molscule would
be diluted with guéﬁylic acld from this inert cors and would
therefore exhibit a lower activity than might be expected.

On the other hand, the proportion of adenylic acid in thils
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unhydrolysed core is also high (Magasanik and Chargaff,
1951) and on the same analogy the activity of the total
adenylic acid should likewise be lower than that of the
pyrimidine nucleotides, which are liberated almost in
their entirety by the enzymic digestion. The possibility
of heterogeneous labelling of the nucleotides from RNA

has already been mentioned in connection with the dis-
crepancies between the specific activities of the nucleo-
tides obtained from isolated RMA, fraction.Azs and fraction
AzS (Table 21).

| It has been observed that the specific activity of
the whole isolated RNA 1s often considerably ih excess of
the specific activlities of the nucleotldes obtalned from
it by ionophoresis (Tables 14,19). This factor in con-
junction with the observation that only about 93% of the
RNAP was recovered in the form of nucleotide phosphorus
(Table 9) suggested that even the isolated RNA might be
contaminated with some highly active phosphate. Evidence
for the presence of such a substance has been found on
autoradiographs prepared from short ionophoretic runs of
the isolated RNA from an animal vwhich had received SZP.
The extra spot appeared in a position corresponding to com-
ponent "C" of the 4,5 fraction, and was present on short

ionophoretic runs of hydrolysates of isolated RNA and also
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of the Ass fraction (procedure 3).

The presence of this hitherto unsuspected component
in samples of 1solated RNA mskes 1t essential to separate
the individual nucleotides in 1sotope studlies on the up=-
take of radiocactive phosphorus by anlimal tlssues, rather
than to determine the specific actlivity of the isolated
RNA.

4.4 The Use of Procedure 3.

In view of the extent of the contamination of the
fraction AgS by phosphorus contalning substances, and the
tedium of carrying out the complete lsolation procedure
for RNA, the partiél isolation (procedure 3) of the RNA
became necessary. This technique suffers from one ma jor
disadvantage in that only about 70% of the RNA in any
given material 1is obtained. While this 1s of no conse-~
quence, from the point of view of subsequent analysils,
if all the starting material 1s homogeneous 1t means that
no figure for the RHA content of a sample of tissue can be
obtained. Furthermore if the starting material is not
reasonably homogeneous there 1s a danger of preferentlally
extracting one of the components, a feature which could be
misleading.

In the case of rat liver, for instance, the tissue
R¥A is composed of RHL from the three cytoplasmic fractions
and the nuclsus. If the composition of any of these con~

stituents differed markedly from the others, 1t would not
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be valid to determine the composition of the saline ex-
tracted materlal since this might not be representative

of all components. In our experience, the composition

of the RNA from the different cytoplasmic fractions 1s
similar (Table 20) and this is in accord with the findings
of Elson and Chargaff (1951) although the values obtained
by these authors do not agree closely with our own. Con-
sequently we have considered it valid to analyse the ASS
frection of animal tissues and to consider these results
representative of the whole RNA. This procedure is at
least as satisfactory as the analysis of isolated samples
of RNA since the initial stages are similar, and the sub-
sequent procedures much less vigorous.

Specific sctivity determinations on the nucleotides
obtained from an.A5S fraction are open to similar criticisms.
In comuon with other workers we have found a non-uniform
uptake of 52p into the RNA of the three cytoplasmic
fractions at short intervals after injection (Tebles 17,18,
19 and 22). Consequently it is not valid to determine the
specific activity of the nucleotides obtained by iono-
phoresis of the ASS fraction of whole tissue and to con-
sider them representative of the whole RNA. The same ob-
jection of course applies to samples of RNA isolated from
heterogeneous material.

It would seem therefore that only so long as the
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property being studied can be demonstrated to be homo-
geneously distributed throughout the starting material 1is
it justifiable to apply procedure 3 to its study.

4.5 Cytoplasmic Fractionation Procedures.

It will be seen from Table 15 that the distribution
of RNA throughout the three cytoplasmic fractions obtained
by Claude's (1946) procedure is comparable with that found
by other authors by several methods (Table 2). At the
same time, the RNA content of the nuclear frsction (Table 15)
is very high, indicating contamination of the nmclear
sediment with whole cells, mitochondria or both. There is,
moreover, in the mitochondrial fraction a measurable
quantity of DNA which although small nevertheless provides
definite evidence that some of the muclei have been destroyed

in the course of homogenisation. The extent of contamination

of the mitochondrial RNA with RHA from the nucleus mey be
estimted on the assumptlon that the ratio of RIA4DHA in
the nucleus 1s about 1:53, and on this basis contamination
is very slight. Several varieties of homogeniser and of
homogenisation techniques have been used in an attempt to
obtain meximum rupture of whole cells with minimum de-
struction of nuclei, but it has proved quite impossible to
produce a homogenate containing simultaneously no whole
cells and no broken nuclei. The results obtal ned by
several authors (Table 2) indicate that they have achieved
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more satisfactory conditions of homogenisation than ours,
since none of them find any DNA in the cytoplasmic fractions,
and at the same time there is little evidence of contamina-
tion of the nuclear fraction with RNA from cytoplasmic
sources. Homogenlisation within such narrow limits must
indeed be a difficult task.

Electron micrographs of the mitochondrial and micro-
some fractions obtained from saline homogenates (Figs.l1l8a,b)
of rat liver make it clear that the mitochondrias separated
from such homogenates are grossly agglutinated and con-
taminated with microsomes. Similarly, the microsome
fractlion is agglutinated and liable to sediment along with
the mitochondria.

Corresponding electron micrographs of mitochondria
eand microsomes prepared from 0.25M-sucrose homogenates of
rat liver (Figs.19a,b) show that there is much less evi-
dence of agglutination, and no obvious contamination of one
fraction with the other. Ckearly, the sucrose procedure
is desirable for any studies in which it is necessary to
compare the properties of one of the cytoplasmic fractions
with another. |

4.6 The Incorporation of Isotopes into the RNA of the

Cytoplasmic Constituents.

In view of our findings concerning the contamination

of the Schmidt and Thannhsuser (1945) ribonucleotide
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fraction with non-nucleotide phosphates, the results ex-
pressed in Table 16 for the specific activitles of the

AoS fractions from the three cytoplasmic constituents are

of no absolute value. It is indeed questionable whether
they have even a relétive worth. We have therefore applled
the technique of ilonophoresis to the separation of the
nucleotides from the ribonucleotide (AxS) fraction obtailned
from the cytoplasmic constituents by application of the
modified Schmidt and Thannhauser (1945) procedure.

The results obtained (Tables 17,18 and 19) make it
certain that the nucleotides from the RNA of each of the
cytoplasmic constituents are found in association with the
previously mentioned concomitants, and that the specific
activity of the whole Azs fraction is no measure of the
specific activlity of the constituent nucleotides. Even in
the case of the isolated RNA (Table 18), the specific
activities of the whole materials are considerably in ex-
cess of that of any of the constituent nucleotides except
in the case of the microsome fraction. It appears there-
fore that even the procedure of isolating the RNA from a
sample of tissue provides no guarantee of its purity, and
that it 1s necessary to separate the RNA of the tissue into
its constituent ribonucleotides.

The difficulty of removing all these contaminating

substances from the nucleotides ls illustrated in Tables 18,
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and 19 from which it will be seen that ionophoresis cer-
tainly provides adequate purification of adenylic, guanylic
and cytidylic acids, but that the uridylic acid is not
completely free from non-nucleotide phosphates. This dis-
crepancy has been overcome by the use of procedure 3

(Table 21) which shows similar activities of all four
nucleotides derived from the same material by procedure 3
and by isolation of the RNA followed by lonophoresis.

The substance responsible for the contamination of the
uridylic acid obtained by ionophoresis of the AQS fraction
has clearly been eliminated by the use of this partial
isolation procedure.

Examination of the specific actlivities of the nucleo-
tides obtained by lonophoresis of the fraction A,S from
each of the cytoplasmic constituents indicates that with
the exception of uridylic acid (which we know to be con-
taminated) adenylic acid exhibits the highest activity
while guanylic acid has the lowest. When the true valué
for uridylic acid (Table 22) is taken into account, this
finding still holds, and is in agreement with our findings
for whole tissue RNA and also with those of Volkin and
Carter (1951b) for several tissues.

The cytoplasmic fractions themselves, whether pre-

pared from saline or sucrose homogenates, exhibit the same
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pattern. 2 hr. after injection of 32

P, the specific
activities of the nucleotides from the microsome fraction
are always lowest, while those from the supernatant
fraction are invariably highest (Tables 17,18,19 and 22).
Jeener (1949a) and Jeener and Szafarz (1950a) obtained com=-
parable results for experiments on the uptake of 52P into
the RNA of the cytoplasmic fractions of mouse embryo,

chick embryo and pigeon crop gland. Jeener and Szafarz
(1950a) however found considerable difference between these
growing tissues and resting rat liver 1in which they found
the highest specific activity, 2 hr. after injection of 52P,
in the RNA from the non-sedimentable material, fhe lowest
activity being not in the smallest particles but in the
largest. The cytoplasmic fractlonation technique used by
these authors is very different from any of the other methods
described. It seems likely that all the mitochondria and
a large proportion of what we lmow as microsomes are sedl-
mented in thelr first sediment, while the small particles
obtained by them consist of the smaller microsomes and
still smaller particulate matter not normally sedimented at
all. Purthermore, although these authors take considerable
trouble to rid the ribonucleotide fraction of any inorgaic
phosphate before determining radioactivity, they have not

found, nor apparently suspected, the presence of contaminat-
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ing organic phosphates. Consequently, the accuracy of
their results is doubtful, since they have not character-
ised the cytoplasmic fractions which they were analysing,
and since there is almost certainly conslderable contamina-
tion of their ribonucleotide fraction with organic phos-
phates of high specific activity.

Barnum and Huseby (1950) using more conventional
methods of cytoplasmic fractionation carried out similar
investigations at different time intervals after injecting
the radioactive phosphate. Recognising the difficulties
of contamination of the ribonucleotide fractions obtained
from the cytoplasmic constituents, they have isblated the
RNA 1in each case. Once again the greatest uptake of
isotope was found to occur in the supernatant RNA, but in
—this case there was no significant difference between the
uptake of 321‘:’ into the mitochondrial and microsome fractions.
It must be emphasised however that the isolation of the RNA
is not sufficient to guarantee freedom from contamination,
particularly in the supernatant fraction (Table 18j).

Marshak and Calvet (1949) have studied the uptake
of 32P into the RNA of the nucleus and of two cytoplasmic
particulate fractions obtained by centrifugation of the
cltric acid supernatant, after the removal of nuclei. They
found that the uptake of 52p into the RNA of the most

readily sedimentable particles was lower than that into the
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RNA of the smaller particles. The nature of the cyto-
plasmic particles obtained by these workers is highly sus-
pect since 1t 1s recognised that acid conditions such as
they used bring about aggregation of the cytoplasmic con-
stituents. As a result, no rellance can be placed on

the differentiation between the two types of particle
claimed by Marshak and Calvet. Moreover, apart from
doubts as to the nature of the cyloplasmic particles, no
attempt was made to purify the ribonucleotide fraction ob-
tained by the application of the Schmidt and Thannhauser
(1945) procedure, so that the results obtained have no
absolute value and are of little relatlve use.

15N into the purines and

The incorporation of
pyrimidines of RNA from the cytoplasmic fractions of re-
generating rat liver has been studied by Reichard (1950)
using essentially the fractionation technique of Hogeboom
et al. (1948). He found that the isotope content of any
base from each of the cytoplasmic fractions was the same,
and reached the very caublious conclusion that the evidence
did not preclude the existence of ribonucleic acids of
different blological activity within the cytoplasm, bub
that more sensitive methods of cell fractionation would be
necessary to 1lllustrate such differences.

Recently, Hultin, Slautterback and Wessel (1951}

have published a brief note on the in vivo incorporation
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5 2
of 1 N and 8 P into the ribonucleic acids of chick liver

cytoplasmic fractions. In the 15

N experiments, it was
observed that in three intervals up to 1 hr. after injection
of the isotope, uptake was greatest in the RNA from the cell
fluid, and lowest in the RNA from the mitochondria. Experi-
ments with 52P, in which an attempt was made to separate the
nucleotides by lon exchange chromatography, provided bub
sketchy results, the authors being unable to measure the
uptake of 52P into the adenylic or uridylic acids. The
general concluslon derived from these experiments however
was that the uptake of 1sotope into guanylic and cytldylic
acids was similar, and that the greatest incorpofation was
into the RNA from the supernatant fraction, the smallest
into the RNA from the mitochondria.

There is clearly some difference of opinion on this
matter, bubt in view of the repeated findings of different
specific activities in the ribonucleic aclds from the three
cytoplasmic fractions at short intervals after injection of
52?, it seems that the ribonucleic acids from these fractions
are separate entitlies, and not manifestations of the same
material in different states of aggregation. Before any
more definite conclusions can be reached, i1t will be necessary
to characterise the cytoplasmic fractions used, and to ob=-

tain from them RNA free from radioactive contaminants.
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4.7 The Variation with Time of the Incorporation of

Tsotopes into the Ribonucleic Acids of the Cyto-

plasmic Fractions.

Jeener and Szafarz (1950a) have suggested that the
RNA of the cell is synthesised within the nucleus, and
subsequently passed through the nuclear membrane into the
cytoplasmic supernatant whence 1t is gradually incorporated,
firstly into the small particles and then into the large
particles. In support of this hypothesis they quote the
well established evidence that at short intervals after
the injection of 52p the specific activity of the nuclear
RNA is much higher than that of any of the cytoplasmic
fractions (Marshak, 1948; Marshak & Calvet, 1949; Barnum
& Huseby, 1950; Jeener & Szafarz, 1950a; Davidson,
McIndoe & Smellie, 1951). They also use as evidence their
finding that the specific activities of the ribonucleic
aqids within the cytoplasm are highest in the non-sedi-
mentable material and lowest in the largest cytoplasmic
particles.

In order to test this hypothesis, it was decided to
construct a curve showing the variations with time of the
specific activities of the nucleotides from the RVA of the
three cytoplasmic fractions. Several authors have carried

out such studies, but in all cases some essential aspect
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has been neglected. Thus Marshak and Calvet (1949) used
cytoplasmic particles of dublous nature, and carried out
radicactive assays on unpurified ribonucleétide fractions.
The work of Barnum and Huseby (1950) is much more reliable,
but still leaves some doubt since there is no guarantee
that their 1solated RNA 1s free from contamination. More-~
over although the curve which they have constructed con-
tains many determined points, the studies have not been
carried far enough to estimate the peaks of the curves

for the cytoplasmlic ribonuclelc acids.

In our studies, we have attempted to overcome the
shortcomings of the previous workers, in that our fractions
have been characterised by electron microscopy, and pre-
cautlons have been taken to determine the true specific
activities of the nucleotides. The time intervals have
been chosen to give a fairly rapid indication of the
positions of the peaks of the curves, and the relation of
the speciflc activities to that of the blocod inorganic
phosphate at 2 hr. should eliminate errors due to varilations
in dosage of isotope.

The results illustrated in Figs. 21, 22 and 23 show
that within each of the cytoplasmic fractions, the nucleo-
tides behave in an almost identical fashion. At any

particular time interval, there are certainly differences
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between the nucleotides, and these are consistent at the
earlier time intervals. When these are viewed in re-
lation to the variations in Relative Specific Activities
with time, they fall into a lesser perspective. The
important feature is that the slopes of the curves for
each nucleotide in each fraction follow almost exactly the
same pattern, and since the turnover is related to this
slope, 1t may be said that each of the nucleotides within
a fraction is turning over at the same rate.

In Fig.24 the variation with time of the Relative
Specific Activities of the cytidylic acids from each of
the cytoplasmic fractions is plotted on the same graph.
Since the four nucleotides in each fraction behave in the
same fashion, it is permissible to take one of these and
to use it for comparison between the fractions. From
Fig.24, it is clear that the RNA of each of the cytoplasmic
fractions behaves in exactly the same way in respect of the
uptake of 52P, the individual curves belng so close as to
be virtually superimposed on one another.

This evidence is in direct contradiction to the
hypothesis of Jeener and Szafarz (1950a), which would in-
volve a more rapid.uptake of 52P into the RNA of the super-
natant than into the RNA of the microsomes, and a more

32

rapid lncorporation of P into the RNA of the microsomes

than into that of the mitochondria. Jeener and Szafarz
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(1950a), at one time interval, obtained evidence of such
an occurrence, but 1n view of our own findings, their
hypothesis is untenable. Their conclusions therefore
serve to emphasise the danger of meking interpretations
from experimental evidence which is not complete.

While our results rule out the possibility of the
RNA of the supernatant fraction giving rise to that of the
microsome fraction, which in turn gives rise to that of the
mltochondria, they do not detract from the hypothesis that
nuclear RNA is a precursor of the cytoplasmic RNA. Indeed,
the results of Potter, Recknagel and Hurlbert (1951) who
studied the uptake of %48 administered in the fofm of
orotic acid lends further support to this suggestion.
These authors examined the incorporation of the 14¢ into
the nuclear RNA; the RWA of the mitochondria and that of
the remaining supernatant of rat liver. They found that
as wlth 32P the 146 was incorporated most rapldly into
the nuclear RNA, the peak of the time curve occurring
about 4 hr. after injection of the orotic acid. Uptake of
the isotope by the ribonucleic acids of the mitochondrial
and supernatant fractions was much slower, and occurred at
about the same rate in both cases. Moreover, the peaks
of these two curves fall about 20 hr. after injection
although the exact posltions of the peaks are difficult to



116.

estimate since the next point is at 91 hr. These findings

however resemble our own with 52

P, and this is of par-
ticular interest since it suggests that the nucleotide
molecule 1s turned over as a whole, and that the phos-
phorus is not metabolised independently of the rest of
thé molecule.

The homogeneity of the ribonucleic acids from the
three cytoblasmic fractions with respect to uptake of
isotopes,‘and composition, poses the question of their
uneven distribution throughout the cytoplasmic fractions.
It 1s possible that this provides a key to the problem of
function or synthesis, since these may be related to the
distribution, but it 1s certain that further and more in-
- tensive research will be necessary before definite con-

clusions as to the synthesis and function of the ribo-

nucleic acids of the cytoplasm can be achieved.
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Summary -

1. A method for the separation of ribonucleotides by
ionophoresis on filter paper is described.

2. A procedure for the partial isolation of RNA from
animal tissues 1s described.

S The technique of ilonophoresis has been applied to
the analysis of samples of isolated and partially isolated
ribonucleic acid from various sources.

4. It has also been applied to the analysis of the
ribonucleotide fraction obtained from animal tissues by

a modification of the Schmidt and Thannhauser separation
procedure.

5. The technique of lonophoresis together with that of
partial isolation of the RNA is particularly useful in
experiments with radloactive phosphorus, since 1t enables
the ribonucleotides to be 1solated free from contamination
by non-nucleotide radiocactive substances.

6. By a combination of ionophoresis and autoradiography,
it has been demonstrated that the ribonucleotide fraction
obtained by the Schmidt and Thannhauser procedure contains,
in addition to the ribonucleotides, small amounts of in-
organic phosphate of high specific activity probably
derived from phosphoprotein, and at least 5 other protein

bound phosphorus containing substances.
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7 The presence of these additional components which
amount to about 25% of the ribonucleotide fraction, renders
estimates of the RNA content of animal tissues by the
Schmidt and Thannhauser procedure high by about 30%.

8. Tn the cases of animals which have received S<p

2 hr. before killing, the presence of these additional
components which have high specific activities makes it
impossible to obtain any estimate of the specific activity
of the RNA by measurements on the ribonucleotide fraction
itself.

Qe Specific activity determinations on the nucleotides
separated by ionophoresis from the partially isolated RNA
and from isolated RNA indicate that adenyllic acid exhibits
the highest value, while guanylic acid exhibits the lowest.
10. The technique of lonophoresis has been applied to the
analysis of the ribonucleic acids from the cytoplasmic
fractions. It was found that the composition of each was
similar.

11. Ionophoresis of the ribonucleotides from the three
cytoplasmic fractions 2 hr. after injection of 52p showed
that adenylic acid in each case had the highest specific
activity and guanylic acid the lowest.

12. Of the three fractions, the microsome fraction in-
variably showed the lowest uptake of 52? into the ribo-

nucleotides 2 hr. after injectlon.
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13. It was found that the uptake of radiocactive phos-
phate into each of the ribonucleotides of any of the
fractions varied with time in the same fashion.

14. Using cytidylic aéid as representative, it was found
that the variation with time of the specific activities of

the nucleotides fram each of the fractions was the same.
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