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I.

Introduction

1,1 Historical,

It seems to be generally agreed that the word "cell"
was first used in the blologlcal sense by Robert Hooke in
1665 to describe microscople structures which he observed
in certain plant tissues and particularly in cork, Simll-
ar observations were made rather later in the same cenbtury
by Malpighi, Leeuwenhoek and Grew, but after Leeuwenhoek's
death in 1723 little further progress was made for nearly a
century.

These early workers regarded cells as compartments
into which the organism was divided; their attention was
focussed on the cell wall rather than the cell contents,
as is shown by the terminology which they used, viz,,
utricull (Malpighi), cells and pores (Hooke), bladders
(Grew). If they noticed the existence of the cell nucleus
they did not attach any special significance bto it, The
modern view, that the lowest plants are single cells while
higher plants are aggregates of cells, and that the nucleus
plays a special r8le in the life of the cell, dates from
the revival of interest in the microscopic structure of
plants which took place at the beginning of the nineteenth
century, It was first clearly and unambiguously stated by

Schleiden in 1838, seven years after Brown had by his work
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on Orchids drawn attention to the Importance of the nucleus,
In the following year Schwann extended Schlelden's theory to
the animal kingdom and pointed out the essential similarity
between plant and animal cells, Between 1840 and 1870 the
fundamental outlines of the cell theory in something like
its modern form were gradually worked out, the researches of
K61lliker in embryology and Virchow in pathology being of
particular significance, The cardinal importance of the
nacleus was finally established in the last gquarter of the
century when Strasburger, Sclneilder, Flemming and others
elucidated the complex process of mitosis and was further
emphasized when Boveri, Sutton and others demonstrated the
relationship between the chromosomes and the mechanism of
Mendelian inheritance,

The filrst Investigation of the chemlcal nature of the
cell nucleus was undertaken by Friedrlich Miescher in 1868,
Pus cells obtained by extracting surgical bandages with a
dilute solution of sodium sulphate were subjected to the
action of artificial gastric julce, This treatment digested
away the cytoplasm leaving the more resistant nuclei as an
insoluble powder, If this powder was extracted with dilute
sodium carbonate and the exbtract acidified with acetic acid
a flocculent precipitate was obtalned which was soluble in
dilute alkali but insoluble in water, dilute acid or organic

solvents, On examination, it was found to contailn phosphorus
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and to give the usual colour reactions for protein, Miescher
called this material (which we now know to have been a nucleo~
protein) "nuclein', Shortly afterwards Hoppe-Seyler and his
assoclates obtained similar substances by applying Miescher's
methods to yeast and to erythrocytes, In his later work
Miescher used as a readily accessible source of "nuclein'

the spermatozoa of the Rhine salmon, From this starting
material he was able to isolate a protein-free "nuclein'
(i,e., a nuclelc acid) and a nitrogen-rich organic base of

unknown constitution vhich he named "protamine" (Miescher,1897).

1.2 The structure of the nucleic acids.

Research into the occurrence and properties of the
nuclelic acids was first put on a firm basis when Kossel
(1879 - 1888) discovered that they contained so-called "allox-
uric bases" ( in modern terminology, purine bases) and could
thereby be distingulshed both from proteins and from other
naturally-occurring phosphorus compounds, Progress was, how-
ever, still impeded by the lack of a satisfactory genseral
method for the preparation of protein-free nucleic acids,
This was supplied when in 1898 Neumann, disregarding Miescher's
warning about the possible consequences of using high tempera-
tures and prolonged treatment with alkeli, devised a method
based on the extraction of minced tissue with hot dilute
sodium hydroxide, It is no exaggeration to say that the use
of this and other similar isolation techniques profoundly
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influenced the future course of nucleic acid research, The
tacit assumption that nuclelc aclds were capable of withstand-
ing such drastlc treatment unchanged led ultimately to a
totally false impression of thelir structure and possible
functions, In the meantime, however, the difficulties facing
the analyst were conslderably reduced and the next thirty
years saw a lengthy and laborlous investigation by the classi-
cal methods of organic chemistry of the detal led structure of
the nucleic acid molecule, an investigation with which the
names of Kossel, Hammarsten, Mandel, Levene, Jorpes, Steudel,
Jones and Feulgen are especially assoclated, In the early
years of the present century it was established that nucleilc
acids of plent and animal origin contained only two purine
bases, adenine and guanine, in roughly equimolecular pro-
portions, At about the same time it was shown that the
nucleic acids isolated from animal tissues contained, in
addition, the pyrimidine bases cytosine and thymine, whereas
those lsolated from yeast and wheat embryo contained cytosine
and uracil (Jones, 1920a),. In 1909 Levene 1ldentified the
nitrogen-free organic component of yeast nucleic acid as
D(-)ribose and twenty years later the same author showed

that the corresponding component of thymus nucleic acid was
D-2-deoxyribose, The manner inwh ich these units were

1inked to one another and to the phosphorus present in the

molecule was made clear when nucleosides (condensation
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products of a purine or pyrimidine with a pentose or deoxy-
pentose) and nucleotides {phosphoric esters of nucleosides)
were discovered in the hydrolysis products of both yeast
nucleic acid and thymus nucleic acid.

These chemical studies were comprehensively reviewed
by Levene & Bass in 1931, By that time it had become
apparent thaé nucleic acids were polynucleotides and that
they could be divided into two classes. One class, the so-
called ribonucleic acids (RWWA), typified by yeast nucleilc
acid, contained adenine, guanine, cytosine and uracil to-
gether with a pentose, known in the case of yeast RNA to
be D(-)ribose, The other class, the deoxyribonucleic acids
(INA), of which thymus nucleic acid was the member most
thoroughly investigated, contained adenine, guanine, cytosine
and thymine together with a deoxypentose, known in the case
of thymus INA to be D-2-deoxyribose, (It has been pointed
out by Davidson, 1950, that the use of the words "ribonucleic"
and "deoxyribonucleic" to describe nucleic aclds other than
those which have been positively shown to conteain rib;se and
deoxyribose, respectively, 1s, strictly speaking, un justified.
In accordance with convention, however, the abbreviations
RNA and INA will be used throughout the present work as
generic terms to denote pentose and deoxypentose nucleilc
acids, respectively.)

Since both RiA and VA had been shown to contain four



nucleotides and since there was some evidence tnat these
were present in equimolecular prorortions the early workers
believed that bothh types of nucleic acid had very probably
@ tetranucleotide structure (see figs.l and 2 ).

Onee it was accepted that the nuclelc acids had a
structure of this comparatively simple sort the question
naturally arose whether all specimens of RHA, irrespective
of the tissue from which fhey were obtained, might not be
identical with yeast RiA, and all specimens of INA simi-
larly identlcal with thymus LA, Such evidence as was
available seemed to suggest that this was, in fact, the case,
The wheat germ RiA of Osborne & Harris (1902) had properties
very similar to those of yeast Rili and Jones (1908) was
unable, in the course of an optical rotation study, to find
significant differences between the DNAs of thymus, pan-
creas and spleen, It is not therefore surprising that
Jones (1920a) should have categorically stated that there
were only two nucleic acids or even that Levene & Jacobs
(1912) should have published a paper on the structure of
"thymus nucleic acid" based entirely on results obtained
~with fish sperm INA,

The earliest attempts to estimate the molecular weight
of nucleic acids were made by Myrback & Jorpes (1935).

The figures of 1300 - 1700 reported by these workers were,

allowing for the errors and uncertainties of their method,
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Table 1,

Estimates of the molecular weights of ribonucleic acids

(RNA) prepared from varlous sources,

Source Molecular welght

16,300 - 23,900
Yeast 17,000
10,280 - 23,250

Escherichia

coll 17,500
Tobacco mosaic 37,000
’ virus 50,000 - 300,000
Pancreas 11,500

from (1) Delcambe & Desreux (1950),
(2) Loring (1939),

Reference
(1)
(2)
(3)

(1)

(2)
(4)

(1)

(3) Fletcher, Gulland, Jordan & Dibben (1944),

and (4) Cohen & Stanley (1942),



Table 2.

Estimates of the molecular weight of calf thymus

deoxyribonucleic

Method

Sedimentation
and diffusion

measurements

Measurements of

light scattering

Diselectric

measurements

acid (INA).

Molecular weight

1,500,000
1,500,000
500,000
820,000

3,700,000

35,000

- 135,000

from (1) Kahler (1948),

(2) Conway, Gilbert & Butler (1950),

(3) Tennant & Vilbrandt (1943),
Vilbrandt & Tennant (1943),

(4) Cecil
(5) Smith

and  (6) Jungner, Jungner & Allgen (1949),

& Ogston (1948),
& Scheffer (1950),

Jungner (1950).

Reference
(1)
(2)
(3)
(4)

(5)

(6)
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in reasonably good agreementw ith the theoretical molecular
weight of a tetranucleotide (1357), These results were,
howsever, obtalned from material isolated and purified by a
falrly drastic technique? When determinations were carried
out on RNA and DNA 1isolated by milder procedures mach higher
figures were obtained (see Tables 1 and 2), It is perhaps
unfortunate that the results obtained by different workers
using different methods should vary so widely, Neverthe-
less even 1f the lowest estimates of molecular weight shown
in Tables 1 and 2 are assumed to be correct it follows that
the RNA molecule must contalin at least 30 nucleotide units
and the INA molecule at least 100,

Curiously enough, the discovery that the nucleic acid
molecule contained more than 4 nuclesotide units did not lead
to the complete abandonment of the tetranucleotide theory.
Instead, it was suggested that the nuclelc acid molecule
mlght be, not a single tetranucleotide, but a polymer or
polycondensation product in which a tetranucleotide was the
repeating unit, The formula shown in fig,3, which was first
proposed by Levene (Levene & London, 1929} Levene & Bass,
1951), was regarded as late as 1944 as representing the pro-

bable structure of both RNA and INA (Greenstein, 1944).

"The methods of Myrback & Jorpes (1935) have been
Severely critlcised by Fletcher (1948) who has recalculated
their results and obteined a value of 6000 for the molecular
weight of their material,



It was left to Gulland and his associates to point out how
weak the experimental foundation for this "polytetranucleo-
tide" hypothesis really was (Gulland, Barker & Jordan, 1945;
Gulland, 1947a, b; Creeth, Gulland & Jordan, 1947), It de-
pended entirely on the assumption that the four nucleotides
of a nucleic acid were present in equimolecular proportions,
A considerable body of evidence indicated that this assumption
was at least approximately true and so long as the nucleic
acid molecule was thought to be small (e.g., conbtalning 4 or
8 nucleotides) minor discrepancies between bthe actual re-
sults of analyses and the theoretical requirements of the
tetranucleotide formula could be attributed to experimental
error, When 1t became clear that the nucleic acid molecule
contained at least 30 nucleotides thils practice ceased to be
permissible, But even if it is assumed that the four nucleo-
tides are present iIn exactly equimolecular proportions it by
no means follows that they must necessarily be arranged in a
regular unchanging sequence thus:-
ABCDABCDABCDABCDABCDABCDABCD,
They may equally well be arranged in a quite irregular

manner thus:-

DACCCADBDADDCBCCBAADACAB,
Gulland called this sort of structure a statistical, as
opposed to a structural, tetranucleotide,

Even in 1945 there was some evidence that the four
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nucleotides were not present in exactly equimolecular pro-
portions in all nucleic acids, For exampie, the RNA of
tobacco mosaic virus had a purine content 20% lower than

that predicted by the tetranucleotide theory (Loring, 1939};
pancreas RNA is recorded as having a considerable, 1if
variable, excess of guanylic acid (Jorpes, 1928, 1934;

Levene & Jorpes, 1930); the RVA of rat liver has a nitrogen:
phosphorus ratlio higher than that required by the theory
(Brues, Tracy & Coln, 1944); and Gulland himself was able

to show that the purine nitrogen : pyrimidine nitrogen ratios
of yeast RNA and calf thymus INA were 1,86 and 1,60 respective-
ly instead of 2,0 as the theory would indicate (Gulland,
Jordan & Threlfall, 1947).

In recent years the application of paper chromato-
graphy to the separation of hydrolysis products and the
estimation of these products by ultraviolet absorption
measurements have greatly facilitated the investigation of
the nucleotide composition of the nucleic acids (Hotchkiss,
1948; Vischer & Chargaff, 1948; Markham & Smith, 1949;
Smith & Markham, 1950), The results obtained by these methods
have been quite inconsistent with the tetranucleotide theory
In any of its various modifications. In particular, the use
of chromatography has led to the discbvery, among the hydrol-
ysis products of herring sperm DNA, of a fifth nitrogenous

base, the aminopyrimldine 5-methylcytosine (Wyatt, 1950),
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The existence of the corresponding nucleotlide was subsequent-
1y demonstrated by Cohn (1951@, It appears to occur in the
INA of all higher plants and animals so far investigated but, °
except in the case of wheat germ DNA, it is present only in
very small amounts. It has not so far been detected in
the DNA of bacteria or viruses or in RNA (Wyatt, 1951).
Quite recently Wyatt & Cohen (1952) have reported the
occurrence, in the DNA of bacteriophage, of a sixth base
thought to be hydiroxymethylcytosine, It would therefore be
unwise to assume that no new components of nucleic acids
remain to be discovered,

A further complication was Introduced into the problem
of nuclelc acid structure when Carter & Cohn (1949)
demonstrated that in hydrolysates of RNA there exist 2
adenylic acids separable on lon exchange columms (Carter &
Cohn, 1949) or by paper chromatography (Carter, 1950). It
was subsequently shown that 2 guanylic acids (Cohn, 19490,
1950a; Volkin & Carter, 1951), 2 uridylic acids and 2
cytidylic acids (Cohn, 1950b) are also present in RNA hydro-
lysates, It 1s not yet known whether all 8 nucleotides are
actually present in the RNA molecule. Since in each case
the two isomers are readily interconvertible in hot mineral
acid it is possible that one might be formed from the other
during the process of hydrolysis (Cohn, 195£&. No similar

isomerism has yet been reported in the nucleotides of INA,



Table 3,
Nucleotide composition of ribonucleic acid (RNA) from
various sources, Results expressed as moles guanylic

acid, cytidylic acid and uridylic acid per 10 moles adenylic

acid,
Adenylic Guanylilc Cytidylic Uridylic

Source acid ~  acid  aeid  acid
Yeast 10 9.7 6,1 7.0
Pig pancreas 10 22.5 9.8 4,6
Pig liver 10 16,3 16,1 7.7
Sheep liver 10 16,8 13.4 5,6
Calf liver 10 16.2 11,1 5.3
Beef liver 10 14.6 10,9 6,6

from Chargaff, Magasanlk, Vlischer, Green, Doniger &
Elson (1950).



Table 4,
Nucleotide composition of deoxyribonucleic acid (INA) from

various sources, Molar ratios calculated to a total of

4,00
Source Adenine Thymine Guanine Cytosine 5-Methyl-
cytosine

Calf thymus 1.13 1,11 0,86 0,85 0,054
Beef spleen 1,13 1,12 0.85 0,85 0,054
Bull sperm 1,15 1,09 0.89 0.83 0.052
Ram sperm 1,15 1,09 0.88 0,84 0,039
Herring sperm . 1l.11 1,10 0.89 0.83 0,075
Wheat germ 1,056 1,08 0.94 0.69 0,23
Bovine tubercle

bacilli 0.71 0,76 1,17 1,35 0
Bacterlophage T5 1,34 1,44 0.82 0.41 0

from Wyatt (1951) and Smith & Wyatt (1951).
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Table 6,

Nucleotide composition of nuclear and cytoplasmic ribo-

nucleic acids (RNA) from various calf tilssues.

Results

expressed as moles guanine, cytosine and thymine per

10 moles adenine,

Nuclear RHA

Liver
Thymus
Kidney

Heart

Cytoplasmic RNA

Liver
Thymus
Kidney

Heart

from Marshak (1951).

Adenine Guanine Cytosiné Thymine
10 10.0 3.9 4,5
10 8.8 0.9 1.7
10 9.2 2.5 5,9
10 9.2 1.9 2.9
10 18.3 12.2 11.2
10 18.8 14.4 8.9
10 17.8 12.5 9.4
10 12.0 7.7 0.3



12,

Some of the results obtained for the composition.of
RNA and DNA from various sources are shown in Tables & and
4 respectively. In general, it appears that the composi-
tion of RNA varies from one organ to another while the com-
poaition of INA is fairly constant for the different tissues
of any one species (Chargaff, 1950), So far as adenine,
guanine, cytosine and thymine are concerned there is re-
markably little difference in composition between the DNAs
of different animal species. The content of 5-methyl-
cytosine, on the other hand, varies markedly from one species
to another (Wyatt, 1952), It has been pointed out by
Chargaff (1951) that there 1s a remarkable constancy in the
ratlos of adenine : thymine and guanine : cytosine among
DNAs from different sources, The fact that, in animal DNAs
at least, both ratios approximate to unity (see Table 4)
does suggest that INA might perhaps be built up from
adenine-thymine and guanine-cytosine dinucleotides, It
would, however, be most unwise to place too much emphasis on
this point until more information is available, Chargaff,
Zamenhof, Brauerman & Kerin (1950) have also drawn attention
to the fact that the DNAs so far investigated fall into two
types: an "AT" type in which adenine and thymine predominate
and which includes all animal INAs and some also of microbial
origin; and a "GC" type found in some micro-organisms in

which guanine and cytosine predominate, These observations



13,

have been confirmed by Smith & Wyatt (1951) and Wyatt (1952).
Tneir chemical and bilologlcal significance is & matter for
speculation,

Just as in classical organic chemistry the empirical
formula and minimum molecular welght of a compound may be
calculated from its elementary analysis, so also the "nucleo-
tide formla" and mininum molecular weight of a nucleic acid
may be calculated from its nucleotide analysis, A number
of such "nucleotide formulae", calculated by Wyatt (1952)
for TNAs from various sources,are shown in Table 5, The
validity of such calculatlons rests, of course, on the
assumption, which until quite recently seems to have been
tacltly accepted by most workers in this field, that the
INA (or RNA) 1solated from a tissue consists of a single
molecular species, Recent work has suggested that this is
not, in fact, the case. Stern & Atlas (unpublished experi-
ments quoted by Stern, 1952) have found all the INA prepar-
ations which they have so far examined to be polydisperse.
Bendich (1952) has presented evidence that several rat
tissues contain at least two INAs with different metabolic
activities, Barton (1952) has shown that isolated cell
nuclei contain two DNA fractions, one of which is resistant
to the action of the enzyme deoxyribonuclease, The uni-
formity in nucleotide composition of the INAs isolated from

different tissues of the same species, which was referred to



14.

above, seems to suggest that the heterogenelty disclosed by
these observations 1s due, not to the occurrence of differ-
ent DNAs in the different types of cell within a single
tissue, but rather to the occurrence of two or more dlstinct
types of INA within each individual cell, Alternatively,
1t might be postulated that all the molecules of INA in an
organism have the same structure, which is presumably specific
for the species, but that during isolation or under treatment
with deoxyribonuclease these giant molecules break down to
glve fragments of varying chemical and physical properties,
In thils connection it is of interest to recall that Zamenhof
& Chargaff (1949) have demonstrated that isolated DNA con-
tains a "core" which differs from the rest of the molecule
in its chemical composition and its resistance to deoxy-
ribonuclease,

The heterogeneity of RNA 1s much better understood,
It has already been pointed out that the c omposition of RNA
varles from one tissue to another (Chargaff, 1950). Pro-
bably, therefore, it also varies from one cell type to
another within the same tissue, There is evidence also for
the exlstence of at least two types of RVA within the same
cell, Thus several workers have shown that in a variety of
tissues the RNA of the isolated nuclei has a different
composition from that of the cytoplasm (Chargaff, 1950;
Marshak, 1951). liarshak's (1951) results aré of particular
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interest since they indicate that there are differences in
composition in the nuclear as well as the cytoplasmic RNAs
of different tissues of the same specles (see Table 6).
McIndoe & Davidson (1952) have reported similar differences
in the composition of nuclear HKNA,

These purely chemical studles have obviously a most
important bearing on the question of the blological signi-
ficance of UHA and R:A, If the nucleic acid molecule was
simply a tetranucleotide or a polytetranucleotide and if all
RNAs and all INAs were identical it would be necessary to
assume that the nucleic acids performed some simple function,
or functions, comparable perhaps to those of the poly-
saccharides, If, on the other hand, the constituent nucleo-
tides of the molecule are not arranged in a regular sequence
of simple repeating units the possibilities of isomerism
are enormously increased and it becomes possible to think
of nucleic acids as belng possessed of the same degree of
specificity as proteins (Gulland, 1947a, b) and perhaps
fulfilling functions equally varied and specialised. It
might reasonably be expected that X-ray studies would throw
some light on this crucial question of "regularity" within
the molecule, Astbury (Astbury & Bell, 1938; Astbury,
1947) has indeed concluded from studies of this sort that
there are well-marked periodicities in the DNA molecule and

more recently Riley & Oster (1951) have drawn similar con-

clusions, It appears, however, that the X-ray methods
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available are not capable of distinguishing between nucleo-
tides containing different bases and the results obtained
by their use need not, therefore, be taken as indicating
that INA is built up from a small oligonucleotide repeating

unit,

1,3 The localization of the nucleic acids,

Up to about 1930 research on nucleic aclds was directed
almost entirely to the elucidation of their detailed structure,
Their function and their biological properties (as distinct
from their catabolism) were virtually ignored, Nevertheless,
the early workers did at least discover that the materials
which they studied could be isolated from many different
sources, Levene & Bass (1931), for example, listed in their
monograph 19 tissues from which INA could be obtained. Since
almost all the nuclelc acids isolated from animal tissues
were of the DNA type and the only two plant nucleic acias
extensively studied (those obtained from yeast and from wheat
germ) wers of the K4 type it was concluded, in the words
of Jones (19209, "that there are but two nucleic acids in
nature, one obtainable from the nuclei of animal cells, and
the other from the nuclei of plant cells,” It does not
séem to have been generally realised that the only reason for
assuming that the nucleilc acids were confined to the nucleus
was that liescher's early experiments had been carried out on

lsolated pus cell nuclei and sperm heads.
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There was, even in 1920, some evidence- that the

gsituation might not be quite so simple as Jones thought,.
In 1894 Hammarsten had isolated from pancreas a nucleopro-
tein which he showed to contain guanine and a pentose.
Similar materials were subsequently obtained from spleen by
Jones & Rowntree (1908) and from liver by Levene & NMandel
(1908). Since, however, these so-called.,Ag—nucleoproteins
were not shown to contain more than one of the four nitro-
genous bases they were not regarded as containing true
nucleic acids, The first real demonstration of the occurrence
of RNA in animal tissues was due to Jones & Perkins (1924 -
25) who showed that the hydrolysis products of pancreas
/§>—nucleoprotein included adenylic, guanylic and cytidylic
acids (see also Jorpes, 1928), Subsequent work has shown
that RNA is universally distributed among animal as well as
plant cells (Davidson, 1947a, b, 1950),

The occurrence of INA in plant tissues was demonstrated
by very different methods, For many years the fact that
Schirf's reagent (fuchsin decolourised with sulphurous acid)
gives a red colour with aldehydes has been known to organic
chemists, In 1914 Feulgen found that after mild hydrolysis
with N hydrochloric acid INA, but not RNA, also gave a red
colour with fuchsin-sulphurous acid. By applying this test
to histologlcal specimens Feulgen & Rossenbeck (1924) were

able to demonstrate the presence of DNA in the nuclei of
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wheat embryo cells, By 1tself, this observation could hard-
ly be regarded as conclusive but thirteen years later Feulgen,
Behrens & Mahdihassan (1937) separated dry, very finely
pulverised rye embryo cells into nuclear and cytoplasmic
fractions by the method of Behrens (1932) and isolated from
the nuclear fraction a nucleic acid of the INA type. In

the following year Behrens (1938) again separated rye embryo
cells into nuclear and cyboplasmic fractions and on this
occasion isolated a nucleic acid of the RIA type from the
cytoplasmic fraction, These experiments suggested that the
real distinction between DA and RWA was that the former was
cqnfined to the nucleus while the latter was present in the
cytoplasm, The truth of this hypothesis nhas been repeatedly
confirmed by cybtochemical methods (Caspersson, 1936, 1939a,
b; Caspersson & Schultz, 1938, 1939, 1940; Caspersson,
Nystrom & Santesson, 1941; Brachet, 1940a, b, 1942) and,
more recently, by experiments in which tissues have been
separated into nuclear and cytoplasmic fractions (Schneider,
1946a, b, 1948; Hogeboom, Schnelder & Pallade, 1948;
Scmeider & Hogeboom, 1950; Le Page & Schneider, 1948;
Schneider & Potter, 1949; Schneider, Hogeboom & Ross, 1950;
Price, Miller & Miller, 1948; Price, Miller, Miller &

Weber, 1950; Petermann, Alfin-Slater & Larack, 1949)., The
presence of INA outside the nucleus has been reported in

only a small number of special cases: in certain plant cells
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(Sparrow & Hammond, 1947); in Paramecium known to conbtain

the cytoplasmic killer factor "kappa" (Preer, 1948); and
in egg white (Fraenkel-Conrat & Ducay, 1951).
Quite apart from the theoretical significance of the
results which they obtained the work of Feulgen and Behrens
is of interest in that it illustrates the two maln approaches
by which the biochemistry of the cell nucleus may be in-
vestigated, namely,
(i) +the identification and localization of a
particular chemical compound in a histological
tissue section, and
(1ii) the isolation of nuclei from a tissue in such
large numbers as to allow of their being submitted
to gross chemical analysis,

Both of these methods requlre discussion in some detall.

The isolation of nuclei will be considered first,

1,4 The isolation of cell nuclei,

It has already been said that Miescher originally
discovered}nuoleoproteins in nuclei which he isolated from
pus cells by the actlon of artificial gastric julce, This
appears to have been the first occasion on which nuclel
were isolated for the purposes of research although, accord-
Ing to Vendrely (1952), a method for isolating nuclei from
Bumour tissue using acetlic acld was described in a text-

book of microscopy as early as 1856 (Smith, 1856),
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Miescher's practice of treating spermatozoa with dilute
acetic acid in order to isolate their heads might perhaps
be regarded, in a sense, as an isolation of sperm nucleil
(Miescher, 1897). The scanty cytoplasm of the spermatozoon
makes it, in some respects, particularly sultable for
nuclear investigations and, among the earlier workers,
Mathews (1897), Steudel (1913) and Lynch (1920) all pub-
lished analyses of whole sperm or sperm heads, More re-
cently Zittle and his assoclates have disintegrated bull
spermatozoa into heads, midpieces and tails by using a
magnetostriction sonic oscillator, a method originally used
by Chambers & Flosdorf (1937) to disrupt bacteria and sub-
sequently applied to spermatozoa by Henle, Henle & Chambers
(1938), The sperm heads were then isolated by differential
centrifugation, Zittle has analysed the materilal obtained
in this way (Zittle & 0'Dell, 1941) and investigated its
content of cytochrome oxidase (Zittle & Zitin, 1942a) and
of iron (Zittle & Zitin, 1942b). A certain amount of
work on the nature of the proteins of the nucleus has also
been carried out on sperm (Stedman & Stedman, 1943a,b; 1947a,b;
1951; Pollister & Mirsky, 1946; Daly, Mirsky & Ris, 1951),
The other important source of nuclear material used
by the earlier workers was the nucleated avian erythrocyte.
A wide varlety of methods have been used to disrupt the

erythrocyte membrane, Ackermann (1904) produced lysis by



21.

the action of distilled water, Warburg (1910) achieved
the same result by quick freezing, followed by thawing to
309¢C, This method seems also to have been used by Miyake
(1933). Later workers have, however, generally preferred
to use a detergent, e.g., saponin (Yakusizi, 19363 Dounce
& Lan, 1943; Stedman & Stedman, 1951), lysolecithin
(Laskowskl, 1942, 1943), tyrothricin (Villela, 1947), or
cetavlon (Stedman & Stedman, 1951), When laking 1s com~
plete the free nuclel may be centrifuged down and washed
free of cytoplasmlic contamination.

Spermatozoa and nucleated erythnrocytes are unfortunate-
ly too highly specialised in thelr respective functions to
allow results obtained from them to be used as the basis
of any general theory of the function of the nucleus, and
for many years nuclear research was gravely impeded by the
lack of a satisfactory method for the isolatién of nuclel
from compact tissues. The first such method to be devisged
was that of DBehrens (1832). Essentially it conslsts of
freezing the tissue hard immedlately after removal from
the animal, dehydrating it while still in the frozen state,
and liberating the nuclel by grinding the dried tissue very
finely. The nuclei are then separated from the cytoplasm
by centrifuging the resultant powder in a mixture of benzene
and carbon tetrachloride, the specific gravity of which has

been so adjusted that while the nuclei sediment the cyto-
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plasmic material, which is slightly less dense, floats up-
wards and forms a crust on the surface of the suspending
medium, This method is capable of very general applica-
tion; Behrens himself used it to isolate nuclel from heart
miscle (Behrens, 1932), haemosiderin granules from spleen
(Behrens, 1933), colloid from thyroid gland (Behrens, 1935),
nuclei from rye germ (Feulgen, Behrens & Mahdlhassan, 1937),
cytoplasm from rye germ (Behrens, 1938) and nuclei from
liver (Behrens, 1939), It also has the advantages that

the tissue undergoes a virtual fixation during the initial
freeze-drying and that, since the suspending media used

are immiscible with water, there is no danger of water-
soluble constituents being dissolved out of the nuclei dur-
ing the isolation process, Lipid material, on the other
hand, will be lost but since comparatively few compounds of
bilological interest fall within this class (in comparison,
that is, with the numerous class of biologically important
water-soluble compounds) and since these may be readily
studied in nucleil isolated by other methods, this is not
perhaps a very grave defect, A more serious drawback is
that the entire procedure is exceedingly laborious and time-
consuming, (The time required to isolate nuclei from a
single tissue may be measured in days and even weeks rather
than hours, ) The method 1s therefore unsuitable for rout-

ine use and is indeed seldom employed at all e xcept where
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the usual techniques of 1solation in aqueous medla are in-
applicable, It has been used within recent years in an
investigation of the proteins, enzymes and free amino-acids
of the nucleus by LCounce, Tishkoff, Barnett & Freer (1850).
Allfrey, Stern, Mirsky & Saetren (1952) in their studies on
nuclear enzymes have employed a modification of the method
in which cyclohexane is used in place of benzene, They
claim that in this way inactivation of enzymes during the
isolation process may be reduced, It should also be
pointed out that the process of grinding the dried tissue
inevitably damages some of the nuclei (see photographs of
Dounce et al,, 1950 and Allfrey et al,, 1952), The product,
therefore, may be regarded as consisting of nuclear materlal
rather than intact isolated nuclel,

It has already been remarked that in 1856 Smith
described a method for the isolation of cell nuclei using
acetic acid. Smith's work seems, however, to have attracted
little attention and his method remained virtually unknown
for nearly a century. The credit for re-discovering the
fact that nuclei can be obtained from a compact tissue by
treatment with a dilute aqueous solution of an organic acid
must be accorded to Crossmon (1937) who reported that by
immersing a small piece of muscle in a drop of 5% citric
acid on a microscope slide some of the nuclei could be

liberated from the tissue. The muscle fragment might then
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be removed with forceps and the isolated nuclei stained in
the usual way. Two years later Stoneburg (1939) used
citric acid to isolate nuclei In bulk from muscle and
tumour tissue. Stoneburg's method is of some academic
interest in that he revived HMiescher's practice of using
pepsin and hydrochloric acid to digest away unwanted cyto-
plasm, In 1941 Marshak descrlibed a method for the iso-
lation of nuclei in bulk from liver (a much easier process
than isolation from muscle) again using citric acild but
without the aid of pepsin or hydrochloric acid, This
method, which, in its various modifications, is probably
the most popular, and certainly the easlest,isolation
technique, consists essentially of two operations.

(1) The tissue is minced and either homogenized or
vigorously stirred in dillute citric acid (5% citric
acid in Marshak's original method), which appears to
have the effect of dissolving some of the cytoplasm
while rendering the nuclei more resistant to mechani-
cal damage, Mirsky & Ris (1946) have observed that
nuclel lsolated in citric acid withstand prolonged
runs in the Waring blendor while untreated nuclei are
disrupted within 4 - 15 minutes.

(i1) The homogenate is filtered to remove fragments

of tissue vhich have escaped disintegration in the
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homogenizer and 1s then centrifuged so that most of

the nuclei, together wlth some cytoplasmic material,

are spun down, The nuclei may be freed of cyto-

plasmic contamination by repeatedly resuspending in

dilute citric and centrifuging down.
A number of modiéications of this method have been devised
particularly in respect of the technique of homogenization
and the preclse composition of the dilute organic acid used
as isolating medium (Haven & Levy, 1942; Mirsky & Pollister,
1946; Vendrely & Vendrely, 1948; Barnum, Nash, Jennings,
Nygaard & Vermund, 1950; Stedman & Stedman, 1950),

The citric acid method is very nmuch less laborious and
time~consuming than that devised by Behrens. Unfortunately
the use of an aqueous 1solation medium introduces the possi-
bility that water-soluble material, including proteins, may
be lost from the nuclei during isolation and the low pH
employed must be expected to denature at least some of those
proteins which remain, A solution to the latter problem
has been found by Dounce (1943a, 1950, 1952d) who has de-
vised a method of isolation in which citric acid is used
only to lower the pH to 5.8 - 6,0, Nuclei isolated by this
Technique have been successfully used by Dounce and his
associates in their studies on nuclear enzymes (Lan, 1943,

1944; Dounce, 1943a, b, 1950a, b; Dounce & Beyer, 1948),
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A number of other aqueous isolation media have also
been employed, Arnesen, Goldsmith & Dulaney (1949) use
0.25l sucrose dissolved in 0,008M citric acid for the iso-
lation of nuclei from mouse spleen, For the same purpose
Schneider & Petermann (1950) use 0,88M sucrose containing a
trace (0,0018M) of calcium chloride,which is said to prevent
disruption of the nuclei. Wilbur & Anderson (1951) claim
that a method which they have devised employing several
buffered sucrose solutions of different specific gravities,
yields nuclei which are optically very similar to those
within living cells, Unfortunately, since during the iso-
lation procesé the nuclei tend to form large clumps, the
usefulness of this technique is somewhat limited, Recent-
ly Dounce (1952a) described briefly how nuclei may be isolated
in 1% gum arabic solution adjusted to pH6 with sodium
hydroxide. Finally Falconer, Jenden & Taylor (1953) have
devised a method for the isolation of nuclei from rat liver
using very concentrated solutions of ammonium sulphate.

Since this technique results in precipitation of the tissue
proteins in situ it would seem particularly suitable for
studies of the proteins of the nucleus.

A certain amount of information on the chemistry of
the nucleus has also been obtained from the tissue fractiona-
tion studies of Schneider, Hogeboom and others (see Schnelder

& Hogeboom, 1951,for references), The technique used in
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such studies 1s to homogenize the tissue in a sultable medium
and then by differential centrifugation to separate the
homogenate into a number of fractions (usually a nuclear
fraction, a large granule or mitochondrial fraction, a
small granule or microsome fraction and a non-sedimentable
or cell sap fraction), By analysis of these individual
fractions it is possible to determine how enzymes, etc., are
localized within the cell, The results obtained for the
nuclear fraction by this method must, however, be regarded
with considerable reserve since thils fractlion 1s generally
heavily contaminated with mitochondria, whole cells, etc,
Recently, Hogeboom, Schneider & Striebich (1952) have
described what is, in effect, a modification of the tissue
fraction technique by which, they claim, up to 90% of the
nuclel of rat liver may be lsolated in a high state of
purity,

Attempts have also been made Lo isolate individual
components of the nucleus, The most I1mportent of these has
been the isolation of chromatin threads first described by
Claude & Potter (1943) and Mirsky & Pollister (1943). Al-
though the methods employed by these two groups of workers
were different - Claude & Potter (1943) used macerated
mouse leukemlc tissue as their starting material whereas
Mirsky & Pollister (1943) subjected fish erythrocytes to

homogenization in s Waring blendor - and their products also
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differed in some respects - Claude & Potter's chromatin
threads were extended while Mirsky & Pollister's were con-
tracted - both groups agreed in claiming that they had iso-
lated interphase chromosomes (see Mirsky & Ris, 1947a, b;
Ris & Mirsky, 1949). This has been contested by Lamb
(1949, 1950) who 1s of the opinion that the structures iso-
lated were no more than fragments of nuclei which had been
stretched and torn to pieces during homogenization. This
criticism has not been accepted by Ris (1951) who claims
that nuclear fragments of this description can be readily
distinguished from "lsolated chromosomes" by, for example,
the presence of a nuclear membrane, The arguments in
favour of identifying isolated chromatin threads as inter-
phase chromosomes have recently been summarised by Ris (1951)
and Mirsky (1951) as follows:

1). They have the characteristic shape and longitudinal

differentiation of chromosomes,

2). They are distinctly double.

3). Under the influence of "uncoiling agents" such as

potassium cyanide they unravel into the gyres of a helix.

4). They bear certain morphological resemblances to

metaphase chromosomes.

5). Like chromosomes in situ they give a positive

Feulgen reaction,



Similar arguments have been put forward by Polll (1952},
Pollister (1952a), on the other hand, is now apparently of
the opinion that while some of the isolated chromatin
threads are almost certainly true interphase chromosomes
this may not be true of them all,

One or two reports have recently appeared on the iso-
lation of other components of the nucleus, Vincent (1952),
for example, has isolated the nucleoll of starfish obcytes
in sufficient quantity for chemical analysis and Callan
(1952) has shown that obcyte niclei of the newt Triturus

cristatus carnifex are sufficiently large for free-hand

disssction, Mazia & Katsuma (1952) have briefly described
a method of isolating the mitotic apparatus of dividing
cells in sea urchin eggs, Since these methods can be
applied only in a few special cases the results obtained by
their use may not be universally wvalid, The same caution
applies, though with somewhat diminished force, to the
mechanical technique used by some workers to isolate the

glant chromosomes of Drosophila salivary glands (Chu &

Pai, 1945; Blumel & Kirby, 1948), The recent claim of
Dounce (Dounce, 1952a; Dounce & Litt, 1952) to have isolated
nucleoll from liver nuclei by what may perhaps be a method

of general applicability is therefore of particular interest,
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The various methods described above have been applied
almost exclusively to animal tissues, Since Behrens' work
on the nuclel of rye germ (Behrens, 1938; Feulgen, Behrens
& Mahdihassan, 1937) little interest appears to have been
taken 1In the possibllity of isolating nuclel from plant
tissues., Recently, however, Brown (1951) has published a
method for the isolation of nuclel from onion root tips in-
volving the use of pectinase solution, Unfortunately, it
is doubtful, judging from the photograph which accompanies
his report, whether his product is sufficiently free of

cytoplasmic contamination to be used in chemical studies.

1,5 The protelns of the cell nucleus,

The nature and properties of one of the major chemical
components of the cell nucleus, namely DNA, have already
been discussed, The study of another major component, the
nuclear proteins, dates from iilescher's discovery in 1868
of the organic base present in salmon spermatozoa which he
called "protamine", This discovery excited little interest.
Indeed, it is said (Kossel, 1928) that in the next twenty
years only one brief reference to protamine occurs in the
literature, In 1884 Kossel reported the occurrence of a
protein rich in nitrogen in the nuclei of avian erythrocytes.
Like "protamine" the new protein, which Kossel called

"histéne", was found in salt-like combination with nucleic
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acid. Histone was subsequently found to occur also in
thymus (Lilienfeld, 1894). In 1394 Kossel isolated from
sturgeon sperm a substance very similar to Miescher's
protamine., He accordingly proposed that the name "prot-
amine" should be extended to cover both bases and that the
individual protamlnes should be named, after the species
from which they were obtained, "salmine" and "sturine”,
Three years later Kossel (1899) showed by hydrolysis that
sturine contained amino-acids, indicating that protamines
had a protein-like structure and were thus related to the
histones,

Kossel devoted the rest of his life to the investiga-
tion of protamines and histones, The results of his work
and that of his assocliates are reviewed in hils last publica-
tion, a monograph published posthumously in 1928, He
found that protamines were very simple basic proteins built
up from only a few species of amino-acids, Almost without
exception they had a dilsproportionately high content of
arginine, They were found only in the spermatozoa of
certain fish and Kossel was able to report the composition
of specimens from no less than seventeen species (of which
fifteen wefe teleosts). The histones, also, were definite-
1y basic in character, but they contained a far greater

variety of amino-acids and their arginine content was
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markedly lower, They were more wi.dely distributed than
the protamines having been identified in sperm heads of
certain fish (e.g., Gadidae), in avian erythrocytes, and
in calf thymus nuclel.

Twenty-five years of research into protein structure
have not brought any dramatic developments in our knowledge
of the chemistry of the protamines and histones, The last
comprehensive review of the subject (Synge, 1943) was in-
deed largely devoted to a consideration of the work of
Kossel and his associates, Since then, however, the use
of modern methods of protein analysis by Block, Hamer and
others has led to a somewhat better understanding of the
nature of both proteins (Block & Bolling, 1945; Tristran,
1947; Hamer & Woodhouse, 1949; Block, Bolling, Gershon &
Sober, 1949; Fellx, Flscher, Krekels & Rauen, 1950;
Waldschmit-Leltz, Kuhn & Zinnert, 1951; Hamer, 1951;
Pavidson & Lawrie, 1948; Daly, Mirsky & Ris, 1951; Leaf &
Eadie, 1952; Brunish, Fairley & Luck, 1951), In par-
ticular, it has been confirmed that histones are distinctly
more complex than protamines. It shoﬁld, however, be
emphasized that there may exist basic nuclear proteins
intermediate in complexity between histones and protamines
(Kossel, 1928). The basic protein of fowl sperm, gallin,
which was discovered by Daly, Mirsky & Ris (1951) and



Table 7,
Amino-acid composition of salmine (the protamine of

salmon sperm).

Relative numbers of amino-acid residues

(1) (2)
Arginine a7 1 40
Alanine 4 1
Glycine - 3
Isoleucine 1 1
Proline 6 4
Serine 6 7
Valine : 3 2
Total 67 *1 58
Minimum
molecular weight 9060 8060

from (1) Block & Bolling (1945),
and . (2) Tristram (1947).




Table 8,
Amino-acid composition of protamines and histones,

(Amino-acid nitrogen as % of total nitrogen.)

(Clupeig Calf thymus Rat liver
herring sperm
rotamine) histpng histone
(1) (2) (3) (4) (4)

Alanine 4,7 1.89 6,0 8,5 10,7
Ammonia - - 4,8 9.5 7.2
Arginine 87.1 89.7 30,7 20.1 23.2
Aspartic

acid - - 3.3 5.4 4,45
Glutamic

acld - - 2.25 6,9 5,68
Glycine - - 5.2 6.2 5,94
Histidine - - 4,0 4,2 1.62
Isoleucine 1.0 0.43 12,0 3.7 100
Leucine - - 3,05 6.1 ’
Lysine - - 10.8 8.5 11.6
Phenylalanine - - 1.9 1,17 1,65
Proline 8.2 2,22 2.7 3.0 2.1
Serine 3.4 2.42 3.45 4,7 5,0
Threonine 1.9 0.65 3.1 3,93 5.6
Tyrgsine - - 1.4 0.5 1,07
Valine - 1,60 4,9 6.1 3.9

from (1) Block et al, (1949)
(2) Felix et al, (1950)

(3) Hamer (1951)
and (4) Leaf & Eadie (1952),.




Table 9,

Analyses of the basic proteins isolated from the nucleil

of various tissues of the salmon,

Source

Mature sperm
heads

Nuclei from
unripe testes

Erythrocyte
nuclel

Liver nuclei

from Stedman & Stedman (1947a, b).

Nlitrogen content

of sulphate

(%)

22,6

20,6

15,6

15,75

Arginine nltrogen

(as % of total

nitrogen)

87,7

66.5

19.0

25,3



Table 10,

Analyses of "main" and "subsidiary" histones from

various ox tissues,

Arginine nitrogen

(as % of total osine
nitrogen) (%)
Thymus
main histone 29,8 - 4,37
subsidiary histone 11.5 1.40
Spleen
mein histone 20.3 4,33
subsidiary histone 13,3 1.29
Liver
main histone 30.4 4,32
subsidiary histone 13.8 1,70

from Stedman & Stedman (1951).
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" classified by them as a protamine might perhaps be placed
in this category. So also might the basic proteins of
mollusc and sea urchin sperm described by Hultin & Herne
(1949). Some data on the composition of basic nuclear
proteins are given in Tables 7 and 8.

Although the three sorts of tissue from which Kossel
and his associates nhad isolated protamine or histone (fish
sperm, avian erythrocytes and calf thymus) could hardly
have been more diverse Kossel himself does not appear to
have thought it probable that all nuclei should contain one
or other of these basic proteins, The demonstration that
this is, in fact, the case was largely the result of apply-
ing to a wide variety of tissues the method for the ex-
traction of histone in combination with DNA which was de-
vised by Mirsky & Pollister (1942). By this means, so-
called "nucleonhistones” similar to those previously obtained
from calf thymus were extracted from mammalian liver, kidney,
spleen, brain, pancreas and thymus; from frog, shad, trout,
and sea urchin sperm; from liver, spleen and blood cells
of the dog-fish; and from whest germ (Mirsky, 1943;

Mirsky & Pollister, 1946), At about the same time, Stedman
& Stedman began a thorough investigation of the baslc pro-
teins which they obtained by extracting nuclei isolated from
various tissues with dilute (0,1N) hydrochloric or sulphuric

acld, In the course of this work they found, contrary to
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their expectations, that the basic proteins of salmon
erythrocyte and liver nuclel were not protamines but histones,
although salmon sperm had been the tissue in which Miescher
originally discovered protamine (Stedmanl& Stedman, 1944).
Mbreovef, there appeared to be a difference in composition
between the erythrocyte histone and the liver histone wh ich
was too great to be attributable to experimental error, A
subsequent analysis of the basic protein of immature salmon
testes gave figures intermediate between those obtained for
sperm heads and for liver nuclei, These results indicated
quite clearly that the composition of the basic protein of
the nucleus could vary from one tissue to another within a
single species (Stedman & Stedman, 1947a, b, see also

Table 9). More récently Stedman & 3tedman (1951) have been
able to fractionate the histones obtained from the nuclei

of certain tlssues, including cod sperm into "main histones"

and "subsidiary histones". Mirsky & Ris (1947b) had pre-
viously produced evidence for the occurrence of more than
one type of histone in calf thymus but this might have been
due to different cell types within the tissue containing
different histones. Stedman & Stedman's (1951) demonstra-
tlon of the same phenomenon in spermatozoa, where the cells
are all of the same type, indicates the co-existence of two

histones within the same nucleus. Some of Stedman &



Stedman's (1951) analyses of main and subsidiary histones
are shown in Table 10,

Incredible as it may seem, it would appear to have
been generally believed, up to about ten years ago, that
histone (or protamine) and nucleic acid were the only
quantitatively 1important constituents of the cell nucleus.
This history of this curious concept has been summarised by
Stedman & Stedman (1947a). It seems to have had its
origin in deductions drawn from liescher's data by Schmiede-
berg, although some at least of Miescher's analyses of
nuclei appear to support exactly the opposite conclusion
(Mieécher, 1896), The first suggestion that this was an
over-simplified view of the situation came from the cyto-
chemical studies of Caspersson (1941) which indicated the
presence of a higher protein in the nucleus in addaition to
histone and INA, In the following year Mayer & Gulick
(1942) reported that nuclei which they had isolated by the
Behrens technique contained, in addition to INA and histone,
two higher proteins, acidic rather than basic in nature, one
of which appeared to be of the globulin type and To have a
high content of sulphur, This announcement appears to
have attracted little attention, but shortly afterwards
Stedman & Stedman (1943) reported the discovery of a non-

histone protein in the nucleus which was characterised by



36,

its tryptophan content and by an iso-electric point between
pd 3 and 5, Since it stained strongly with such basic

dyes as methylene blue and gentian violet and since with
haematoxylin 1t gave the characteristic blue colour seen

in the nuclei of a haematoxylin stained section Stedman &
Stedmah (1943) concluded not only that it was responsible
for the staining reactions of the nucleus btut also that it
was the most important, if not the sole, constituent of the
chromosomes, Accordingly, they named it "chromosomin',

On analysis chromosomin was found to have a surprisingly
high content of basic amino-acids (arginine, 9.5%; histid-
ine, 5%; 1lysine, 11%). 1Its acidic properties were presumed
to be due to a correspondingly high content of glutamic and
aspartic acids, Although qualitative experiments indi-
cated the presence of chromosomin in all nuclei examined
Stedman & Stedman were unable to estimate the amount present
by direct analysis. Accordingly they assumed that their
dry, lipid-free nuclei contained only three quantitatively
important constituents, nucleic acid, histone and chromosomin,
Nucleic acld could be estimated by phosphorus determinations
and histone by extraction with dilute sulphuric acid and
gravimetric determination as histone sulphate; chromogomin
could then be calculated by difference (Stedman & Stedman,
1943, 1947a, b, 1951). Some of the results obtained by

this method are shown in Table 11. The high content of



Table 11,

Composition of dried, 1lipid free nuclel,

Origin of nucleil Histone Nuecleic acild Chromosomin

% % %

O0x spleen 16 24 50

Fowl erythrocytes 24 43 33

Calf thymus 21 44 35

Cod sperm 12 28 60

Walker rat

carcinomea 1.6 26 72.4
Mouse carcinoma 3 32 65
Chick embryos 3 35 62

from Séedman & Stedman (1943b).



Table 12,

Composition of isolated chromatin threads ("isolated

chromosomes”).

Deoxyribonucleic "Reosidunsll
Source of acid (INA) - protein"
chromatin threads % %
Carp erythrocytes 41 4
Calf thymus 39 B
Calf liver 26 39
Calf kidney 28 33
Beef pancreas 28 29

from Mirsky & Ris (1949).
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chromosomin (relative to INA and histone) in all the pre-
parations of nuclei analysed 1s of particular interest.

A nuclear, non-histone, tryptophan-containing protein
has also been obtained by Mirsky and his associates from
isolated nuclei and from whole tissue homogenates from which
cytoplasmic material has been removed by washing with
physiological saline (Mirsky & Pollister, lgéé; Pollister
& Mirsky, 1946), Alternatively this so-called residual
protein may be obtalned by treating "isolated cnromosomes"
with neutral M sodium chloride which removes most of the
INA and histone leaving only the so-called "residual chromo-
somes"; and treating these in turn with hot dilute tri-
chloracetic acid or physiological saline to remove the re-
maining nucleic acid, Residual protein may be distinguished
from histone by its lower nitrogen content (13% as against
18%), its tryptophan content (1.36% as against 0,14% for
thymus histone) and its insolubility (Mirsky & Ris, 1947b).
The composition, in terms of DNA and residual protein, of
"isolated chromosomes' is shown in Table 12. A protein
similar to residusl protein has also been obtained by
Jeener (1946, 1947). It must be borne in mind that chromo-

somin and residual protein are not highly characterised

|

néividual proteins but rather vaguely defined protein

fractions vhich, in absence of evidence to the contrary, may
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be presumed to be more or less heterogeneous, It is not
yet clear to what extent "chromosomin' and "residual pro-
tein" may be regarded as different names for the same
chemical entity.

Since the original observations of Stedman & Stedman
(1943) and Mirsky (Mirsky & Pollister, 1946; Pollister &
Mirsky, 1946) were published a number of papers have appear-
ed desoribing nuclear non-histone proteins. Thomas & Mayer
(1949) have reported the occurrence in boar sperm of a pro-
tein soluble in alkali and precipitated at pH 6. Similar
proteins have subsequently been obtained from isolated rat
liver nuclei and calf thymus chromosomes (Wang, Kirkham,
Dallam, Mayer & Thomas, 1949). More recently, the same group
of workers have identified the alkali-soluble protein of iso-
lated rat liver nuclei as a lipoprotein containing phospho-
1lipid and cholesterol, They appear to regard it as essenti-
ally identical with both chromosomin and residual protein
but they suggest that it may be derived from the nuclear mem-
brane rather than the chromosomes, It accounts for nearly
50% of the dry weight of nuclel isolated at pH 6 by the
method of Dounce (1943a). Similar proteins have been ob-
tained from the nuclei of calf liver, calf thymus, ox
spleen and fowl erythrocytes (Wang, lMayer & Thomas, 1953),

Brovm, Callan & Leaf (1950) have analysed chromatographically
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the proteins in nuclear sap isolated from odcytes of the

newt Triturus cristatus. They conclude from thelr results

that in these cells the nuclear sap contains higher pro-
teins rather than histone or protamine, They emphasize,
however, that it would be unwise to draﬁ%ny general con-
clusions from experiments on a cell typé as extraordinary
in its morphology as the amphibian odcyte. Yasuzumi &
Miyao (1950, 195la, b) have made an extensive chromato-
graphic study of the amino-acid composition of chromosomes
isolated from erythrocytes and leucocytes of a wide varilety
of vertebrate species. Their results confirm the presence
of higher protein in the chromosomes and indicate the
existence of differences in composition of chromosome pro-
teln between different species but not between the leuco-
cytes and erythrocytes of the same species, These con-
clusions are consistent also with the results obtained by
Blumel & Kirby (1948) for the composition of mechanically

isolated Drosophila salivary gland chromosomes. The

existence of a higher protein in the nucleus would also
appear to be confirmed by the amino-acid analyses of
hydrolysates of fowl erythrocyte nuclei carried out by
Melampy (1948), Unfortunately the significance of the re-
sults obtained in this investigation 1s diminished by the
fact that an appreciable proportion of the nuclel analyzed

were contaminated with residual stroma.
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The incompleteness of present knowledge of the pro-
teins of the nucleus is underlined by the recent discovery
by Kirkhem & Lloyd (1953) of a third protein in nuclei
isolated by the Behrens technigue from calf thymus and calf
liver, The new protein is quite distinect both from histone
and from the nuclear lipoprotein previously described by
this group (Wang et al,, 1953) and is apparently of the
globulin type. It accounts for about 20 - 40% of the dry

mass of the nucleus,.

1.6 The enzyme activities of the cell nucleus.

Present knowledge of the enzymes of the nucleus is
chiefly derived from three sources:
(1) examination of the nuclear fraction obtained in
the course of tissue fractionation;
(i1) examination of nuclei isolated in aqueous media;

(11i1) examination of nuclel isolated in non-aqueous media,

The results obtained from (i) may be disposed of
fairly briefly. It has already been pointed out that
nuclear fractions are invariably contaminated to a greater
or lesser degree with whole cells, mitochondria, ete, It
1s therefore unsafe to assume that any eﬁzyme activity
found in this fraction is necessarily due to the nuclei
unless it accounts for a disproportionately high percentage
of the total activity of the tissue. For example,

Scineider & Hogeboom (1951) have emphasized that only about
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5% of the total cytochrome oxidase activity of the liver

is found in the nuclear fraction compared with 75 - 80%

in the mitochondrial fraction (Schnelder, 1946g ; Schneider
& Hogeboom, 1950), Under these circumstances it is im-
possible to be certain how much of the activity of the
nuclear fraction is due to the nuclei themselves and how
much to contaminating mitochondria. On the other hand,
the nuclear fractions of rat liver (liovikoff, Podber & Ryan,
1950; Iudewig & Chanutin, 1950; Novikoff, Hecht, Podber

& Ryan, 1952; Schneider, 1946a), rat hepatoma (Schneider,
1946a), mouse liver and mouse hepatoma (Schneider, Hoge-
boom & Ross, 1950) account for such a considerable pro-
portion of the adenosine monophosphatase and adenosine tri-
phosphatase activities of these tissues that the nucleil
must be presumed to have a high concentration of these
enzymes, One other positive result of great interest has
been obtained in the course of these studies: 1t has been
shown that, in mouse liver, the mechanism for the synthesis
of diphosphopyridine nucleotide is apparently confined to
the nucleus (ﬁogeboom & Schneider, 1952). This observation
is of particular significance since the synthesis of di-
phosphopyridine nucleotide is carried out by a water-sqluble
enzyme which can be readlly exbracted from liver (Kornberg,
1950). It appears, therefore, that even in the aqueous

isolation medium used by these workers (0,25M sucrose



containing a trace of calcium chloride) the nuclear membrane
is capable of retaining a soluble protein,

A fair number of isolated observations have been pub-
lished on the occurrence of various enzymes In nuclei iso-
lated from various tissues by a variety of methods,
Miller & Kozloff (1947) have found ribonuclease in fowl
erythrocyte nuclei, Lang, Seibert, Baldus & Corbet (1950)
have observed that in pig kidney the concentration of deoxy-
ribonuclease is higher in the nucleus than in the cytoplasm,
The occurrence of nucleases in the nucleus has also been re-
ported by Euler, fischer, Hasselquist & Jaarma (1945) and
by Brown & Laskowski (1951), Phosphatase activity has
been demonstrated in fowl erythrocyte nuclei (Dounce &
Seibel , 1943) and in "residual chromosomes" (Jeener, 1946;
Mirsky, 1947). On the other hand, the L-amino-acid oxidase,
D-amino-acid oxidase, L-proline oxidase and xanthine oxidase
activities of pig kidney nuclel are negligible (Lang &
Seibert, 1950) as also is the succinic dehydrogenase activity
of rat liver nuclei (EBuler et al,, 1945). Clearly, such a
mass of disconnected data cannot do more than indicate that
the nucleus may be capable of catalysing a fairly wide
range of reactions.

Fortunately, a lengthy and systematlc Investigation of

the enzymes of the rat liver nucleus was undertaken by



Table 13,

Enzymes of nuclei isolated from rat liver,

Enzyme Relative Activitﬁ*
in nucleus
Aldolase 40
D-amino-acid oxidase 100
Arginase 113
Catalase 50 = 60
Choline oxidase 0
Cytochrome oxidase 50 - 60
Cytochrome c low
Enolase 50
Esterase 50
Lactic dehydrogenase 40
Acld phosphatase 25 - 50
Alkaline phosphatase 182
Phosphorylase 26
Succinic dehydrogenase 0
Uricase 100
% Activity per mg, dry wt, of nuclei

Activity per mg, dry

wt, of whole tissue

from Dounce (1950a).

x 100
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Dounce in 1943, The results obtalned are shown in Table 13
(see Dounce, 1950a, b). They indicate the presence in

the nucleus of a wide range of enzymes, including some of
those concerned 1in the process of glycolysis (aldolase,
enolase, lactic dehydrogenase and phosphorylase), On the
other hand, the absence of succinic dehydrogenase ls notable
as indicating that the tricarboxylic acid cycle does not
operate within the nucleus,. With the exception of alkaline
phosphatase most of the enzymes studied were present in the
nucleus only in low concentration, For this reason,
Schneider and his assoclates (Schnelder & Hogeboom, 1951;
Hogeboom, Schneider & Striebich, 1952; sec also Schnelder,
1946a; Hogeboom & Schnelder, 1950; Hogeboom, 1951), have
suggested that in these cases Dounce was, in fact measuring
the enzyme activity of traces of cybtoplasmic contaminants,
This implies, of course, that the nucleus, apart from its
phosphatase activity and its capacity for synthesizing
diphosphopyridine nucleotide,is metabolically rather inert,
Dounce (1950a; 1951) does not accept the validlty of these
criticisms and continues to regard the nucleus as meta-
bolically active, This concept finds a certain measure of
support in the fact that avian eryﬁhrocyte nuclei, which

can be 1lsolated much more easily than the nuclei of compact
tissues, have been repeatedly shown to have a slight but

gqulte measurable oxygen consumption and to be capable of
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anaerobic glycolysis (Wegelein, 1925; Laskowski, 1942;
Hunter & Baufield, 1944).

Much more Iimpressive evidence in favour of the "meta-
bolically active nucleus" has come from the work of Stern,
Mirsky, Allfrey & Saetren (1952). The se workers undertook
a large~scale investigation of the enzyme activities of
nuclei isolated-from a wide variety of tissues by Allfrey's
(1952) modification of the Behrens technique. Behrens
himself had shown that in the livers of guinea pigs and
rabbits the nuclei contained nearly as high a concentration
of arginase as the cytoplasm whereas thelr lipase concentra-
tion was comparatively low (Behrens, 1939), Later workers
formed the impression that the preliminary freeze-drying re-
guired in the Behrens technique would probably inactivate
at least some enzymes (Scineider & Hogeboom, 1951), Stemrn
et al, (1952) found, however, that this was a less serilous
difficulty than had been anticipated since those enzymes
which could be prepared as acetone-extracted powders survived
their isolation procedure. The enzymes which they studied
fell into two classes,

(1). Special enzymes characteristic of a particular
tissue, e.g., pancreatic amylase and intestinal
phosphatase. The proteins haemoglobin and myoglobin,
the distribution of which was also studied, might Dbe
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regarded as belonging to this class,
(2). Enzymes of general distribution,such as esterase
and /9 -glucuronidase,
The. - results of this monumental investigation may be
summerised briefly as follows,

(1) The nuclei of different tissues have different
properties, For example, calf liver nuclei contain catalase
while calf kidney nuclei do not, although the enzyme
occurs in both tissues; arginase is found in fowl liver
nuclei but not in fowl kidney nuclei; and haemoglobin
occurs in erythrocyte nuclei while myoglobin appears to be
absent from mascle nuclei,

(2) For enzymes of general distribution the»variations
in activity between the nuclel of different tissues are as
great as, i1f not greater than, those between the tissues
themselves,

(3) Fasting a horse for twenty days causes a caba-
strophic drop in the catalase activity of both the nuclel
and cytoplasm of the liver, The effect on other liver en-
zymes is much less marked and takes the form of a fall in
nuclear activity sccompanied by a rise in cytoplasmic
activity,.

One aspect of the problem which was not covered by the
experiments of Stern et al, (1952) is the gquestion of whether

the nucleus contains any mechanism for obtalning energy.



Stern & Mirsky (1952) have recently e xamined the nuclei of
wheat germ (isolated by the method of Allfrey et al,, 1952)
from this point of view, Thelr results indicate that, in
this tilssue at least, the nucleil possess a powerful glycolytic
mechanism, This, of course, is in agreement with the re-
sults of Dounce described above, An alternative theory

has been put forward by Lang & Seibert (1951). The se
workers haveAfound that in the nuclei of liver and kidney
isolated in sucrose solution, lactic acid production is

slow and adenosine triphosphatase activily is relatively
high, They are of the opinion, therefore, that the chief
source of energy in the nucleus is not glycolysis but the
breakdown of adenosine triphosphate derived presumably from
the cytoplasm. The third possibility, that the nucleus
might derive some energy from oxidatlve metabolism,is not
supported by the work of either Dounce or Stern. It can-
not, however, be entirely ignored in view of the reports,
clted above, that the isolated avian erythrocyte nucleus has
a measurable resplration and of Zittle & Zitin's (1942 a.)
demonstration of cylochrome oxidase in the isolated heads

of bull sperm,

1.7 Other constituents of the cell nucleus,
While ™A, histone and the non-histone proteins are

quantitatively the most important constituents of the nucleus
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the presence of a number of other components has also been
demonstrated, RNA, the occurrence of which was first sus-
pected on histochemical grounds, has been repeatedly found
in isolated nuclei (Brachet, 1940a; Davidson & Waymouth,
1944; Bergstrand, Eliasson, Hammarsten, Norberg, Reichard
& von Ublsch, 1948; Vendrely & Vendrely, 1948; Dounce et
al., 1949; Villela, 1949; Barnum et al., 1950; Marshak,
1951; Allfrey et al,, 1952; McIndoe & Davidson, 1952;
Mauritzen, Roy & Stedman, 1952), RNA has also been found
in isolated chromosomes (lMirsky & Ris, 1947; Petermann &
Mason, 1948). The differences in composition between
nuclear and cytoplasmic RNA have already been discussed
(see Section 1.2 above).

The mineral content of nuclei isolated by the Behrens
technique has been studied by Gulick (Willlamson & Gulick,
1942; Gulick, 1946). The results which he has obtained are
shown in Table 14. The high calcium content is of interest
particularly in connection with Barton's (1951) observation
that,as the INA of the nucleus is hydrolysed by deoxyribo-
nuclease, calcium is liberated in stoichiometric amounts.
Dounce & Beyer (1948) have estimated the mineral content of
nuclel isolated from rat liver in aqueous citric acid at
pH 6, Unfortunately, since this isolation procedure must

be expected to wash out any free metallic ions from the



Table 14,

Calclum and magnesium content of nuclei isolated

by the method of Behrens (1932).

g. per 100 g, dry weilght

of nuclel
Calcium Magnesium
Calf thymus nuclei 1.3 - 1,4 0,07 - 0.1
Human tonsil nucleil 1.25 0,07
Nuclei from bovine
sSupermammary 1,41 0.06

lymph node

from Williamson & Gulick (1942)
and Gulick (1946),



Table 15,

Metals present in nuclel isolated at pH 6 by the
method of Dounce (1943a), |

Element mg, per 100 g, dry
' weight of nucleil.

Cu : 25 3
Al 17

Fe : 11

Mg 7

Mn 1.4

Zn 1.2

Ca ‘ 0.23

from Dounce & Beyer (1948),
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nuclei the interpretation of their results (shown in‘Table
15) is a matter of some difficulty.

The occurrence of lipids, including cholesterol and
phospholipids,in the cell nucleus was first established
for muscle and bumour nuclei by Stoneburg (1939), Lipids
have subéequently been demonstrated in nuclei isolated fron
rat carcinosarcoma (Haven & Levy, 1942), rat liver (Dounce,
1943b), fowl erythrocytes (Dounce & Lan, 1943), snake
erythrocytes (Villela, 1947) and human cerebral cortex
(Tyrrel & Richter, 1951), The most systematic investigation
of the nuclear lipids yet undertaken 1s that carried out by
Williams, Kaucher, Richards, Moyer & Sharpless (1945).
These authors found that nuclei isolated in aqueous citric
acid at pH 6 from normal dog liver, normal rat liver and
cancerous rat liver all contained about 4 -~ 5% by weight
of neutral fat, 2 - 3% of cephalin, 4 - 9% of lecithin,
about 0.5% of sphingomyelin, about 1% of cholesterol esters,
and smaller variable amounts of cerebroside and free
cholesterol, In each case the total lipid content was
14 - 18%,0f wich roughly two-thirds was phospholipid.

The presence of certain of the B vitamins In the
nucleus was demonstrated by Isbell, Mitchell, Taylor &
Williams (1942) who found thiamine, riboflavin, nicotinic

acid, pyridoxine, pantothenic acid, biotin, inositol and
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folic acld in nuclel isolated by the Behrens technigue
from beef heart muscle and from a mouse tumour. The con-
centrations of these vitamins in the nucleil were comparable
with those found in the corresponding whole tissue.

Villela (1947) has also found measurable concentrations of

thiamine and pyridoxine in isolated snake erythrocyte nuclei,

1.8 Cytochemical methods,

While a great deal of valuable information has been
obtained by analysis of isolated nuclei this method can
obviously give no indication of the localization of the
nuclear components within the nucleus. To some extent
thils deficiency may be remedied by analysis of isolated
chromatin threads but it must always be remembered (a) that
the identification of these as isolated interphase chromo-
somes is still a matter of controversy (Lamb, 1949, 1950;
Ris & Mirsky, 1949, 1951; Ris, 1951; Mirsky, 1951; Polli,
1952) and (b) assuming that they are isolated chromosomes,
the degree to which they are contaminated with non-chromo-
somal material (e.g., nucleoll and shreds of nuclear membrane )
has not yet been clearly established. Fortunately,methods
have been devised whereby proteins and nucleic acids may be
identified in a histological tissue section either by their
absorption of ultraviolet light or by their stalning re-

actions.



50,

The first microscope with quartz lenses suitable for
use in the ultraviolet was that designed by Kohler (1904).
This instrument was, however, valued chiefly because the
shorter wavelength of ultraviolet radiaticn gave it a
higher resolving power than ordinary microscopes working
in visible 1light, and because the various structures of the
cell could be distinguished by the different degrees to
which they abeorbed ultraviolet, thus obviating the necessity
for staining and the attendant danger of staining artefacts.
Kohler (1904) used it to photograph chromosomes, and meny
years later Lucas & Stark (1931) and Wyckoff, Ebeling &
Ter Louw (1932) employed it in studies of mitosis, the
latter group of workers remarking on the similarity between
photomicrographs of unstained mitotic figures taken at a
wavelength of 275 . and photographs in visible light of

the same objects after Feulgen staining, It was left, how-

ever, to Caspersson (1936) to demonstrate that it was
possible to identify proteins and nucleic acids in tissue
sections by their characteristic ultraviolet absorption
specbra and that at 260 ma. the absorption of the nucleic
acids was so great as to completely dominate that of the
proteins, (It is a curious fact that the very high ultra-
violet absorption of the nucleic acids had been observed

in witro by Dhéré in 1906 only two years after Kohler's

description of his quartz microscope, This observation
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seems to have been completely forgotten until 1931 when
it was conflrmed by Heyroth & Loofbourow.)

It would be quite impossible to attempt to summarise
here Caspersson's monumental work on the relations between
nucleic acid and protein, particularly as it was directed
towards RNA and the cytoplasm rather than INA and the
nucleus (Caspersson, 1947, 1950; Caspersson & Schultz,
1939, 1940; Caspersson, Nystrom & Santesson, 1941;
Caspersson, Landstrom & Aquilonius, 1941; Hyden, 1943,
1947), Some of his results are, however, highly relevant
to any study of the cell nucleus, They are as follows:

(1) The ultraviolet absorption spectrum of a meta-
phase chromosome is very similar to that of purified
nuclelc acid, The same is true of the dark bands in

the glant interphase chromosomes of Drosophila salivary

glands (Caspersson, 1936), These observations, which
imply that the nucleic acid of the nucleus is localised
on the chromosomes have been repeatedly confirmed
(Caspersson, 1939, 1940, 1950; Caspersson & Schultz,
1938),

(2) The mucleoli also have an absorption spectrum
indicative of the presence of nucleic acid but since,
unlike the chromosomes, they do not give a positive

Feulgen reaction they are thought to contain RNA
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rather than DNA (Caspersson & Schultz, 1940; Caspersson,
- 1941, 1950),
(3) The absorptlon spectra of nucleoli and chromo-
somes indicate that both contain proteins as well as

nucleic acids (Caspersson, 1941, 1947, 1950).

The apparatus used by Caspersson and his asgsociates
to obtain these results is extremely complex and expensive
(Caspersson, 1936, 1940, 1947, 1950; Thorell,'1947;
Caspersson & Schultz, 1951), Fortunately, it has been
possible to confirm and extend many of their findings by
simpler mebthods. Brachet (1940a, b, 1942) has shown that
after a tlssue sectlon 1s treated with a solution of ribo-
nuclease (which 1s known to catalyse the hydrolysis of
purified RWA) the nucleoll no longer stain with pyronin,

thus confirming that they contain RVA, In agreement with

this observation, Davidson & Waymouth (1946) found that
ribonuclease treatment also decreased the ultraviolet
absorption of the nucleolus, The occurrence of both DNA

and protein in Drosophila salivary gland chromosomes was

confirmed when Mazia & Jaeger (1939) showed that treabtment
with a crude nuclease préparation reduced their Feulgen
stainability while leaving a residue which stalned with
ninhydrin, Caspersson (1936) had previously shown that

treatment with trypsin caused complete disintegration of
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the chromosomes, Pepsin, on the other hand, caused marked
shrinkage but no loss of continulty or reduction of Feulgen
stainability (Frolova, 1944; Mazia, Hayashi & Yudowitech,
1947). These observétions have since been confirmed by
Kaufman, Gay & McDonald (1950)., Since Mazia et al. (194%7)
find that pepsin, unlike trypsin,does not digest histone |
or nucleohistone in vitro they suggest that the shrinkage
caused by pepsin treatment is due to removal of the non-
histone protein from the chromosome, leaving histone, which
maintains the continuity of the fibre, Destruction of

this continuity and consequent disintegration of the chromo-
some are produced by trypsin,presumably because it removes
both proteins, It has also been suggested that the chromo-
somes may contalin RNA, the evidence for this being that
their staining reactions change slightly after t reatment
with ribonuclease (Brachet, 1940b, 1942; Kaufman, 1949;
Kaufman, McDonald % Gay, 1948; Kaufman, Gay & McDonald,
1950, 1951; see also Serra, 1947).

No discussion of cytochemical methods would be ¢ om-
plete without some reference to the method devised by Gomori
(1939) for the localization of phosphnatase activity in
tissue sections, The ususal ﬁrocedure is to incubate the
section in a solution containing substrate (usually
glycerophosphate) and calcium ions. Phosphate ions

liberated from the substrate at the site of enzyme activity
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are theoretically precipitated in situ as calcium phosphate,
By addition of cobalt nitrate the precipitate is converted
to cobalt phosphate which is in turn converted to cobalt
sulphide, which i1s in an intensely black substance and

may easily be observed microscopically. Using this method
Willmer (1942) and Wachsbtein (1945) reported that phosphat-
ase was present in high concentration in the chromosomes,
Danlelll & Catcheside (1945) went further and claimed that

in the salivary gland chromosomes of Drosophila phosphatase

activity was localized in the Feulgen-positive bands,
Further interest was aroused when in 1948 Brachet & Jeener
suggested, on the basis of similar experiments, that
phosphatase actlvity might be closely related to INA meta-
bolism (see also Brachet, 1947), Unfortunately, it was
shown shortly afterwards that, as a method of locating

phosphatase activity within the cell, the Gomori technique

may be highly misleading (Martin & Jacoby, 1949; Pallade,
1951; Novikoff, 1951, 1952; Gomori, 1951), Apparently,
the calcium phosphate formed in the course of the test is
fairly diffusible and is selectively adsorbed by the chromo-
somes, The whole eplsode is a striking illustration of the
dangers of placing too much reliance on cytochemical results

unsupported by confirmatory evidence from other sources,
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1.9 Isotope experiments on nucleic acids,

The investigations described above have yilelded a
considerable amount of information about the chemical
nature of the nucleus, The picture which they present,
however, is essentially static, Even the enzyme experi-
ments indlcate only what reactions may take place in the
nucleus, not what reactions do take place or into what
systems these reactions are organised, It is, of course,
possible to interpret features of this static picture as
evidence for the existence of some dynamic process, Cas~
persson (1947, 1950) has argued from the occirrence of
gradients in the concentration of protein from the nucleolus
to the nuclear membrane, and in the concentration of nucleo-
tides from the nuclear membrane outwards into the cyto-
plasm that protein synthesized by the nucleolus-assoclated
chromatin diffuses from the nucleolus to the nuclear mem-
brane, on the outside of which ribose nucleotides (includ-
Ing presumably RNA) are produced, and in turn diffuse out
into the cytoplasm (Caspersson, 1939, 1941; Hyden, 1943),
In a somewhat similar fashion Stedman & Stedman (1943Db)
have suggested that since nuclei of tumour and embryonic
tissue have a much lower content of histone than thymus and
erythrocyte nuclei histones probably act as inhibitors of
mitosis, Obviously, in the absence of supporting evidence

theories such as these must be regarded with considerable

reserve,
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The most important experiments on the actual meta-
bolism of the nucleus have been isotopic studies on the
rates of synthesis and breakdown of the nucleic acids in
animal tiésues. In the earliest of these investigations
it was shown that the incorporation of radioactive phos-
phorus into INA was generally very slow (Hahn & Hevesy,
1940; Hevesy & Ottesen, 1943; Ahlstrom, Euler & Hevesy,
1945), The most active incorporatién of phosphorus into
DNA was found in intestinal mucosa, a tissue in which it
is well known that the individual cells have only a short
life-span and are continually being replaced (Hevesy &
Ottesen, 1943). Incorporation was also higher in the
tissues of embryos and young, growing animals, in which
mitoses are presumably frequent, than in adult tissues, in
which presumably they are rare (Ahlstrom, Euler & Hevesy,
1944; Andreassen & Ottesen, 1945; Davidson, 1947).
Following partial hepatectomy in the rat the remaining frag-
ment of liver undergoes a remarkably rapid hyperplasia;
while this continues tine incorporation of phosphorus into
the liver INA is increased markedly above the normal rest-
ing level, The INA phosphorus turnover in hepatoma,
another rapidly growing tissue, is also higher than in
normal liver (Brues, Tracy & Cohn, 1944), Irradiation
with X-rays, a treatment known to have an injurious effect

on the chromosomes (Lea, 1946), decreases the incorporation
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of phosphorus into DNA (Ahlstrom, Euler & Hevesy, 1945;
Hevesy, 1948),

Somewhat similar results were obtained using the
heavy isotope of nitrogen, Davidson & Raymond (1947)
foﬁnd only slight incorporation of isotopically labelled
ammonia into the DNA of pigeon liver, In the rat, labelled
adenine is ihcorporated more slowly Into the purines of
INA than into those of RiWA (Brown, Petermann & Furst, 1948).
Incorporation of labelled glycine into the purines of DNA
is more rapid in liver regeneraﬁing after partial hepa-
tectomy than in normal liver (Bergstrand et al,, 1948),

It seems reasonable, therefore, to suppose that the rate of
synthesis of INA in a resting tissue is extremely low but
that it 1s lncreased in those tissues in which mitoses are
frequent, This is, of course, quite consistent with its
localization in the chromosomes,

In general the KA of normal animal tissues which are
not growing rapidly is metabolically much more active than
the DNA in respect of turnover of both phosphorus (Brues,
Tracy & Cohn, 1944; Hammarsten & Hevesy, 1946; Davidson,
1947; Relchard, 1949) and nitrogen (Davidson, 1947;

Brown, Petermann & Furst, 1948; Bergstrand et al.,, 1948;
Reichard, 1949). The RNA of the nucleus appears to have

a more rapid turnover than the RNA of the cytoplasm
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(Bergstrand et al,, 1948; Marshak & Calvet, 1949; Barnum
& Huseby, 1950; Jeener & Szafarz, 1950; McIndoe & David-
son, 1952),

1,10 The bacterial transforming factors,

Although the nucleic aclds were discovered more than
elghty years ago and although their presence has since
been demonstrated In all types of plant and animal cells
investigated (Davidson, 1947, 1950), in bacteris (Vendrely
& Lehoult, 1946; Stacey, 1947; DBelozersky, 1947; Char-
gaff, 1947; Malmgren & Heden, 1947; Vendrely, 1950), and
in viruses (Bawden & Pirie, 1937, 1938; Stanley, 1940;
Knight, 1947) it is only within the last ten years and in
a limited number of cases that it has been possible to show
that a purified nucleic acld may have a biological acbtivity
in the same sense as purified pepsin or purified insulin,
The manner in which this bilological activity was discovered
is of some Interest.

One of the most considerable achievements of the
sclence of immunology has been the classification of the
pneumococci into a large number of different "types" each
chafacterised by the possession of a specific, serologlcally
distinct, capsular polysaccharide (Boyd, 1947). In 1928
Griffith described how non-encapsulated, non-virulent

pneumococci, characterised by the rough appearance of thelr
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colonles on solid media and called therefore "R" forms,
could be obtained from the capsulated, virulent, smooth
colony, or "S" strains by culturing on chocolate blood
agar or in the homologous immune serum, This change was
accompanied by loss of the serological type character.
If a 1living culture of an R strain was inoculated into
mice together with a killed culbure of the S strain of tre
same type the living pneumococci which were recovered from
the bodies of mice which succumbed to pneumonia were of
the S strain. This R —— S conversion could also be
produced using a killed S culbure of a differenttype but
in this case the living organisms recovered belonged,not
to the type from which the R strain had been originally
derived, but to the same type as the killed S culture.
For example the R strain (RI) derived from the smooth type
I (SI) strain would revert to 3I if it was inoculated with
a kilied ST culture; 1if, on the other nand, it was
inoculated with & killed 3II culture it would be converbed
to SII. In this way any type of pneumococcus could be
"transformed"” into any other type by inoculating the K
varisnt of the first type and the killed S variant of the
second type simmltanecusly into a mouse,

Griffitn's observations were confirmed by Dawson
(193C) who zlso showed that the orgasnisms produced as a

result of such a transformation possessed all tne
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characteristics of normal organisms of the same type and
that,when subcultured, they maintained this character with-
out any tendency to revert to the type from which they were
originally derived, In 1931 Dawson & Sia succeeded for
the first time in produclng transformation in vitro by
growing R cells in a fluid medium containing the homologous
antiserum and in presence of heat-killed S cells, Ag in
Griffith's in vivo experiments, the growing R culture was
transformed to the S type of the killed cells, In the
same year Dawson & Warbasse (1931) reported direct trans-
formation of type SII to type SIll,using a killed culture
of SIII but without going through the intermediate R form.
A further advance was made when Alloway (1932) eliminated
the heat-killed S cells and produced specific transforma-
tion of R cultures using crude cell-free extracts of the
appropriate S strain, In a later paper Alloway (1933)
reported that the same results could be obtained using a
sodium deoxycholate extract of S cells purified by treatment
with animal charcoal and capable of passing through a
Berkefeld filter without appreciable loss of activity.

The nature of the active principle in Alloway's extracts
remained obscure for more than ten years, although the work
of Sia & Dawson (1931) indicated that it was not the type-

specific capsular polysaccharlde itself, In 1944 Avery,
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Macleod & McCarty obtained from type SIII pneumococci a
preparation capable of transforming an R varisnt derived
from SII to SIII,. This material was prepared by extract-
ing heat-killed SIII cells with sodium deoxycholate
solution, precipitating the active principle with alcohol,
redissolving 1t in saline and deproteinising by the method
of Sevag, Lackman & Smolens (1938), Finally,any capsular
polysaccharide present was removed by treatment with a
bacterial enzyme and the active principle was further puri-
fied by alcohol precipitation, The purlfied material
gave a colourless viscous solutlon in saline, The biuret
and Millcon reactions on both the dry material and concentra-
ted solutions were negative, The diphenylamine reaction
for INA (Dische, 1930) was strongly posiltive, The orcinol
test,which is given strongly by RNA and weakly by INA
(Schneider, 1946c), was weakly positive. Repeated extraction
wlth alcohol and ether caused no loss of activity. Ele-
mentary enalyses of four preparations of the dried material
were in remarkably good agreement with the theory for the
sodium salt of LNA, The transforming activity was not
reduced by treatment with ribonuclease or with trypsin

and chymotrypsin singly or in combination, The effects of
a number of crude enzyme preparations from various sources
were also tested. The transforming activity was abolished

by those preparations capable of depolymerising purified
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INA in vitro and only by such preparations, On examination
In the analytical ultracentrifuge the purified material
gave a single sharp boundary indicating that it was homo-
‘geneous, The transforming activity sedimented at the

same rate as the optically observed boundary, Similarly,
electrophoresis showed a single fast-moving boundary with
which the transforming activity migrated, Trensformation
could be induced by very small amounts of the purified
material (0,02 - 0,003 ug). Similar preparations could be
obtained from other pneumococcal types (McCarty & Avery,
1946), Subsequently a purified deoxyribonuclease was ob-
tained from beef pancreas (lMcCarty, 1946) and it was shown
that this enzyme was capable in minute amounts of irre-
versibly inactivating the transforming factor (McCarty &
Avery, 1946),

In the face of this mass of evidence it seems impossible
to avoid the conclusion that the pneumococcal transforming
factors are highly polymerised LiAs,

The induction of similar bacterial transformations

has been reported in the case of Shigella paradysenteriae

(Weil & Binder, 1947), Bacillus anthracis and Bacillus

mesentericus (Manniger & Nogradi, 1948) and Escherichia coll

and Proteus 0X 19 (Dianzani, 1950), Boivin and his ,

associates have produced transformations in E, coli using
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transforming factors which are resistant to the action of
pepsin and ribonuclease but are inactivated by deoxyribo-
nuclease and are therefore presumably, like the pneumo-
-coccal transforming factors, highly polymerized DNAs
(Boivin, Vendrely & Lehoult, 1945a, b; Boivin, Delaunay,
Vendrely & Lehoult, 1945a, b, c, 1946; Boivin, 1947).
It seems therefores that a wide range of bacterial species
may be capable of undergoing transformation reactions.

The nature of the transformation reaction itself
or, as it has sometimes been called, the directed mutation
has also been the subject of investigation, In particular,
it has been shown that in the pneumococcl the transformation
R —> S is a stepwise process (liacLeod & Krauss, 1947;
Taylor, 1949a, b; see also Dawson, 1934) and that trans-
forming factors can be obtained from R variants which will
induce the reverse transformation S — R, An even
more significant development has been the discovery that
the pneumococci possess somatic protein antigens (Austrian
& MacLeod, 1949a) and that these also may undergo directed
mutation under the action of tpansforming factors quite
independently of the capsular polysaccharides (Austrian & -

.MacLeod, 1949Db).
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1.1l The INA content of the cell nucleus,.

The identification of the transforming factors as
highly polymerized DNAs, if it is correct, is a discovery
of major importance, Since bacterial transformation re-
actions are highly specific (type III transforming factor,
for example, will induce mutation to SIII and not to SI,
SII, SIV,etec,) it follows that the IiAs which induce them
must have an equally high degree of specificity. Moreover,
in the higher plants and animals T4 is the characteristic
chemical component of the nucleus and, as has been shown
above (section 1,8), is very probably localized in the
chromosomes, Recent work by Robinow, De Lamater and others
has indicated that the bacterial cell also has a nucleus
with chromosomes (Robinow, 1942, 1945; Tulasne, 1947;
Knaysi, 1951; De Lamater, Hunter & ludd, 1952) and that
this nucleus contains DNA (Vendrely & Lehoult, 1946;
Tulasne & Vendrely, 1947a, b), Under these circumstances
it seems not unreasonable to suppose that, in bacteria at
least, the genes may be highly specific macromolecules of
DNA and that directed mutations may be due to one or more
of these macromolecules derived from a killed donor cell
penetrating the nucleus of a living recipient cell (Boivin,
1947; Boivin & Vendrely, 1947).

It might be reasonably expected that in the present

state of bacterial cytology it would be no easy matter to



Table 16.
Average deoxyribonuclelc acid (INA) content of nuclei

isolated from various tissues,

Tissue pgF INAAper nucleus
Beef liver 6.4
" thymus - 6,6
" kidney 6.0
n pancreas _ 6.9
Calf liver 6.4
" thymus 6.4
Bull sperm | 3.9
Swine liver 5.0 -
" kldney . 5.2
D;g liver 5.0
" kidney 5.3
Mouse liver _ 6,0
" kidney 5.0
Duék erythrocytes 2.3
" liver 2.1

from Vendrely & Vendrely (1948, 1949c).



Table 17,
A, Average deoxyribonucleic acid (IA) content of nuclei
isolated from the tissues of various species.

pg.* INA per nucleus

Species erythroecyte liver sperm
nuclei nuclei

Domestic fowl 2,34 2,39 1,26
Shad 1,97 2,01 0.91
Carp 3,49 3,33 1.64
Brown trout 5,79 - 2,67
Frog 15.0 15,7 -
Toad 7.33 - 3.70
Green turtle 5,27 ‘ 5.12 -

B. Average DNA content of nuclel isolated from various

bovine tissues,

Tissue ' pg,.* INA per nucleus

Bull sperm “ 2.82
Calf thymus 7.15
Calf lymph node 7,03
Calf kidney 7 6,25
Beef kidney 6.81
Calf liver 6,22
Beef liver 8.4

from Mirsky & Ris (1949).



Table 18,

Average deoxyribonucleic acid (DNA) content .of nuclei

isolated from various rat tissues,

Tissue pg.* DNA per nucleus
Liver (normal) 5.9 - 9,4
Liver tumours 6.0 - 8,1
Liver (from
5.3 - 6,4
tumour-bearing animals)
Tumour of facer 5.9
Thymus 6.1 - 6,3
Spleen 6,0 - 6.5
External orbital gland 21.3

from Cunningham et al, (1950).



Table 19.
Average deoxyribonucleic acid (INA) content of nuclel

isolated from various tissues of the domestic fowl,

Tissue pg.* INA phosphorus per nucleus
Erythrocytes 0,249
Liver ' 0.256
Kidney 0.220
Spleen 0,254
Heart 0.245
Pancreas 0.261
Brain®¥* 0.222

Muscle¥** O.242»

from Davidson, Lesiie, Smellie & Thomson (1950)
end Davidson & Leslie (1950D).

-12
¥ 1 pg. = 10 g,

¥¥% embryonlc tissues,
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obtain independent confirmatory evidence for this concept.
The problem was, however, solved in a most ingenious

manner by Boivin, Vendrely & Vendrely (1948),. It is a
commonplace of cytology that in a given organism all the
somatic nuclei (with the exception of those which are
polyploid) contain the same number of genes while the
gametes, being haploid, contain only half this number, If,
In fact, the genes are macromolecules of INA it follows that
all the somatic nucleil of an organism will contain the same
amount of DNA and the gamete nuclel will contain half this
amount, Accordingly Boivin et al, (1948) isolated very
large numbers of nuclel by the citric acid method from

calf thymus, liver, pancreas and kidney, The number of
nuclel present in each preparation was estimated by count-
ing in a haemocytometer and the total INA content of the
preparation determined by gross chemical analysis, The
average OTA content of the nuclei could then be found by
simple division. In this way it was found that thse aﬁerage
INA content per nucleus was practically the same for the
four tissues investigated and for different individual

% m

z Bull spermatozoa, whicn were

e

animals - 6,5 x 10~
also analysed gave a figure of 3.4 x 1077 mg, Dlih per

nucleus, i.e., approximately half the average content of
the somatic nuclei. These observations sre clearly in

excellent agreement with the theory put forward by Bolvic
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et al, (1948) and which we may conveniently refer to as the
Boivin-Vendrely hypothesis. Further evidence of the same
sort, some of which 1s shown in Table 16, was subsequently
presented by Vendrely & Vendrely (1948, 1949a, b, 1950).

In 1949 Mirsky & Ris published a geries of observa-
tions on the average INA content of nuclei isolated in bulk
from animal tissues, and counted and analysed by methods
similar to those used by Boivin et al, (1948). In two
important respects thelr results, which are shown in Table
17, differed from those obtained by Boivin and his associ-
ates: Dbeef liver nuclei were reported as having a higher
average INA content than the nuclei of other beef and calf
tissues; and the average INA content found for bull sper-
matozoa was less than half that found for the nuclel of
any of the somatic tissues of the same species, In the
following year Cunningham, Griffin & Luck (1950) also
published figures for the average LNA content of nuclel,
isolated this time from rat tissues, These also were
not consistent with the Boivin-Vendrely hypothesis, parti-
cularly with respect to the high figures obtained for liver
and external orbital gland (see Table 18),. These early
experiments were open to criticism on the ground that the
range of tlssues investigated in any one specles was in-
sufficlently wide, Davidson, Leslie, Smellie &

Thomson (1950) accordingly estimated the INA content per
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nucleus for all the tissues of the domestic fowl from which
nuclei could readily be isolated, Their results, which
are shown in Table 19, suggest strongly that the Boivin-
Vendrely hypothesis is valid for this species. On the
other hand,further evidence that the hypothesis might not
hold for mammalian tissues came from the finding of Klein,
Kurnick & Klein (1950) that mouse ascites tumour cells con-
tained two or three times as much DA as normal mousé liver
and kidney nuclei, Another anomaly came to light when
Vendrely & Vendrely (194%) and Schmidt, Hecht & Thannhauser
(1949) showed that in Arbacla the average INA content of
the spermatozoa is very much less than that of the ova.
These results were all obtained by analysis of
counted suspensions of isolated nuclel, It is, however,
possible to estimate directly the relative DNA content of
individual nuclei, Mention has already been made of the
fact that Caspersson (1936, 1950) has devised an ultraviolet
microspectrophotometer suiltable for determining the ab-
sorption spectrum of a small part of a cell, This instru-
ment may also be used to determine the nucleic acid content
of, for example, one of the bands in the sallvary gland
chromosomes of Drosophila, Since, however, both nucleic
acids have the same ultraviolet spectrum it cannot dis-
tingulish between DUNA and RiUA. In 1947 Pollister & Ris

described a much simpler apparatus (see also Pollister &
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Moses, 1949) whereby the absorption of a small part of a
cell at a predetermined wavelength could be measured.

They suggested that it might be used to determine the relat-
ive amounts of stain in individual nuclei stained by the
Feulgen method and hence to estimate the relative amounts

of DNA which they originally contained, By this means
Mark & Ris (1949) showed that the smallest spherical nuclel
in certain rat liver tumours contained the same amount of
DHA as similar nuclel in normal rat liver, Other results
obtained using the same method gave less support to the
Boivin-Vendrely hypothesis, Thus Ris & Mirsky (1949a)
found that in rat liver the largest nuclel contained twice
as much DNA as the medium~sized nuclel and these in turn
contained twice as much as the smallest nueclei, Schrader &
Leuchtenberger (1949), on the other hand, found that in the

plant Tradescantia paludosa the DNA content of individual

nucleil varied widely and quite irregularly from one tissue
to another,

Thus by the summer of 1950 the validity of the Bolvin-
Vendrely hypothesis had become subject to serious doubts,
The obvious importance of the hypothesis and particularly
its bearing on the question of the chemical nature of the
gene made it highly desirable that these doubts should be

finally resolved one way or the other, Accordingly, it was
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decided to undertake a large-scale Investigation into the
INA content of the nuclei in the different tissues of a
single mammalian specles, The lines on which this investi-

gatlon was conducted are described in the next section,




Part IT,

The Average Deoxyribonucleic Acid Content

of the Nuclel of Various Rat Tissues as Determined

by Chemical Analysis.

70.
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The Average Deoxyribonuclsic Acid Content of the Nuclei of

Various Rat Tissues as betermined by Chemical Analysis,

2.1 The objects of the investigation.

The only way in which the truth of the Boivin-
Vendrely hypothesis could be really convincingly demonstrated
for any glven species would be by measuring accurately the
DNA content of a large number of individual nuclei from a
wide variety of different tissues and a large number of
different individuals of that species, As has been pointed
out above (Section 1,11), a method for estimating the relative
INA content of individual nuclel has been devised by Pollister
and his sssoclates (Pollister & Ris? 1847; Ris & Mirsky, 1949z
Pollister & Moses, 1949; Pollister, 1950) and similar
fcytophotometric" methods have subsequently been described by
other workers (Di Stefano, 1948a, b; Swift, 1950a, b;
Pasteels & Lison, 1950a, b, c; Kurnick, 1950; Leuchtenberger,
1950; ©Naora, 1951; Leuchtenberger, Vendrely & Vendrely,

1951; Leuchtenberger, Leuchtenberger, Vendrely & Vendrely,
1952; Frazer & Lavidson, 1953). Unfortunately, these
technigues are rather inaccurate and so very laborious as to
make them unsultable for a large scale investigation.

An alternative method of testing the hypothesis 1is
that originally used by Boivin, Vendrely & Vendrely (1948)

themselves, namely, to isolate very large numbers of nuclei
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from various tissues, to estimate the total nﬁmber of nucleil
ih each preparation by counting in a haemocytometer and the
total amount of IDNA by gross chemical asnalysis, and then by
simple division to calculate the average INA content per
nucleus for each tissue, This chemical method is very much
less laborious and time-consuming than any of the cyto-
photometric methods. It cannot, of course, reveal differ-
ences in DNA content between individual nuclei within the
preparations analysed, but if it could be shown that all the
tissues of a given species had the same average ILIIA content
per nucleus and that this content was not affected by, for
example, the age or the nutritional status of the animal, it
would be difficult to avoid the conclusion that all the
somatic nuclei in that species contained the same amount of
INA,
For these reasons the chemical method was employed in
the present series of experiments,
The speciles chosen for investigation was the rat,

There were two reasons for this choice:

(1) Although the rat is one of the commonest laboratory

animals comparatively little information had been pub-

lished on the DNA content of its nucleil.

(i1) Preliminary experiments (Thomson, 1950) indicated

that the average INA content per mucleus might be higher

in rat liver than in other rat tissues.
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Answers were sought to seven specific questions,
(i) Does the average INA content per nucleus vary from
one tissue to another?
(1i) Does the average INA content per nucleus in the
liver vary with age, sex, strain, or body weight?
(1iii) Is the average INA content per nucleus in the
liver altered during pregnancy?
(iv) Is the average INA conbtent per nucleus in the
liver affected
(a) by fasting,
(b) by protein deficiency, .
(c) by thiamine deficiency,
(d) by administration of a high-fat diet?
(v) Is the average DNA content per nucleus in the liver
affected by administration of thioacetamide in a concen-
tration of 0.032% in the diet? (It has been shown by
Rather, 1951,that this treatment causes a dramatic in-
crease in the volume of the liver nuclei,)
(vi) Does Gisbetes, induced by injection of alloxan,
affect the average Dili content per nucleus in the liver?
(vii) Is the average 4 content per nucleus the same‘in
liver tumours as in normal liver?
If any one of these seven questions could be answered in the
affirmative the Boivin-~Vendrely hypothesis, in its original

form at least, would have to e discarded, Conversely,
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while negative answers to all seven could not be regarded
as a rigorous demonstration of the truth of the hypothesis
they would constitute very strong evidence in its favour.

An eighth question was also investigated, It is a
well known fact that if the median and left lateral lobes
of the liver of a rat are surgically removed'the remaining
lobes undergo a process of compensatory hyperplasia, common-
ly but somewhat inaccurately termed regeneration, until the
organ has been restored to its original weight (Higgins &
Anderson, 1931). During the first four days following the
~operation the frequéncy of mitoses in such a regenerating
liver is extraordinarily high (Brues, Drury & Brues, 1936;
Abercrombie & Harkness, 1951). It seemed of some interest
to compare the average DNA content pér nucleus under these
circumstances with that found in normal liver,in vhich
mitoses are extremely rare (Brues & Marble, 1937; Ilarshak
& Byron, 1945). |

Quite apart from its theoretical significance the
Boivin-Vendrely hypothesis has a corollary of some practical
importance. If all the nuclei in a given species contain
the same amount of INA it follows that the number of cells
present in an organ or a sample of tissue can be calculated
from its content of DNA, and hence 1ts composition or enzyme

activity can be expressed in terms of average composition or
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activity per cell (Davidson & Leslie, 1950a). In the course
of the present investigation an attempt has been made to
determine whether this method of expressing the results of
tissue analyses has any considerable advantages over those

more commonly employed,

2.2 Experimental Methods,

Animals, Except where otherwise stated the experi-
ments were carried out on male albino rats weighing 190 -
250 g. from the departmental colony. Where indicated in
the tables of results, male albino rats outside this weight
range, female albino, and male and female hooded rats were
also used,
Diets, The diets employed were as follows:
(a) A stock diet of "rat cake" made by Levers Cattlefoods Ltd,
(b) A semi-synthetic dlet similar to that used in the

University of Illinois consisting of

glucose 735
vitamin-free casein 18%
galt mixture 4%
arachis oil 5%

Bach kg, of diebt contained the following supplement:

Thiamine hydrochloride 2.5 mg.
riboflavin 5.0 mg.
nicotinic acld 10,0 mg,
pyridoxin hydrochloride 2.5 mg.
calcium pantothenate 20,0 mg.
inositol 100.0 mg.
p-aminobenzoic acid 50,0 mg,
biotin 0.1 mg.
folic acid 1,0 mg.
2-methylnaphthaguinone 1.0 mg.
choline chloride 1.0 g
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Each animal received one drop weekly of a mixture of 1 g.
& -tocopherol In 14 g, Radiostoleum (British Drug Houses
Ltd., ). The salt mixture employed was that described by
Griffin, Nye, Noda & Luck (1948).

(¢) A protein-free diet similar to (b) above in which
casein was replaced by glucose and additional phosphate was
supplied as recommended by Kosterlitz (1947).

(d) A thiamine-deficient diet similar to (b) above but
without thiamine hydrochloride,

(e} A thioacetamide-containing diet similar to (b) above
but conbtaining in addition 0,032% of thioacetamide.

(f) A high-fat diet as described by Channoﬁ, Mills &
Platt (1943) containing

casein 8%
beef fat 405
glucose 467%
salt mixture 5%

cod liver oill 1%
Each rat received 10 pg. thiamine per day.
(g) A carcinogenic diet similar to that used by Griffin

et al, (1948) containing

’

casein 18%
glucose 73%
arachis oil 57
salt mixture 4%

p-dimethylaminoazobenzene 0,06%
and vitamin supplement, Control animals were kept for the

same time on the same diet without the dimethylaminoazobenzene,
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Partial hepatectomy, Partial hepatectomy (removal

of median and left lateral lobes) was carried out under ether
anaesthesia by the method of Higgins & Anderson (1931).

Induction of diabetes, Diabetes was induced by

administration of alloxan as described by Diermeier, Di
Stefano, Tepperman & Bass (1951). The animals concerned were
fasted for 48 hours and then injected subcutaneously with

175 mg. alloxan monohydrate per kg, body weight, Control
animals which had been similarly fasted received injections

of saline,. The development of disbetes was confirmed by
blood-sugar estimations by the Folin-ilu method, Animals
which did not develop diabetes were discarded,

Removal and storage of tissues. The animals were

killed by exsanguination under ether anaesthesia, The livers
and other organs required were quickly excised, weighed and
finely chopped with scissors, A small piece of tissue was
fixed for histological examination, and about 0,5 g, was
accurately welghed out for whole tissue analysis, The re-
mainder was used for isolation of nuclel. Tissues which
could not be used immediately were preserved by freezing in

golid carbon dioxide.

Isolation of nuclei, The methods available for the

isolation of nuclei from compact tissues have already been

discussed (Section 1.4)., For the present investigation the
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citric acid method was adopted as being the only one which
is applicable to a wide range of tissues and is yet sufficient-
ly easy and rapild for routine use. The actual technique
employed, a modification of that originally described by
Mirsky & Pollister (1946), was as follows.

The entire procedure was carried out at 0 - 49°C,
In order to obtain an adequate number of nuclei for amdysis
(approximately 400 million) it was generally desirable to
start with about 5 g. of tissue (e.g., the liver or intestine
of a single rat or the pooled spleens or kidneys of 4 - 8
animals), WWhere necessary, nowever, the method could be
applied to smaller amounts of material, The tissue was
immersed in about 2 volumes of 0,05 M citric acid, and if it
had been frozen hard for storage, was allowed to thaw before
being minced finely with scissors, The mince and citric
acid were then transferred to a Waring, Atomix or Nelco
Blendor fitted with an ice-jacket, Further 0,05 M citric
acid was added to cover the blades of the Blendor and the
tissue was homogenized until the homogenate contained only
free nuclei and cyboplasmic granules with no whole cells.
In the case of liver this could generally be achieved by a
S-minute run at full speed in the Waring Blendor or 5 minutes
at half speed in the Atomix or 3 minutes at full speed in the

Nelco, It should be emphasized that these times and speeds
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are by no means critical and could probably be exceeded with
safety, since, as Bhas already been pointsd out (Section 1.4),
nuclei isolated in citric acid are remarkably resistant to
mechanical damage. The time of homogenization was increased
for tissues which are tougher or more fibrous than liver
(e.g., kidney and heart muscle), ‘Where 1t was necessary to
isolate nuclel from small amouats of tissue, as for example
in tﬁe case of thymus and pancreas, a Pobter-Elvehjem type
homogenizer fitted with a perspex pestle was employed

(Potter & Elvehjem, 19386),

After addition of a few drops of capryl alcohol to
reduce the foam produced during homogenization the homogen-
ate was filtered through a double layer of gauze to remove
any fragments of tissue which might have escaped disintegra-
tion in the Blendor and centrifuged at 650 g, for 10 minutes

to sediment the nuclel,. The supernatant was disczrded, tThe

nucleil reéuspended in 0,01 ¥ ciftric scid snc the suspension
centrifuged at 370 g, for 10 minutes, The supernstant was

again discarded, The nuclei were then repeatedly resuspenced
in 0.01 ¥ citric acid and centrifuged down until on micro-
scopic examination of an unstal ned wet preparation they appzsar-
ed to be reasonably free of cytoplasmic contamination, In
the case of liver nuclei this was generslly achiesved after

two or three 5-minute centrifugations at 370 g, Flnally,
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the nuclei were resuspended In about 12 ml, of 0.0l ¥ citric
acid and the suspension filtered through a double layer of
fine nylon gauze, The yield of nuclei obtained by this
procedure was generally between 20% and 50% of the nuclei
originally present in the tissue, In dealing with tissues
such as lung, kidney and salivary gland it was sometimes found
that the homogenate contained fragments of fibrous material,
unbroken by prolonged homogenization, This material could,
however, generally be removed by [filtration through four layers
of fine nylon gauze or, where this proved ineffective, by
discarding the upper layer of the sediment obtained on centri-
fugation,

Hstimations of numbers of nuclei. The number of

nuclei per ml, in each preparation was estimated by counting
in a haemocytometer of the Thoma or Neubauer type using

0,01 M ciltric acid as diluting fluid, At least 1600 nucleil
were counted by the author and another observer working
indepsndently,

Isolation of leucocytes, Leucocytes were separated

from the pooled citrated Dlood of about 12 rats by centri-
fuging in constricted centrifuge tubes according tb the
method described by Buller & Cushman (194Q). They were sus-
pended in 0,01 M citric acid and counted in a haemocytometer

in the same way as isolated nuclel.
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Analysis of isolated nuclel. The isolated nuclei

were fractionated by a modification of the method of
Sehmidt & Thennhauser (1945), A 5 or 10 ml, aliquot of
the counted suspension of nuclel was pipetted into a 15 ml.
graduated centrifuge tube, 0.5 vol., of 30 (W/V) trichlor-
acetic acld was added to precipitate proteins, and the tube
stored overnight in a refrigerator at -10 to -1500. The
following morning the contents of the tube were allowed to
thaw and the preclpitate was centrifuged down and washed
three times with 3 ml, portions of 10 (ﬁ/v) trichloracetic
acid, It was then extracted with 5 ml, portions of,
successively, acetone, ethanol, ethanol—chloroform mixture
(2:3) at 70°C, ethanol-ether mixture (3:1) at 70°C twice,
and ether. The dry acid-insoluble, non-lipid residue was
incubated for 18 hours at 37°C with 3 ml, N sodium hydroxide
in order to hydrolyse the RNA present to acld-soluble
nucleotides (Schmidt & Thannhauser, 1945). The alkaline
digest was then cooled in an ice-bath and acidified by
addition of 1,5 ml, ice-cold 2,5 H hydrochloric acid and
2.5 ml, 30 (W/y) trichloracetic acid. This acidification
precipitated DNA together with a large amount of protein
while leavinz the hydrolysis products of RNA in solution
(Sehmidt & Thannhauser, 1945), After standing for 30
minutes in the ice-bath to ensure complete precipitation, the

precipitate was centrifuged down and washed twlice with 1 ml,
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portions of ice-cold 10% (W/V) trichloracetic acid. The
supernatant and washings, which contained the hydrolysis
products of the RNA, were combined to form the Second Acid-
Soluble Fraction, The precipitate was washed once with
0.2 ml, ice-cold distilled water to remove excess trichlor-
acetic acid, redissolved in 2 ml, N sodium hydroxide, and
made up with distilled water to a final volume of 10 ml,
(i,e., to a final concenbtration with respect to sodium
hydroxide of 0,2 N). This consgtituted the Residusl Fraction,
INA-phosphorus (IWAP) was estimated by duplicate

(a) phosphorus determinations,

(b) deoxypentose determinations and

(c) ultraviolet absorption measurements
on the Residual Fraction. RNA-phosphorus (RNAP) was esti-
mated by a phosphorus determination on the Second Acid-
Soluble Fraction.

Analysis of whole tissue samples. Whole tissue

samples were analyzed by the method of Schmidt & Thannhauser
(1945) as modified by Leslie & Davidson (1951). The
weighed tissue was transferred quantitatively to a conical
15 ml, centrifuge tube containing 5 ml, ice-cold 16% (ﬁ/v)
trichloracetic acid and thoroughly macerated with a glass
rod rotated at high speed by a small electric motor. The

precipitate of protein, nucleic acid, stc.,was centrifuged



down and washed twice with 5 ml, portions of ice-cold 10%
(W/V) trichloracetic acid to remove acld-soluble material.
The residue was extracted with 5 ml, portions of, successive-
ly, 80% ethanol, 100% ethanol, ethanol-chloroform mixture
(3:1) at 70°C three times, and ether., These extracts were
combined to form the Lipid Fraction. As In the case of
the nuclear preparations, the acid-insoluble, lipid-free
residue was incubated for 18 hours at 37°C with N sodium
hydroxide and the alkaline digest fractionated with 2,5 N
HC1 and 30% (W/V) trichloracetic acid into a Second Acid-
Soluble Fraction and a Residual Fraction,

Lipid phosphorus (LP) was estimated by a phosphorus
determination on the Lipid Fraction, RNAP and INAP were
estimated by phosphorus determinations on the Second Acid-
Soluble and Residual‘Fractions, respectively. Protein
nitrogen (PN) was estimated by determining the nitrogen con-
tent of the alkaline digest by the micro-Kjeldahl method as
modified by HMa & Zuazaga (1942) and subtracting the amount
of nitrogen due to nuclelc acid, This was calculated by
multiplying the total nucleic acid phosphorus (RNAP 4 INAP)
by 1.7.

Tonophoretic analysis, It has recently been shown

that, in addition to the hydrolysis products of RNA, the
Second Acid-Soluble Fraction of the Schmidt & Thannhauser

(1945) fractionation contains a small amount of inorganic



phosphorus derived from phosphoprotein (Davidson, Frazer &
Hatchison, 1951) and small amounts of non-nucleotide organic
phosphorus (Smellie & Davidson, 1951; Davidson & Smellie,
1952), Figures obtained for RNAP by the method described
above must therefore be regarded as approximate, In order
to determine how large and how variable the error from this
source might be an experiment was carried out in which the
individual nucleotides of the Second Acid-Soluble Fraction
were determined by the paper-ionophoresis method of Davidson
& Smellie (1952}, |

Determination of phosphorus. Phosphorus was deter-

mined by a modification of the method of Allen (1940), The
reagents used were as follows:
A 10 N sulphuric acid,
B 100 vol., hydrogen peroxide (M.A.R,)f
¢ "Amidol reagent". 1 g, amidol (2:4-diamino-
phenol hydrochloride) dissolved in 100 ml,
of a stock 20% (W/V) solubtion of sodium
metabisulphite,
D 8;5% (W/yy) ammonium molybdate solution con-
taining a few drops of ammonium hydroxide,
An aliquot of the fraction to be aﬁélysed containing
between 20 and 200 Ps. of phosphorus was digested with 1.2 ml.

10 ¥ sulphuric acid and a few drops of 100 vol, hydrogen
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peroxide in a micro-Kjeldahl flask, When digestion was
complete the flask was allowed to cool and 6.35 ml, distilled
water were added followed by 2 ml, amidol reagent and 1 ml.
8.3% (W/y) ammonium molybdate and a further 15 ml, dis-
tilled water. The intensity of the blue colour which
developed was measured hetween 10 and 30 minutes after'ths
addition of the reagents in a Hilger "Spekker" photoelectric
absorptiometer fitted with Ilford red filters (No,608),

Where the amount of phosphorus to be determined was less than
20 Pe. 4~quantities or %—quantities of the reagents were
used, A calibration curve for the method was prepared
using serial dilutions of a standard solution of potassium
dihydrogen phosphate,

Estimation of DNA by deoxypentose determination,

The method employed was based on that originally described
by Dische (193Q) and subsequently modified by Davidson &
Waymouth (1944), The following reagents were used:
A  0,4N hydrochloric acid
B ‘Ydiphenylamine reagent", prepared by dis-
solving 1 g, diphenylamine‘(twice recrystal-
1lized from ethanol) in 2 ml, concentrated
sulphuric acid and diluting with glaclal
acetic acid to a final volume of 100 ml,
1 ml, of the Residual Fraction,diluted 1f necessary

with 0.2 N sodium hydroxide so that it contained 15 - 100 Pg'
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INAP per ml,, was mixed in a test-tube with 1 ml, 0.4 N
hydrochloric acid and the mixture heated in a boiling water-
bath for 15 minutes to hydrolyze the INA, After cooling,
4 ml, diphenylamine reagent were added and the solutions
thoroughly mixed and replaced in the water bath for a
further 6 minutes, After cooling, the intensity of the
colour developed was measured in a Hilger "Spekker" photo-
electric absorptiometer fitted with Ilford yellow filters
(¥o.6086), A reagent blank was also prepared, in which the
1 ml, of Residual Fraction was replaced by 1 ml, of 0,2 N
sodium hydroxide, A calibration curve for the method was

prepared using serial dilutions of a solution of purified
calf thymus INA the concentration of vhich, in terms of
DNAP per ml,, had previously been determined.

Estimation of TTA by ultraviolet absorption measure-

ments, The Residual Fraction to be analysed was diluted
with distilled water so that the final concentration of ZNAP
was between 0,4 and 4.0‘Pg, per nml, The extinction of

this diluted solution was measured at 260 and 290 . in a
Beckman DU spectrophotometer or a Unicam 3P 500 quartz
spectrophotometer, using 0.2 W sodium hydroxide similarly
diluted with distilled water as a blank. The difference
between the two extinctions was assumed to be proportlonal
to the amount of DHA present,. A calibration curve was

prepared for bthis method using, as in the previous method,
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serial dilutions of a solution of purified calf thymus DA
of known INAP concentration,

Tests of statistical significance, Statistlcal

analyses of the results obtained in the present series of
experiments will be found in Section 2,6 (following p.124),
Students "t" test was used to assess the significance of

the difference between the mean values of two groups of data.
Where more than two groups of data were compared analysis

of mriance (Snedecor, 1946; Brownlee, 1948) was used.

The conventional notation, P < 0,05, P < 0,02, P < 0,01,
P < 0,001 is used below to indicate significance on the

5%, 2%, 1% and 0.1% levels respectively. 1In some of the
Tables the conventional abbreviations S,D, and S,E, are used
to signify standard deviation and standard error of the mean

respectively,

2.3 Results.

INA content per nucleus in different tissues, The

mean values for the LA content of the nuclel of varilous

rat tissues are shown in Table 20 expressed in terms of
pilcograms (pg.) INWAP per nucleus (1 pg, = l@lzg.). The
agreement between the three methods of estimation 1s reason-
ably good although figures obtained by the deoxypentose
method tend to be higher than those found by the other two

methods,
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Mean values for the nucleic acid conlent, in terms of deoxyribonucleic acid phosphorus (DN AP) and
ribonuclelc acid phosphorus (RN A P), of cell nuclei isolated from tissues of male albino rats on stock dzet

(Results are given £5.E. The figures in brackets represent the number of observations. Adult rats weighed 195-250 g.;
young rats weighed 35-90 g.)

:
?r
g
8

DNAP (pg. nucleus) as determined by
A

Stage of . N\
development Phosphorus Deoxypentose Ultraviolet Range of RNAP
Tissue of animals estimation estimation absorption (pg./nucleus)
Kidney Adult 0-652 .+ 00202 0-664 4 0-0284 0-663 1-0-0145 0-088-0-211
®) ) ®)
Young 0-654 -+ 0-0167 0-702 4 0-0440 0-636 + 0-0077 0-055-0-139
(3) (2) (3)
Spleen Adult 0-633 +:0-0247 0-662 1 0-0454 0-634 +0-0281 0-057-0-156
8 8) (8)
Young 0-685 4-0-0278 0-726 +0-0040 0-694 4+ 0-0455 0-055-0-163
(3) (2) 3)
" Lung Adult 0-651 +0-0311 0-692 4-0-0388 0-6474-0-0283 0-031-0-262
) ®) )
Young 0-595 —_ 0-595 0-067
M m
Small intestine Adult 0-73840-0175 0-776 4 0-0157 0-684 + 0-0250 0-136-0-191
(4) 4) (4)
Young 0-728 — 0-712 0-244
m (1)
Salivary gland Adult 0-733 £0-0170 — 0-663 _?:2?01 10 0-106-0-258
- 2
Young 0-637 —_ 0-626 0-208
(1) 1)
Leucocytes Adult 0-641 + 0-0508 — 0-661 —
(4) (b
Heart Adult 0-627 — 0689 —
(1) 1
Bone marrow Adult 0-670 — — —_
M
Pancreas Adult 07124 0-0010 — 0-726 4+ 0-0050 —
2 2
Thymus Young 0-718+-0-0215 0-71940-0450 0-660+0-0365 0-050-0-127
(4) (4) 4
Liver Adult 0913+ 0-0115 0-928 £ 0-0190 0-870+0-0157 0-103-0-232
(38) (30) (38)
Young 0-758 +0-0198 0-788 +-0-0267 0-759 +0-0152 0-134-0-251
(13) (11) (13)
Embryo 0-780 -+ 0-0717 -841 4 0-0850 0-721 £ 0-0763 0-108
(4) (4) (4)
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The values obtained for the non-hepatic tissues are
of the order of 0,65 - 0,70 pg, IHAP per nucleus (equivalent
to 6.7 - 7.2 pg. DMA) although small intestine in young
animals, and salivary gland, small intestine and pancreas
in adults all give slightly higher figures, Analysis of
variance, however, shows that no matter which of the three
methods of estimating DNA is used there is no significant
different between the mean values found for the different
non-hepatic tissues of either the young or the adult rat
(see Tables 28, 29, 30, 31, 32 and 33),

Liver nuclei from adult rats, on the other hand,
give a value of the order of 0,9 pg. INAP (equivalent to
9.3 pg. LNA), which differs very significantly from the
values obtained for the non-hepatic tissues (see "t" tests
for each of the three methods of estimation shown in Tables
34, 35 and 36), The corresponding figures for young rats
and embryos are, however, much lower and closer to those
for the non-hepatic tissues. The difference between the
young and adult animals iIn respect of average AP content
per nucleus in the liver is highly significant, irrespective
of the method used to estimate INA (see Table 37). The
corresponding difference between embryos and adults is
significant in the case of the phosphorus and ultraviolet

absorption methods of estimating DMA but not in the case of
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the deoxypentose method (see Table 38), Hone of the three
methods of estimating INA reveals a significant difference
in average DNAP content per nucleus between the livers of
the young rats and the embryos (see Table 39).

DNA content per nucleus in liver tissue, Table 21,

Section 1 shows the effects of sex, strain, body weight and
pregnancy 1in the HAP content of the liver nuclel, The
mean values for the different groups of animals fall very
close together and analysls of variance for each of the
three methods of estimation does not indicabte that the
slight differences between them are significant (see Tables
40, 41 and 42).

The effect of various dietary treatments on the
average DNAP content of the liver nuclei is shown in Table
21, Section 2, Once again analysis of varlance for each
of the three metliods of estimation does not indicate that
the small differences between the meané for the different
groups of animals are significant (see Tables 45, 44 and 45),
The effect of a dlabetogenic dose of alloxan 1s shown in
Table 21, Section 3, The values of "t" found for each of
the three methods of estimation (see Table 46) do not indi-
cate a significant change in the average DNAP content of the
liver nuclel, although Diermeier et al, (1951) have reported
that, in the rat, alloxan caused a 12% increase in the ILNA

content of round liver nuclei of about 7 P. dismeter,
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RNA content of isolated nuclei, Figures for the

average RNAP content of the isolated nuclei are also pre-
sented in Tables 20 and 21, In Table 20 they are expressed
as a range since only a few results were available for each
tissue and these showed a wide scatter, The results ob-
tained for liver nuclel were rather more numerous and con-
sistent and are therefore expressed as mean values with
standard errors (Table 21), They must, however, be inter-
preted with considerable caution since although nuclel are
known to contain some Rii (see Section 1.7 above) this
constitutes only a small proportion of the total RUA of the
tissue (see especially Vendrely & Vendrely, 1948; Barnum eb
al,, 1950; Allfrey et al,, 1952; Leuchtenberger, Leuchten-
berger, Vendrely & Vendrely, 1952; lcIndoe & Davidson,
1952; Mauritzen et al,, 1852), The apparent RNA content
of isolated nuclel will therefore be substantially increased
if they are contaminated with cytoplasmnic débris, Never=~
theless, it is of interest to observe that fasting appears
to cause a decrease in the averaze RNA content of the
micleil and that (in agreement with Laird, 1952) thio-
acetamlde appears to cause an increase,

Composition of whole liver tissue. The results of

the analyses of whole liver tissue are shown in Table 22

expressed as



Tabhle 22




Treatment of animal
Section 1. Stock diet (a)

Section 2. Stock diet (a)

Section 3.
Stock diet (a)

Fast (72 hr.) after
stock diet

High-fat diet for
14 days

High-fat diet for
35 days

Section 4.
Semi-synthetic diet (b)

Fast (48 hr.) after
diet (h)

Protein-free diet (¢)
for 7 days

Protein-free diet (¢)
for 15 days

Thiamine-deficient
diet for 21 days

Thioacetamide-
containing diet for
7 days

Section 5.
Alloxan-diabetic rats

Controls for alloxan-
diabetic rats

Body wt.
(g.£8.D.)
Strain and ————"——-—-~
sex Initial Final
Albino, M. — 21248
(24)
Hooded, M. —_ 20512
(12)
Albino, M. —_ 2764 10
(10)
Hooded, M. — 2811 4
(5)
Albino, F. — 207 -8
(8)
Hooded, F. —_ 21513
(1)
Albino, F. —_ 199 11
(14)
Albino, F. — 234 17
(pregnant) (1)
Albino — _
(embryo)

Albino, M.

Albinn, M,
Albino, M.
Albinae, M,

Albino, M.

Albino, M.
Albino, M.
Albino, M.
Albino, M.
Albino, M.

Albino, M.

Albino, M.

Albino, M.

216 +8
(5)

21242
(4)

35-90

2214 14
(43)
1904-11
(7)
8 17
(17)
18411
(3)

223012
(16)
200 11
(14)
199 £ 10
(13)
18015
(12)
1962 17
(10)
204 -+ 18
)

1874 16
5

213+ 6
(4)

Liver wt.
(8
767 10-190
(23)
728 0262
(1)
858 40212
(1v)
8-83 0401
(8)
65-55 1 0-348
(8)
G-96 4 0-295
(1

654 4 0266
(14)
765 0-258

(1)

T942 0149
(43)
4:80 4 0-158
(7)
901 - 0-4535
(17)
840 0 0-378
(3)

6-30 1 0-200
(13)
569 +0-302
(12)
543 +0-207
(10)
7-93 1 0-688
(4)

6-241.0-300
(5)

7-604-0-158
(4)

Mecan composition of rat Liver tissue in terms of Lipid phosphorus

(Results are given £5.E. except where stated. The

LP
(myg./100 g.
liver)
132-8 =331
(23)
142-6 5 430
()
129-7 -3:56
(1)
141-1 3470
(8)
12349 £ 2.89
(8)
1255 £244
()

12714214
(14)
135:0--3-80
(10)
60484352
)
121:5 4 309
(13)

1314 5224
(1)
1414 2 293
()
80+ 314
(17)
0214 1-97

(3)

110:5 . 262
(15)
139-8 ¢ 2:30
(13)
06-84-3-13
(12)
1015 +1-99
(12)
130-1 +6-33
(10)
111-741-68
(3)

128-6 4-4-38
(5
119-3:+3-58
4)

PN
(mg./100 g.
liver)
2523 641
(1)
26184 57
(1)
2401 3530
(6)

2566 £ 55°1
(8)

25314615
(8)

2358 1 30-2

1922 =745
(7)

18911 940
(3)

2380 4 116-0
(9)

2603 4 82-6
(8)

2080 - 1041
(8)

1845 + 827
(8)

2045+ 1350
(5)

2048 1-19-2
)

H
107-7+2

RNAP
(mg.;/ 100 ¢.
liver)
93-2.4- 155
(23)
O1-14.1-84
(n
H0-34-3-81
(10)
94-0 + 3-62
(8)
9499 2 2-80
(8)
097 .-2-08
(1
986 £ 1-71
(14)
11492 422
(10)
89-9--3-46
(4)
100-0 4 2:48
(13)

91-8 3-1-32
1)
109-1 - 4-86
(M
6815 218
(17)
671, 2:38
(3)

9194 244
(15)

33
(13)
81-64-2-37
(12)
92:2.1-1-46
(12)
98:04-2:91
(10)
89-342-08
(3)

935+ 491
®)
86-24+2-75
@)

DNAP
(mg./100 g.
liver)
2146 4 0-664
(23)
229 1 0854
an

2140 4-1-01
(10)
22.2.5 0-940
(3)
27-4 10479
(8)
2774 1-26
(1

26-9 4 0-406
(14)
244 1417
(10)
459+ 346
)
256 = 0799

(13)

2140 5 0-479
(41)
334 . 1-64
(7)
206 +£0-731
(17)
200 1 1-43
(3)

33-34.0-899
(13)

25:54-0-650
(12)

29-44 0745
(12)

33-9+1-38
(10)

22:5-1-0-618
(3)

25-74£0:975
(5)

23-240-975
4)

figures in brackets are the number of observations.)

LpP
(mg. liver)
10-21 +0-278
(23)
10-292:0-415
(I
10-91 5:0-450
(10)
12:43 - 0632
(5)

S-06 +-0-318
(5)

8-68 ¢ 0-306
(n

8335 0-312
(14)
10-24 - 0-372
(10)

10-51 2 0-213
(+1)

6-91 £0-266
(1)

794 -0-404
(17

773 0-256
(3)

9:00 - 0-2249
(15)
768 = 0-200
(13)
6-07+£0-228
(12)
70323

(12)
702 4.0-337
(1)
9-33-1-0-735
(3)

=
o

7-9840-238
(5)

9-054+0-161
)

PN
(mg./liver)
194 521
(14)
1894305
trn
208 224
(6)
224 £ Y86
(8)
158 £ 7-30
(3)
IS0 925
(L

139 + 826
(8)
192+ 9-81
%)

198 4478
(27)
150 4 8-4Y
(2)
1822 0-22
(7)
158 + -24
(3)

193 +8-70
(9)
146 -4 6-30
(8)
1334789
(8)
108 5-7:21
(8)
153 - 10-80
(5
183 + 2045
(2)

RNAP
(mg.jliver)
T1Y 0107

(23)
6:35 - 0-218
(1)
769 1 0338
(lo)
531 0546
(8)
606 . (0-43Y
)
G:94 . 0363
(n
651 £ 0-332
(14)
8-64 .+ 0276
)

7352 0-160
(+1)
533 0202
()

6-01 : 0-206
amn
5634 0-277

3)

75340207
(13)

3-03 . 0207
(13)

51140143
(12)

+
1

7-44£0-480
()

5:79 .+ 0:206
5)
6-5440-176
)

-

DNAP
(mg.liver)
166 0-0534
(23)
163 = 0-0640
(1)

1792 0-0872
[RID)
06 1 0-120

(%)
S0 0-0980
o8
O3 0116
un

—

—

7T 0-06Y8
(4)

8B4 00708
(10)

T3 100458
(1)
63100914
(7)

82 5 0-0816
(17)
1-67 -+ 0-100

(3)

173 . 00762
(15)
1:83 : 0-0550
(13)
1:60 1. 0-0600
(12)

1:67 - 0-0809
(12)
1-83 4 0-0616
(10)

1-88 4-0-1560
(3)

160 4 00550
()
1-76-10-0690
)

LP
(Pg- PE-
DNAP)

625 - 0204
(23)
640 - 0-368
(1
6-22 - 0-346
(1v)
G413 0249
(3)
452 20113
(d)
4.4 0235
(n
4-73 - 0-109
(14)
5610212

(1o

1-33.-0-U53

= 0-226

(3)

5262 0157
(15)

4:22.1 0-100
(13)

3795 00545
(12)

346 4 0-0845
(12)

3-864-0-154
(10)

4:98+0-179
(3)

5010-166.
(&)
5164+0-170
(4)

(LP), protcin nitrogen (PN), ribonucleic ucid phosphorus (RN A41°) anid deowyribonucleic acid phosphorus (DN A1)

PN
(pg./pg-
DNAD)

120-3 493

(14)
163625
()
112:5+ 497
(6)
11584579
(3)

917 4597
(3)
922451
()

954 = 203
(8)
1063 - 4-00
(8)

BY-Y - 2:32
(6)

11605357

(27)

8714230
(2)

954 - 4-86
(7)

030 4- 2-38
3)

116-4 4-7-80
()
-2 4302
(8)
S1-9- 6-40
(%)
62-34.1-80
(8)
83-4.£8:07
(5)
90-3 +4-65
(2)

RNAP
(pg- pg-
DNAD)

4380120

(23)

404 - 0148

(1)
4-32 - (-USSS
(1)
400012
(8)
364 5 00880
)]
3-01 - 0-0805
(n

367~ 0-0710
(14)
470 - 0244
(10)

198 - 0 140
4)

393 = 0-0805
(13)

4-27 00025
4

3:28 - 0-0us8T
(V)

3:33 . 0-083Y
(17)

33700124
(3)

4:38-.0-0890
(15)

3-25 £ 0-0631
(13)

3:20 +0-0488
(12)

3-1640-0894
(12)

2.93.+0-124
(10)

3-984.0-107
(3)

3-62-+0-0666
(5)

3-734-0-0810
)

Tissue mass

(pg- pg-
DNAP)

4710 £ 130
(23)
4480 £ 216
(1)
4880 £ 272
(1v)
4560 5 186
(8)
3650619
(8)
3670 4 145
n
37204580
(14)
41804 182
(10)
22204161
)
3960+137
(13)

4660 + Y3-0
4

3070 L 14y
]

4960 2. 176

. U9

5060 + 358
3)

4510, 160
(15)
3030 : R4-4
(13)
3950 + 102
()
34304902
(8)
2990+ 118
(10)

4460 1120
3)

3910+ 148
5)
4340 +182
(4)
30-2
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(a) concentrations per 100 g. fresh liver,

(b) total amounts in mg. per liver, and

(¢c) pg. per pg. ILWAP.
Since the average DNAP content per nucleus in the liver of
the adult rat is about 0.9 pg. irrespective of its sex,
strain and body weight, and of the diet on vwhich it has been
maintained, the third method of expression gives an approxi-
mate estimate of the average cell composition, Similarly,
the total DWAP content of the liver in pz. (1 mg., = 10° pg.),
glves an approximate estimate of the number of cells which
it contains, Both these estimates are approximate unless
corrections are made (a) for the occurrence of binucleate
cells in the liver, and (b) for the fact that a proportion
of the liver substance is extracellular, Methods are
available by which the magnitude of both these corrections
mey be determined but unfortunately they are laborious and
of rather doubtful accuracy (Harrison, 1953a, b).

The usefulness of this method of expression may be
appreciated from a consideration of the differences in liver
composition between male and female rats of the same strain
and of comparable body weight (Table 22, Section 1). It
will be seen that in both the albino and hooded strains
there is little difference between the sexes in the concen-

tration of LP, PN, or RNAP per 100 g, liver, The concen-
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tration of LNAP, on the other hand, is about 204 higher in
females than in males and this difference is siénificant
(P < 0.01 in both strains, see Tables 47 and 48). A
similar difference has been observed by Lowe & Salmon (1951).
The total amount of LP in the liver is significantly lower
in females than in males (P < 0,001 in both sbtrains, see
Tables 47 and 48) but the differences in total amounts per
liver of PN, RWAP and DHAP are of dubious significance
(see Tables 47 and 48) and are not consistent between the
two strains. When, however, the results are referrved to
INAP it becomes clear that, in the female, the average
mass of the cell, and its average content of LP, P and
RNAP are 15 - 30% lower than in the male and that these
differences between the sexes are significant (see Tables
49 and 50). Using a similar method Harrison (1953b) has
also fouhd that the liver cells of female rats have a lower
average mass than those of males, These results are in
agreement with Korenchevsky's histological observation that
the mean cell volume in rat liver 1s greater in the male
than in the female (Korenchevsky, Hall, Burbank & Cohen,
1941).

Similar calculations show that in pregnancy (Table
22, Section 2; see Table 51 for statistical analysis) the

total amount of DNAP'(i.e., number of cells) 1n the liver
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is not significantly altered but the average cell mass in-
creases by 12% (P < 0,02), the average cell content of LP
by 20% (P << 0.001), and of RWAP by 30% (P < 0,001). No
significance can be attached to the apparent increase in
average cell content of PW, These results are in agreement
with the finding of Campbell & Kosbterlitz (1949) that in
the rat pregnancy causes a marked increase in the total
RNA of the liver,

Some figures for the composition of liver tissue
from young rats and embryos are also included in Table 22,
Section 2, The liver of the young animal has a composition
not unlike that of the adult, but the embryo liver contains
about twice as much DNAP and only about half as nuch LP per
100 g, fresh weight. Making allowance for the fact that
the mean DNAP content per nucleus 1s lower in this tissue
than in édult liver (0.75 pg. as compared with 0,90 pg,)
it would appear that the cells in the embryo liver are, on
the averagze, only half as large as those 1in the adult organ
and that they contain only half as much RNAP and a quarter
as much LP, In view of the well-known differences in
function between the embryo and adult organs (e.g., as
McKellar, 1949, has shown, haemopoilesis occurs in the former
but not in the latter) these differences in average cell

composition are hardly surprising,
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Effects of various diets, In considering the

effects of the various dletary treatments shown in Sections
5 and 4 of Table 22 it 1s convenient to consider separate-
ly their effect on the total number of cells in the liver
and on the average cell composition. It is obvious that
none of the treatments has had any marked effect on the
total amount of DNAP per liver, The small differences
between the means for the different groups have been shown
by analysis of variance (Table 52) to be non-significant,
It appears, therefore, that none of the ﬁreatments has sig-
nificantly affected the number of cells in the liver, The
average cell composition, on the other hand, is drastically
changed. On fasting after elther the semi-synthetic or
the stock diet, the average cell mass falls by about 35%
and the average cell content of LP, PN and RNAP by 20 - 30%.
These cﬁanges appear bto be highly significant (see Tables
53 and 54). Since, as has already been pointed out above
(Section 2.2), the "IIAP" as estimated by the method used
in the present series of experiments includes a certain
amount of phosphorus derived from compounds other than RNA
it seemed of some importance to determine whether the
apparent fall in RNAP produced by fasting was, in fact, due
to a real fall in RWA or merely to a fall in the "concomitant

phosphorus compounds, Accordingly, the individual nucleo-
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tides in the Second Acid-Soluble fractions derived from the
livers of two fed and two fasted rats were determined by
paper lonophoresis, The results obtained are shown in
Table 23, They indicate quite clearly that the RNA and
the concomitant phospinorus compounds in this fraction are
about equally affected by fasting.

The thiemine-deficient diet produced significant
changes in the average compcsition per cell in the liver
similar to those caused by fasting (see Table 55 for statisti-
cal analysis), These may, however, be due not so much to
the vitamin deficiency itself as to the consequent loss of
ﬁppetite, The protein-free diet caused a 20% fall in the
average cell mass and a 30% fall in the average cell con-
tent of LP, PN and RVAP during the first 7 days. These
changes were all highly significant (see Table 56 for
statistical analysis), During the second 7 days there was
a further significant fall in LP, PN and cell mass (P < 0,01,
P << 0,02 and P << 0,01, respectively; see Table 57 for
statistical analysis) but the RUAP content did not decline
further, The high-fat diet caused significant reductions
in the LP, P and RNAP content of the cell similar to
those observed in protein deficlency, but less severe (see
Table 58 for statistical analysis). This might be expected

since the high fat diet contains only 8% protein, The
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average cell mass did not fall, and it is presumed that
increased deposition of neutral fat balanced the loss of
other cytoplasmic constituents,

Although histological examinastion of liver sections
from rats which had received the thioacetamide-containing
diet revealed morphological changes similar to those
described by Rather (1951) and, in particular, a marked
increase in the volumes of the nucleil and nucleoli, this
substance does not appear to have had any significant
effect on the average composition of the cells of the liver
(see statistical analysis in Table 59). Similar findings
have been recorded by Laird (1952).

Finally, the animals on the stock diet differed from
those on the semi-synthetlc diet in having a significantly
higher content of LP per cell (P < 0,01; see Table 60 for
"t" test), Thne difference disappeared on fasting.

Effect of dilabetes, Administration of a dlabetogenic

0]

dose of alloxan (Table 22, Section 5; see Table 61 for
sbatistical analysis) caused a significant fall in the total
mass of the liver (P << 0.01) and in its total conbtent of LP
and RNAP (P <Z 0,01 and P << 0,02, respectively), Since,
however, the falls in total content of WNAP (i.e., in

number of cells per liver) and in average cell mass and

content of LP and HJiAP which accompanied these changes are

not statistically significant, it i1s not possible to say
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whether the changes in the composition of the whole organ
were due to a reduction of cell number or to a change in
average cell mass and composition, or to both. The

effect of alloxan on the composition of the liver of the

rat has also been investigated by Rerabek (1947), who finds
that it increases the concentration (in mg, per 100 g, fresh
liver) of RIA but not of INA, These effects were, however,
produced by doses of alloxan three or six times as great as
those used in the present series of experiments.

Effects of the carcinogenic diet, The effects of

the carcinogenic diet on the average DNAP content of the
liver nuclei and the composition of whole liver tissue are
shown in Table 24, Compared with the controls the aninmals
which received the carcinogen had a lower average conbent
of DNAP per nucleus and a higher concentration of INAP per
100 g, fresh liver, In those cases in vhich the total INA
content of the liver was determined, it was generally found
to be considerably increased, The total amounts and con-
centrations per 100 g, of LP, PN and RWAP in the liver were
not greatly affected but the ratios of these components to
INAP were markedly lower, Some animals developed tumours
éufficiently large and well-defined to be dissected out
from the rest of the‘liver and analyzed separately, Where

this was done (rats no.Hb, 107-108 and 109-110) it was found
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Table 24

Meun composition of whole tissue and nuclei, <n terms of Lipid phosphorus (L1°), protein nitrogen (I’N), ribonucleic acid phosphorus (RN ALY and deoryribemucleic acid

phosphorus (DN AP), in the livers of rats fed a diet containing p-dimethylaminoazobenzene

(Control animals were kept for the same time on the same diet without the dimethylaminoazobenzene. Except where otherwise indicated analyses and isolation of nuclei were carried out on portions of the whole liver.)

Composition of whole liver tissue

Cfomposition of

7’ Y
Body Lp PN RNADP DXNAP
wt.at  Liver (mg. (my., (mg.;  (mg. LP PN RNAP DXNAP LP PN
Treatment and description Rat  death wt. 100g.  l00g. 10Og. 100g. (mg.,/ (mg, (mg, (mg./ (pg./py. (pg. pg.
of animals number (g (g.) liver)  liver)  liver)  liver)  liver) liver) liver)  liver) DNAT) DNAP)
Carcinogenic diet for 5 months. Hl 132 T - - 1950 06 32:0 140 508 2:37
Initial body wt. 150-170 g.* H2 136 TN - 2200l 750L 348L - - - -
H3 105 -2 — 20001 794T 36-0T - - - - - —
TER N e T T — - -
H6 7 33 - 2340 79-0 - 77 2-60 1-24 — 62-4
H7 153 8-4 - 1980 631 280 - 166 530 2-35 - 707
Hs 134 68 - 1990 650 320 - 135 442 2-18 — 622
H4 72 5 1970 657 385 - 145 B 2-88 — 5
Hio 170 ) 2110 8 314 1490 6-82 2-83 - 67-2
HI1l 132 RS 2170 750 340 - 150 518 235 — 63-8
Controls for above: four animals — 13- eSO - 23805 833 - 2355 —— 161 5643 1173+ — 3-8 4
of initial bddy wt. 163-195 g.* 194 0791 ul 2:25 0851 16-4 0392 0203 3.85
Carcinogenic diet for 6 months. 107 IS0 136y ¢ 77270 1w 727 39T - — — — 1-93T 48:9T
Initial body wt. 190-210 g. oS 200 T2y (1053 0L 2260l 76-0L 2861 — — 3-67L 78-8L
1oy 195 T80 6317 13707 6881 4407 - - — - 1-43T 35-6'1
110 155 20037 1 9641 2I60L 648L 2481 — — — — 3-80 L 8711,
111 210 sS4 1040 2350 786 273 874 197 6-60 2-20 381 948
Controls for above: four animals - 20 - 633 94T L 2440 TRG L 258 615 L 1584 5104 1684 3-68 - 04-8
of initial body wt. 190-210 g. 243 0441 383 38 336 0477 0291 81 0213 0114 0-143 521
Carcinogenic diet for 2 months. 465 144 02 97-0 ST 370 8-92 — 752 340 262 -
Initial body wt. 190-210 g. 166 141 0 N4 853 467 787 — 682 374 211 _
467 1349 62 1095 - 83-3 373 6-82 — 216 2-31 2:95 —_

T, tumour tissue only. L, residual liver tissue after removal of tumour nodules.

[

RNAP
(pg. pe.
DNADP)
215
2061
2217
2701,
1-37T
2-11

.

pani]
2:03
1-78
2-41
2.9]

327 &
0-082

1-827T
266 L
1-56T
261 L
2.88

3-05 1
0-130
2:2]
1-83
223

whole liver tissue

T
mass
(pe./pg.
DNADP)
3040
28701,
278071
3420 L,
253071
2670
3570
3130
2600
3180
2040
3940 4
126
25107
35001,
22707
40301
3660

3880 -
3
2700
2140
2680

DNAP (pe. nucleus) as determined by

Composition of isolated nuclei

A,

Phosphorus Deoxypentose  Ultraviolet

estimation estimation

0-502
0-722
0-792

0-702

0-823
0-725
0-721
0-700
0715
0-731
0051 4
0-0122
0-648T
0-664 L
0-631°1
0-6871,
0729

0:956 1
0-0462
0735

0-732

0916 0774
0-832 0-692
0-839 0-750
—_ 0744
1-165 0-824
0842 (669
0-777 0-668
0-791 0-664
(-847 0-671
0-540 0-674
974 1. 0907 ©
0-0435 0-0409
0-6437T 0-6207T
07351, 07131,
. 05747
07101 O-677L
0-823 0-718
0-047 0-913 -
0-0339 00471
— 0-738

absorption

RNAP

(pg. mucleus)

0-138
0-143
0133
0-192
0121
0-109 -
0105 |
0-108
0-119 (
0-096 -
0190 -
0-0151
0-302T
0-204 1,
0-428'T
0-303 1.

0-255

0-364 -
00198

0136 )

0-136

* Whole tissue analyses carried out by E. B, Smith and G. T. Mills.

Remarks
Diffuse tumour

No obvious tumour

Diffuse tumours

Results expressed
as means+S.E.

Liver almost
normal in
appearance

Results expressed
as means L S.F.

Diftuse tumoure
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