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The Bases of the Nucleic Acids of some Bacterial and Animal Viruses:
the Occurrence of 5-Hydroxymethylcytosine

By G. K. WYATT
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Nucleic Acids of Rickettsiz*

Smith and Stoker! have noted that the deoxy-
ribonueleic acid of Q-fever rickettsim (K. burneti)
grown in embryonated eggs is closely similar in
composition to that of chick embryos, the only
significant difference being lack of 5-methyl cytosine
from the former. To account for this similarity, they
mention the possibility that rickettsize may incorpor
ate nucleic acid directly from their host. This hypo-
thesis could be tested, they point out, by analysis of
the same organism grown in a different host.

We have recently analysed the deoxyribonucleic
acid of another rickettsia from the same host.
Deoxyribonucleie acid was isolated? from epidemic
typhus rickettsim (R. prowazeki) grown in chick yolk-
sac endothelium, and the purine and pyrimidine
bases estimated® after hydrolysis in perchloric acid
(70 per cent, 1 hr. at 100° C.). The estimated bases
were equivalent to 96 per cent of the deoxyribo-
nucleic acid phosphorus. No methyl eytosine could
be detected. The ratios of the bases found (mean of
two analyses), along with those reported for K.
hurneti, are as follows :

AMoles per cent

,

- e e, Lot .
Adenine Thymine Guanine Cytosine

K. burneti (ref, 1) 28:56 260 284 20

R, prowazeki 357 418 17-1

] 22-
15-4

The deoxyribonucleic acid of R. prowazek: clearly
differs in composition from those of K. burneti and
of the host chick embryos. In the E. coli-phage
system, the deoxyribonueleic acids of host and virus
differ markedly®, and it has been concluded from
tracer studies® that host nucleic acid is utilized by
the parasite only in the form of breakdown products.
It is likely that any host nuecleic acid used in synthesis
of rickettsie would also be first extensively degraded.

A common pattern in the L'Itri1‘11'|l'_|£ilr-iﬁ:|"| nf'tiiaux}'rihﬂ—
nucleic acid, first pointed out by Chargaffé, haa
apparently wide validity. The molar ratios (adenine) :
(thymine), and (guanine): (cytosine (plus methyl
cytosine when present) ) have nearly constant values
close to unity, whereas the ratio (adenine + thymine) :
(guanine - ecytosine) is characteristic of the source
of the nueleie acid. The rickettsis are no exception :

R. burneati
R, prospazeki

A:T G (A 4+ Tr: (G + )
111 1-02 126
115 1+11 Z108

=1
1

* Comribution Mo. 51, Diviston of Forest Biology, Sclence Service.
Department of Agriculors, Ottawa, Canada.




If, for aas yvet obscure reasons, nearly constant

ratios of adenine to thymine and guanine to evtosine

are the rule in deoxyribonucleic acids, this would
f._f['(.‘!lli-]l\.' increase the '|:-]'|'|.|_|,'I_||;i]'i‘._'!,' aof two |]'ig-_;[ir||:::
deoxyribonueleic acids having like composition by
chance. This may account for the similarity of the
R. burneéi and chick nucleic acids,
G. BR. Wyam
Laboratory of Insect Pathology,
sault Ste. Marie,
Untario.
&, 8. CoHExn
Department of Pediatries,
Children’s 1'|IHF_|[I§[1|_ of |'||'i|:-|r]|\['|:_'|_|'|i;a_

and the

Department of Fhysiological Chemistry,
University of Pennsylvania,
FPhiladelphisa.

April 25.

Bmith, J. D, and Btoker, M. G. P.. Brit. J. Ezn. Path., 32
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' Wyatt, G. R., Biocham, J.
* Smith, J. I, and Wyatt, G. R., Biochém. J., 49, 144 (1951},
*Weed, I. L., and Cohen, 8. 5., J. Biol. Chem., 102, 603 (1951,
Kozloff, L. M., J. Bisl, Chem., 194, 95 (10529,
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SPECIFICITY IN THE COMPOSITION OF NUCLEIC ACIDS*
G R. WYATT
Laboratory of Insect Pathology, Sault Sie. Marie, Oniario

NUCLEIC ACID STRUCTURE RECONSIDEREL

Among the major chemical cell components, the nucleic acids remain loday
wrobably the least understood. Thizs may seem surprising, sinee the basie units
I b ! I E

in ||ll.' structure l'lf !'Il.LIZ']l'iI.' Cl.l'i.lll'h are fewer in ]'ILiII:IIlIII'I.' Ih;m thl?:‘-i' |:l|.- [.lll.?ll'iil‘. 1'i.'l'|'i|”'

hydrates, or lipids, but this apparent simplicity was deceptive and led to a falsely

simplified view of these substances which tended to inhibit enquiry for many years.
Recently it has come to be realized that nucleic acids are very complex molecules
possessing considerable biological specificity, the physico-chemical bases of which
are currently being sought.

Below are listed the known constituent units of nucleic acids, with a diagrammatic

indication of their linkage into polynucleotide chains:

Basg—PEnTosE—HP(),
Basg—Pextoze—HPO,

Basg—PexTose—HP(,

Ribonucleic Desoxyribonucleic

acids  (HNAD acids (DNA)
PenToSE K i b Dhesoxyribose
PuriNes Adenine Adenine
Guanine Luanine
Pyrisimises Cylosine Cylosine
Uracil I|'|'|1|_.'1||ir|r|-
S-Methyleytosine

Most of these constituent substances have been recognized for many years. It
seems likely that p-ribose and p-2-desoxyribose are the exclusive carbohydrate com-
ponents of RNA and DNA respectively, for all nucleic acids give color reactions

*Contribution Mo, 26, Division of Forest Biology, Scienee Service, Department of Agricaliure,

Oitawa, Canada.
20




202 G. B. WYATT

that Flurli;l.”} characterize these sugars, and no evidence has vel been brought
forward for the presence of any others. They have been unequivocally identified.
however, in nucleic acids from only a few sources (14). The recent recognition of
a-methyleytosine as a new pyrimidine component of many desoxypentose nucleic
acids (43) should serve as a warning against any complacent view that no new
components remain to be discovered.

There are a number of possible bases for specificity in nucleic acids, The nature
of the internucleotide linkages and the structure and configuration of polynucleotide
chaing are not vl 1||-f5|r1i1|-l_1. settled for any nucleie acid, =0 their Ptl_-':-'iilh' contribution
to specificity, great though it may be, cannot be usefully discussed at this stage. The
order of SE L cE of different nucleotides in the chains is |”“[|;||_|'|,[.|-.;|'|:,- i1|1]m|'1.'|||[
and is being investigated, by analysis of products of partial hvdrolysiz, in several
laboratories (28, 47). Our present knowledee, however, is nr||:.' suthcient to
emphasize the complexity of the problem. A simpler, if more superficial, approach
to the differentiation of nucleic acids is by estimation of the relative amounts of
the several purine and pyrimidine bases they contain. Results from this type of
analysis, particularly with DNA, form the subject of this paper.

As soon asg the major purine and pyrimidine bases from nueleic acids had been
identified, early in this century, altempls were made to determine their quantitative
relations.  Chemical fractionation of these substances is not easy, as anyone will
agree who has attempted to isolate them by chemical means, or who has analyzed
commercial Flh'pul';ﬂirlll:‘- of them, Nevertheless, some |'r'i4:-'|:u|11|hl}' 1'(1||::||:||_e-t1- un:a]:.':—;n.::;

were obtained, two of the best of which for “thymonucleic acid” (which may have

come from thymus or fish sperm) are shown in Table 1. The proportions of the

Taere 1
Composition of Thymonucleic Acid by Chemical Isolation of the Bases
o Molar o Molar
Hase Dry wi ratins® Diry wt ratios"®
Steudel (30 Levene and Mandel (240
Adenine 10,68 1.30 B.17 (.98
Luanine Q.01 (1,548 .15 0.og
Cytosine 1.26 .63 7.00 1.02
Thymine 833 1.0¥ 8.00 1.02

"Malar ralios are cal

bases were not far from f'lillilllll|.l!"l'II|-iII'. Similar results, with uracil instead of
thymine, were obtained from nucleic acids of the pentose type from plants (wheat
FErim (33) and :d'.'L:-[ {221). As the I'L'-q'.;l:l'l'l‘!r'l'- |'!'I'|;I_:|'|i}1l!'[] li“' in.;u'u'u]'.'u':; of thr
methods and were influenced by concepts borrowed from the chemistry of small

molecules, they assumed that their results indicated equimolecular proportions of
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four bases. This idea grew into the “tetranucleotide hypothesis™ which postulated
groups of two purine and two pyrimidine nucleotides, in fixed order, as the basic
unitz of nucleic acid structure. [t was irnpli:*il that there could be lllll}. one RNA and
one DNA. This simplified view is dogmatically stated in Levene and Bass™ monograph
(23}, and dominated thought on nueleic acids for many years.

More recently, physical measurements have shown that nucleic acids can hawve
very high molecular weights=—of the order of 10% in the case of thymus DNA. Al
the same time, biological evidence has accumulated suggesting that they play roles
in heredity and protein synthesis which seem 1o require some specificity of structure.
T hese ril,"||'|-HI|[]|1'|||_-_~: |-rg:_-1-|1|:|q-|'|'4| a new critical attitude toward their I'|II'|!'Ii-"-t1'}. and
the tetranucleotide Ihrul':.. was 1[||4';-ti|:-||1'1|_ in the first instance Il'n Gulland (16).
Evidence obtained by various methods during the past few years has all run counter
to the old E|!'|1'u|':|.'.

The road to more accurate knowledge of the composition of nucleic acids was
finally opened by the development of two modern techniques, partition chroma-
tography and ultraviolet spectrophotometry. These now provide simple and precise
micro-methods for the analysis of both types of nucleic acid. The feasibility of
separating nucleic acid derivatives by chromatography on filter paper was first
demonstrated by Vischer and Chargaff (40} and by Hotchkiss (18}, and during
the past three years there has followed the publication of quantitative methods and
results from a number of laboratories. All investigators agree that the composition
of nucleic acids is not consistent with the tetranucleotide hypothesis, and most have

recognized quantitative differences between nucleic acids from different sources,

QUANTITATIVE ANALYSIS OF NUCLEIC ACIDS

This= :-..1.||||:|-:|-illl'|| is not the Jr|;1:'1' for detailed 4|.l.':-':!':i[lli.1lrl-" of technigue, but a
few remarks on the merits of various procedures may be of general interest. It
has been found that truly quantitative separations of nucleic acid derivatives can
be obtained by chromatography on filter paper, and for routine :I.Iliﬂ}lil'ul work this
method has the advantages of simplicity and sensitivity over the use of columns.
[on-exchange columns have proved better for special problems and preparative
purposes. For detection of the apols on paper c'h|'1|r1|11ln;_'l.'ilrl'|:-=. one can utilize either
their fluorescence (17) or their absorption in the ultraviolet (26) ; the latter technique
has been found VEry convenient, since it iz sensitive to less than 1 M of purine hase
and provides a permanent photographic record of each chromatogram.

As a solvent for the separation of the free bases on paper chromatograms, aqueous

isopropanol (65% in 2.0 N HCI) (46) is very satisfactory, since the two purines and

four pyrimidines commonly found in nucleic acids can all be resolved in a single

one-dimensional run. The strong acid is helpful by increasing the solubility of

guanine, of which only small amounts will migrate quantitatively in neutral or
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weakly acidic or basic solvents. This mixture also resolves the nucleosides and
some, but not all, of the nucleotides,

The nucleic acid derivatives eluted from chromatograms are estimated by their
uitraviolet absorption in the quartz spectropholometer. The method is sensitive
and precise, but depends on accurate knowledge of extinction coefficients. and
there iz some disagreement in the literature on these (18, 34, 36, 41, 46). Agreement
on theze coeficients, re-determined with substances of established purity, would
permit better comparicon of results from different laboratories.

The problem of obtaining quantitative hydrolysis of nucleic acids has been trouble-
some, and many methods have been used. The purine bases are easily liberated
from both RNA and DNA with dilute mineral acid, but aplitting of the pyrimidine
nueleosides requires much more vigorous treatment which frequently leads to
deaminated or otherwise degraded products (36, 42). Separate hydrolyses for
the purines and the pyrimidines have often been used, but since several methods
are now known which permit estimation of all the bases from a single hydrolysate,
only these will be discussed.

From RNA, free purines along with pyrimidine nucleotides can be obtained by
hydrolysis for 1 hr in N HCI at 100° C (36). This method is not applicable to DNA,
but the latter can be split completely to free bases by pure formic acid at 173" C
for 30 min (46). A treatment vielding free bases from both types of nucleic acid
has been described by Marshak and Vogel (31). using 709 HCIO, at 100° for 1 hr.
This method gives consistent results, although the vields of the bases differ sig-
nificantly from those obtained by hydrolysis with formic acid (Table 2), and this

must be allowed for when I.'l‘:-'»l.:lr[:-i from the two methods are :-u:'||ra|:|;|_|'|,~r]_

TarLE 2

I'“'Illii'll'hl-':i'-rl of Bovine DMNA "'|-:'|'||||Ej|:;_' to Varions Authors

Molar ratios {total LIRS o .

Aunthor o of P ac
T G C MC eounted for
Chargall et al. (10} 2 (LR Ly Wl
Marshak & Yogel (31) 1,15 0.83 0.82 : 0
Daly, Allfrey, &

,‘l.]ir-'-;:. L13) " 1.1> | K5 0,81 Gy
Hurst, Marko, &

Butler (200 1.08 1.14 (RS B35 LG U
Wyart (HCOOH ) 1.13 1.12 0,86 0B85 0053 al
".".:.-J:I:l {HCIO) 1.14 104 0,92 0.5 005 0o

While enzymic methods of hydrolysis have usually given rise to complex mixtures
ili E||:'|:u;]|_“ L5, ir1|E|i'|,,|1.'|,'|! k“ljl.l.]l'l[:-_r:" tlf [llll'ilil"l'l EMZVINEs 15 il1|"L'l:‘:I:-'~iIIf,.{ IIH'iI’ usetulness,

and a :|u:1r|1il'_|l_i:'..:- |'n.r_:.r||i-:' method is Ild'ir!l'_: used in Butler's ];l|ru|';llnr_1.' 119, 20).

i1 .-|n--:-§r||- pll.-u-||||-:u[i|-.-1|-ru~-e' obtained from venom of Russell’s viper enables re-
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duction of nucleic acid to mononucleotides, which can be separated on anion ex-
change columns and estimated by means of their phosphorus content. Because of
its freedom from strong chemical treatments and its dependence on phosphorus
estimations rather than ultraviclet u|:-.~=|.l|'|11il.l|| measurements, this method provides
a useful check on the other techmiques.

I;} suitable micro-techniques in conjunction with paper l"lll":lIH:Jl.-H:I'.'l|:l|I}. purines,
pyrimidines, and phosphorus can be estimaled from a sample containing less than
0.5 mg of nucleic acid. In the work to be described on insect viruses, the standard
errors of the means of triplicate analyses, each using 2 to 3 mg of virus, containing
0.3 to 0.5 T of DNA, have ||';I||1'||;]l. heen less than 1.5%:. This is, of course,
a measure of the |1*|L|L|1|H|'i!|i|i1'. of the method, not of its absolute accuracy.

The proportions of the purines and pyrimidines in DNA from bovine lissues as
estimated in several laboratories are listed in Table 2. In all cases, the ratios of
the several bases have been calculated to an arbitvary total of 4.000; this procedure
has no logical basis now that it is known that not all nucleic acids contain only
four bases, but it will be uzed throughout this paper for sake of uniformity. Where
DINA [rom more than one bovine tissue has been analyzed in one laboratory, mean
results are given, since no significant differences have been noted among tissues
|:l|- Oe .-i-Elrl'i"-, .I-I‘:II' ii;_"lll'e' {Lll' FI‘.'l'I'd':II|i!:_:I' ||-|I 1:|IjiE Ill!'llr:-'Elllut’Ll:—i :H'l.'lrl.lllll'dl t.ur. (4]
the assumption of a 1:1 molar relationship between bases and phosphorus in the
nucleie acid, gives some measure of the completeness of an analysis. It may be
Jn:linl_rn;l oLl i||:-u4'l,|'|;_ |_||;|_|: |r'|'||r1i:-e'.:|_J EFrors can as 1':,Ir-i]:.' ]'l'lu_ke‘ this 1i_:l]l'|' |'I't'|li'|e'-:|||:-'-|:.'
high as erroneously low, and that equimolarity of phosphorus and bases in all
nueleie acids is not definitely established. Considering the diversity of the methods
used, agreement between the results of different authors is fairly close.

Analyses of KINA’s in several laboratories have shown that these too depart widely
from tetranuecleotide structure and contain different proportions of the purines and
pyrimidines according to their source (9, 36, 42). Constitutional differences have
even been found between BNA's of different strains of tobacco mosaic virus (27)

and between those of nuclei and eyloplasm of one tissue (29).

PURINE AND PYRIMIDINE COMPOSITION OF DESOXYPENTOSE
NUCLEIC ACIDS
[ should now like to present some of my own results on the composition of
nucleic acids of the desoxypentose type.
One of the first observations during these studies was the recognition of the
pyrimidine 5-methyleytosine as a new component of certain DNA’s (44, 46). This
pyrimidine had been reported in 1925 by Johnson and Coghill (21) as a constiluent

of tuberculinic acid: hence, when in 1999 an extra substance was observed in DNA

from herring sperm, 3-methyleytosine seemed a likely identity for it. On isolation,
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|_|I|' e W :--1IE|:-I.5L1||'|' |1r1r'|.|'-:| illll:ll'l:'l] L )] ]'Ii,l\l' the '|r:|'l'l|:-|'|:|i.r- of ._'h-I:'lrl,I"lf.']r:\.Iu-i:|||' i||Li| 03]
be identical with the synthetic compound. It was present in nueleie acid from many
gources, but not a trace could be found in twbercle bacilli. Its absence from tubercle
Eliil'j]]“'\- |]“'\.". ]|i,|.- :|J:—~|l |:-|'-e'r:| :|1-1|-rmi1n--| |:-|. 'l.ir:t-hvr_ IHI!'IE'I'IIILIE r|ml E:'!.;I.I';:_Iﬁ. I]::I
so Johnson and Coghill’s original claim, which provided the first clue to its identity,
was apparently erroneous.

Methyleytosine has been found in amounts much smaller than these of the other
bases in the DMNA of all l'li;-,E'u'! animals and |1|;!||1:- vel examined, but not in bacteria
and viruses. A complete picture of its distribution, however, depends upon analysis
of many more species from different phyla of organisms. The constancy of the
amounts found in preparations from a given source, and the fact that these are
unaltered ||!. treatment of the nucleic acid with NaQH or ribonuclease, indicate that
it is a true component of DNA. The corresponding nucleotide (12) and nucleoside
(153) have now also been recognized.

The molar ratios of the bases in DNA from eight animal sources and wheat

germ, estimated after ||_1.1[|'-:-|j..~i.=z with formic acid. are shown in Table 3. It is

TasrLe 3
Lomposition of DNA’s from Animal Sources and Wheat Germ.
Formic Acid Hydrolveiz, ( Wyatt (460 )
. Molar ratios (total 100
ST

T G = NG
Calfl thymus 5 1.11 085 0.85 0.052
Beel spleen Ak 1.12 .85 .85 10054
Bull zperm 1 1.09 0.8 (.83 0.052
Ham sperm 1! 1.0 (4R 084 (030
Hal bone marrow N E 1.14 045 082 0.0
Herring sperm : 110 0,80 0.83 0075
|r_.llr'|'.| e I.'I|',""F.lr.|'.'|.l 1t AT 1.17 a2 (B3 008
Beliinus eSCUlEniug Sperm = 1.18 LLyd i oyl
Wheat germ A5 108 [URHEY (Y] (.23

obvious that there is greal simila I'il.:-. Amang the different [:I'FJL:LI“.I.!:iH:I:—. The diferences
in proportions of the major bases between one nucleic acid and another are in
some cases significant but in others, no greater than the experimental error. The
figure for methyleytosine, however, is significantly different for every species, and
ilu t||l_' =T I'_I|||:| ]Irl 1_|||,' ll[l'r'l' ['l”l.'l-l'il' i,ll'il.l"- {l‘!!tl‘l ||‘||'|-il'||' ri!“-!“-“!'!“‘-. Ill!l‘ll‘l”!“-. "IJ[!'I"I.. ;u'lli
sperm. This corroborates the conclusion of Chargaff (7). based on analyses in
which ]II|'|.|I:I.|1':I.I:I.':iI11' was not imcluded. that DNA composition is a species character.

differing for different species of organisms, bul not for different tissues of one

species. It iz alzo worth noting that there is greater similarity of DNA composition

AT IE'H' "u.ill'iilll!'\- vertehrates 1:Iilrl LhE“I'I' i?* !l:'[\\'m'u '||||':-r' i,|l'||! Wi iCII'-I.'[lt‘ilrillI‘:-»
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examined, a locust and a sea urchin, and that the DNA of wheat differs strikingly
from the others in its high content of methyleytosine, There is thus a suggestion
that the degzree af :-'u'i[l1i:l'.|l!’i|.:.-' in the DNA of various species may bear some relation
to their |:]|_1.|u_u-'ru'li|:' Jtl'-nirnil}'.

A large group of viruses pathogenic to inseclts provides an especially convenient
subject for nucleic acid analysis, These viruses cause the diseases of caterpillars and
sawfly larvae known as polyhedral diseases and capsule or granule diseases (3, 4, 5)
because of the abundant crystalline inclusion bodies produced during infection.
These inclusion bodies can be purified in relatively large quantities from the diseased
insects. By dissolving them in very dilute alkali the viruses can be liberated and
isolated in a state of purity surpassed probably only by the erystallizable viruses
of plants.

A great many species of insecls are subject lo these diseases, over 100 having
already been recorded (38), and in general each seems to have its own specific
virus, so that the virnses are here designated ||3. the names of their hosts, Thoze
that have been i_]rl.iil:l.:‘.l'i[ contain about 15% of nucleic :l.l'il:l. all of E|:'|r :‘Ir:-'ulx:-|r|'lll:l::n-i|'
type (6, 37) and extremely little lipid or non-nucleic acid carbohydrate. They can

~=.'t1i.-'|':t:-t|u'iJ:.' |'||' ]I}il]'tli}?.l.'li 'l.'l.'hllll' 'h'il]l Elt‘]'t'ltlﬂl'il' '.Il'il.! |.I:|I' |:III'|'iHI"-}.I:I-I'JIFIIIHIJITH' urml}:—is.

as the |r|1-lll'ir: deeradation |:rm]u:'l.=' do not interfere with estimation of the bases,
The ('IFIII!lllhitilFll.‘ of the nucleic acids of zeveral of these viruses are shown in
Table 4. Methylcytozsine was not found. It is notable that there are VETY wide
differences in nuecleie acid composition between some species, while others are
almost if not quite identical, and the identities are not found where they might be

expected on biological grounds. Thus, there is no significant difference between

TanLE 4
Composition of DNA" of Insect Viruses,
Perchloric Acid Hydrolysis

.|le|||_ NIIIH'H'T ol Molar ratios |h||;|_r LY

designation® analyses A I' Lz L
el 3 0845 £ OM9=* 0LH =+ D009 1.225 + 0.003 1.13 = 0.005
i . 1.17 = 0.010 1.12 =+ 0013 0% = 02 (LB == 005
L| :|,||- : 1183 == 013 L0 == (LDDS EH ] #= (LR (LB1 == (LR
Ma 1.18 1.11 .9] {0 Fhlh
Cm 1.285 1235 0775 {0,700
e 1.29 1.21 0,785 0.715

LA 5 | LGypsy moth (Pariherria ||'-|_| ar L.) Polvhedral wirus.

] Silkworm (B

Cpe Alfalfa b philodice b " Paolvhedral

Ma J cale
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the I_||:.|-\.h|-|]|',1l viruses of the silkworm (a moth) and the alfalfa llll[tl'l'”}, nsecks

which fall in different sub-orders, and a provisional analysis of tent caterpillar
polyhedral virus suggests that it too has the same composition. On the other hand,
the virus of gypsy moth differs very greatly from those of silkworm and tent
:-;Ll;4-|-|;i||_-gr. inaects '|'_'!|!i||_;_r in different families of the same sub-order. .'I'|f_':|iIL. there
15 zreat .4i||1iJ.||'il_1. in nucleic acid between the capsule wvirus of the ]':I.ll"ll]ll'il'll
budworm and the polyhedral virus of the pine sawlfly; here not only are different
orders of insects involved, but the viruses are characterized by the production of
different types of inclusion body.

These comparisons tend to cast doubt on any idea of a direct parallelism between
DMNA composiiion and taxonomic ]'l'[ﬂlinn-h][l- of organisms. The |'e-|.1ﬁ-.:-11:=|:i|r:-‘~ of
these viruses to one another, however, are not well understood, and it does not
necessarily follow that they parallel those of their hosts, although among auch
highly adapted host-specific parasites this seems likely. Studies on the serological
relationships of these viruses may help in understanding the significance of their
nueleie acid composzition.

Among all these animal, plant, and viral nucleie acids, however, certain regularities
in the pattern of variation are evident. As first pointed out by Chargalf, famenhof,
Brawerman, and Kerin (11), DNA’s may be grouped by composition into two
main types, an “AT type” having adenine and thymine the major bases, and a
“GC type” in which guanine and cytosine preponderate. Animal DNA's were all
of the AT type, while both types occurred among micro-organisms. Chargaff (8)
has further observed a remarkable constancy in the ratios of adenine to thymine,
guanine 1o cytosine, and total purines to total pyrimidines among DNA'’s from a
number of sources, These generalizations are supported by the analyses described
above.

The ratios between the amounts of different bases in animal and wheat serm
DNA’s are presented in Table 5. Cytosine and methyleytosine are grouped together
because the most regular ratios are thus oblained, a tendency being noted for a
erealer I'lli'“l:l.ll.':ntl.l.--;rh' content in a nucleic acid to be balaneed |.'l!.' a reduced amount
of cytosine. The ratios A:T, G:CH

stant, being in all cases nearly equal to unity. The ratie A-FT:G4-C--MC, on the

MC, and purines:pyrimidines are virtually con-

other hand, zives a figure which, along with the 1||l'1'||\|:'j.lt1.=it11' content, -:|i~1i:|j_'lﬁ-|ll'-'=
o rillf'h‘il' :ll'ilil r[-”lll -i’IIII:.|1.|I|'I.

T'hl' I'l:llrl'hlllllll'lill:_' |';I;Iil.l.- F-:lt' l!u' ill-ue'l'l_ 'i.i:'|_1- r||||'||'i|' ;||'i|:|,- ||1|\|' |wr-r: |'|!-|||]||,|:'||'|:|
in .|-.cl,|:l]|' [V} -l.lh‘ SH I J'l'j:t]i:l]'ilir‘:- are here |-1th-||:|, EVEL I;hnu'_:h |!||a|:h AT .;l,l'||] G
[:l'|ill.'-i anc jr!l'ill-l[l."l.]. I1 Fll(lllli[ I]l' IIl.I|l."IJ IE'I:I[ [E]!'!—'I‘: VIFUses were |L'!-'il|'lli:|.:|‘!l:"l'] \'ni[l'l
|IL'H']I]I'ZII'iE: '.ll'iil. '|'|FI'!'I'I'iI:‘-Z 1.|:'I'Jlli|' wis ll":l.'ll 1-”]' ||II! i’”li.llt-il'. I:'\-Illl"- lI|-.'|;.Ill'|l |.l"!-'|.!"l:] L]
the =ame flt'l:'jrcll'minu of nucleic acids jll'l'c'hhrril' acid gave a greater vield of

_-,_'I_l,;|.||ir1!" and a lower :;ir't' of [h}.r'llilll'. each by about 6% . than formic acid ( Table
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TaBLE 3
Molar Proportions in DNA's of Animals and Wheat,
Formic Acid Hydrolysis
\ i Furines
SONECE

T - |lj-'i|||il|illr-
Call thymus 1.02 0,55 000
Beel =pleen 1.01 094 0.93
Bull sperm 1.0 1.01 1.03
Ham sperm 1.05 1.0 1.0
Kot hone marrow 1.01 1.4} 1.0
Herring =perm 1.01 098 1. [My
Locust 1.0M0 098 0,00
Eehinus sperm L0 0,596 1.01
W heat germ (0.5 1,02 1.00

s :

3 e
LR BO == L oA

B

TABLE B
Proportions in DNA' of Insect Viruses.
|"|'||'|||.||i| _"||':I-i ||1..'|::_1-||:.-»i-.

: L Parines

Virus designation® ; —
C pyrimidines

P 107
tim 1.07
l:|||' 1 .M
Ma A 1110
L.m 1.8

Ma 1008

29, If allowance is made for this difference in method, the constant ratios [ound
among the insect viruses become almost identical with those found for the animal
nucleic acids, so that these relationships appear to be characteristic of a number
of mueleic acids from VErY diverse sources, Whether the closenesz of these ratios
to unity actually implies equal numbers of nucleotides cannot be stated until the
-.:l:\.l._'r““lir' errors of the methods are better known.

The compositions of DNA from two specics of bacteria are shown in Table 7.

Tapre 7
Composition of DNA's of Two Bacteria (Smith & Wyant (37) )

Molar ratios (total 1.00¥
||l.r‘||||!|-i- | [- [.L

bl |1k H 16

1|I' [ =1 |I|-|'."r'|'.| Ill.l.ln'.'u I “ :‘ ““i ”.TH | [ Jl-ﬁ
E. colt HC10, 1.10 096 K]
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In neither of these was |l|r'|_||.'-!l':.||i".|lll' found. The nueleie acids of tubercle haecilli
and of E. celi are clearly different from each other and from any of the other
nucleic acids analyzed. They still exhibil some regularities of composition similar to
those observed above (Table &), although the A:T, G:C, and purine:pyrimidine ra-
tios are here lower than thoze of animal and insect virus DNA’s. How much regular
i|!.' |_h|"l|' |;'||.|:|. |,u- i|:'| I:h|:-3-|' ]';|[j1|-= AMOnE |>;u-|--ri:| ANl !le' 4'_'1I|':-F1't| fl'l.lll'l =i .‘r1IiIH Hi |
sample,
Tapre B
Malar I'|'|-|_|<p|'li-|||- in DMNAS of Two Bacteria

e ) G urines A=+T
Species

Hydrolys=is T B pyrimidines G+

W. ruberculosis HCZONH 092 .56 0. 848 .60
E, cofi HC10, L.B4 0.93 .88 1.01

The nucleic acidz of bacteriophages are of particular interest in view of current
biochemical studies on the multiplication of these viruses. Marshak (30) has
recently reported the absence of cytosine from phage 1. Smith and Wyatt (37),
however, reported analyses of phages T. and T; which indicated that both con-
tained appreciable amounts of cylosine, although it was much less than the other
bases. In order to reconcile these results, a re-investigation of the nucleic acids of
some bacteriophages is under way. It is possible that contamination with host DXA
has caused trouble. It is at any rate clear that the DNA's of certain of these viruses
are very differently composed from that of £. coli, a fact which precludes any direct
transfer of nucleic acid from host to virus. The phage DNA’s also do not seem to
fit into the pattern of constant ratios described above.

\ print of a chromatogram of the purines and pyrimidines of some typical DNA’s

and yeast RNA is shown in Plate L

MOLECULAR NATURE OF DNA

'|l|h-;|:.,|_i|-;|_| reaults of the =zort that has been [|||'-|'||_1|'|l naturally suggest attempts
at caleulation of the minimum molecular 1.1.4'i:_'||[ that can be fitted ]|-_1. the l.'II:1E.li|'il'-:l.t
ratios. and the numbers of nucleotides of each type in such a unit. The corresponding
problem for amino-acid residues in proteins has been tackled with some success,
but the difficulties are sreater for nucleic acids than for proteins. This i1s becaunse
of the small number of different building units, and because the difficulty of inter-
preting physical measurements on such asymmetric particles as those of DNA makes
the deduced molecular weights unreliable.

The majority of estimates [rom physical data indicate molecular weights of the
order of 10% for DNA’s. This |'1|H'|'.-|:ll.l|lt|:-‘~ to some S000 nucleotides, or, if Towr

kinds are present in roughly equal amounts, T00-800 of each. It iz obvious that
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Plate I. A contact print, taken with ultruvioler light, of a paper chrommogram of the purines

andl 'I'l:.f]:llillil!r'— ||| SOme [Hli-:'.dl |:|'|I|||-i| .;||'i||'-_ .|\.I'; _|| ||,-|'|i ||¢|'!:'fiu|l]2:t:,.:1' | R 1\".:||r':
alfalla butterfly polyhedral virns; BSNA: beel spleen DNA; TONIK: wheat germ DNA;
YNA: yeast RNA.

1: Guanine: 2: Adenine; 3: Cyitosine; $: 5-Methylevtosine; 5: Uracil; 6: Thymine.
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a few of one kind could be replaced by another and escape detection by present

methods of analysis. In such a nucleic acid, it is clearly futile to attempt to compute

(rom the analysis a minimum molecular weight or the exact number of nucleotides
of each kind in the molecule. The small content of methyleytosine in some nucleie
acids, however, can provide a basis for calculation, for if it is assumed that the
molecules are all of one type, there must be at least one methyleytosine nucleotide
in each. Some relative nucleotide frequencies and corresponding minimum molecular

weights on this basis are given in Table 9. The nucleotide numbers can be only

TapLe 9
Approximate Nucleotide Frequencies and Minimum Moleenlar Weights
in Some [MNA's, Based on the Content of Methyleytosine

Helative numbers of nucleotides :
T Mim.

s C - Tonal mol. wi.
Beel epleen i - 16 1ty 15 23,000
Herring sperm 3 12 11 o 17000
Wheat germ® B [i] : 34 11,500
Locust 145 f 102 104 10 155,000

* At least 2 methyleyiosine nuelectbdes mest be assumed, 1 stain patios which agres with the analvsis withia 4+ 59§.

approximate since allowance must be made for experimental error. The minimum
maolecular 'I.'\.'e'i:_:JI[- ir'l'lilfirll ]r:l. the ||||'|||:i.|_1'\1-:|.-i]'||' contenls, ;|_i|fhu-u_u|:| far below the
molecular weights estimated for DNA, are sufficient to imply a remarkable specificity
of structure. It is, indeed, difficult to ilt]ij"_‘irll' the -»:L:|I_|||:'_=i_5-u. of a []”]}'ll_]jl'll!"l’]lill!"
chain having one residue of methylevtosine regularly in every 500, as implied by
the l'-:lrn[ln-iliull of locust DNA.

An alternative ]l_\|'l':ll|ll':-i:- is that the molecules are not all of one Ly pe, but differ
in their content of methyleytogine and presumably of the other bases also. There
is no reliable evidence for the homogeneity of any DNA preparation; apparent
centrifugal and electrophoretic monodispersity cannot be trusted because of boundary-
sharpening effects. Singer (35) has found that a mixture of DNA’s from Escherichia
coli and bacteriophage Ts appears homogeneous in the ultracentrifuge and during
1'||'|'l|'|:|r_||'|-e||:4':~i!-. In the case of RNA, there is ;4.--:-.[ evidence that |J1'E'E|1‘|l'.1li1'rr|:- are
heterozeneous (1) and that the nucleic acid exists in different forms in the cell
(2, 20). In this h:‘.]lt]!(l.-;il]l'l'l. Dr. Bendich® has now put forward the first direct
evidence of metabolic and structural heterogeneity of DNA from one tissue. It seems
likely, therefore, that DNA preparations contain mixtures of molecular species,
and the analyses which have been described represent merely the aggregate com-

position of these.

*See “Studies on the Metabolism of Nucleie Acids” p. 181,
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COMPOSITION AND FUNCTION OF DNA

How can these ohservations on the composition of desoxypentose nucleic acids
be related to present concepts ]'L':_-'El]'l:]ilr:E the function of these substances? It is
generally considered that nueleic acids are essential for the ]'|IlJiIi|:|l-lhlli1|-r] of self-
reproducing elements in the cell, RNA being involved in the production of cyto-
1|]1|_-|::||'|1: |:||ul4'ir1-. and DNA in the iH'l'l.".]i';l.l'!I material of the nueleus. The lines of
evidence which tend to link DNA with the genes have been reviewed in this sym-

posivm by Dr. Stern.® and may be aummarized as:

(L) The localization of DDNA in the chromosomes
(2) The metabolic stability of DMNA as a eell cOmponent
(3) The production of mutations by ultraviolet irradiation, by X-rays, and
by radiomimetic substances whi h also depolymerize DNA

{4) The production of “transformations™ or mulations in certain bacteria
by DMNA preparations

(3) Constancy in the amount of DNA per set of chromosomes, as a species

character.

To these may now be added. from the results from ﬂ'.h:u';.{.'l.”:":-i ].L]mrnlury and those
described in this paper:

(6) Constancy of DNA composition, as a species character.

By compiling data on the DNA content per nucleus of a large number of animal
species, Mirsky and Ris (32) have demonstrated some correlation between these
quantities and the evolutionary relationships of the species. The analytical results
now sugeest that there is also a general increase in complexity of DNA with evolution.
ary development of organisms, for it has been noted that the DNA's of certain
bacterial viruses may be composed principally of three kinds of nucleotide, while
those of other viruses and bacteria contain four, and those of some higher animals
and |:||;t||l_~1 have five. _‘|.|1|||_1. more '-EI!'I'iI'.'i need to be examined, [Iili'Lit'lllal'l']‘.-' fram
among the lower groups of animals and plants, to establish the validity of this
seneralization,

To carry speculation a step further, certain of these lines of evidence, in particular
{3) and (4), are consistent with the idea that DNA may play a part in determining

the special properties of individual genes. If this iz so, each nucleus must contain

a number of unique forms of DNA, for it is inconceivable that a single molecular

type could possess the characteristics of all the genes of an organism. Each DNA
preparation would then contain a number of molecular species perhaps even equal
to the number of genes possessed by the source organism, and the analytical results

would represent merely the mean composition of the total.

*See “Problems in Nuclear Chemistry and Biology,” p.
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There is one feature of the results of purine-pyrimidine analyses that is consistent
with the idea that we are dealing with the mean composition of numerous gene-
specific nucleic acids. This is the observation of much greater constancy of com-
Jm:«il;inn AN ||i;|||'|' l:_ll:_'.itlli-lt'll‘- than lower ones. It iz notable, for "‘€i|i1lll]l'- that
|_|‘||:'-|:l' 15 More --i]||i[,||'i|_:\ mn “1'\. II|_|"||n;||||||:-:-i|i-:|r|| between sue h tli.—'|-:l|l[]‘_. I'I.'I:Ih'tl melazoa as
locust, sea urchin, and ox than there is within a group of closely related lower
organisms such as the polyhedral viruses of insects. This could follow from the
ereater tendency to average out among the large number of genes of higher organisms
than among the relatively few genes of viruses. If, for example, the T-even bacterio-
phages possess 15 to 30 genetic units, as Luria and Dulbecco (23) have postulated,
a single mutation might conceivably be reflected in a detectable change in the total
nucleic acid composition, whereas among the thousands of genes of higher organisms
a great many mutations would be required to alter the mean composition measurably.

It is difficult. however, to reconcile the complexity implied by this concept of
nucleie acids with the apparent regularity connoted by the curiously constant ratios
between certain of the bases. If the nueleic acids of individual genes do differ
in composition, their variation must follow a fixed pattern by which these ratios
are kept unchanged. We can scarcely even speculate upon how this could eccur.

Also difficult to interpret is the apparently identical DNA composition of certain
E|i.1|]||;_rin|-.;|_||:. :Ij:iliin'l insec '\i'l'“;-l!';-, Hli-'l.u";l'l'. l:'|:|ll.'l|.i.'|}' 1rf ¢'||||i|:||:l=iljll:-ll |'|f r:ll.ll'l.i"ir
acids does not necessarily imply biological identity. Other possible determinants
of specificity about which we know next to nothing are the order of sequence of
nucleotides and the native configuration of the polynucleotide chains, The concept
of gene-specific DNA's, then, can at present be put forward only as a tentative hy-
pothesis, to stand or fall with evidence from other directions.

Theze :,lli.'t|f;:-‘l':- of the E;|||'i:|||' ani |:-'\.[i|r|i:|ir:|' |'nl'||]||.l:-'-ll,i1rt'| of nucleic acids represent

ChllEs -Cip'ﬂ'ﬂill']l. for '|'|'|Ii1']'| II:'II:"|.|'I1|||:i HIC Inow -i.l'-i.l.lli.'ll-ll'l'. to a vaslt “l'll! '-'-'hi'-'h may prove

to be the meeting point of chemistry and genetics.
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scussins

Oster: The ides that there are different compositions of noeleotides in nocleic acid may nok
be consistent with the X-ray results obtained by Dr. D. P. Riley and myself at the Roval Institu-
tion, London. We examined the X-ray “powder” diagram of highly polymerized desoxyribose
nucleic acid. Nuocleie acid dried over Pu: shows only ihree broad diffraction rings in the neigh

borhood of 3.5 A. A slight increase in moisture content makes no change bot ar 449 (hy

vilume) of nucleic acid, there suddenly appears a magnificent display of some twenty sharp

lines corresponding 1o spacings between about 3 and 16 A, The spacing of 3.4 A observed by
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Asthury and Bell (Natwre 141, 747 (19380 ) is, according to our data, actually a whole seri
line= which they failed 1o resolve. These spacings doe not change appreciably with incres
or content indicating that they correspond to spacings within the molecules themselves.
moisture content there appear two larger spacings which vary with water content cor-
responding to inter-particle distances (Ruey, D, P. and Oster, G., Biochim. Biophys. Acta T,
a6 (1951010,

The sharpmess of the diffraction poattern shows that the nucleic acid (with sufficient amount
of water) is a substance of extreme n ;'II|:|I::I|'|. I feel ||‘I:|| |f 1 'II:LI.'iI:-' surred -'II'||:. 1n tll!'
backbone of the highly polymerized chain mole y Erol the purines, pyrimidines
mnil sigarl were |l|-;ll""i _-.-_||.|1.||'_E:. ;|||.Hg |||-|' -||:.|II'|, aiich a large |||.||":||H'|' of ‘-'l"':“i”:l"' as obaerves
would nct be present. In any case, the excellent analyses carried out by Dr. Wyatt will be ex-

tremely valuable when attempts are made io try to analyze the meaning of the spacings.

Wyatt: [ should like to ask Dr. Oster what types of groupings the Xeray method is ca
of detecting. Can it diferentiate between the nucleotides containing different bases? 1f not,
you would get the same diffraction pattern even if youn had different arrangements of nucleo-

tides along the chain.

Oster: No. At this carly stage of the analysis of the Xeray diag s we cannot disting
between nucleotides containing diferent bases, If, however, one could incorporate say, odine,
which scatters X-rays about one hundred times more than 5 carbon or nit , into ope of
the bases without destroving the gencral arrangement of the nucleotides then one should be

. ||:|- megn= ol Yorny dilfraction, e locate the '-|'|:L|'i!I'r{'- hetween such |l«.I'l'-. If no difraction
was fortheoming frem such a procedure them I would agree that the bases were not arranged

m o n';'lll:lr paliern along t||l' |'||;||||,

Wryatt: | dont know enough about the nature of the chemical bonds involved to comment
very much upon this but T think it is quite possible, particularly if you have a spiral structure,
that the purine and pyrimidine residues are sticking out fres so that they dont imerfere with
each other. Then you could have a regular spacing down the backbone of the chain, in spite

of the diferences in sequence,

Stern: The molecular ma which I mentioned this morning confirm what Dr. Wyatt just

gaid. If vou construct such model you will find that the bond angles and the distances of

i
k
i

different ::r|.;|||i||.:-\. “I"l'-F the backhone are more or less il:|l|I'|Il!'II.I|I'II. of the SEqJELENICE of the indi-
vidual nucleotides. 5o, 1 agree with the inference that even if the sequence were changed, purely
|||'|:.-LE al methods, like '_\.:.|:|:.. diffraction, would hardly be able to |Ii!.'.h. thut L1118 I would like
to mention that one of v principles of variation which I mentioned this morning is actually
open 1o experimental proof: that the diferent DNA's in the same chromosome might differ
«.i|||_]'\.|'|_' ‘i:.:.' rhain |1l|:.;_l||:|_ This is a 1'~I'|||:|-||-III which the [Il'rl:lllll':' chemists Il-d‘-'l.' "".'I'C]i"ll n gEreat
detail. We have VETY S itive criteria for chain length m urements and for |'|n'!\.':ij-||r-."-'i|'!.'
messurements by flow  birefringence for instance. A very simple experiment which I would
sugeest would be to isolate, by exacily the same methods, DNA from two living forms, one
g very low form, where one would expect very few gemes to he present, and one a highly de
veloped form. The distribution curves for both DNA preparations could then be determined
with regard to molecular weights and chain lengths. If this iden is correct there should be a
'|u--.i'|i'\.|- correlation het

in the chromosomes of the two spe
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Haurowitz: If the nucleic acids e a chain of alternate senles of earbohydrate

and phosphoric acid, in which each carbohydrate molecule is linked to a porine or

base. then the ie charees will « same for all n e acids,

hard to imagine any specificity of such maole o | 8 ps can be formed by b

bonds between the phosphate groups and basic the puring or pyrimidine bases, then
an infinite number of specific nucleic acids is i ble. The molecular models mentioned by

Dre. K. G. Stern may be helpful in investigating this type of specifieity

Stern: There is one point which we mentioned in our carlier paper (Yale J. Biol. and Med,
19, 937 (1947) ) along these lines, That is, if you look at the formula of the typical tetranucleo-
tide ||I|||i|'| wou will find that the two purine hases and the two l,l:ul'irl'lil‘lll'll' II.'I-\-\'.'-\.I baoth in |.|\-1I|
and in PNA, show a complementary structure at one part of the ring which makes for hydro-
gen bond formation. One has the CO0 group while the other has an NH; group. MNow, il they
vary in the sequence of purine-pyrimidine then these two complementary groups within the
game polynucleotide chain are so far away from ecach other, a distance of over T A according
to Asthury’s measurements, that hydrogen bonding is not very probable. But, if you rearrange
them so that you have the sequenc i pyrimiding and thot the nucleobide side chains are
E?I"l-j"f'li”: fram the same side of the backbhone, then these |-||1||||1-'1||:'|1‘:|r:. Eroups i!|JEr|'II:LI'I'I each
other over a distance 35 e hyvdrogen bonding is just still possible. I might say that

0. Jordan (AJCS, mes Zan Francises, 194990 has discussed the possibility of hydrogen

ling particularly with regard to adjacent polynucleotide chains. He fecls that the fact that

1= different electn ie titration curves when he titrates forward and then titrates back-
wards, is due 1o the breakage of hyd 1 bonds during titration. [ think that there i= o g
probability of both types of bonding (i.e., of intra- and inter-molecular hydrogen bonds) in
|I|l|':'|'i|' -\.l-l'-F'!"'-

Bendich: There is recent evidence obtained by Dr. Covalieri in our laboratory indicating that
there are covalent linkages present in the nucleic acid structure, which oceur between the phos.
phate and amino and hydroxyl groups of the bases, In addition, there is evidence for salt-type
linkages, ia., between phosphate and amino groops (Cavauen;, Lo F. and Asceeos, A, J. Am.

Chem. Soc.. T2, 4686 (19500 : Cavarrens, L. Fo, Kerr, S, E. and Axceros, A, ibid, T8, 2567 (1951) ).
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SPECIFICITY IN THE COMPOSITION OF NUCLEIC ACIDS*
G: H. WYATI

||_|.-|||-.-rr.l|'.-.-r:|. ._._r' frizect .I"'..l.'n'.-ar.l'u-;:'.'. Seanle Ste. ."-’l’rl-f'u {Intario

NUCLEIC ACID STRUCTURE RECONSIDERED

Among the major chemical eell components, the nucleic acids remain today
probably the least understood. This may seem surprising, since the basic unils
in the structure of nucleic acids are fewer in number than those of proteins, carbo-
hydrates, or lipids, but this apparent simplicity was deceptive and led to a falsely
simplified view of these substances which tended to inhibit enquiry for many years,
Recently it has come to be realized that nucleic acids are very complex molecules
possessing considerable biological specificity, the physico-chemical bases of which
are currently being sought.

Below are listed the known constituent units of nucleic acids, with a diagrammatic

indication of their linkage into polynucleotide chains:

Base—Prentose—HPO,
Basg—PExTosE—H P,
1

|
Base—PenTosE—HI(;

Ribonucleic Desoxyribonucleic
acids ([HMNA) acids (DNA)

PEXTOSE Hilsose [desoxyrilinse
PURINES Lidenine \denine
Guanine Guanine
PyRIMIDINES Cytosine Cytosine
Uracil Thymine
._|-1|.1|:'[||:. || :ulll-ill-l'

Maost of these constituent substances have been I'I'I"!I_:_'Jljl.fl'il for many vears. It

seems likely that p-ribose and p-2-desoxyribose are the exclusive carbohydrate com-

ponents of RNA and DNA respectively, for all nucleic acids give color reactions

*Contribution Mo, 26, Divicion of Forest Biology, Science Serviee, Department of Agriculture,

Oitawa, Canada.
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that partially characlerize these sugars, and no evidence has vet been brought
forward for the PresSeTiee of Any 1r|,hr|':-. They have been ||||L'I!||i1|'l.ll'i_|||:|. identified,
however, in nucleic acids from only a few sources (14). The recent recognition of
-EI-”H'!]I:I.Ill"'-"|il-[||l' s fd new ||_1.|'i||1i:|in|:- 4---|n||nnq-1|t lllf |||.'|.||:| :II':—:!I_\;}F|:']|I_I:-.-.|' |||_1|:"||'i,¢
acids (45) should serve as a warning against any complacent view that no new
components remain to be dizcovered.

There are a number of possible bases for specificity in nucleic acids. The nature
of the internucleatide linkagez and the structure and configuration of I""If‘”'t"]"“ti‘-l"
chains are not yet definitely settled for any nucleic acid, so their possible contribution
to specificity, great though it may be, cannot be usefully discussed at this stage. The
order of sequence of different nueleotides in the chains is undoubtedly important
and is being investigated, by analysis of products of partial hydrolysis, in several
laboratories (28, 47). Our present knowledge, however, is only sufficient to
emphasize the complexity of the problem. A simpler, if more superficial, approach
to the differentiation of nucleic acids is by estimation of the relative amounts of
the several ]l-l]l!'illt‘ and |.lf|.|'i!||i|’“|h' hazes EI‘I:‘_\ contain. KResults from this by pe of
analysis, particularly with DNA, form the subject of this paper.

A= soon as the major purine and pyrimidine bases from nucleic acids had been
identified, early in this century, attempts were made to determine their quantitative
relations. Chemical fractionation of these substances is not easy, as anyone will
agree who has attempted to isolate them by chemical means, or who has analyzed
commercial preparations of them. Nevertheless, some t‘l'.il::-'-nH:jI!'l[:r complete analyses
were obtained, two of the best of which for “thymonucleic acid” (which may have

come from thymus or fish sperm) are shown in Table 1. The proportions of the

Tapie 1
Composition of Thymonucleic Acid by Chemical Tsolation of the Bases
o Muolar o Maolar
Hasze Dey wi ratins® Dry wit ratios®
Steudel (39) Levene and Mandel (24)
Adenine 10,68 1.30 817 0,98
{ruanine 9,01 .98 9.15 .08
Lytosine 126 (.63 7.00 1.02
Thymine 8.33 1.09 #.00 1.02

bases were not far from equimolecular. Similar results, with uracil instead of

thvmine, were obtained from nucleic acids of the pentose type from plants (wheat

germ (33) and yeast (22)). As the researchers recognized the inaccuracy of the
methods and were influenced by concepts borrowed from the chemistry of small

maoleciles, thu-'_'.' assumed that their results indicated n|uinm||-|-1|];1r proportions of
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four bases. This idea grew into the “tetranucleotide hypothesis” which postulated
ETOups of two i_lI,J|"t|||- and two [l_1.|'i||:i|,‘|i|:|' nucleotides, in fixed order, as the basic
units of nucleic acid structure. It was implicit that there eould be only one RNA and
one DNA. This simplified view is dogmatically stated in Levene and Bass’ monograph
(23). and dominated thought on nucleic acids for many years.

More recently, physical measurements have shown that nucleic acids can have
very high molecular weight=—of the order of 10% in the case of thymus DNA. At
the same time, biological evidence has accumulated suggesting that they play roles
in heredity and protein synthesis which seem to require some specificity of structure.
These developments engendered a new critical attitude toward their chemistry, and
the tetranucleotide theory was questioned, in the hrst instance by Gulland (16]).
Evidence obtained by various methods during the past few years has all run counter
to the old I:|:11'ur3.

The road to more accurate knowledge of the composition of nucleic acids was
finally opened by the development of two modern techniques, partition chroma.
tography and ultraviolet spectrophotometry. These now provide simple and precise
micro-methods for the analysis of both types of nucleic acid. The feasibility of
separating nucleic acid derivatives by chromatography on filter paper was first
demonstrated by Vischer and Chargaff (40) and by Hotchkiss (18), and during
the past three years there has followed the publication of quantitative methods and
results from a number of laboratories. All investigators agree that the composilion
of nucleic acids is not consistent with the tetranucleotide hypothesis, and most have

recognized quantitative differences between nucleic acids from different sources.

QUANTITATIVE ANALYSIS OF NUCLEIC ACIDS

This symposium is not the place for detailed descriptions of technique, but a
few remarks on the merits of various procedures may be of general interest. It
has been found that truly quantitative separations of nucleic acid derivatives can
be obtained by chromatography on filter paper, and for routine analytical work this
method has the advantages of simplicity and sensitivity over the use of columns.
lon-exchange columns have proved better for special problems and preparative
purposes, For detection of the spots on paper chromatograms, one can utilize either
their fluorescence (17) or their absorption in the ultraviolet (26) ; the latter technique
has been found very convenient, since it is sensitive to less than 1 pg of purine base
and provides a permanent photographic record of each chromatogram.

As a solvent for the separation of the free bases on paper chromatograms, aqueous
i,,n.;|E|r'|:||;;|;||.:|| (05% in 2.0 & HCGL) (40) 15 very satisfactory, since the two '|)|J!"-|HI!":-'- and
four pyrimidines commonly found in nucleic acids can all be resolved in a single

one-dimensional run. The strong acid is helpful by increasing the solubility of

guanine, of which only small amounts will migrate quantitatively in neutral or
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weakly acidie or basic solvents. This mixture also resolves the nucleosides and
some, but not all, of the nucleotides.

The nucleic acid derivatives eluted from chromatograms are estimated by their
uitraviolet absorption in the quartz gpectrophotometer. The method is sensitive
:|r'||! ]Hl'l'1'i:=|', ]rL:I| |:J1'|J|'r:||!:- on  aocurale iu:ﬂ'n[vl':l:_'n;- |_;||- g'x[jr“'l_;il:-n 1'-:|1']'|i|'i_|,'r||,-;_ :"ul
there is some disagreement in the literature on these (18, 34, 36, 41, 46). Asreement
on these coellicients, re-determined with substances of established purity, would
permil better eomparison of results from different laboratories,

The problem of obtaining quantitative hydrolysis of nucleic acids has been trouble-
SOTHEE, i,IJIE‘I E'Il{l.!'l?u JIll'Ill-:lli:-u |I.;I;‘.'le‘ ]u"l'r] l]:"\-!"li, Tlll' JI-'IJ'IiHIrl' ]|i|,-|':h. are 1'.;|,-i|:.' llt]ll'fil[:'l:l
from both RNA and DNA with dilute mineral acid, but h|:-|iil;j'r1_:' of the E_l:;|'i|||_'i||ir||;'
nucleosides requires much more vigorous treatment which frequently leads to
deaminated or otherwise degraded products (36, 42). Separate hydrolyses for
the purines and the pyrimidines have often been used, but since several methods
are now known which permit estimation of all the bases from a single hydrolysate,
only these will be discussed.

From RNA, free purines along with pyrimidine nucleotides can be obtained by
hydrolysis for 1 hr in N HCI at 100° C (36). This method is not applicable to DNA,
but the latter can be split completely to [ree bases by pure formic acid at 175" C
for 30 min (46). A treatment yielding free bases [rom both types of nucleic acid
has been described by Marshak and Vogel (31), using 709 HCLD, at 100° for 1 hr.
This method gives consistent resulis, although the yields of the bases differ sig-
nificantly from those obtained by hydrolysis with formic acid (Table 2), and this

miusl II'I!‘ .'L“”'I.'I.'I‘II] Irl!ll' '|'|'|H']I I'L"IL“H [I'UII] |]I.I! Lo I'III"|]IEHEF~ are l'"?lll:|5£LF!"E].

Tasre 2

Composition of Bovine DNA According to Various Authors

Molar ratios (total 400} & of P ac

Auth ; :
uthor T C ( counted for

Chargaff et al. (10} (LRY (.74 o)
Marshak & Vogel (31) 0,83 .82 06
Daly, Allfrey, &

Mirsky (130 1.11 1.15 0.93 0.81 0

E]ulw:, Marko, 3.
Butler (200 1,08 1.14 0905 0.835 00446 L

Wyart (HCOOH) 1.13 1.12 0.86 (LES 0.053 L |
Woatt (HCIO,) 1.14 1.04 LR 0,84 0.05 L

While enzymic methods of hydrolysis have usually given rise to complex mixtures
of !u'ml”.'l;q_ 'IHI[J!'II‘-."!'I| knowledze of ]n-l,uif]l-li ENZYINES 15 ]I::H'I'I.'Llrill_u their usefulness,

and a quantitative enzymic method iz being used in Butler’s laboratory (19, 20).

A 2"|2'l.".'i|il‘ |J|H|.‘-Ell'hnr]i!':-'uh'l':!.-it‘ abtained from wvenom of Russell’s "-'il"'l' enables re-
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duction of nucleic acid to mononucleotides, which can be geparated on anion ex-
l'hall:_'ll' columng and estimated ||-:.' means of their |:J|n;-.|:]||_||'||,- content, Because of
its freedom from strong chemical treatments and its dependence on phosphorus
estimationg rather than ultraviolet ;_||:|:-1|:|th]|:-|| measurements, this method |:||'x|'.i1i|_‘:-1
a useful check on the other techniques.

By suitable micro-techniques in conjunction with paper chromatography, purines,
pyrimidines, and phosphorus can be estimated from a sample containing less than
5 mg of nucleic acid. In the work to be described on insect viruses, the standard
errors of the means of triplicate analyses, each using 2 to 3 mg of virus, conlaining
.3 o Lo mg of DNA, have regularly been less than 1.5%:. This is, of course
a measure of the reproducibility of the method, not of its absolute accuracy.

The proportions of the purines and pyrimidines in DNA from bovine tissues as
estimated in several laboratories are listed in Table 2. In all cases. the ratios of
the several bases have been caleulated to an arbitrary total of 4.00; this procedure
has no logical basis now that it is known that not all nucleic acids contain only
four bases, but it will be used throughout this paper for sake of uniformity. Where
DNA from more than one bovine tissue has been analyzed in one laboratory, mean
resills are given, since no significant differences have been noted among lissues
of one species. The figure for percentage of total phosphorus accounted for, on
the assumption of a 1:1 molar relationship between bases and phosphorus in the
nucleic acid, gives some measure of the completeness of an analysis, It may be
pointed out, however, that technical errors ean as casily make this figure erroneously
hizh as erroneously low, and that equimolarity of phosphorus and bases in all
nucleic acids is not definitely established. Considering the diverzsity of the methods
used, agreement between the results of different authors is fairly close.

Analyses of RNA's in several laboratories have shown that these 1oo depart widely
from tetranucleotide structure and contain different proportions of the purines and
pyrimidines according to their source (9, 36, 42). Constitutional differences have
even been found between RNA's of different strains of tobacco moaic virus (27)

and between those of nuclei and evtoplasm of one tissue (29).

PURINE AND PYRIMIDINE COMPOSITION OF DESOXYPENTOSE
NUCLEIC ACIDS
[ :-I‘Jﬂililil now ]il‘;l:" Ly ]III'I'.‘-I"‘rIl some of my  own |'|-,-.1||1:. (R} t[w I"II]]III_I:‘-\-i:'iIJ‘| .||_'
nucleic acids of the desoxypentose type.

One of the first observations during these studies was the recognition of the

pyrimidine 5-methyleytosine as a new component of certain DNA's (44, 46}, This

pyrimidine had been reported in 1925 by Johnson and Coghill (21) as a constituent
of tuberculinic acid; hence, when in 1949 an extra substance was observed in DNA

from herring sperm, >-methyleytosine seemed a likely identity for it. On isolation,
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the new substance proved indeed to have the properties of S-methyleytosine and to
be identical with the :-_1.|||]|4"|i|' 1':||r|||r|||.1||.1|. [t was pressnl in nucleie acid from ITLANY
sources, but not a trace could be found in tubercle bacilli. Its absenee from tubercle
bacillus DNA has also been determined by Vischer, Zamenhofl and Chargall (43)
20 Johnzon and Coghill’s original claim, which provided the first clue to its identity,
wis 4|E|F|;||'|'||1|:n erroneosius,

Methvleyvtosine has been found in amounts much smaller than those of the other
bases in the DN A of all |:i;§_'|!u-r amimals and |J|-CEIL1:- yel examined, but not in bacteria
and viruses, A complete picture of its distribution, however, depends upon analysis
of many more species from different phyla of organisms. The constancy of the
amounts found in preparations from a given source, and the fact that these are
unaltered by treatment of the nueleie acid with NaOH or ribonuclease, indicate that
il i:—i a true l'l,lI:IEll_llll'lll 1|-_|- |"'\II| -l.III' r'l:ll'l'l':‘-illkflllill:_' ||Il|'|1'|.||il:|:' I]:;.:ll q'““l r‘ll“'ll'”ﬁ-il’!."
i(15) have now alzo been recognized.

The molar ratios of the bases in DNA from eisht animal sources and whea
germ, estimated after hydrolysis with formic acid, are shown in Table 3. It is

TapLe 3
Compozsition of DNA's from Animal Sources and Wheat Germ.
Formic Acid Hydrolvsis. {Wyatt (4600

Molar ratios {povtml .00 1

SO CE

T L C MC
Calfl thymus 11 1.11 0.85 0.85 0.052
Beefl spleen o 1.12 LS [R5 (054
Bull EPErm A5 1.0 052 083 0.052
Ham sperm A5 1.049 088 0.84 0039
Rat bone marrow A5 1.14 085 0.2 LIRSS
Herring sperm : 1.10 060 05 0075
Locusta miigraloria A7 1.17 .52 083 0.008
Echinus excnlentus sperm e 1.18 078 L4 0071
Wheat germ 1.0% 1.0g .94 (.64 025

obvious that there is great similarity among the different preparations. The differences
in proportions of the major bases between one nucleic acid and another are in
some cases signihcant but in others, no greater than the |'?-2|||'[[It]l‘l]l:!| error. The

ficure for methyleytosine, however, is significantly different for every species, and

is the same only in the three nueleie acids from bovine tissues, thymus, spleen, and

sperm. This corroborates the conclusion of Chargaflf (7)., based on analyses in
which methyleyviosine was not included, that DNA composition is a species character,
differing for differenl species of organisms, but net for different tissues of one
SPECeEs, It is also worth noting that there is greater .-i|||i|ari1g. of DNA l'lrl1l|rrlr-ili|511

among the various vertebrates than there i= between these and two invertebrates
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examined, a locust and a sea urchin, and that the DNA of wheat differs strikingly
from the others in its Jli:!ll content  of 1|L--||L§.I|-§.I|:.-im-. There i thus a ::l,[::_r"'g-lin:lu
that the degree of similarity in the DNA of various species may bear some relation
to their phylogenelic proximity.

A |;u_uu' Eroup of viruses ]hll!ll.l;u'llir b0 insects EI[Il'-iI,lI"\- an |,-:-E||'|:"|;|!]:. convenent
:-IIIIjI'l'[ fn:-r ||||I'h'i|' acil .'t]l.'L".-i:-u, '|'|t|'-ue' '|.i||;4-1'-- Call=e [h" (li:—'rl;u—p:—. nf 1';|_||'|:'E|i]|.||':-. .::1||;:|
sawlly larvac known as polyhedral dizeases and capsule or granule diseases (3, 4, 5)
because of the abundant 1'|‘}.—-I_:1I|i|u- inclusion bodies |;||'u|:‘||_;|1'|-1E 1I|||'i|'|;_l infection,
These inclusion hodies can be |:||1'i1irrl in I'|'].:t!i'l|'|:|. |'.'||:_'|,' IIIILIIIli1iI'F from the diseased
insects, Hj I:H.-i:-lli'\ir:lr': them in very dilute alkali the virusges can be liberated and
isolated in a state of !Iuril:l. :-1I]'|an.'!|:-:-|'l| EII‘IJl:-i_IlrI'. |:I||.|:|. ||'. the r'[_1..-l.:|_|l't:.-:u|;|h' VIruges
of plants.

A :_’rl'.'L1 many hill'('jd':"\- ol insects are 1-lJ|lj1'|;'[ to these dizseases, over 100 ]Ill".irl_'_'
already been recorded (38), and in general each seems to have its own specific
virug, =0 that the viruses are here designated |:-_l. the names of their hosts. Those
that have been analyzed contain about 15% of nucleic acid, all of the desoxypentose
type 10, 37) and \'."‘.|I'l!‘!||l'|:|. little ii]l-ili or non-nucleic acid 1';|_|'|:-|:|||:.|]|:';||_|'_ I|'||,|-:|.' Can
I'~i|Ii“‘r-:':'!'tl-ll'i|:I- ili' h:l-tll'l.ll.:l.:-':l.'l.! '|'.|Il:l|tL 'I'|'i||1 |:'l!‘1'|'|][l.ll'il. acid |'|,||' I:I|||'i||l'-Jll| [i||:|i||jr]r .II'|;_'I]}'.-ii:-.
as the protein degradation products do not interfere with estimation of the hases.

The compositions of the nucleic acids of several of these viruses are shown in
Table 4. -Hd'llhﬂt'_‘.!:l.*i.ll-' was not found. It iz notable that there are VETY wide
1|i“-|'r¢'l'|1'|!‘.‘i 'irl 4Illi'|t'il' iLl'iI:‘| l:'l.'lll:I|:lH:-i|I-1rt'| ]r|'1'.-.|'='|| SOTHe :-'Eu-('ir:-z_ 'L-.'|ti|e- others are
almost if not quite identical, and the identities are not found where they might be
|"-..|H'1't1'1[ 01 |:li-:|I||_:'i|'a| ;_-u:-auu]_-:_

Thus, there iz no significant difference between

TarLg 4
Compaosition of DNA"s of Insect Viruses,

Perchloric Acid Hydrolysis

Virus Mumbar of Molar ratios { il 1M

designaiion® analyzes A T : [
Pd 3 0845 = 0.009** 0AD == 0.000 1.225 + 0.003 1.13 == (.005
Hin 3 .17 = 0010 1.12 =+ 0013 {1540 VR | P 081 = 0005
Cpe & 1185 = 0013 L.10G =+ 0.003 0.9 == 0.008 (.81 == 0.0

Ma
Lim

\\.'\I

1.1%
1285

pot o b

1249

1.1]
1.235
1.21

0.491

0.iia
0.785

Grypay moth (Poriheiria dispar [.) Pelybedral virus

Bilkworm [(Rombyxr mari L.} Polvhedral viros.

ilfalda rils dice sauryiheme Baoisd.]) Polybedral viros
l'ent eatorp 1 americanym Fabr.) Polyhedral viros
Eiropean Bur e Wb} O
Pine sawi

(.80
0,710
LilS
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the JrL||_1.]|4'1||';l| VIFSES of the silkworm (a moth) and [|!'|1' alfalfa hlll[l'l'”}', msecks
which fall in different sub-orders, and a provisional analysis of tent caterpillar

]u-.l_y.lu-tlr.LLI virus suggests that it too has the same composition. On the other hand,

the virus of gypsy moth differs very greatly from those of silkworm and tent
caterpillar, insects falling in different families of the same sub-order. Again, there
is great similarity in nucleic acid between the capsule virus of the European
budworm and the polyhedral virus of the pine sawfly: here not only are different
orders of insects involved, but the viruses are characterized by the production of
different types of inclusion body.

These comparisons tend to cast doubt on any idea of a direct parallelism between
DNA compozition and taxonomic relationships of organisms, The relationships of
thgl,-ll '|i|'|.I:'-l"- o one ,-|||u||||-r, |I-:|'|-.!"|.|'I', are ol 'I.1.'1'|| 1II!'||!I:‘]':-[L:I\'.III. .'!Illil i!1 lillJl'?- nol
necessarily follow that they parallel those of their hosts, although among such
!|i_u|:|i.1. ;1|i;:plc'|,| |||!I1-|--\-]Il'l:':-||:.ll' ||-:_I|';|.-il|'- this seems lilu'lj.. Studies on the H'I'"]'-I.:ii'-'tl-
relationships of these viruses may help in understanding the significance of their
nucleic acid composition.

Among all these animal, plant, and viral nucleic acids, however, certain regularities
in the pattern of variation are evident. As first pointed out by Chargaff, Zamenhof,
Brawerman, and Kerin (11), DMNA’s may be grouped by composition into two
main types, an “AT type” having adenine and thymine the major bases, and a
“GC type” in which guanine and eytosine preponderate. Animal DNA’s were all
of the AT type, while both types occurred among micro-organisms. Chargaff (8)
has further observed a remarkable constancy in the ratios of adenine to thymine,
guanine to eytosine, and total purines to total pyrimidines among DNA’s from a
number of sources. These generalizations are supported by the analyses described
above,

The ratios between the amounts of different bases in animal and wheat germ
DNA’s are presenled in Table 5. Cytosine and methyleytosine are grouped together
because the most regular ratios are thus obtained, a tendency being noted for a
erealer ||::|:~l|‘:|:¢]|':;[||-i|:11' content in a nucleie acid to be balanced |:|!.' a reduced amount
of cytosine. The ratios A:T, G:C4+MC, and purines:pyrimidines are virtually con-
stant, being in all cases nearly equal to unity. The ratio A+T:G4-C4MC, on the
other hand, gives a figure which, along with the methyleytosine content, distinguishes
one ;||I;41'||'iv|' i,1_|'il:|_ Ftl:-lll: i_It'll:-lI'll'I',

.I‘!lﬂ' l:'l:ll‘lﬂ"‘-]”.'ll:lirl.: ||,||_|.1|"| |.-.||!' 1]”' i”.:‘-l'i'! II.ill:l"- r'llt('ll'i':' .:lﬂ'ill"- .llqll_lll I||"|'|| |'1|r||1||_ll_l"ll
in Tahle 6. The same I'1':_'_II[HI"-II,ie':- are here evident, even I,|t-:||,!_'_"h both AT and GC
Lypes are included. It should be noted that these viruses were huhul}m-ni with
perchloric acid, whereas formic was used for the animal DNA's. When tested on
the same preparation of nucleie acids |:'-:=:|'t'h|ﬂ1'i|' acid gave 8 greater vield of

guanine and a lower yield of thymine, each by about 69, than formic acid (Table
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TapLE 5
Maolar Proportions in DNA"s of Animals and Wheat.
Formic Acid Hydrolysis
[.- I::\.lljl'.l"\-
Tl C <+ MC pyrimidines

Call thymus 045 0.5
Bewl =pleen (IR T .94
Bull sperm 1.01 1.03
Ram sperm 1043 1.0k
Rat bome marrow 1.00 1,100y
Herring sperm R 1.0
Logust .98 11,940
Eckinus sperm .96 1101
W heat germ 1.02 1000

Tasre 6
Molar Proportions in DNA%s of Insect Yiruses,
Perchloric Acid Hydrolveis
Purines
Virus dezignation®
E pyrimidines
o i 1.07
Bm 5 1.0y
1:|-|' ] 1 1.0
Ma 1.1 1,100
Lm 1.11 1.0
1.0H#

If allowance iz made for this difference in method, the constant ratios found
among the insect virusez become almost identical with those found for the animal
nucleic acids, so that these relationships appear to be characteristic of a number
l.I.r IlIII'II'it' .'ll:"il]:-i !'!'nlr'l \-'rj-. I:Ii'ul.‘l':-l' SOLTCRS. "|1'..|Il'||tl‘l' ||llL I'|1r:—:'|l|':—:—- uf I!'H':‘-I: I':'|li||n:-'~
Lo unity actually implies equal numbers of nueleotides cannot be stated until the

systemalic errors of the methods are betler known.

The compositions of DNA from two species of bacteria are shown in Table 7.

TaBLe 7
i:--l*.l;:lm;ﬁ.l-l: af DMNA%S of Two Bacteria (Smith & "l.'l.':.';L:'l T
Molar ratios (total 100 )
Hydrolysis T = G C

Species

M. ruberculosis HEZONH 7 .78 1.16 1.35
E. colt HC10, 1.110 LR 1.03
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[n neither of these was methyleytosine found. The nucleic acidz of tubercle bacilli
and of E. coli are clearly different from each other and from any of the other
nucleic acids analyzed. They still exhibit some regularitiez of composition similar to
those observed above (Table 8), although the A:T, G:C, and purine:pyrimidine ra-.
tios are here lower than those of animal and insect virus DNA’s. How much recular-
ity there may be in these ratios among bacteria canrot be guessed from so small a
sample.

TasLE B

Molar Proportions in DMNAS of Two Hacterin
L i Purines A+T

Species ] = . .
Hydraly=is | { pyrimidines 4+ C

M. rubercodosis HCZOHH 0.5 [R5 .88 060
E. coli HC1O, 0,84 93 0,88 1.01

The nucleic acids of bacteriophages are of particular interest in view of current
biochemical studiez on the multiplication of these viruses. Marshak (30) has

iy =

recently reported the absence of cytosine from phage Ta. Smith and Wyatt (37),

however, reported analyses of phages T. and Ts which indicated that both con-

tained appreciable amounts of eytosine, although it was much less than the other
bases. In order to reconcile these results, a re-investization of the nucleic acids of
some bacteriophages 15 under way. It is |:u|=-i'|rJ|' that contamination with host DNA
has caused trouble. It is at any rate clear that the DNA's of certain of these viruses
are very differently composed from that of E. coli, a fact which precludes any direct
transfer of nucleic acid from host Lo virus. The phage DNA's also do not seem to
fit into the pattern of constant ratios described above.

A print of a chromatogram of the purines and pyrimidines of some typical DNA's

and yeast RNA is shown in Plate I

MOLECULAR NATURE OF DNA

Apalvtical results of the sort that has been E""'-“'-"“l-"‘l "““”"'-”:‘ sugrest allempls
at calculation of the minimum molecular weight that can be fitted by the empirical
ratios. and the numbers of nucleotides of each type in such a unit. The corresponding
problem fox amino-acid residues in proteins has been tackled with some suecess,
but the difficultics are greater for nucleic acids than for proteins. This is because
of the small number of different buildine units. and because the difficulty of inter-
preting physical measurements on such asymmetrie particles as those of DNA makes
the deduced molecular weights unreliable,

The majority of estimates from physical data indicate molecular weights of the
order of 108 for DNA's. This n:'urrf--'u-u:l:a o =ome 3000 nucleotides, or, if four

kinds are present in roughly equal amounts, 700-800 of each. It iz obvious thal
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Plate 1. A contact print, laken with ultravielet light, of a paper chromatogram of the purines

and pyrimidines of =ome typical nucleic acids, Tar: K. colf bacteriophage Tar; VCpe:
alfalfa lbutterfly polyhedral virus; BSNA: beel spleen DNA; TONIK: wheat germ DNA;
YMNA: veast HNA,

1: Guanine: 2: Adenine; 3: Cwtosine; 4: 5-Methyleytosine; 5: Uracil; 6: Thymine.
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a few of one kind could be replaced by another and escape detection by present
methods of analysis. In such a nueleic acid, it is clearly futile to attempt to compute
from the analysis a minimum molecular weight or the exact number of nucleotides
of each kind in the molecule. The small content of :|'|I|'I|I'!.||'!.'Iu:=illt' in some nucleic
acids, however, can ||rm.i||4- a basis for calculation, for if it 15 assumed that the
molecules are all of one tvpe, there must be at least one methyleyvlosine nueleotide
in each. Some relative nucleotide frequencies and corresponding minimum molecular

weights on this basis are given in Table 9. The nuclectide numbers can be only

Tapre 9
Approximate Nucleotide Frequencies and Minimum Molecolar Weights
in Some DNA's, Based on the Content of Methyleytosine
Helative numbers of nicleotides Mi
Soures LIy ]IB
T G - Y [ Total mol. wi.
Beef spleen 21 16 1 1 75 23000
| ' 17,000

[il"ll::il'.;_' AT X 15 12

Wheat germ® 9 8 2 34 11,500
Locust 146 Ly 102 1 1 ) 135,000

® At least 2 mothyloytosine pucleotides must be sssmmed, to obiain railos which agree with the analysis within 4+ 5T%.

approximate since allowance must be made for experimental error. The minimum
molecular weights implied by the methyleytosine contents, although far below the
molecular weights estimated for DNA, are sufficient to imply a remarkable specificity
of structure. It is, indeed, difficult to imagine the synthesis of a polynucleotide
chain having one residue of methyleytosine regularly in every 500, as implied by
the |'e|r||J|r.l.-i[i|:!'| of locust DDA,

An alternative hypothesis is that the molecules are not all of one type, but differ
in their content of methyleytosine and presumably of the other bases also. There
is no reliable evidence for the homogeneity of any DNA preparation; apparent
centrifugal and electrophoretic monodispersity cannot be trusted because of boundary-
sharpening effects. Singer (35) has found that a mixture of DNA’s from Escherichia
coli and bacteriophage T: appears homogeneous in the ultracentrifuge and during
electrophoresis. In the case of RNA, there is good evidence that preparations are
heterogeneous (1) and that the nucleie acid exists in different forms in the cell
(2, 20). In this symposium, Dr. Bendich® has now put forward the first direct
evidence of metabolic and stroctural Ill'lt'l"ill:l.'lll!'jl:l. of DNA from one tissue. It seems
likely, therefore, that DNA preparations contain mixtures of molecular species,
and the analyses which have been described represent merely the aggregate com-
position of these.

¥ "!‘:\-|||_||i_|'-; on the .'|||'|;|_'!|||'|il-|'|'. of \‘;Ill'll'il' "H"il:t'-..-l . ]H-I.
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COMPOSITION AND FUNCTION OF DNA

How can these observations on the composition of desoxypentose nucleic acids
be related to present concepls |_'1':=_".|||_‘|'|||_'_- the function of these substances? It is
generally considered that nueleic acids are essential for the multiplication of self-
reproducing elements in the cell, RNA being involved in the production of cylo-
plasmic proteins, and DNA in the hereditary material of the nucleus. The lines of
evidence which tend to link DMNA with the genes have been reviewed in this sym-

posium by Dr. Stern,* and may be summarized as:

(1) The localization of DMNA in the chromosomes

(2) The metabolic stability of DMNA as a cell component

3y The |:-r-cui||--|iun ol mulations [-j.' ultraviolet irradiation, |:|} ."'\-r-;l:-.-'. and
by radiomimetic substances which also depolymerize DNA

{4) The production of “transformations™ or mutations in certain bacteria
by DNA preparations

(3) Constancy in the amount of DNA per =et of chromosomes, as a species

l'JI'.I racter.

To these may now be added, from the results from Chargaff’s laboratory and those
described in this paper:

(6) Constancy of DNA composition, as a species character.

By compiling data on the DNA content per nucleus of a large number of animal
species, Mirsky and Ris (32) have demonstrated some correlation between these
quantities and the evolutionary relationships of the species, The analytical results
now suggest that there is also a general increaze in complexity of DNA with evolution.
ary du-l.'r]-:'-F'lrswlll of |:I1'f_{:|r][.'=lrt:-. for it has been noted that the DNA's of certain
bacterial viruses may be composed principally of three kinds of nucleotide, while
those of other viruses and bacteria contain four, and those of some higher animals

:!Illl |J|.'i||.1:- JL.I.‘F':‘. “.'I.'l'. }ILL]I:‘.' Irore ‘.-'E."'I.'il':' i'll't'l'] to |Zl|:" l:"'fiillﬂi.lll.'{l. [J.'1I'|.il:'“]-:|.|'|:l' {f':':l'll

among the lower groups of animals and plants, to establish the validity of this

generalization,

To carry speculation a step further, certain of these lines of evidence, in particular
(3) and (4), are consistent with the idea that DNA may play a part in determining
the special properties of individual genes. If this iz so, each nucleus must contain
a number of unigque forms of DNA, for it is inconceivable that a single molecular
Lty pe could possess the characteristics of all t|!|' Fenes of an Hi':_'Llrlll.‘-'lll. I':i'|1'|1 DN A
preparation would then contain a number of molecular species perhaps even equal
to the number of genes possessed by the source organism, and the analytical resulls

would represent merely the mean composition of the total.

*Sep “Problems in Nuclear Chemistry and Biology,” p. 1.
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There iz one feature of the results of FIIII’EIIL"-|JF!ir]'l.litil'll' analyses that is consistent
with the idea that we are dealing with the mean composition of numerous gene-
specific nucleic acids. This is the observation of much zreater constancy of com-
position among higher organisms than lower ones. It is notable, for example, thal
there is more -ir'||5|:||'i[:|. in DMNA I'1i:||||il.l:‘-i|il'\-ll between such distantly related metazoa as
locust, sea urchin, and ox than there is within a group of closely related lower
organisms such as the polyhedral viruses of insects. This could follow from the
greater tendency to average out among the large number of genes of higher organisms
than among the relatively few genes of viruses, If, for example, the T-even bacterio-
phages possess 15 to 30 genetic units, as Luria and Dulbeeco (25) have postulated.
| min;il' mutation I1Ii;_f|l1 |'l|rr:|1'|'E‘.':I|:l|.:l. be reflected in a |;||-||-|-|.|;|||q~ l!'EI{II'I:_.:'I' in the total
nucleic acid composition, whereas among the thousands of genes of higher organisms
a great many mutations would be |':‘q||i|'n| to alter the mean composition |:||e-.'1.=-m'.'1]|]:.'.

It is difficult, however, to reconcile the complexity implied by this concept of
nucleic acids with the apparent regularity connoted by the curiously constant ratios
between certain of the bases. If the nucleie acids of individual genes do differ
in composition, their variation must f[ollow a fixed pattern by which these ratios
are kept unchanged, We can searcely even speculate upon how this could oceur.

Also difficult to interpret is the apparently identical DNA composition of certain
biologically distinet insect viruses. However, equalilty of composition of nueleie
acids does nol necessarily imply biological identity. Other possible determinants
of specificity about which we know next to nothing are the order of sequence of
nucleotides and the native configuration of the polynucleotide chains. The concept
of gene-specific DNA's, then, can at present be put forward only as a tentative hy-
pothesis, to stand or fall with evidence from other directions.

These analyses of the purine and pyrimidine composition of nucleic acids represent
one approach, for which methods are now available, to a vast field which may prove
to be the r:|'|1'r'li||:_' }ll:-il:'ll, of chemistry and f_'1'|||'|ir'-.
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Oster: The idea that there are different compositions of nucleotides in nucleic acid may not
be consistent with the X-ray results obtained by Dr, D. P. Riley and myself at the Royval Tnstitu-
tion, London. We examined the X-ray “powder” diagram of highly polymerized desoxyrilose

nucleic acid. Nucleie acid dried over Pi0h shaws anly three bioad diffraction rings in the neigh-

borhood of 3-5 A. A slight increase in moisture content makes no change but ar 449 (b
volume) of nuecleic acid, there soddenly appears @ :||_'|!r_||r|i|-|-||| l.i.].-|l|.'l:. of some twenty .\,h“t];.

linez corresponding to spacings between about 3 and 16 A, The spacing of 3.4 A observed Isv
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'|,..||..|:-§.- and Bell (Yaiure ]_-11,‘ Ta7 (193H) ) 1m, ;_l_:,-n-'.'ui:!:l_' to our data, .!-'l||.|||}' i whale series of
|i|||--. hlli||| 1|Ir"\' failed 1o resolve, These -|l-.|-:'i||u- |||| ok 1'|'|.1I‘.;_'-l' .;|||||rr-|-:|._|||'|1..' with increased
water content indicating that they correspond to spacings within the molecules themselves, At
||i;-:'|-_.-|: msesl ure nient there appear two |,,|r;_-:-'r EPRCINES which Vary with water content cor-
responding o inter-particle distances {(Riey, . P. and Oster, G., Biochim. Hiophys, Adcta T,
26 (1951) ).

The sharpness of the diffraction pattern shows that the nucleiec acid {with sufficient amount
of water) iz o subsiance of extreme regularity. [ fecl that if the regularity eccurred only in the

backbone of the highly polyvmerized chain molecule and the side groups (the purines, pyrimidings

and sugarl were placed randomly along the chain, such a large number of spacings as ahserved

worild not be present, [ BNY CAsE, Ihl' exeellent ilrl!ll'\_nu.'\-:'- carried ol II'- D, W yall will be ex-

tremely valuable when attempis are made to iry to analyze the meaning of the spacings

Wyatt: 1 should like to ask Dr. Oster what types of groupings the X.ray method is capable
of detecting. Can it differentiate between the nuoclestides containing different bases? [f not,

you would get the same diffraction pattern even if you had different arrangements of nucleo-

tides along the chain.

Oster: No. At this early stage of the analvsis of the X-ray diagrams we cannot distinguish
between nucleotides containing different bases. [f, however, one could incorporate say, iodine,
which scatters X-rays about one hundred times more than does carbon or nitrogen, into one of
the bases without destroving the general arrangement of the nucleotides then one should be
able, by means of X-ray dilfraction, to locate the spacings between such bases. Il no diffraction
was forthcoming frcm such a procedure then I would agree that the bases were not ammanged

in a regular pattern along the chain.

Wyatt: | dont know enough about the nature of the chemical bonds invelved o comment
very much upon this but I think it is quite possible, particularly if you have a spiral structure,
that the purine and pyrimidine residues are sticking out free so that they don’t interfere with
each other. Then you eould have a regular spacing down the backbone of the chain, in spite

of the differences in sequence.

Stern: The molecular models which | mentioned this morning confirm what Dr. Wyatt just
said. If you construct such a1 model Vi will find that the bond ;|r|:|----‘ and the distances of
diff erent '_'\.l'llll|.liJ|:_"\- :||ll||g the backbone are more or less illlll'l.l'!'l'.l.ll'll| of the SEilence of the indi-
vidual nueleatides. So, | agree with the inference that even if the sequence were changed, purely
physical methods, like X-ray diffraction, would ||,,||4||:. be able to rli:'L that . I wounld like
to mention that one of the |l:i||-.'i|l]e'*- of wariation which 1 mentioned this morning is :||'Iz|:|.]|:.'
open io experimental proof: that the dilferent DNAs in the same chromosome might diffes
simply by chain length. This is a problem which the polymer chemistz have studied in great
detail. We have very semsitive criteria for chain length messurements and for polydispersity
measuremenis by flow birefringence for insiance. A very simple experiment which I would

t would be to isolate, by exactly the zame methods, DMNA from two living [orms,
a very low form, where one would expect very few genes to be present, and one a highly «
veloped form. The distribution curves for both DMNA preparations could then be determined
aril . X hts and chain lengths. If this idea is correct there should be a
positive correlation between these plivsical parameters and the number of different genes present

in |_|||,' ||||<>|||:||--|||||'- ||[ |1!|' Twoe -.::-H'ic'-.




COMPOSITION OF NUCLEIC ACIDS

Haurowitz: If the nucleic acids consist of a chain of alternate molecules of carbohvdrate
and phosphorie acid, in which each carbohydrate molecule is linked to a purine or pyrimidine
hase, thenm the ibution of electric charges will be the same for all nucleic acids, and it 1s
hard to imagine any specificity of such molecules. If, however, loops can be formed by bhydrogen
bonds between the phosg s g ¢ and baszic groups of the purine or pyrimidine bazes, then
an infinite number of iz : i nable, The molecular models mentioned by
Dr. K. ;. Stern may

Stern: There iz one point which we memtioned in our earlier paper (Yole J. Biol. and Med.

19, 937 (1947) )} along these lines. That is. if vou look at the formula of the E:-Elil'lll lelraniicleo-

tide model you will find that the 1wo purine hases and the two |-1-'|'irl'|i-|i|u- hases, both in DINA
and in PNA, show a complementary structure at one part of the ring which makes for hydro-
gen bond formation. Une has the CO Eroup while the other has an MNH: group, Now, if they
VALY in the SO S L al |IL||E|:I'p:.li.llil“lll' I:||'"I'| L1'l'~l' Twi |'||III|I|1'I!I|‘II|:I.I:.' Erouges within the
same polynuclestide chain are so far away from each other, a distance of over T A pccording
Lo ,'||,-»||,;|||:.'_-L measurements, that |:'-_u.;:'u__:|'-|| ||--||-:f'i|'|5.' is mol Very prnlnulﬂn.-_ But, if YOuU Tearramngs
them =0 that you have the sequence purine-pyrimidine and that the nuclectide zide chains are
projecting from the same side of the backbone, then these complementary groups approach each
ather over a distance of 3.5 A where hvdrogen honding is just atill ||||'\-'\-i||||'_ I might say that
I, O, Jordan (ACS, ing, San Francisco, 1949} has discussed the possibility of hydrogen
bonding particularly with regard to adjacent polynucleotide chains, He feels that the fact that
he s different electrometric titration curves when he titrates forward and then titrates back-
wards, is due to the breaks of hy n bonds during titration. [ think that there i= a good
probability of both iypes of bonding (i, of intra- and inter-molecular hydrogen bonds) in
nucleic acids,

Bendich: There is recent evidence ohiained by Dr. Cavalieri in our laboratory indicating tha
there are eovalent linkages present in the nucleic acid structure, which oceur between the phos
phate and aming and hydroxyl groups of the bases, In addition, there iz evidence for sali-type
linkages, i.e. between phosphate and aming groups (Cavanieni, L. F. and Axceros, A., J. Am.
Chem. Soc., T2, 4686 (19500 ; Cavarniers, L. F.. Kerr, 5, E, and Axceros, A., ibid, T3, 2567 (1951} ).
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Recognition and Estimation of 5-Methylcytosine in Nucleic Acids

R. WYATT
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The Purine and Pyrimidine Composition of Deoxypentose Nucleic Acids

By . B. WYATT™
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