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ABBREVIATIONS AND CONVENTIONS USED IN REPRESENTING
NUCLEOTIDES AND OLIGONUCLEOQOTIDES IN THIS THESIS

For convenience it has been found necessary to adopt
a system of abbreviated representations of pyrimidine
oligonucleotides, in accordance with the recommendations
of the International Union of Pure and Applied Chemistry (1).
All the compounds described in this thesis were deoxyribos
nucleotide derivatives with a regular 3'55' internucleotide
linkage and the recommended prefix "de-3', 5'-", In
this thesis however the prefix has been omitted,

C and T are used to represent deoxycytidine and thymidine
reapectively, while p is used to represent phosphate
esterified with the nucleosides, ‘hen p is written to the
right of the asymbol for the nucleoside this indicates the
phosphate is esterified with the 3'-hydroxyl group of the
nucleoside; when it is to the left, it forms the 5'-ester-.

Further abbreviations have been adopted for sequences that
are expected to consist of mixtures of isomer nucleotides

in unknown proportions; these are written with nucleoside
symbols in parenthesis, Thus CpT represents deoxycytidylyl-
(3'>5'=)=thymidine, TpC represents thymidylyle(3'->5'-)e
deoxycytidine and (CT)p represents a mixture of these two



isomers in unspecified proportions,

Jeveral terms describing various types of isomers, used
in this thesis, rejuire definition, IUCHLIUVHD are
oligonucleotides of identical chain length, Any group of
isopliths, derived from digestion of a naturally occurring
nucleic ascid, will alwmost certainly contain seguences that
differ from each other in their base compositions These
are termed COM OSITICNAL isomers, An oligonucleotide
fraction reprenenting a single compositional isomer is
likely to conniet of several 5 USN. 1AL isomers, wnich
differ from each other only in actual arrsngement of

bases,

Uther abbreviations used in this thesis are:

DNA deoxyribonucleic acid
RNA ribonucleic acid
c deoxyeytidine
T thymidine
Pu purine
Py pyrimidine
fe! BeVs snake venom phosphodiesterase
EDTA ethylenedianine-tetra-acetate

Tris-iC1 tris(hydroxymethyl)amino methane-HCl
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latroduction

(1) ZIhe imoortance of DUA sequences

The genetic material of all animals, plants
| bacteria, anc of many snimal and bacterial viruses has
long been established as deoxyribonucleic acid or DNA, and
recent studies (1a) have shown that its najor function is
to carry the genetic 1lanformation recuired by a cell for the
aynthesis of species s.ecific proteins.

This information 1ls stored by the nucleic acid
macromolecule 1n the form of a linear code deter:ined by
its intrinsic nucleotide nejuence or primary structure,
The information 1s carried in such a way that a s, ecific
segquence of three nucleotides hus the ablllty to code for
cne of every type of arino acid found in protein, In
recent years the message corresponding to each nucleotide
triplet has been established (2).

Besides coding for amino scids, nucleotide sequences
exist which are known to code for ribosomal transfer RNA's,

There are probably other sequences which are involved in

a variety of lpooiai roles, the more important being
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regulating and initiating tranecription of the genetic
message into functional messenger RNA, and the initiation
of DNA replication. Because little information 1s avail-
able about the actual arrangement of bases needed to effect
these functions, a knowledge of the complete nucleotide
sequence of a biologically active DNA molecule may help
to elucidate the nature of these extremely important
processes, In additlon it is hoped that new approaches
can be found towards a better understanding of the actual
changes to DNA caused by mutagens and carcinogenic agents,
and 1t is also hoped that some knowledge can be obtained
of the extent to which degenerate codons exist in genetic
material, and the fun-tion of these codons when they do

occur,

(11) Ihe structure of DA
DNA molecules are linear polymers of

deoxyribonucleotides linked through 3'»>5' phosphodiester
bridges, Four major nucleotideas, two containing purine
bases (adenine and guanine), and two containing pyrimidine
bases (oytosine and thymine), are commonly found, A
tetranucleotide containing an arrsngement of these four
bases ie illuatrated in figure 1,

In most cases the DNA molecule occure in the form of
a doudble right-handed helix consisting of two complementary
strands of nucleotides held together by hydrogen bonding
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(3). Stereochemical considerations restrict the formation
of a atable hydrogen bonded structure to accommodate
only pairing between adénine and thymine, or guanine and
cytosine, Because of this restriction the two atr:unds
have complementary structures, and thus if the nucleotide
sequence of one strand is specified then the sequence of
the other (complementary) strand can be deduced,

There are some exceptions to this model: the DNA
of some small bacteriophages, e.g8e the coliphages f1 and
#X 174, is in the form of a aingle covalently clomed
circular strande. Come cther DNA's have been shown to
have a circular double-stranded structure (L, LS),.

Folynucleotide strands are polarised in the aense
that each has a 3' and a 5' terminus, and in the Vatson=
Crick DNA model, the two strands of the duplex have
oppoeite polarity.

As a consequence of the 3'->5' phosphodiester bonding
of nucleosides, the internucleotide linkage can be broken
in two possible ways, as is demonstrated in figure 2,
This property has been found very useful in this investigat-

ion,

(111) W‘
(15, 40, 50, 5u)

Rivonucleic acid, a ridbonucleotide polymer,
has a similar primary structure to DNA, and ie widely
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distributed in cells vhere it haes roles in the translation
of the DNA genetic information into active cellular proteins,
The primary structures of some small biologically active
RNA molecules have been determined by the use of specific
hydrolytic enzymes (endonucleases) which catalyse the
cleavage of the polynucleotide chain into smaller, over-
lapping snd identifiable sequences (5, 6).

Attempts at determination of nucleotide sequences in
DNA have in the main followed along similar lines to these,
but the problem is considerably more difficult than for
RNA for several reasons

a) As most cells contain many discrete chromosonmes,
the cellular DNA content 18 normally a2 complex mixture of
double-stranded molecules; viruses, especlally bacteriophage,
provide the only known source of seguocntially homogenous
DNA, Although the DNA contained in the smallest bacterio-
phage is a single strand of nucleotides, it still has the
high molecular weight of approximeately 1.8 x 106, and
contains at least 5,500 nucleotides (22).

b) Incomplete knowledge of the specificities of
the few purified endonucleases that are capable of
hydrolysing DNA prevents the use of these enzymes as
analytical tools,

Because of this last restriction, it has been
necessary to find suitable chemical alds to degrading



specific internucleotide bonds, and several of these

have been described (7 = 12), The most successful of these
has been the degradation induced by aromatic anines,
particulerly diphenylamine, in acid smolution (13, 1L),.

¥hen DNA is incubated in 667 (v/v) formic acid containing
2° (w/v) diphenylamine, the acid conditions lead to the
quantitative cleavage of the purine-deoxyribose glycosidic
linkages, while the stable pyrimidine deoxyribose glycosidic
bonds are completely untouched, OCubsequent reaction of

the resultant "apurinic acid" with the aromatic amine
involving & A-elimination mechenism res:ilta in the release
of lnogganic rhosphate from positions between sadjacent
purine nucleosides yielding pyrimidine nucleoside phosphates

of weneral formula F (13). 7The reaction is shown

n“n+1
in figure 3.

Trie chenical reaction gives reproducible reaults
and 1t is quantitative; it produces from any DNA molecule
a complex mixture of pyrimidine sequences of varying chain
length and base composition, Although detalled methoda
have been developed for separation of these pyrimidine
products into groups on the basis of their cytofine and
thymine content, it has proved impossible to resolve
mixtures of sequential isomers into their components, For
example, the trinucleotide fraction of base composition
(CT,)p, may contain wp to three sequeatial lscmers, T7C,
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TCT, and CTT, which remain inseparable,

7ith longer nucleotides the problem becomes more
complex, as larger numbers of sequential isomers can
theoretically exist according to the general formpula which
relates numbers of possible sequential isomers to the chain
length of the oligonucleotide:

For the isomer (C. Tb)p.+b+1 the number of

sequential isomers is given by:

N = £n+b!!
a'x v

(iv)  Zhe prenent study
In the first part of this study, the

digention products from the action of diphenylamine on
calf thymus C"NA in acid solution have been separated as
far as possible by physical metihods, characterised, and
measured gquantitatively,

In addition, an investigation into possible methods
of deducing the relative proportions of each sequentinl

isomer in a mixture of isomers of identiml base compeelition
was undertaken, with special emphasis on the use of

exonucleases (15).
A poseible approach to this problem is found from a

study of the specificitics of snake venom and bovine spleen
phosphodiesteranes, Although neither of these enzymes will



attack a fully phosphorylated substrate of the type
Pynpn+1. both will catalyse the exonucleolytic cleavage of
the ¥ nPp-1 oligonucleotides obtained by terminal
dephosphorylation (16, 17):

PCPTPTP mam:temu% OH=CPTPT =OH + 2P1

(Pwh?h+1) (1 n?n-1)

The speeificity of snake venom phosphodiesterase is
such that it will degrade terminally dephesphorylated
oligonucleotides to 5'-mononucleotides, commencing its
attack at the 3'-teruinus, while the spleen enzyme will
catalyse a similar degracution from the 5'=ternminus (18),

For example, in the caza of the (f.:':'z}p2 which can

exist ae the following three sequential isomers (a) = (e¢):

(5*) (3")

CpCpT (a)

CpripC (p)

TPCpC (e)
the two types of enzymic ettack will proceed na follows:
C+pC ¢+ pf 8eVe Gpcpr _SPleeng, oo .1
C o+ gt 4+ 3¢ SeVe  opro BB imac
Tep e 2V mope W gy .cpec
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It will be seen that mononuclecotide thymidine will erise
only from the action of the spleen engyme on isomer (a),
or the snake venom ensgyme on isomer (@), Measurement of
the amount of this produect in each type of enzyme digest
should therefore allow the relative proportions of these
two isomers in the mixture to be determined, Measurement
of the other products will help confirm these values,

As shown above, “here can be far more sequential
isomers in the tetranucleontide and longer fiactiona thon
in the trinucleotide fraction, The use of those two
nucleases alone therefore proves inadequate for detormining
the relative proportions of sequential isomera in tLhese
cases, although the result of their actlion does provide
useful information, In other experiments therefore,
attenpts have been mode to modify the specificities of the
two nuclesses, in this way deriving extra tools for the
investigation of nucleotide sequences, A chemical blocking
agent which attaches to the oligonucleotide was used for
the medification (6, 38, 35, L1, L2, L3),

Experiments in which atteupts were made to separate
trinucleotide sequential ieomers by ion exchange chromatO-
* graphy are also described,
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Deoxyribonucleic acld
Calf thymus DNA was prepared by the method of Xay,

Simmons and Dounce (19) as modified by Ui argaff (20).

(phosphodienterase T BeCo 3etolietle)
Phosphodiensterase isolated from Russel's viper venom
wss purchaned from CalBiochem (Los .‘ngeles, California,

U. : .J‘;. ) L ]

14} s
(phosphodiesterase II EeCo 3eloliats)
Bovine spleen phosphodiecterase was obtained from
Yorthington Biocheniecal Corp., (Frechold, New Jersey,
Ueleite)s Each batch of ensyme (10~15 units) was dissolved

in 1,0 ml water and stored frozen.

Zhosphomongenterane

Bacterial (Egcherichia ¢oli) alkaline phosphomono=
estersse, chromatographically purified, was obtained from
¥orthington Biochemieal Corp., (Freehold, New Jersey,
UsSeAs) as a suspension in 65% (NH)),80,, Each bateh of
enzyme (approximately 10 mg protein) was mixed with 2 md
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of 0,01 ¥ MgCl,, dialysed mgainst 0,01 } Tris-iCl,
pH 9,0 containing 4gCl, (0401 }), heated at 85 = 90°

for 10 minutes and cocoled on ice,

Sodium p=-nitrophenyl phoaphate
Sodium penitrophenyl phosphate was obtained from

the British Drug Houses Ltd,, (Poole, England).

Sodiunm penitrophenyl thymidine-5'=phosphate was
obtained from CalBiochem (los Angeles, California, U, .A.).

T = n

2o I

“hatnan microgranular diethylamino ethyl cellulose,
DE32, was obtained from /i, Neeve Angel and Co, Lta,(London, Eng.)

11) DEAE cellulose (fibrous)
Cellex D (standard capacity) was obtained from
Bio Rad (Loe Angeles, Californis, U.S.7A.)s It had an

exchange capacity of 0,7 meq/gn,

111) DEAE-Sephadex 4«29

DEAE Sephadex A-25 was obtained from Pharmacia
(Uppsala, Sweden) and had a capacity of 3.5 meq/g and
particle sise 40 to 120 m,
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iv) Dowex=1, Powex=2, and Dowex=50 x 8

Dowex=1, lowex=2 and Dowex-50 x 8, all 200=L00
mesh, were obtained from the Dow Cheuicael Company,
(Michigan, U.%efs)e

Zriethylanine
Triethylanine (reagent grade) was obtailned from

British Drug Houses Ltd, (Poole, Dorset, "ngland), This
was redistilled after refluxing over KO pellets for an
hour, and the fraction boiling at 89° collected,

A stock nolution of 2¥ triethyla—ine bicarbonate
was prepyared by slowly dropping rediastilled trietihylanine
into ice cold distilled water through which 002 from dry
ice was continuously bubbled, The rate of addition of
trietiiylamine was controlled to maintain a pH of about 9
during the reaction, 7The solution was finally adjusted
to pil 8,6 and stored at L°,

Diphenylasine
Analar grade diphenylanine, obtained from British

Drug Houses (Pocle, England) was reerystallised several
times from agqueous ethanol,
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Eormie scld

Analar grade (58 -« 1007) formic acid was obtained from
British Drug Houses (Puole, “ngland),

Urea
Reagent grade urea was obtained from 'ay and Baker

(Dagenham, %“nglund) and UV absorbing material resoved by
pasaing a solution through a column of charcoal:celite
(531)e The concentration of the stock solution was deter-
mined from its specific gravity, /s strong urea solutions
can extract UV absorbing mate-isls from rubber tubing and
some plastic tubing, the same rubber ntoppers and plaatic
tubing were uced throughout the werk so that most of this

unwanted material was soon eliminated,

CHE=carbodiinide was purchased from Aldrich Chemical

Company «
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Znsyme assays

Snake Venom Thogphodliesterase
Snake venom phosphodiesterase was assayed by the method

of Ragzel and Khorana (21), The assay was performed in a
cuvette containing 100 mnoles of Tris buffer, pH 3.5,
0.5 umole of pe-nitrophenyl thymidine«5'ephosyhate, and
10 amoles of H@lz. in a2 total volume of 1,0 ml, Irior
to the addiiion of the enzyme, the cuvette was ecquilibriated
at 370. On addition of the enzyme the incresse in coptical
deneity due to the releuse of penitrophenylste was measured
at LOO mu, /n increase in optical density of 1,200 units
was tasken to be equivalent to the hydrolysis of O.1 pmole
of substrate,

Phosphononoesterase activity of thie enzyme was
checked by messuring the relense of ino6ganie phosphate

from the same substrate,

Bagterial Alkaline Phosphatase

Alkaline phosphatase asctivity was measured fromr the
rate of hydrolysis of a solution of penitrophenyl phosphate
(0,001 Y in 1,0 ¥ Tris buffer, pH 8,0)¢ Three =mls of

substrate was pipetted into each of two 1 cm cuvettes (one
the blank), At gero time 0.1 ml of the enzyme solution was
added to the test cuvette and the optical density was



16

recorded at 1 minute intervals, The rate of release of
p=nitrophenol from the substrate was determined by following
changes at L10 mp, and one unit was taken as the guantity
of enzyme liberating 1 jmole of penitrophenol under

defined conditions at 25° (23),

Paper Chromatography

All separations wore carried out on "hatman No.1
and 3 ¥¥ chromatography paper using solvents described
in the text,

Ihin Layer Chromatography
20 x 20 cm glass plates were scrubbed with detergent,

washed twice in a glassware washer at 800. ailr dried, and

finally cleaned with acetone to remove all traces of grease,
M cellulose 300 7,z (obtained from Machery and

Nagel, Diren, #est Geraany) was nixed with a cadnium borate

fluorescent indicator (24L), in the proportion ten parts

to one, suspended in a mixture of water and acetone (2:1),

and the slurry used to coat plates to a thickness of 0,3 mm,

Water was removed from the layers, either by long drying

at 37°, or by drying in sn oven for several hours,

Randerath (25) suspended dry cellulose absorbant in acetone,

resulting in a drying time of a feow minutes being quite

adfuate, but when tried in this investigstion, the method

gave fluffy and very fragile hnn._
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Compounds were applied with a micropipette and dried
immediately in a stream of warm air,

Tanks for ascending developnent were used, A saturated
atmoaphere was obtained by lining two sides of the tank
with filter paper socaked in the appropriate solvent,

Zaper Electrovhoresis

A "Miles Hivolt” apparatus, which accommodates sheets
of paper 17" x 21" was used, Whatman Noe,1 paper, moistened
with buffer solution, was placed over the cooled flat plate
between two electrode vessels filled with buffer, The
paper, the ends of which dipped into these vessels, was
sandwiched between two sheete of inaulating polythene, The
two water cooled metal plates, held together under air
pressure, allowed a high voltage gradicnt to be employed
without heating effects, The sample was applied with a
miceropipette to the moist paper, All meparations were run

in formate buffer pil 2,7.

These were located using a mercury filament lamp
(with a gaseous chlorine filter) as UV light source, and
Ilford Reflex Contact Document paper No, 50M was used to
make a perhnment record (26), For this purpose close
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contact between the chromatogram and the photographie
paper vas achieved through the use of a frame consisting
of a convex plywood board over which a double thickness
of 0,005 inch gsuge polythene sheet was tightly stretched
and held in place with a pair of spring fasteners (27).
The contact prints were developed with Ilford Bromophen

Developer,

Af'ter being located, the spots were outlined and cut
as shown in figure Ls 2 hole was pierced between spot and
apex, the paper nsuspended by wire covered with polythene
tubinz aad the lower edge dipped into “istilled water, ‘s
vater floved up the paper by caplllarity and evaporated,
the nicleotlide material was drawn up snd coneentrated in a
anall ares at the apex after an overnight run, The wet
paper was Lhen wrapped in aluminium foill and folded several
tines lengthwise, forming a rigid tube, It was placed
point dovn in a eentrifuge tube, suspended mbout an inch
from the bottomwith the other end of the paper bent over
the top of the tube and secured with tape, Centrifuging
for a few minutes at 5000 rpm drew fluid contailaing the
nucleotide material out from the peper to the bottom of the
tube, ¥hen required, the eluates were concentrated by
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evaporation at 37° in a stream of air,

Paper Blanks

For quantitative work, equivalent areas adjacent to
the nucleotide apots were cut from the chromatograms, These
were eluted, the optical density (in UV light) determined,
and this value used as a messure of the contribution made
by background absorbance {rom paper, solvent and buffer,
lowever, variable results were obtained, and an attenmpt
was therefore made to construct a standard curve for calcule
ating theoretical blank values for chromatograms run in
one freguently used sclvent. This method was not very
advantageous, however, as it invclved time consuming deter-
mination of paper areas and their location on the chromatogram,
The procedure finally adopted waz the messurement of the
optical density of the eluates at 310 mn, where extraneous
material, but not nuclectide material absorbs. This reading
was then substracted from those made at the lower wave-
lengths (28),

1) DE 32
(a) Precycling, The solid exchanger was stirred
into 15 volumes of 0,5} HC1l and left for 30 minutes., The
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supernatant liquid was decanted off and the material
washed until the effluent was at pH L, then stirred with
15 volumes of 045U Nali, left for another 30 minutes,

and washed in a funnel until the effluent was near neutral.
The material was equilibrated by stirring in a large
volume of the required buffer, allowing it to settle, and
decanting, many times over, This procedure also renoved
all fines which are generated by physlical and chemical
breakdown of the cellulose material, The exchanger was
stored in the wet state,

(b) Column preparat on, Oceluded air was
renoved from a salurry of the cellulose by means of a gentle
vacuum, snd the slurry was poured into the glasa column
of required dimensions in as few passes as poscible, hen
the bed was formed in sectiions the upper layers of each
section were stirred slighily before the next was added,
The firat part of the column was allowed to settle before
the tap was opened, Minally the column beds were settled
by passing several bed volumes of atarting buffer through
theme, Thie also removed & certain amount of unwented U.V.-
absorbing material from the column,

i1) Cellex D
The material was freed from fines by repeated
settling and decantation from a large volume of water, then
equilibrated with the appropriate buffer, Finally the
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resin was resus_ended in a emall velume of buffer and the
column poured in as few stages as possible,

For this material, the recomwended ratio of length to
diameter of column is between 3/1 and 10/1. As columns of
this resin were used almost exclusively for desalting very
large quantities of material, columns of sige 3 x 20 cms

were used in most cases,

Ireparation of DEAE Sephadex

The resin was swollen in an excess of water for one
hour and the fines removed by repeated decantation., The
gel was then washed on a filter with 0.5 M 1IC1l, followed
by water, 0,5 M NaCOH, and water again, The material was

finally equilibrated with the appropriate buffer,

17 of 3

Cation exchangers were washed with 107 HCl, water till
neutral and finally with 257 RaCl to convert the resin to
the sodium form, Excess NaCl was washed out with water,
and the resin equilibrated with starting buffer,

Anion exchange resins were washed with 2 E NaOH, water,
and 3 ¥ HC1l until the optical density of the eluate at 260 mu
was negligible. Finally the n-n:ln was washed with .wntcr and
equilibrated with starting buffer,



Application of Samples
Samples were always dissolved in the smallest possible
volume of astarting buffer and applied carefully to the top

of the column,

Salt Oradients
A linear inorease in salt concentration was obtained

with a two-chambered mixing device of the type described
by rarye (29).

Sa from N t Solut

In cases where triothylamine was the only salt present,
this could be readily removed by repeated evaporation on
a rotary evaporator, In other cases where more effective
buffering was required or where non~volatile components
(e.g. urea) were added, other means of desalting the
sclutiona were adopted,
1) DResalting on DEAE gellulose

A cellex D column was prepared as described, and

the sample applied at pH 9 to 9.5, Salt and urea were
washed off with a large volume of 0,01 ) triethylamine
bicarbonate at pH 8,6 (1500 mls needed for a column 20 em x
3 em)s The nucleotide was then quantitatively recovered
by elution with 100 =« 200 mls of 2 M triethylamine bicarbonate,
pi 8.6, and the eluant dried down on a rotary evaporator,

11) Desalting on chargoal (LL)
Nucleotide material was adsorbed onto a column
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of charcoalicelite (5:1) when the nanple was applied at

pll 6=7, and ures and salt were washed from the column with
distilled waters ithanol:iH,0il, (Bee 0e88):water
(50:2:18) wes then passed through the column until all
UV-gbsorbing msaterial had been eluted, This solvent was

renoved from the nucleotide materisl by rotary evaporation,

= o)
2

Phosphorus was determined by the method of Chen,
Toribara and %arner (30), as modified by Purton and
retersen (31)e 7rhosphorus standards and the sample
containing up to 8 ng of phosphorus were pipetted into
tubes and bronght up to 8 mls with water and L nls of
reagent (6 X H250h325f ammonium molybdateiwnter:10°
ascorbate (1:1:1:2)). Each tube -as capped with purafilm,
and incubated at 37° for 2 hours, The optical density
at 520 mp was proportional to phesphorus concentration,
Oe1 pmole of invpganic phoasphate giving e reading of
0o71 approx. '
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I Preparation of Calf thymus oligonucleotides
1) A digestion

Approximately 1 g of DNA was dissclved
in about 150 mls of distilled water and the solution stirred
overnight in the cold room, A further 150 mls of distilled
water was added to the viscous solution and the DNA concen-
tration was measured by reading the O.D. at 260 mp, where
1 mg/ml DNA ® C.De of 20 (approx.)(20, 37). The final
solution was found to contain 1530 mg of DUNA at & concen-
tration of 541 mg/ml.

Two volumes of 3 (w/v) diphenylamine in 100" formic
acid were added, the mixture trunsferred to a glass
stoppered rlask and incubated at 30° in a water bath for
19 hours, The flask was shaken after about 30 minutes
incubation to ensure that all the DNA was properly dissolved
and the temperature equilibrated,

When the incubation was complete, an equal volume
of distilled water vas added to the reasction mixture, and
this was transferred to a 2 litre separating funnel, and
the mixture was shaken with 2 volumes of ether, The ether
layer was re-extracted with § = 1 volume of water, and the
combined agqueous layers from these extractiens were ree

extracted four times with fresh ether, The large volume
of digest thus obtained was concentrated on the rotary
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evaporator (bath temperature not higher than ho°).

ii) Removal of puriges and formic scid

A column aspproximately 2 x 8 cms of
Dowex=50 x 8 (#1') was prepared as described in the materials
section and washed with water till neutral, The digest
was passed thrgugh the column and the effluent kept, The
column was washed with distilled water until the C,D, at
260 mp was below 0,05, The combined water effluents were
concentrated on a rotary evaporator to LOO mle, The material
wae then transferred to a ligquid-liquid extractor with
efiicient eooling so that a good head of liguid ether could
be maintained in the collecting tube. This gave a fast
flow of ether droplets from the sintered glass plate up
through the aqueous digest solution, Removal of laat
traces of formic acid by the ether was assumed to be com=

plete after 6 hours of continuous extraction,

111)  Standardiestion of the digest
Sufficient digesat to contain the

equivalent of 500 mg of DNA was required for a convenient
large scale column separation of pyrimidine oligonucleotides,
This volume corresponds to 50 mg of total phosphorus

'oF 14 mg of inorganie phosphurus, since 28% of all
phosphorus contained in DNA is released by diphenylamine
degradation (31)s Inorganic phosphorus was estimated, as
described in the methods section, as 3.k pmole Py/ml of
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digeast, and the required volume of digest was calculated
to be 133 mls, The remsining digest was dried and stored
at hoc

iv)

A column of DE 32, of dimension 3.2 x

60 cms, was prepared as described in the methods ssction,
and equilibrated with starting buffer, 7 ¥ urea/C.1 M
acetic ac1d/pH 5.4, (32). PFinishing buffer reqiired to
produce the desired salt gradleht was identical to starting |
buffer but 0,2 M with respect to NaCl, Both buffers were
prepared, deaerated briefly, and allowed to stand at least
a day baefore use.

The digest, which had beon evaporated to dryness, was
taken up in sbout 20 nls of starting buffer and applied to
the cclumn through which was passed a further volume of
starting buffer (several hundred mls) in order to remove
all extranecus UV absorbing material before salt elution,
The elution of ultraviolet-absorbing components from the
column was followed with an ultraviolet flow analyser
(Iseco, Lincoln, Nebraska, U.S8.,A.)s 3¢5 litres of each
buffer were put into the appropriate chanmbers of the
gradient spparatus, and large fractions (20 mls) were
taken., The contents of every second tube were read on the
spectrophotometer at 268.,5 mu and these readings recorded
in the form of a graph of the optical density of the
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eluate ss a Tunction of fraction number and aalt
concentration., The separatlion obtained is 1llustrated
in figure 5, The fractions constituting each peak were
pooled and desalted after dlilution to zive a Nall conce-
entration below 0l 05 M.

Inorganic phosphate is eluted in this system Jjust
after the peak containing free purines and extranecus

non=nucleotide material,

¥ixtures of oligonucleotides of identical

length but dif'erent base compositions (isopliths) may be
further separated by cclumn chromatography on AR cellunlose
in 7 ¥ uren nnd Ge.1 4 formate, with a linear aalt gradient
(33)e The order of emergence of the compositional isomers
is conaistent with thelr incrensing negetive charge at
pH 341 to 3.5 (values messured for solutions of 7 )} urea/
Oel }i formate with and without O.1 } NaCl respectively).

DE 32 eellulose was used for all anslytical columna,
The results of separating the isopliths of chain lengths
2y 3o Ly and 5 into their components are illustrated in
figures 6 - 9. It will be seen that of these, only the
trinucleotide fractions gave the expected number of com- .
ponents, In all other cases more products were observed
than expected, It was concluded that extensive spontaneous
dephosphorylation had occurred through a mechanism that
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is not completely understood, It 18 interesting to note
that sequences rich in cytosine appear to be more

susceptible to this type of degradation,

vi) Separaiion of further material

The remaining digest corresponiing to
1000 mg of DA was separated into isopliths on s large
column of D& 32 as before, except that an exponential
82lt gradlent wae used, The detalls of this separation
are shown in figure 10, In order to try and reduce
spontaneous degradation the peaks were desaltod in the
shortest posaible time and separated in the formic acld
system as before, The resilts are illustrated in figures
11 and 12, It will be sean that amuch less degradation
occurred in this prenaration,

An attenmpt was made to separate the pentanucleotide
sequences on a column of DBAE Sephadex A 25 (3L). The
Sephadex ion exchanger was converted into the acetate form,
a column 3C x 0.5 ems poured, and the column washed with
0,01 } sodiun acetate buffer pi 3,0, The nucleotide material
(which was made alkaline) was placed on the column without
previous desalting, the colwsn washed with 100 « 200 mls
of sodium acetate 0,01 )} pH 3,0 to remove urea and salt,
Elution was accomplished with a linear salt gradient
0 « Ouh } NaGl, in the soetate buffer, pH 3,0, Although
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gix peaks were expected, only two peeks were eluted, and
it was obvious that some of the nucleotids materisl had
been washed out previousdy with the salt and that the
rensinder was incompletely resolved, The remaining
material was therefore desalted and fractionated on a
standard DE 32 column in formate buffer, with the resulting
elution pattern shown in figure 13. Both C pg and |
(cu'l')ps fractions were missing and ylelds of the remaining
peaks were lower than expected,

II

211 material that had been separated, desalted

and dried down was taken up in a known amount of water and
the optical density at wavelengths 260 mp, 267 mu and

280 mn was measured, at pii 1, The resiltis are shown in
Table 1.

From the values for the extinction at 267 mp, the
number of millimoleas of pyrimidine per 1000 mg DNA and
per 100 gram atoms of DNA phosphorus were calculated for
each oligonucleotide, and these values compared with those
found experimentally by Fetersen (27), and with the smount

_mm.mmmumm
base composition,
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TABLE I
0ligonucleotide E260 Calculated
5260 £280
pH 1 E260
CaoT)p), 1438 1418
(CThlp, 1402 1.04
74P, 0468 0u7
(c5M)p, 1652 1458
(C,T5)p; 1.18 142l
(CT3)pg Ce3 0495
(C5T5)pg 117 1436
(CpT4)pg 107 111
(07, )pg 0492 0496

As molar coefficient of optical density for pyrimidine
at 267 mp is 9900
" atomie weight of phosphorus = 30.8
100 mg DA contains 10 mg of phosphorus,
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then, nmoles pyrimidine/100 gram atoms DNA phosphorus
UeDe unita of pyrimidine/100 mz DNA x 1000 x 30.8

9900 x 1000
The results obtained ere set out in Table I,

Fairly good agreement of these results was obtained
with published values of the relative abundance of three
pyrimidine trinucleotides and three tetranucleotides occurr-
ing in calf thymus DIlA, The theoretical values s own were

calculated according to Jones, Stacey and Yatson (36).

III Separaiion of seguential lsomers

Jurton and Fetersen (13) used a Dowex=2 chloride
column and gradient elution with HC1l for (GZT)ph isomers to
achleve a partial separation, ensuring that sll material
eluted was of the same pyrimidine composition by deterrining

the E;gg ratio of every fraction.

Separations were attempted in thie investigation for
the fracticns (CTZ)ph' (car)ph. (CTz)pz. (Cz'r)p2 and
(CBT)pj. with an HC1l gradient or in some cases with HCl/
formate, HCl/ures, formate alone, and varying concentration
ranges of HCl, Resins used were Dowex-1, and -«2, and DE 32,
About 10 to 20 optical density units of nucleotide material
were applied to each column,



maoles acles published anount
Jyrhiuine/ pyrimicdine/ value (27) expected
oup- Vvolume n %7 Cele 1000 mg A 100 £ atoms (Qalf muﬂ from a
nucleotide (at pH 1.0) unt~ (3 mnoles DNA DVA) for randomly
pyrinidine/ rphosphorus wnoles arranged
100 mz pyrirzidine polymer of
phoaphate per 100 gm the same
atoms DNA base
nls y phosphorus conmposition
(c '.I.')p 36 2240 792 792 792x7%0,8 2473 2492
(cT)p, 31 194 Tk Lo 2438 2.6l 3486
T30y, 17 2140 357 968& 1011 1428 1470
.h L] .
(©2)pg 26 1743 L5k 9% 14li1 1439 111
(c.r.)p " 5462 590 290 1484 1499 2420
ol < 5900
5300
(021'3)96 35 334 17 9_.}2._!..% 0e37 127 130
(ct,) 18 8465 158 158 0669 0.82 0«86
&% 99500
! (031'2)1’5 30 0e2 6 __6_ no8t 1.06 Ce58
€s00 lost

2e
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No separation was achieved on the DE 32 coluwns for
any eluant tried, and Owex-2 gave poor sepuarationa which
wore not improved by the use of urec or formate, It io
poasible that a nore gracual or a i'inely controlied EC1
gradlent would improve ihe aseparation that is shown in

figure 1L,

Dstepnination of eoucntial Isomers by “nzymic ethods
1) lsegy of enzymen to be

snoke venom phcegphodiesterase. The asnay
proceGure vas as describad in the mcthods mection except
that in nany cqases the munn'ities of reapgeats ere scaled
down by 5 factor of five, 7ive replicate tuhes containing
identical mantities of buffer, substrite =nd #:"' iona
in o volune of 0.2 ml were houted to 5? ¢ ldentical
quantitics of enzyme (5 pl) were auded to each tube nnd at
subse ment intervals 1 ml of Halll was added to each tube to
stor the reaction completelye The opticsal density of the
contente of each tube was then determined at LOO mpry wnd
the rate of change of optical density determined graphicallye.
An increase of 14200 in absorbance under the defined
conditions of the assay was tah_n te be equivalent to the
hydrolysis of O.1 pmole of substrate, und as one ensywe
unit t.haouuoan; rqdrohm 0Oe1 pmole subastrate per
minutes, mmu mmt 1n the enzyme sample were
'-nlm-uc 'le be M ll/ﬂ..
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For snalytical purposes, apuroximately 0,03 units
of enzyme wan used to <digest 10 optical denaity units

of nucleotide material,

hossho t i ratione.

This wns done by nmessurding any release of 1lnorganic
phosphatey by contaminating monoenterane, from the
aubstrate pe=nitrophenyl thymidine=5'-phosshatee The
followlng feur ayatems vere set upe /411 tubee were
incubnted for meveral hours at 3?0 and the inorganice
phaonsphate ccatent of duplizate sumplec (rom euch tube
waa dete innd ag deagerlibed in the metiicds secuion, In
aduision ¢ standard phoaphalte carve wag (ruduced, rd the

reilts shova in Table I were obtained.

TABlE I1I
flature of cyntem pmoles of 1norganic
(met up in auplicate) phosphate por ml in tube

af'ter incubation{mean of
four vsines)

wmt Eub‘trﬂt.. buf'fer
and ¥g** lons 0.032

Substrate, buffer and
Hg** {ons 0,030

Enzyme, buffer and Mg** ions 04012

Buffer and Hg** tons | 0,006
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It was therefore concluded that the enzyme prepsration
containe no monoesterase sctivity as no (unaccountable)

inorganic phosphate wns released,

Alkaline phosphatagse
As eupplied, the enzyme solution has a concentration

of 1045 mg/ml and 35 U/mg enzyme. The heat treatment
described in the "materials" sectlion resulted in 3 nmls of
solution, most of which was stored in small lots in the
deep freeze,

The assay was performed as described in the methods
section, The rate of incresse in optical density of the
incubation mixture was 0,063 units per minute., /~ check on
the quantity of protein per ml engyme solution was macde

by reanding the optical density at 273 mu, which was 2.12,

TABLE IlIa
Unita/mg protein P!‘t{;:in/kﬂ snzyme
80 on
45/min x 1000
- - B X 1.'&3
1463 x 100 x G enzyme 75

ml resction mixture

= 2412 x 1,43 ng/ml
= 230/mg protein = 340 mg/ml

AT miae 4 =LesE e e e an- e




11) Dephosphorylation of oligonucleotides
Contaninating enzyme action in the alkaline

phosphatase preparation was apparent when nucleotide

material was incubated with excessive quantities of the
enzyme, or for very long incubation times, or when Mg*+

ions were added to the incubation mixture. Therefore it was
necessary to deterauine the minimum quantity of enzyme which
was sufficient to dephosphorylate about 10 optical density
units of olizonucleotide in s ccnvenient incubation time of a
few hours, Ten C.0s unite representa the maximum anount of
oli.onucleoiide from wihiich digestion products can be ensily
sevarated by paper electrophorenis and chromatographye For
this quantity (approx. 1 mmole), 10 pl of the alkaline

phos hatase preparation was used (3.0L mg/ml; 23 U/mg protein),
and this appeared to achieve complete dephosphorylation after
about an hour of incubation at 370 and pH 8,0, #When this
saystem was left to incubate for 12 hours, quite noticeable
amounts of nucleosides could be detected in the digestion
nixture due to contasination in the ensyme preparation,

After incubation, the enzyme was renoved from the
recction mixture by first heating at 100° for 10 minutes.
After cooling, the solution was shaken with an equal volume of
chloroform:amyl alcohol (20:1) which completely denstured
the enzyme, Centrifuging csused the precipitated protein
to lie at the interphase befween chloroform and agueous
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phasej the latter could be removed with a ‘asteur _ipette
to a clean tube,

111)

5 pl of the stored enzyme solution (3 U/ml) was
found to be sdequate for digesting 1 amole of dephosphorylated
oligonucleotide when incubated together =at 37° for mbout
5 hours, in Tris buffer which waes pi! 8,9 and 0,01 ¥ with
reapect to ¥g'' ions. The ¥g ions were essential for enzyme
action, but were & serious handicap to subseguent paper
electrophoresis, when any moverent of charged mononucleotides
or mononucleosides was prevented by the presence of this aealt,
Charged oligonucleotides were of'ten not affected in this
manner; this might reflect the nature of the Yg' ' effect.,

The engyme was inactivated after incubation by the

procedure used for alkaline phosphatase,

iv) Digestion with spleen phosphodiestersse

A solution of approximately 15 U/ml of this
enzyme was stored in small lots in the deep freeze, and
5 ml of thies was found sufficient to digest 1 umole
of nucleotide material in 2 or 3 hours., A small amount of
sodiun tartrate was added to all digestion mixtures to suppress
possible mm activity (generally 5 ml of 0,05 ¥
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tartrate/pmole of substrate), Somewhat higher concentrat-
ions of this snlt were found also to inhibit the diesterase
activity to a conaiderable extent,

The enzyme was denatured and removed from the solution
in the usual W-

v)

Cligonucleotidee were treated with slkaline
phosphatase, deproteinised, and digested with snake venom
phosphodiesteranse and spleen phosphodicsterase separately,
the digests being deproteinised again and dried down in a
atream of air at 37°. The spleen enzyme digeat was
spotted onto “hatzan loe1 chromatography paper and the
digect products separated by clectropihoresis in formate
buffer pii 2,7 at 7 Evolta for 10 minutes, Electrophorenis
separated the digested material into three components, for
at this pii thymidylic acid has a nett negutive charge and
gytidine a nett positive charges Thymidine and deoxycytidylic

acid have no charge and remain together at the origin. The
gried pepers were then developed in the second dimenaion in

nebutanolacetoneiacetic acids 5% W, solusions 9
(mme-u). (Solvent I), by unnﬁiw chrona for

alh %'m.nmmﬁ. This separated the
Mum_!rnu-hcthr'ﬂm-wmm
umdigested oligonucleotide. Pigure 15 shows the relative
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positions of the pyrimidine nuclectides and nucleosides
after twvo-dinensional separation under the system Jjust
described,

Snake venom dieasterase digest mixtures could not be
separated into components by electrophoresis because of
the ¥g'* ion content, even after the addition of a small
quantity of EDTA into the sample. Cne=dimensional paper
chromatography separationa in Solvent I were therefore
used, Although good separations in one dimension were
achieved with a mixture of commereially obtained nucleosides
and nucleotides (C, Cp, T and Tp), the presence of Mg and
buffer ions in the actual digest uixture made resolution
much less satliasfactory.

vi) QReterzination of the quantity of sequential
isomors of composition (C'rg)p! .

Spleen diesterase digests of (GTz)pu were
separated by electrophoresis and snake venom diesterase
digests were geparated by descending paper chromatography
in one dimension by Solvent I, The positions of the UV~
absorbing area were identified by making contact prints,
and the spots were cut out and eluted as described in the
methods section,



(a) Results for Spleen diesterase

TABLE IV

Nucleotide op ———2Rtical Donsity ____ Ammoles of

nucleoside 260 mu 267 mp 280 mu material

Cc C.210

(spot that

migrates to 0e251 0.075

the negative

terminal) 04287 0,069
mnoles

Cp + T 0e755 Ce23 mmoles

(spot that

remains at the As there should be equal

origin) quantities of Cp and T from a

digestion of (CT,)p,s Mmoles of
Cp and T occurrifig tn thls dlgest
will be taken as 9522 = Ceo115 mmoles

Tp Ce5UO

(spot that 06570 Oe17
nigrates to .

the positive 0e360 0e17
terninal)

Hean = 0,17
jumoles

Total material = O.L7 jmole
Therefore if the three sequentisl isomers are labelled thus:

CTT seeee (m)
TCT qosee (D)
PTTC seeee (0)
the proportion of (¢) in the mixture of isomers
Jmoles C

pmoles C + amoles T



b

0.072
00072 + 00115

= 0439 (or 397)

(v) Duplicate run
TARLE V

Nucleoside or Cptical Density pmoles of
nucleotide 260 mu 267 mp 280 ap Selarisi

c 0,206

0e203 0,069
Oe2L0 0,057

Hean = 0.%3

pmole

Cp + T 0330 Ce2L9
Therefore there
taken to be 0,125
pamoles of Cp snd
Ue125 pamoles of T,

Tp 0,690
0730 06219
0. U60 0219

Henn = 0,219
amole

Total material present in the digest is therefore 0,43 amoles,

The proportion of (e¢) in the mixture is therefore O.3L or

34%, Therefore the mean value for the proportion of (e¢) in

the fraction, from the two determinations 1s 0,36 or 367,
From results of snake venom diesterase digestion of

this nucleotide, the ratio of the eytidine content to the

eytidylic scid is all that is required to obtain the ratie



of the three isomers in the mixture,

Results obtalned were:

TABLE VI
Material Erg7 SMmoles material
cytidine (C) 0e235 0,071
cytidylic smeid (242 0,085
(cp)

The total cytidine »nd eytidylie acid content is therefore
0e156 pmmoles
The pereentage of this unaterial occurring in isnomer (c)
must be 36~ (as detrr ined previously), or
04056 umolesn
Therefore 0,100 pmoles occurs in isomeras (a) and (b).
But, 0,071 jpmolee was released as cytidine (C) which cen
only have come from isomer (a).
Therefore 0,029 mmoles of pC came from isomer (b).
Consequently the ratio a ; b 3} ¢ = CIT : TCT 3 TTC
must be 0,071 : 0,029 : 0,056
which is approximately |3 3 1 & 2

vil Ihin loyer chromatography

. Thin layer mtopw technigques were
investigated with the aixz of finding a more rapid method
of separating the products of snzymic digéstion than could
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be obtained with paper ehromatﬁgraphy technigues so far
employed. 4 large variety of solvents was tried, two
dimensional chromatography was attempted, and different
adsorbente were investigated, The following is a brief
sunmary of the findinge:

i) The use of cadmium borate in the cellulose adsorbant
‘layer enables all nucleotide material to show up very
 aistinctly, under UV light, as deep brown spots against a
light ground, and the position of this msterial on the
layer can easily be marked with a peneil, Layer developnment
was found to take from half to five hours, s0 that the
entire process of separation of digent products, {rom
application of material to elution of apots, in fact took
a fraction of the time needed for the same operations

involving paper chromatography.

1i) Acid solvents such as Wystt's (HCl:isopropenol:H,0j
170:41¢39) and solvent systems containing formic acid could
not be used when the adsorbent contains cadmium borate
indieator, for there was interaction between the indicator
and the scid, resulting in strong UV sbsorption over the
entire layer, PFlain cellulose appeared not to react with
the me1d, but UV absorbing nucleotide material could not
be seen at all distinctly against a bsckground without
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indicator, Acid solvents are particularly useful in the
separation of nucleotidea; noneacidiec solvents will separate
nucleosides from each other and from nucleotides, :n
exanple of a seperation in a non-acidic solvent is shown

in figure 16,

i11) Two dimenaional thin layer development can be

aided if extraneous material, carried by the solvent running
in the rirst dimension, is scraped from the plate together
with 3 inch of sdsorbent material from this edge of the
layer, This procedure helps to keep the second solvent
front regnlar, However, in this study, no suitable two-
dimensional system wase found employing any comvination of
solvent, as in every cane the applied msterial become too

diffused after development to make detection essy,

The nost successful non-scidic solvent used was
n-butanol :acetone:scetic acid:57 NH iH,O (9:13:12:12:L),
saturated with ED¥A, This successfully separated all four
components of a sneke venom or spleen diesterase digest when
an artificial nixture was used, but as already méntioned
sctual digest mixtures were poorly separated because of
buffer and Mg ions preseat, Another very orfu_itiw solvent
of note was NH,:l,01isopropanol:methanol (213:617) which
very adequately separated nucleosides from nucleotides after
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only 6 to 8 cms of doﬁlupnant(ﬁ'g '7).

In nearly all mses, small oligonucleotides were
found to have the same Rf values a3 mononucleotides and for
this reason, undlgested material could not be easily removed
by thin layer chromatography in non-acid solvents, This
is 1llustrated in figure 17,

Experiments investigating the reaction cof
this reagent with thymidylic ascid (Tp) showed that a very
high concentiration of reagent with lohg incubation times
were necessary if substantial complexing or react on between
the resctants were to be achieved, The pi!l of the resction
mixture also appeared to be critical, Figure 15 schows the
resulte of an experiment fiilustrating these observations,
where the effect of pil end incubation time on the progress
of the reaction can be seen clearly.

For this experiment, the following systems had been set
wp in triplicate, snd had been imecubated at 37°.
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TABLE VII

Thymidylie CE=carbodiimide {1 ¥ Tris buffer

acid solution solution

20 mg/ml1 100 mg/ml Pl 740 75 B840 8¢5
50 m1 50 ml 50p1 - - -
50 m1 50 m1 - 50 pl - -
50 pl 50 ml - - 50 m -
50 nl 50 ml1 - - - 50 ul

The contents of one tube at each pH were dried down
and spotted onto chromatography paper after 20, L0 and 59
hours, making 12 samples in alle All papers were developed
in isopropancl:water (7:3) at room temperature for 15-18 hours,
and UV absorbing areas detected and eluted in the normal
manner, From contact prints it was obvious that the solvent
had separated the three components (unreacted CMCD and Tp,
and the product CMCD=Tp), The coefficient of optieal
dennity for CHCD-Tp was calculated by sumning the coefficients
of CMCD and Tp (without allowance for hypochromicity)e. The
molar optical density coefficient of CMCD, (at 267 mu and
neutral pH), was found by measuring the optical density of
a solution of the reagent of known concentration, to ve
approxinately 150, As the molar optical density coefficient
of thymidylic scid at this wavelength (and acid pH) fo
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9900, the extinction coefficlent of the complex CMCD«Tp
could be teken as being the same for this purpose. The
quantities of unreacted and reacted thymidylic scid for
each incubation were therefore easily calculated, snd a
figure obtained for the extent to which the resction had
taken place or each "am;lee It should be noted that CMCD

was alwnys preascnt in excess in every incubation,

A spectrum of each of the three components was obtained
on a recording spectrophotometer, and a comparison appesrs
in figure 19, There 1s a noticeable shift in the absorbance
curve of thymidylic oncid after the attachment of a CMCD
molecule, but it will be secn that this curve bears no
trace of the very characteristic spectrum of the reagent

mclecule itself,

In this experiment, the reaction appears to have
proceaeded to its greatest extent after 30 to LO hours, this
aotivity later decreasinge Decomposition, probably of the
CMCD, ecould be a contributing factor in the decline in
formation of the complex CMCDTp. This decline is certalmly
more noticeable at the most alkaline pi observed, pil 8.5.

The concentration of CMCD in the resction aixture in
this experiment was approxs 30 mg/ml, Rarlier experiments
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had showed that at 100 mg/ml almost complete reaction

would occur after about 70 hours incubation of the naturally
viscoua solution, Apart from viscocity, other undesirable
effects of such high concentrations would be the susoept=-
ibility of the sclution to dephosphorylation, evaporation
or bacterial contamination,

The effect of Mg'" lons on the resction was also
briefly investigated; they were found to decrezse the rate
of reactions At a concentration of 0,015 J Mg'*, the
reaction rste that had been previously odbserved in the

absence of magnesium was reduced by a third,



Discussion

Although this work has yielded very little in the way
of original results, many useful points have been eatablished
concerning techniques chosen to investigate the problem,
and many pitfalls have been recognised and noted,

The diphenylamine reaction has been chosen as the
starting tool in this sequence investigation because it is
posaible to demonstrate gquite conclusively its freedom {rom
disrupting side reactions, During the reaction inorganie
phosphate is released (as shown in figure 3), until a
certain level is attained, =always characteriastic of the DVA
species undergoing digestion, and evincing the specificity
of the action of the mnine, / ny interfering side reactions
would be expected to slowly yield P,. Other experimental
evidence avallable includes the fact that phosphomonoestierase
will release inorganie¢ phosphate from P’n?n+1 producta,
again wntil a new stationary P, level is reached, =nd this
is such that the amount of residual organic orthophosphate

ie the same as the amount of inorgsnie phosphate relf2sed
in the original degradation. This equivalence is to be

expected since the organie phosphate remaining in the
pyrinidine sequences after treatment with phosphatase should
be the phosphodiester groups Joining pyrimidine deoxynucleosides
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and since in the double=-stranded ealf thymus DNA used in
these experiments the number of purines equals the nuamber
of pyrimiiines, the number of interpurine phosphate groups
should equal the number of interpyrimidine phoophate groups,
In addition, values obtained for several typea of DNA for
the amount of interpurine phosphate agree quite cloeely
with the frequencies of purine=purine nearest neighbour
frequencies ao doteruined by the DA polymerase aystem (51).
A a result of much recent study in techniques of
column separation of nucleotide material, there have been
succesnful mothods documcnted for the resolution of smaller
oyrinidine se ences, even though systems avallable for
separation of oligonuclectides zenerally are unsatisf{actory.
DE 32 cellulose recin has been found to give consistently
good results for the geparation of lower memberas of the
Py, P - series in these studies, altoough batehes obtained
from the manufacturer: do Aiffer snd difficulty has been
experienced in the resolution of longer sequenceas Urea
has boen used to asnist almost every separation attempted in
this study, Tomlinson and Tener (32) have shown that the
secondary binding forees (hydrogen bonding) between the
exchangers snd the nucleotide bases may be greatly reduced
by including 7 }] urea in the solution of the eluting salt,
The seperations then depend more strongly on the nett charge
involved, FPomamide nd glyools have a similer effect and
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are also widely used,

The problem of separation of longer sequencee has
been approached from many angles recently, One solution
may lie in the use of far more complex exchangers in
column work such as polynucleotide materials with which
oligonucleotides could complex to varylng degrees, s0 that
a separation is effecteds The longer products of the
diphenylamnine degradation of DA have been successfully
separated on microgranular celliuloes columns, Jeguences
up to 16 nucleotides in length have been obtained from
calf thymus DiaA, =and one elution peak correspunding to
chain length 19 has been described for the i/ from the
coliphage fl, This 19 the lonuest sequence of pyrimidines
yet found in sny DHA (35).

Very little separstion of sequential lsomers has been
achieved in attempts descrived in this study, but the
resnlts indicete that it is certainly possible that a
more exhaustive investigation of resins and eluant could
produce satisfactory reesnlts for the trinucleotides
(CZT)ph' (OQT)pl, (Cra)ph and (CT2)p2. Separations of
mixtures of sequential isomers of certain dinucleotides
have been achieved by very long development of paper
chromatograms, The theory behind the separations ia not
well understood, but it is possible that they occur
becpe the base at the 5'-end of the isomers is more
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accessible for interactlion with the solvent or the
chmatog::d.;hia support,

Thqf"bmportiom of thymidine and deoxycytidine in the
variodfq‘ I'ongonmleoud- were obtained by comparing their
ra'ti_p'""’or extinction at 260 and 280 mm with values
_._c_'ji‘culated theoretically for various mixtures of integral
j-"';4:’1:11' propertions of thymidine and deoxycytidine, Thymidine
and its nucleotidea have a value of C,7 for thias ratio of
extinction, at an acid pH, whereas deoxycytidine and its
nucleotidaa have values of 2,0, .8 can be seen from the
recults, excellent agreement is obtained betweecn calculated
and experimental results for zll compositional isomers
separated and measured, This shows that adequate se arsations

hove been achieved,

Experiments have been aescribed where this method of
deteraining composition of umnhydrolysed single compositional
isomers can be extended, by comparing the absorption spectrum
of any oligomer with calculated curves, The spectral curve
is measured in 7 }{ ures at three pH values and digitised at

+1 mp intervale (52), Caleulated curves consisting of the
t\-u of the absorption spectra of mononuclectidea in 7 }
urea at the same pH's are compared with those experimentally
found by mesns of a computer, to establish the best fit,
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Juantitative measurements can be made both by UV
absorption measurements or by the determination of total
phosphorus, but the former method is easier and more
reproducible and hass therefore been used in this study,
Absorbances are measured at pH 1,5 and 267 mp, where one
isosbestic point occura in the spectra of thymidine and
deoxycytidine, As spectra are pH dependent, so t00 are

isonbestie points,

Une of the most common druwbacks in the use of enzymes
for specific tasks is the inclusion in the prepsaration of
extraneous contaminating enzymes whose activities interfere
with those of the enzyme under observation, Onake venom
phoaphodiesterase and spleen phosphodiesterase were shown
to have 1little i1f any marked contamination, but alkaline
phoaphatase as already noted in the results was found to
have a considerable ¥g'' -inducible phosphodiesterase
activity which greatly interfered with the investigation
procedure, This sctivity was apparent on long incubation
even without the presence of added Mg'' fons, However, if
.n sufficiently high concentration of the latter were
included in the reactlon mixture, up to 507 of the
oligonucleotides tested were found to be digested to mono=-
nucleosides instead of having been simply dephosphorylated.
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The two=dimensional separation ayst:hn of paper
electrophoresis followed by paper chromathpaphy was found
to be excellent for separation of products mar npleen
phosphodieasterase digestion, but guite unelwh when Mg'*
ions had been introduced into the system, Theae, nm“nver.
were necessary for digestion by snake venon phoaxmadieaterase.
The best solution finally used for the separauon of N
products from digestion by the latter was on.o—dimannional ~
paper chromatography as described in the results section, but
even this was not completely satisfactory as occasitnal
streaking was experienced. Also, undigested materianl could
not be adequately separated from products of digestion in a
one=dimennional cystem,

It 18 now considered that two-dimensional paper chromato-
graphy would almoat certainly have been more auncoi:aful than
any other mecthod of separation of the products of spnake venom
phosphodiesterase digeastion attenpted in this study. However,
this technigue is very lengthy and there is alwayse dn"lncreaaed
- risk of damage to the wet paper during manipulation md \drnng
compared to other paper chormatographie methods, .

The thin layer method of separation I.nitl.all: appcq-od
promising, but a completely satisfactory solveant was n?vl)a'
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found, and undigested materisl could not be separated from
the slow moving nucleotides, The main advantages found
with thin layer methods 'uf. sharpness of resolution (if the
layer was not overloaded at the origin), great sensitivity,
simplicity and speed, fHpots on thin lsayers could rapidly
be detected in UV light of very low intensity, and circled
with a pencil, By applying the pencil very firmly, a

ring of adsorbent encircling the UV absorbing material
could be removed, =2nd by applylng 2 drop of water to the
isolated epots and freezing the entire layer, the frogen
samples could be 1ifted from the plate and placed in a
test tube for elution with water or acid,

The rerults finally obtained for the ratio of iscmers
of (CTZ) are only = rough incdiecation of the actual ratio,
and this work should have been repcated many times over
before results could be considered meaningful, The
relisbility of results obtained by #his such exonuclease
digestions will eventually be very 1l portant when other
systems of sequence deter=ination are being perfected and
some means of checking the accurscy of the latter methods
is required,

Results with the soluble carbodiimide, CHCD, were
very dieappointing and it is again obvious that work of a
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more eéxtensive nsature than was attempted here is essential
for this problem, OComething must be learned of the mode of
reaction between thymidine and CMCD before the reagent can
be used under ressonable conditions for specific attachment
to nucleotides, in sequence work, At present the very high
reagent oconcentration found necessary for complete or

almost complete reactlion make this method very imprnctiaaé.

Several other nmetnhods of varying degrees of usefulness
have been proposed for the deterzination of sequential
isomera, The estimation of isomeric components of an
oligonuclectide fraction will be made easier by a method
allowing the specific removal of one of the two base
constituents, when dealing with Truciions of the type
Pynpn+1 or Punpn+1. In adcition this method may be of
intereat for the conaideration of the pclential content of
a DNA molecule, in conjunction with a diphenylamine
depurination, since it permits the estimstion not only of
these homologous pyrimidine oligonuclectide seguences that
are positicned between purines, but also of those {lanked
by another pyrimidine,

In Chargaff's method (53) all eytosine nucleotides
arevenoved from each isomer, leaving behind intact thymidine
sequences a8 they were in the originael isomers, BSince
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each isomer represents a different arrangeneat of thymidine
residues il should be possible by examining the products

to deduce the concentrations of several of the isoners,
#ith the help of data derived from exonuclease studles on
this same series of lsomers, 1t is possible to solve nany
if not all of the possible sequential isomers occurring.
Cytosine residues can be removed {'rom either the original
isomers, or from the latter aofter their terminal phosphate
groups have been removed, and the difference in the two

I;GB:llt.a nay itself provide useful information,

This method ia particularly useful {or resolving the

ratios of isomers contaiaing a l.rge proportion of thymidine,

Nucleases that cannot hydrolyse dinucleotides are

~ potentially very useful in seguence deternination, and
exonucleanes particularly form this categorye. One of the
most useful is e DNAe-specifie phosphodiesterase from f.c0lil,
exonuclease I, Hydrolysis begins at the 3'-hydroxyl end of
the chain, but the enzyme is not able to cleave free
dinucleotides or the 5'~terminal dinucleotide portion of a
polydeoxynuclecotide chain, Use of this ensyme is however
limited at present because it has not been obtained in pure
enough form for quantitative work (LS).
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Further chenical modification of cligonueleotides
may be possible, For example, O-methylanine rencta
selectively with cytosine at pH 6, forming uridine-~O-methyl
oxime (L6), which will bloek the action of anake venom
dieaterase when this addition compound has been incorporated
into oligonucleotides containing cytosine.

Chemicsl degradation of DNA such as that occurring
on reaction with dephenylanine will never produce overlapping
fragnents of nucleic ascid and therefore the elucidation of
the exact nature of the pyrimidine sequences can only solve
a small part of the main problem, The process will ror
exanple have to be repeated {or the purine seguences that
are characteristic of the specles of "Ni in questlion, and
in sddition, a totally different experimental approach
attempted with s view to combining the two lots of data.
Cne of the moat ingeniouz approaches involves the labelling
of various bases so that they can be seen at their positions
along the "IA strand under the electron microscope (L7, L8),
Selective labelling reagents are chosen for thelr ability
to react with or incorporate heavy atoms such as uranium,
It 1e hoped that eventually this method will provide a means
of building uwp fairly detalled maps of arrangements of each
of the bases in DNA, which can then be compared with the
results from sequence studies,
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Suspary

The digestion products from the asction of acidiec
diphenylamine on calf thymus deoxyribonucleic acid have been
separated as far aa posaible by known physical techniques,

and these products charscterised and measured juantitatively.

Some possible methods of deducing the relative
proportions of each seguential isomer in a naturally occur-
ring nixture of short compositiocnally identical isomers hsve
been investigated, with aspecial emphasis on the use of
exonucleases, In addition atterptes have been nmande to modify
exonuclense specificity by attaching u chemical blocking
agent to its subatrate,
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