
r • 
".~ .' ...... " ~ 

" 

, 

J 

2 - 1 
1 
! 

"- , 

4) 

.' 

< , 

/: \ 

, 
< 

( • 

1 

~ 

1 

• 

, 

~ 
STUDIES TOWARD THE PRlMARY STRUCTURE OF S13 DNA 

~/'" r' . 

. .fJ 1 

.. 

"-

. ' 

) 



• 

, 

{ 

.. • 1 

" 

STU~lES T'WARD THE PRlMARY STRUCTURE OF BACTERI0PH~GE $13 DNA 

\ 

by 

1 

Allen Daniel Delaney 

'/ 

A thesis lubmitted to the Fctculty of Graduate Studles.and 
Research in part.ial fulfillment of the requirements for rh. 

degr.e of Doctor of Ph ilosophy 

) 

D.parttnant ri 8iochemlstry 
McGill Unlv .... ity 
MOfttreal 

" . . ' 

1 

.. 

u - ~j1. .' ~ .11";'"' .,~ .. < ·f· ~ ~ . '." 

, , 

~Iy', 1974 

( 

'. 

. , 
r 

, 

1 

- '. 



\ 

'. 
't :II 

ii 

ABSTRACT 

Spleen exonuclease and bacteriophage T4 induced polynucleot ide kinase 

hava boan cllaraclarizad~ilh regard la their usa in DNA SeqUr::~YSis and: 

a modèl describing the action of polynucleotide kinase 'propose • iRteJering 

01 igodeoxyribonucleotide-fj~e contaminçml's in the polynucleotide kinase prepa-

rations wére characterized and removed. A general method for the determination 

. , . 

of the sequence of 01 igodeoxyribonu cl eot ides of any base composition was developed. 

This involveq partial spleen exonuclease degradation, 51 terminallabelling with 

polynucleôtide kinase and [ y)2Pl ATP, and chain length fractionation of the 

labelleidigest products. Several fractionation systems were cOf11)ar~d with regard 
.Â 1 • 

to their use in this method, in particular, and in DNA sequence analysis, in general. 
, 

The sequences of long pyrimidine 01 igonucleotides from S13+ DNA w .... det.rmined 

us ing th is and two other methods; these sequences were c:ompared w ith those From 
, > 

th~ DNA of bacteriophage 0X 174, and their significanc. regarding the evolutjonary 

divergence of these alos.ly related bacteriophages examined. 
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ABREGE 

l'exonucléase de la rate et la polynucléot ide kinase indu ite par le 

bacteriophage T4 ont été c?racttSrisées a cause de leur utiiiM dans l'analyse 

séquentieHe de l'ADN et un modife d6crivant l'action de la polynucléotide 

kinase est propo". 

Des contaminants ressemblant a des 01 igodéoxyribonudéotides et 

interférant dans la préparation de, la polynucléotide kinase ont été isolés et 

caractéris's. Une méthode générale est developée pour la détermination de la " 

séquence des oligodéoxyribonucléotides composés de n'importe quelle base. 

Celle-ci consiste en la dégradation partielle de l'exonucléase de la rate, le 

... 
marquage du bout 5' de la chaine a l'aide de la polynucléotide kinase et de ATP 

{ Y _32pl , et du fractionnement des produits marqués et digen(s. Plusieun 

séquences de fract ionnement ont été comparés en ra ison de leur util itd' dans cette 

. methode en particulier, et dans l'analyse séquentielle de l'ADN en g'n6ral. 

Les séquences de longs oligonucléotides pyrimidine de l'ADN du 

+ ' 
bactériophage 513 ont été ~terminées en ut il isant cette met~ode de même que 
(' 

,deux autres; ces séquences ont été cOf11)arées a cel les de l'ADN du bactériophage 

QSX 1-74 et leur importance en regard de la divergence d'évolution de ces bactéri-

ophages 'troitement rel ils y est examinée. .. 
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( CHAPTER 1 

tNTRODLC TION 

1. 1 Analysis of the Primary Structure of DNA 

Unti/ recent/y, the exact analysis of the polymeric properties oF DNA 

, molecu/es has been limited to base composition,\nalyses (39, 40) and various chemical 

stud ies (41-47, 71). The most important property of DNA, the sequenc.e of nucleo­

tides, coulfnot he determined withDthese techniques. 

ln contrast, the sequence of RNA molecules, since 1965 (48), has pro-

gressed to the stage where cOll1>fete genômes containing 3300 nucleotides are being 

examined. During this same time p~l'iod DNA sequence analysis reoched only the 

trinucleotide level (51, 133). We can best discuss the difficulties of DNA sequence 
~ 

analys is by comparing it with RNA sequence analysis. 
Il 

There are no deoxyribonucleases with specificity towards DNA similor to 

fhat shown by RNAase Tl and by pancreat ic RNAase towards RNA. Pane,\atic 

RNAase cleaves an RNA polymer at the 3 ' phbsphate of a pyrimidine, while RNAase 

Tl cleaves at the 3 ' phosphate of a guanos ine res idue. 

/ 
Recent st~dies on DNAase 1 (22, 52) and DNAase Il (53) From hog spleen 

have shown 1 imited ~ee if icity in that certain nucleotide bonds are resistant to 

hydrolysis. This type of d.gradation, however, is not useful for specifie Fragmenta-

tion of DNA. 

ln th. search for a spee if ic degradat ion method, many i nvest igators have 

examined ehemical hydrolysil of PNA molecules. Terminal stepwise oxidotion of 

polydeoxynucl.otides (44, 45, 46,47) and depyrimidination of DNA (41, 42,43, 139) 
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would be very useful if not for troublesome side reactions. Depurination of DNA, as 

develQPed by Burton and Petersen (71), has been the only truly specifie chemical 

, . 
degradation method. The hydrolysis of DNA with formic acid in the presence of 

diphenylamine is analagous to the specifie degradation of DNA with an endonuclease. 

There ore, however, two 1 imitati~ns to the depurination method: there is no possibil ity 

of a partial digest and ther4!! con be no o~rlap of the pyrimidine clusters obtained. 

The advent of specifie DNAases such os 14 endonuclease IV (38), and 

restriction enzymes (54",55), has made the DNA sequence problem more feasible, 

but these enzymes ore not completely analagous to the RNAases mentioned above. 

The restriction endonucleases and T4 endonuclease IV have much more stringent 

specificity requirements thon pancreatic RNAase or RNAase Tl. 

Restriction enzymes recognize and cleave DNA sequences 4 to 6 nucleotide 

base pairs in length, producing From a hypothetical random DNA molecule a population 

of fragments distributed in length around a mean of 300 to 4000 base pairs, dfpending 

on the endonuclease. 

T4 endonuclease N re.cognizes and cleaves the sequence -1'TpCp-- in 

single stranded DNA, yielding From a random DNA molecule a population of fragments 

around a mean of 15 bases in le rgth (67, 141, 154). 
, 

A series of degradations with restriction enzYl!M!s and finally with 14 
, 

• endonuclease IV will degrade DNA into discrete fragments of relativ~ly srnall size. 

However, the complexity of the 01 igonucleotide products requîres a large n~mber of 

separation steps and then sequence analyses of the purified homogeneous oligonucleo-

t ides to obtai n cOfY1)lete sequence data. 

, 
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~, 

RNAase Tl, in contrast, will degrade a random RNA molecule to a po~ation 

of fragments around a mean of four b~es in length, while the cO"lllete digest prJucts 

produced by pancreatic RNAase are distributed around a mean length of 2 nucleotides. 

A combination of digestions with the two ribonucleases will usua"y yield 

products small enough to be sequenced directly by exo,t'1uclease partial digestions and 

~se composition determinations. The development of fractionation procedures used in 

RNA sequence analysis has been aided by the fact thot the enzymes used for degradation 

result in small fragments with specifie termini. The components of a complete pancreatic 

RNAase digest have a pyrimidine at the 3' terminus and purines only in the rest of the 

molecule. Similor/y, components of a complete Tl RNAase digest have a guanylate residue 

at the 31
, terminus and only 3 nucleotides in the rest of the sequence. Some of the separation 

systems developed for these small 01 igonuf~t1des are spec ific enough to separate sequen~e 
l ' 

1 

isomers by electrophoretic or chromatogr~phie mobility. 

Except for some bacteriophage DNA's and eukaryotic DNA'S from cells grown. in tissue 

culture it is very difficult to obtain a DNA sample by in vivo labe" ing techniques of the 

high specifie activity required for sequence analysis. Recent developments in in vitro 

labelling techniques have allevl'tJted this problem to a considerable exten~t 

A qualitative difference is that the majority of DNA molecules are double stranded, 

with a uniform secondary structure. This redu~es the possibility of specifieally fragmenting DNA 

using partial digestion wi~h non-specific nuc\eases which are hindered by secondary structure. 
((, {J ' 

Procedures like this are used routinely in RNA sequence studies (49, 125) and in one case 

have heen successful in an an<2lysis of a single stranded DNA (60). 

1.2 Approaches to DNA Sequence Analysis 

There are a number of approaches to DNA sequence analysis ~hich are tech-

nologieally f,asible today. Which one is appl icable to a given problem will depend 

la~ly on th. molecule being examined. 1 have divided thes~ approaches 
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into two ~ategories: the direct approach consista of the fragmentat ion of large 
t 

polymers into short pieces, analys ing the sequence of each r:J these, and orderi,n~f the~ 
, 

to giye the total sequence; the indirect approaches are 'those where a biologieal or 

1 

physieal property is usee! ~n order to examine a sPecifie small portion of the DNA 
,,' 

" moleeule. 

1.2.1 The Direct Approach : Fragmentation 'and Analysis 

1.2.1. 1 The Selection of a DNA Substrate 

substrate 

Before we ean discuss a method for sequence analysis, we must select a 

DNf A human cell is ~timated to contain 4 x 10 12 /~ltons (13'4) of 

deoxyribonucleic acid. ft will probably never be practieal to investig~e this genome 

direetly. The chromosome of a bacterium such as E. col i is smaller by several orders 

or magnitude, with a moleeular weight of 3 x 10
9 

daltons (135). It will be màny' 

years, however, before even bacterial DNA will be amenoble to the direct approach 

to sequence Qnalys is. 

Bacteriophage genomes are the most popular targets for sequence analysis 

because of their relatively small size. Also,bacteriophage DNA can generally be 
" 

prepared with a reasonably high specifie radioactivity. Much is known of the genetics 

and organization of bacteriophages X and T7 (62, 63) , thus a èonsiderable amount 

of se~uence work is he ing do ne .on the ir genomes (57, 59, 96, 106) even' though 

theyare 50,000 and 40,000 base pairs lot'lf, respectively. 

In the' case of t~ smallest coliphages, fd, fl, SI3 and 0X17 .. with a 

genom. only 5500 nucl.otides in I.ngth, direct sequence analysis can he and is 

being atteJl1)ted (7, 64, 65, 67, 111, 07) with the expectation c:J a co".,let! genome 
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sequence within several years. DNA isolated from bacteriophage 513+was the 

source of oligonucleotic:les investigated in this thesi&. ' 
" 

1.2.1.2 Fragmentafion of DNA with Restriction Enzymes 

The sequence of a molecule of DNA even as short as 5500 nucleotides 

cannot be deduce(j.,.in one step; the pol ymer must be broken int.p a number of 

manag~able fragments wh ich can be sequenced and ordered w ith in the parent 

molecule. This thesis presents sequence methods which allow us ~o define a manage-

able fragment as one containing less than fifty nucleotides. T~e <wailability of 

restriction ~zymes and T4 endonuclease rv makesit possible to degrade DNA 

spec ifically down to this size •. ' 

Hutchison and his colleagues (55, 66, 126) have used ger1etic and 
, 

hybridjzation techniques to determine the order of the fragments produce~y several 

'-- restriction enzymes fro,m,the genome of bacteriophage 0X 174. In future sequence 

studiês, methods similar to these wTtI be useful for the arrangement of DNA fragments 

and will el iminate the necessity for overlapping sequence data. 

It is very uni ikely that a single restriction enzyme would degrade a 
1 

complete DNA molecule into fragments small enough for e~donucleÇJse N degradation 
. ...' 

(Section 1.2. 1.3). For exalll>le, 0X 174 and 513 repl icative form DNAdte'cleaved 

../' 
into fourteen and thirt .. n fragments (55, 141, 142) respectively, by the restriction 

endonuclease isolated From HaeTOPhilus influenz~e. In both cases the shortest 

(' 

'fragments are 62 and 80 nucleotides long, while the longest fragmet'lts contain more 

than 1000 oocleotides. It is apparent that the longer fragments must be further 

digested with one or more additional restriction enzymes untll the whole genome is 
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red~ced to a set of ordered fragment's which can be denatured'a~d reduced to llIanage-
i 0 

\ 
able size ùsing 14 endonuclease IV. 

It is theoreticoll y poss ible to degrade DNA down to 01 igonucleot ides less 

'than 50 bases long u~ing only restriction enzymes, but their level of specificity mokes 

this a practicol impossibility. The number of enzymes required would be prohibitive. 

1.2. 1.3 Fragmentation of DNA with T4 Endonuclea~e IV 
'. 

~ , 
In the course of the fragmentation of a large DNA mo\~ç;LJle by cny of a 

number of methods, it is 1 ikely that single strand~d fragments will be produced which . ' 

are too long for detai/ed sequence anol ys is. by partial exonuclease digestion mefhods. 

Such polydeoxyribonucleotides con probobly be degrade"tl with T4 endanuclease IV, 

" yielding a group of 01 igonucleotides which can eoch be sequenc"8d. The upper size 

" limit of the DNA fragments w~ich con be examioed in' this"mo~\~ a fUl'\ctio~ of the 

resolution Possi~e ~ith ovoilable 01 igorfucleotide fractionotion techniques. . 

As 1 ho\ alreody mentioned, T4 endontJclease IV digests of a r~mdom DNA 

m61ecule will contain a populati6n of 01 igonucleotides varying in size about a 

mean of 14.5 nucleotides. The probability of occurrence of different oligonucleotide 

products in such a digest is rep"esented in F4gure 1. 1. The nuhlbers above the 

absolute probabi,' ity curve indicote the length of DNA molecule which, on complete 

digestiôn with a TC-specif.ic T4 endonuciease IV, wou/d probably yield one oligo-
. 

1 

l1uc1eotide of the cha1n length indicated br the arro'o/. Shorter 01 igonucleotides 
. . 

r' 

,would pr6bably occur more thon once in the digest, white 10 er prqducts woutd -
occur, on the average t 1 ess th~n once. 

, 

" 

q 
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'. 
The we ighted probab il ity, def ined as the product of the absolute-

probabil ity and the chail\ length of the 01 igonucleotide digest product, represents 

the proportion of mate rial , as moles of nucleotide, occurring in each chain length 

fraction in a digest of a random DNA molecule. Thus, for a radioactive digest, 

a maximum of radioactivity should elute with the tetradeea'- and pentadeea-

nue leot ides. 

These probabilities were ealculated using permutational analysis' 

assuming random DNA sequence. From Figure 1,1 it can be estimated that 

degradation of "Cl double stranded DNA moleeule more thon 200 nucleotides in 
~ 

length will probabl y yield a mixture of fragments which will be diffieult to 

fraetionate into 011 of ifs e0"1'0nents. Fragments smatler than this are more 
, , 

, 
1 ikely to be amenable to further analysis of ter degradation by T4 endonu~lease rv. 

l " ; ~ 1 

·f ... ' ., -. ' 

, . 

~ '~~ .~, 
iIIyiililll*elllà.'$ ... ________ .o....i:.....------~--,-- -
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1 have used statistical arguments to define the boundary between "Iong" 

and IIS~I~ ~NA fragments, wh~ch means the 200 nucleotide figure is not an absolute 

one. There are certainly polydeoxyribonucleotides containing more than 200 bases 

which can be analysed using')-4 endonuclease IV; there will also be molecules 

shorter thon 200 nucleotic::les which, because of an unusual base sequence, cannot 

be analysed after T4 endonuclease IV digestion. 

Once a double stranded DNA fragment less than 200 base pairs in length 
. ~ 

is obtained, we encounter the problem that T4 endonuclease N is single strand 

specifie. F. Grosveld (68), in this laboratory, has demonstroted that double stranded 

DNA can be completely digested with T4 endonuclease N if the substrate is denatured 

before the addition of the enzyme dnd the reaction performed at 3t>C. An aBvantage 

of analySing a double stranded substrate is that the products will usually have over-

laps necessary to determine their order. Figure 1.2 is a diagrammatic representation of a , 

sequence experiment on a hypothetical double stranded polynucleotide thirty base 

pairs long illusf"rating this point. The bonds susceptible to hydrolysis in the presence 

Figure 1.2 

T4 Endonuclease IV CleavOge of a Hypothetical Fragment 

o 
~ ~ ~. + 

pTpCpTpCpTpApCpApCpGpApTpApApCpGpAPApGpApTpCpTpApApTpTpTpGp& 
ApGpApGpApTpGPTpGpCpTpApTpTpGpCpTpTpCpTPApGPApTpTpApAPApCpCp 

\ 
t t t 
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of T 4 endonuclease N are indicated by the arrows. The q igest products would be 

separaNKI by column chromatography and their sequence detelmined. A summary of 

this hypothetical experimental data is given in Table 1. 1. 

We deduce that fragment 1 must be one of the 5' termini since it is the 

only digest product without a C at its 5' end. The absence of another such product 

indicates that there is a C at the other 5' terminus. These are verified by the 

3' termini of fragments 5 and 6, which must be the 3' terminal sequences, since they 

do not end in T. Fragment 2 fits adjacent to the 5' T compleme~tary to fragment 6. 

Fragment 3 must fit opposite the ~AAGA in fragment 8. Fragment "4 must be 

, , ' 
adjacent to fragment 3 complementary to fragment 8. Fragment 5 is complementary 

to much of fragment 7'0 indicating that the latter is the other 5' terminal sequence. 

Fragment 6 overlaps the 5' end of fragment 8 and the 5' terminal sequence TCT. 

Finally, the overlap betw.een fragments 7 and 8 defines the entire sequence. 
, ... ,HU • 

Any' double stranded molecule wh ich fulfil h two conditions can be sequenced 

in this manner: first, its T4 endonuclease N digestion products must be separable, 

and second, these produots must be amenable to sequence analysis. 

Th is thes is deséribes sequence techn iques wh ich prov ide. the answer to the 

sec'ond condition, leaving,the fractionation procedures as the limiting factor . 

. 
1.2. 1.4 ~ Oligonucleotide Sequence Analysis 

Since'single base specificity is not-available in DNAases, it has bee~ 

neeessary ta develop sequence methods for oligodeoxyribonucledtides using non-

sped(fic nucleases. Ali oligonucleotide sequence techniques described ta date as 

weil as those in thi, th.is depend.on partiarJdigestions with nucleases, followed 

: 



r""'" - .... 
~ . , 
~: 1t~ 

.. • • 

~ 

Note: underl ined sequenc:es are written in the 3' to S' direction. 
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by analysis of the progressiVely smaller products. Identification of ail such p.roducts 

yields the total sequènce. 

In generQI, 01 igonucleotide sequence analyses fall into three major 

categories, uniform label methods, and two methods util izing enzymes for labell ing 

01 igonucleot ide termin i. 

.. 
".. a) Uniformly label/ed oligonucleotides 

Oligonucleotic:l«s with sufficient uniform radioactive label can be 

sequenced using exonucléase digestion and base c0"l'osition onalysis. Figure 1.3 

'- is a representation of a hypothetical sequence experiment illustrating this method. 

A port ion of a dephosphorylated pen~anucleotide is partially dige$ted with venom 

exonuclease, yielding a series of digest produch with f'lucleotides removed from the 

3' end; another portion is treated with spleen exonuclease, yielding a series of 

products with mono mers removed from the 51 end. For pyrimidine oligonucleotides 

\ 

the base compos itioi\-of the digest products can be deduced From their migration in 

an electrophoresis-homochromatography system, yielding the complete sequence. 

/' 
f the substrate oligonucleotide contains ail four bases, a base cO"l>osition analysis 

{c. 

must be performed on most digest fragments because relative migration d~ not 

distinguish between a T and a G. 

b) Terminal labelling of an 01 igonucleotide followed by exonuclease trebtment 

An 01 igonucleotide can he labelled in vitro using enzymes such as 

polynucleotide kinase ·(12) or deoxynucleotidyl transferase (60). Th. fint enzyme 

catalyses the transfer of the y -phOlphate of ATP to th. 5' hydroxyl group of a 

P?lynucieotide. The latter .. t.riFies severa 1 adenylat1t mononucleotide units to th. 

\ 
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Figure 1.3 

Sequence of a Uniformly labelled QI igonucl.Jtide 

SVD 

CpTpApGpT 
CpTpApG 

pCpTpApGpTp 

CpTpApGpT 

, CpTpA + pT + pG + pA 
CpT 

separation and 
base co~osition 
analysis 

~uence {Cf)AGT 

sequence CTJ(GT 

~ - - ,'- ~ 

+ Pi 

SPD 

CpTpApGpT 
TpApGpT 

ApGpT 
GpT 

.. 

+ Cp + Tp + Ap 

seporat ion and 
base composition 
analysis 

sequence CTA(GT) 

" , 
, 1 
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3' terminal hydroxyl group of an oligodeoxyrl'bonucleotide. Excess adenylate residues 
, 

can be removed from the 3' terminal region by alkaline digestion leaving a single labe"ed 

adenylate residue esterified to each 3' hydroxyl group. 

An oligonucleotide labe"ed by incubation with polynucleotide kinase and 

y}2PIATP is purified and then partially digested with a 3' exonuclease such as venom 

exonuclease. Conversely, if deoxynucleotidyl transferase and l Cl )2PIATP are used 

in the labelling step the degradation enzyme is a 5' exonuclease such as spleen 

exonuclease. Only one exonuclease partial digest is required after terminal labe"ing 

because each sequence position, including the termini, are represerted by radioactive 

species of different chain length. 

Figure 1.4 represents a sequence determination of a hypothetical pentanvcleo­

tide after the labe"ing of the S' terminus with [ y_32pIATP and polynucleotide kinase. 

In this case the base co~osition of each of the digest products must be determined by 

chromatographi-c procedures al~ne. This is readily accomplished for pyrimidine 

(Section 1.2.1.4a) oligonucleotides, but is difficult when ail four bases are present 

(69, 76, 111). 

c) Exonuclease treatment of an oligonucleotide followed by terminal labe"ing 
, 

A method for sequence analysis which solves the problems of specifie 

radioactivityand of base composition analysis is proposed: the oligonucleotide 

under study is first partially digested with spleen exonuclease; the newly generated 5' 

termini are labelled with [ y _32 p}ATP by polynucleotide kinase followed by separation 

ri the label'ed products. 

Since only the S' termini of the products are labelted, radioactive base 

../ 
cOrf1)osition analysis of each product yields the complete sequence except for the 

3' terminus. 
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Figure 1.4 

Sequence of a 51 Terminally labelled QI igonucleotide 

·pCpTpApGpT 

*pCpTpApGpT 
"'pCpTpApG 
·pCpTpA 
*pCpT 
.pC 

SVD 

, , 
" 

·separation and 
base composition 
analysis 

sequence pCpTpApGpT 

1 

1 

.. 1 

'.>1 
'L.,,i j 
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The use of deoxynucleotidyl transferase and [ a_
32

PI ATP to label , 
J' termini after venom exonuclease partial digestion, gives an exactly complemen-

tary sequence method which will yield a co~lete sequence except for the 

S' terminus. ï 

When either of these methops is used alone, the unknown terminus can be 

identified chromatographically (51, 64, 65) or by determination of the sequence of ' 

one of the intermediate label/ed digest products as described in Section 1.2.1." b. 

Figure 1.5 represents an experiment using this approach with polynucleo-

tiele kinase to sequence a hypothetical pentanucleotide. Here the dinucleotide at 

the J' terminus is analysed chromatographically (51). 

Figure 1.6 represents the converse exper iment us ing the J' terménal 

label! ing enzyme. The 5' dinuc/eotide sequence is determined using its J' terminal 

label and spleen exonuclease partial digestion (1.2.1.4 b). 

d) Fractionation of oligonucleotieles 

The resolution of the available fractionation technique determines the 

maximum length of oligonucleotide which can be sequenced by the methods discussed 

above. The development of electrophoresis homochromatography (28) and high-

resolution DEAE sephadex column chromatography (22, 51) al/ow the separation of 

mixtures of oligonucleotides up to the pentaicosanucleotide level. 

The eomplementary sequence methods descr ibecJ in Sect ion 1.2. 1 .4 c 

allow sequence analysis on molecules up to 50 nucleotides in length. 

1.2.1.5 Progress on Direct, Sequence Analysis 

Ling (7, 26) hc:a sequenced pyrimidine oligonucleotides up to length 
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Figure 1.5 

Sequence of an Oligonucleoticle Using Spleen Exonuclease and Polynucleotide Kinase 

CpApTpApC 

"! p(!rtiol. SPD 

CpApTpApC 
ApTpApC. 

TpApC 
ApC 

1, PNK + 

*pCpApTpApC 
'''pApTpApC 

*pTpApÇ 
* pApe 

G-25 

d 

*pCpAp TpApC 
"pApTpApC 

*pTpApC 

"Pi, "pppÂ" 

j 
CLF fracfions 3, 4, 5 

"-

SVD on each fraction 
and n'Iononuc leot ide 
analysia 

"pApe 

"pApe \ 

mononucleo­
t ide analys i. 

pH 3.5 d lnucleo­
tide subfractiona­
tion on DEAE 
cetlulOie 

CATXX X~XAX X XX (AC ) 

.. 'cAL~ 

.p ..."... ..... a ràdloacttve phoIphate 1Itw •. 
~ . 

,;; 
1 
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Figure 1,.6 ••• P 

Sequence cl an OIigon'-4Cleotide Using ~enom Exonuclease 

comPlete SPD and 
mononucleotiCle 
analysis 

and Deoxynucl'eotidyl Transferase 

GpApGpTpCp~T . 

l 
(1) pprtial SVD 32 
(2) deoxyadenyl transferase,la- P)ATP 
(3) NaOH 

GpApGpTpCpApfp*rA 
GpApGpTpCpAp*rA 
GpApGpTpCp*rA 
GpApGpTp*rA 
GpApGp*rA 
GpAp*rA 

.1 G-2S 

GpApGpTpCpApTp*rA 
j GpApGpTpCpAp*rA 

GpApGpTpCp*rA 
GpAp GpTp* rA 

,GpApGp*rA 

1 
ClF 

fractions 9, 8, 7, 6, 5, 4 

" {1 . 

, 

partial SPD 
on tetranucleotide 

lequenc~ XpXpGpTpCpApT 
GpApGp*rA 

ApGp*rA 
Gp*rA 

.. , 

separation and 
base cOmpal it ion 
~t ... minat ion 
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in th, small coliphages fd, 0X174 and fl using the uniformly lobelted sequence· 

method described in Sections 1.2.1.4 and 2.1.10.1. Recent results from our own 

laboratory indicate that some of the base composition assignments for the pyrimidine 

clusters of 0X 174 were in error. Confirmatory work on pyrimidine eluster sequences 

from 0X 174 DNA is in progress here (27, 117). 

Kossel! and Roychoudhury (60) and Wu {69, 70) have presented sequences 

of synthetic oligonucleotides determined br methods similar to those presented by 

this investigator (64); they had the advantage of knowing the sequence beforehand 
;k 

and of hav ing large amounts of moferial; they have yet to appl y the ir methods to a 

biological molecule of unknown sequence. 

A group of workers from Sanger's laboratory (67) hove proposed a prel iminary 

sequence of a fragment of (2}X 174 DNA 48 nudeotides in length isolated by partial 

digestion with T4 endonudease N. This fragmertt was sequenced by analysing smaller 

overlapping oligonudeotides produced by depurination and by complete endonucleas~ N 

digestion. Uniform radioact ive label was used throughout the procedure. The long-

awaited comprehensive publication describing this sequence study has not yet 

appeared. 

Attempts to repeat the specifie fragmentation of 0X 174 and 513 DNA with 

T4 endonuclease 1/ have net been suceessful in this laboratory (68). 
, 

1 1.2.2 The Ind~ Approaches to DNA Sequence Analysis 

The preceding' pages described sequence determination as a complete 

characterizotion of a DNA molecule r~~dle. of size or function. Many investigatOl"l, 

hàwever, are unwill ing to woit for co""let. sequence\ -data on th. small Ph.- ; 
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others wish to exa~ine specific. sequences.within geno~s much too 1 orge for direct 
'1 ' ' 

sequence analysis. ~ these cases a biological or physical "handle" is used to 
, , 

, 
ate a fragment of inferest from the genome. 

1.1.2. f Terminal Sequences 

The most obvious-reg ions for. investigation in a' ear DNA molecul, are 
• 

~
h termini. Th~ coh~sivefrds, 0/ single strand'ed reg ions, a he 5' tér:nini of bacterio-
. \ 

phages X and 186 have beeFrsequenced by Wu and his colleague (72, 73, 74). They 
. , 

incorporated [o)2p} nucleoside triphosphates into the terminal ooh sive eoo regions of 

the DNA using the repair reaction of E. coli DNA polymerœe I. ~eorest neighbor 

" . 
analysis was then used to deduCé the terminal sequences. 

Englund (77, 7B) used the reverie reaction of T4 DNA po~ymera~~ to 

examine the termini of T7 DNA, which does \"\Ot hove cohesive ends. He incubated 

the DNA in the presence ri polymer.ase and only one nucleoside triphosphate. 
\ 1 

Under 

these conditions the polymerase removes nucleotides from the 3' terminus until it . 
encounters a nucléotide corresponding to the triphosphate prese"'" in the- incub.ation 

medium. Nearest· neighbor analysis of the products of 0 series of these reaettons 

yielded the trinucleoti~ at ea~h 3' terminus of the T7 DNA. The samè group (78) 

extended fhe sequence for tne l-strand term inus tOrseven bases by ~ isolat ing (71) 
1 "'1 " Q ~ 

-

and seql:lencin; "yrimidine pentanucleotides labelled with T4 D~A polymerbse in thé 
-; . . 

32 ': 
presence of [a- Pl TTP. 

, 

Weigel et al" (75) usee! Englund's (77) technique to label.the 3' termini 
---- p' 

of X DNA and 'then used par'lcreatic ONAase tp gen«CIt.e a series of 3' t~rminal 
. " -

oligonucleotides. Identification of these oliflOf'!udeotides gaY. ,the sequence oF a 

.' 

, 

" 
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J 
, " 

, hexanucleotide for the [-strand and a heptan cleotide for the r-sh~n~. Wu has 

. rece,ntly added one more nucleotide'tothe '~trand sequence (129) verifying.....--
-

Weige,l's prediction for t'hat nucleotide. This brings the known sequence around the 

À DNA cohes ive eri<4 to 26 base pa irs. 

. 32 
Murray (14) used polynucleotide kinase and [ y - Pl ATP. to label the 

5' terrnini of À Dt:-!A. He then digested thè DNA with DNAese 1 to yield -a séries 

of terminal 01 igonucleotides. Identification of these 01 igonuclt:,otides verified part 
" 

of Wu'$ sequence and showed thot coliphage 424 DNA has t~rmini,identicar to thosE? 

of À DNA at least to the hexanucleot ide level. 

It is possible to gener,ate From a completely double stranded 1 inear DNA 

mol,!cu le s ingte stranded ta ils by digest ion from the 3' ends w ith exonuc lease III, 

yielding 5' termini similor, to the cohesive ends of À DNA. It has been suggested 

that such a molecule be e>.<amined as discussed above (79). 

~ ~ 
1.2.2.2 Single Strand Specifie Nuclease Digestion of DNA 

Hydrolysis of partially annealed DNA with a single strand specifie 

nuclease such as Neurospora crassa endonuclease (81, 84) or Aspergillus nueleese Sl 

(137) has been usad in many studies of DNA and RNA function (82, 83, 84). 

Single stranded DNA molecules con ~ave significant secondary structure. 

, 1 -' 
From phage 0X 174 DNA one con isolate fragments corresponding to about 1.5% of the mol-

,-
ecul. of ter se'lf'""Onneali~, N. crassa nuclease digestion, and gel electr~horesis 

(85). Such ~ragments are of particular int.rest since secondary structure has bee,n 

i""licated in functional s;tes in DNA mol.cule, (87, 88, 89). 

,Another avenue opened by single strand specifie enzymes is the investigation 

- 1 

. 
6 
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of evolutionarily stable sequences in related phages. An intriguing study of hetero-

duplexes between the repl icative forms of S13 and 0X 174 bacteriéphages bJ 

Godson (90, 145) demonstrated that only 5% of the length of any one heteroduplex 
, 

molecule remained as a stable double helix in 75% formamicle. A singl~ strand 

specific nuclease can digest the single sttanded regions of the heterod~plex 

leaving the duplex reg ions intact (81 , 84, 137). Godson's work (90) suggests 

that S13 - Q5X 174 heteroduplex aigested in this way would yi~fd a double stranded 

fragment approximately 200 nucleotides in length. 

It is likely that an evoJutionarily stable DNA sequence su ch as this would 

represent functional DNA, rather than DNA coding for m-RNA. As Godson (90) has 

discussed, prote ins and the DNA sequences coding for them con evolve considerably 

with 1 ittle changes in function. 
" 

1.2.2.3 Sites of Interoction of Pro7ins and DNA 

Cons iderable progress has been made in the isolat ion of segments of DNA 

wh ich con be spec if icall y protected from nuclease digest ion by prote ins. Ribosome 

binding sites (91), RNA polymerase binding sites (92, 93), and lac repressor bound 

DNA have been isolated (146, 147). Investigation of the binding of the CAP protein 

as weil as that of the termination factor p is still at the stage ,(98, 99) wl'lere 

quantity of prote in is the limiting factor. 

A sequence has been proposed for a ribosome binding site isolat.d from 

0X174 (91). This was determined using depurination and T4 endonuclease Was 
q 

described previously (Section 1.2'.1.5) (67). This ~ork was also presented as a 

preliminary study and has yet to be foJlow~ bya detailed article. 
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The isolation of DNA protected from nue/eases by RNA po/ymerases has 

been performed for several years (ta, 102, 103,104). It has recent/y been shown 

that (1 single RNA po/ymerase binding site ~an be iso/ated from bacteriophage fd RF 

DNA (93). 
, 

It has been demonstrated that phage 0X 174 RF DNA has three RNA 

polymerase binding sites (l05). AFter restriction enzyme treatment and gel e/ectro-

'phoresis each binding site was isolated separately. This approach should be very'" 
1 ~ 

useful in the work in progress on DNA from bacteriophages ~ and T7, which has been 

hindered by the large numbér of binding sites in these genomes. 

T 0 date invest igators have been unab/e to produce enough material for a 

sequence study of an RNA polymerase binding~ite; such a project is under way in 

th is 1 aboratory . 

Lac repressot has been produeed in large quantities (100, 101) from E. coli 

infected with iqor iSqstraihs ci À and has been used to isolate the stretch of DNA 
L' 

responsible for its binding (96). A sequence for most of this repressor binding site. 

ha! been proposed (96) on the basi! of pyrimidine duster sequence data and RNA 

tran!cript sequence data (Section 1.2.2.4). 

1.2.2.4 The Sequence of RNA Transcripts of DNA 

RNA sequence techniques ate so weil established that it is quite plausible 

to determine a DNA sequence by ana/ysis of its RNA transeript. Gil'?ert and 

Maxam (96) used RNA polymerase as a non-specific transcription enzyme in the 

elucidation of the sequence of the lac operatÔl'. Their study points out a dJsadvantage 

in the use of RNA polyrMrase on relatively small segments of ONA;' transcription 
) 

! 

/ 
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is not efficient near the termin~of,he tef11)late. 

, 
The study by Maizels (106) of the nueleotide sequence of the lactose 

messenger RNA is a demonstration of the RNA transcript techn~ue at its strongest. 

This presentation is of an RNA sequence, but Watson-Crick base pairing yields the 

ONA sequence. The sequence she presents overlaps with the lac operator sequence 
, 

and with the sequence of the B-galactO$idase cistron. This is the first description 

of a link between such functional units of DNA. 

The strength of this technique lies in the use of a primer to initiate 

transcript ion of a spec ific site. 

The disadvantages of course, are that RNA polymerase transcripts will not 

yield information on inter-operon ragions such as their own binding site, and that 
\ 

'" cny molecule with more than one RNA.polymerase binding site i'tlOy not give 

specifie initiation. 

1.2.2.5 Elongation of an 01 igodeoxyribonueleotide Primer with DNA Polymerases 

DNA polymerase has already been mentioned as a tool in 3' end labelli'lJ 

and terminal sequence analysis and here it will be discussed regarding its use as a 

tool for sequence determination within a large DNA molecule. 

If a polydeoxyribonucleotide can be isolated or synthesized , which is 

c0'!'P'ementary to a known region of a genome, it can be used as a.primer and 

elol'9ated by E. coli DNApolymerase 1 or T4,DNApolymerase. Here againspecific 
~ 

" initiation il the key tp a meaningful result. Wu (J07) has investigated the binding 

ci a nonanucleotide to the cohesive end of ). DNA; Oert.1 and Schaller (108) have 

investigated the binding r:J the pyrlmidinft tract C
9

T 11 ta fd minulltrand DNA and 
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have elongated it using the RF complementary strand as a template. Although they 

did not elucidate any sequences, their data suggests that the approach is feasible. 

Berg et al., (109) have shown that E. col i DNA polymerase 1 will . ~ 
incorporate ribonucleotides into a DNA pol ymer' ·if manganese is the divalent ion in 

• 
the incubation instead of magnesium. Since ribonuc\eotides are susceptible to 

ribonuc/ease or alkali digestion, this procedure (138) has been proposed as a 

replacement for the specifie RNAases. Salser et al., (115) have shown that finger-

prints can be produced from M13 DNA using ribosubstitution and alkaline hydrolysis. 

Khorar)CJ s group (110) has examined ribonucleotide incorporation onto 

synthetie primers bound to synthetic tenplates. In this way they showed that, at 37°C, 

mis incorporat ion of ribonucleotides is a serious problem in the ribosubstitution system. 

At 10°C they have demonstrated that only rCTP can be incorporated re/iab/y. 

~\ Another problem is that if two consecbtive ribo nu cl eot ides must be incorporated 

elongation will effectively come to a hait. These facts reduce the flexibil ity of the 

procedure, but it remains a powerful technique. 

Sanger et al., (111) starting with a primer only 8 nuc\eotides in length 

annealed to f1 DNA, added 50 residues ta this oeta nu cl eotide O(\d deduced their 

sequence. The study used timed nucleoside triphosphate incorporations, ribocytidine 

triphosphate il")Corporation , and small 01 igo nu cl eot ide fractionation methods. 

The octanuchtotide was thought to be complementary ta an unambigvovs 

sequence deduced From the amino acid sequence of the major coat protein. Instead, 

the sequence deduc.jd see~ to be an interesting intereistronie region with several 

terminator and initlator sequençes. 
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Work in this laboratory is in progress leading to the use of unique pyrimidine 

+ 
nonanucleotides and undecanucleotides From 513 RF DNA as primers annealed to 513 

viral DNA (148). The leading group, as regards sequence work using DNA pol y me rases , 

is Khorana and his colleagues at the Massachusetts Institute of Technology. Having 

synthesized the 080psuIII tyrosine t-RNA gene (112), they had primers which could be 

bound to any segment oF the t-RNA cistron. Using a terminal 01 igonucleot ide from the 

gene and e,longating beyond the terminus with the r strand as template allowed them 

to examine the post-gene sequence (113). The sequence of the twenty-three nucleotides 

immediately following the gene was determined using a variety oF techniques. The 
" , 

mai or approoch was to vary the deoxynucl eos ide tr iphosphates present in the i ncu bat ion 

mixture. Incorporat ion of only two or three triphosphates followed by nearest ne ighbor 

analyses allowed sequence determination in short jumps oF one to four nucleotides at 

a time. 

1.3 Mammal ion DNA Sequence Analys is 

The large s ize of mommal ion genomes mokes it impract ical to study any 

unique sequences, thereFore the targets in mammalian systems have been highly 

a~1 iF ied s~uences such as those occurr ing in many satell ite DNA's . 

Southern (114), using pyrimidine cluster sequence data alone, deduced the 

probable hexonucleotide repeating unit for the guineo pig a satetlite D~A. The 

sequence he presented was the most frequently occurring one; the many other less 

Frequent sequences were attr ibuted to evolut ionary d,ivergence. 

A study of the sequence properties of the kangaroo rat HS-B satelfite 

Df'.IA i~icate. that its repeottng unit contains 10 nucleotides (116) and that its 1 

1 
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evolutionary divergenc:e is cQnSiderably leu than that of guinea pig a satellite. 

These investigators used DNA polymerase ribosubstitution techniques and transcription 

intI:> RNA as parts of their analysis. The ribosubstitution experiments were performed 

using r GTP as t~e one rib'onucleoside triphosphate; this is contradictory to the 

demonstrat ion by van de Sonde et al., (37) that mis i"corporat ion of th is r ibonucleo-

tiele is a serious problem. This might explain the observation thQt most of the 

evolutionary alternative sequences involved the addition of one or more guanylic acid 

residues to the basic repeating unit. 

'-) 

In this laboratory (1 ~7), ail the major pyrimidine 01 igonucleotides From mouse 

satellite DNA have been sequenced,but the repetitive unit, if there is one, is more 

complex than those already published, and more data are being sought before a firm 

hypothes;s is presented. 

1.4 Summary of DNA Sequences 

The DNA sequence field is still very young; the DNA sequences which have 

been proposed form a set wh ich is small enough to be presented in co~act form. 

Table 1.2 summarizes the publ ished DNA sequences to date. 

1 .5 Purpose of Th is Study 

The most successful techniques to date have been tbose involving DNA 

polymerases and RNA polymerases. This is because these techniques can produce sorne 

sequence data without requiring the sequence of an oligonucleotide containing more 

tha'n four bases. Manipulation of th. deoxyribonuel.oside triphosphates present in 

th. polymerization reaction and the use of ribocytidine triphosphates portially fill 

.. 

'" , 
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Soun::e 

080suUI 

0X·174 
viral DNA 

0X174 • 
viral DNA 

f1 
vtral DNA 

Oescr ipt ion 

untranscribed strand after 
the su III tyrt-RNA gene 

T4 endonuclease N 
produced fragment 

ribosome binding site 

sequence follow ing an 
octanucleotide hybridized 
to the V irai DNA 

"\ 

Table 1.2 

DNA Sequences 

Sequence 

TCACTTICAAAAGTCCCTGAACT 

CCCA TC TTGGe TTCC TTGe TGGG TC A<:?A T 

T GGTC G TC TTA TT ACCA TTT 

AGGTmCTG *CTTAGGA *TTTAATC 

ATG TT TC AGAC TTTTA TTTC TC GCCAC 

GGC TIT A TT Ge TT AA TTTTGe T AA TTC TTT 

GCCTTGCC TGTATGA nTA nGGATGGT 

e 

~ 

References and Notes 

(113) 

(67) 

* indicates the pos ition 
of a possible additional 
purine. 
the underl ined portion 
codes for the N terminal 
sequence of the 0X174 
spike protein.(91). 

the doubly underl ined 
sequence represents the 

..... co~lement cl the bound 
01 igonuc 1 eot ide. 
the dotted underl ines 
represent in itiator sequences. 

: the singly underl ined 
sequences represent in 
phase terminat ion codons 
(111). 
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Tabl. 1.2 ••.•. cont'd. 

Source 

col iphage 
}. DNA 

col iphOge 186 

DNA 

coliphage 
T7 

coliphoge 
Tl 

coliphage À 

hOOCf57S7 
clac lN5 

Guinea pig 

Descr ipt ion 

double straaded sequence 
of the cohes ive ends of 
}. DNA 

S' terminal cohesive 
end of the left half ri 
186 DNA 

1 strand 
3' terminus 

r strand 
·3' terminus 

sequence of untranscribed 
strand cl the lac repressor 
binding site and the 
beg inn ing of the 
8-galactosidose cistron. 

one strand c:J the repeat i n9 
unit fi a-satell ite. 

Sequence 

S' * 1 strand 3' 
GTT ACGGGG CGGCGACC TCGCGGGT 
CAATGC CC CGCC GC TGGAGCGC CCA 

3 ' r strand * 5' 

GGC GTGGC GGGGAAAGCAT -----

-----TCCCTGT 

-----AGA 

TGGAATTGTGAGCGGATAACAATTTCACACAG 
------------------------------
GAAACAGC TA TGACCATGATTAC GGA nCA 

CTGG 

-----ccc T AA-----

1} 
1 

References and Notes 

* indicatec; the poc;ition 
of the n icks produc i n9 
1 inear À DNA. 

(73, 74, 75). 

the 3' terminal T is the 
first nucleotide which is 
base paired in linear 
186 DNA. 

(72, 74). 

(77, 78). 

(77). 

dotted 1 ine represents the 
lac operator sequence ~96) 

single underl ine ir'ldicates 
the sequence cod i r'l9 for the 
N-terminus of B-galacto­
sidose. (106) 
double underl ine indicatel 
an initiator sequence. 

(114) . 

1 

IV 
-.0 
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Tabl. 1.2' ••••• eont'd • 

Source 

Kongaroo rat 

Description Sequence 

one strand of the repeoting unit -----ACACAGCGGG----­
of HS-B satell ite DNA. 

~ 

Mouse pyrimidine clusters From the 
heavy strand of sotell it~ 
DNA. 

Occurrence per 1500 base pairs 

1 

, 

•.• .J. 

.... 

TTec 
TC TC 
TCCT 

TITC 
TTCT 

TTTTC 
TITCT 

TITTCe 
TITe Te 

TTrTTe 

TITTCTC 
errrrTC 

TTTTTCT 

ITrTCClC 
eCTTTITe 

230 

100 
45 

85 
85 

"' 
145 
145 

140 

30 
... 20 

50 

40 
40 

-le 
QI' 

References and Notes 

(116). 

(174) ~ 

" 
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\l TaW. 1.2 .••.• cont'd. , 

Source 

Meuse 

" 

\~ 

", 

Description 

pyrimidine cbten From 
the 1 ight strand d the 
sat.1I ite DNA. 

(?'" 

... 

• 

\ 

Tee 
CCT 
eTT 

\ CrrT 

• 

t: 

• 

Sequence 

Occurreoce per 1500 base pairs 

(1 

'-

D 

80 
40 

120 

60 

• 
References and Notes 

... 
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b 

a role analagous to that of RNAase Tl and pancreatic RNAase. 

ln order to obtain extensive sequence information, such as Sanger et al., 

(111) have proposed, an 01 igonucleotide sequence method Qecomes necessaryeven 

when using DNA polymerase techniques. They proposed a sequence of 50 r4'sidues 

from f1 DNA and showed that it was necessary to sequence intermediate 01 igonucleo-

tides containing up to 15 bases. Unfortunotely,they did not describe how this wos 

acco"lll ished. 

The only seqvences, other thon those of pyrimidine clusters, whisrh have . 
baen determined by direct methods are the two large fragments i~olated from 0X 174 

DNA (67, 91). This work has yet to be presented in a detailed form. 

,-
The advances des cr ibed in th is th es is prov ide a sequence method wh ich 

is essentiol for direct sequence analysis of DNA and for extensive anolysis by indirect 

methods. The specific enzymes ore't:.vailab/e which will degrade high molec.ular 

weight DNA to fragments less thon 50 nucleotides long. Fractionation techniques 

for the onalysi, of 01 igonucleot ides of this size, as weil as ter!'Tlinal lobe" ing methods 
tl 

for the tronsfer oLhigh specific octivity radioactive label to these molecules, are ,. 
described. These procedures complete the development of a general sequence method 

for DNA. 

l' 
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CHAPTER 2 

MATERIALS AND METHODS 

2. 1 Mater ials ~, ... 
,~ 

Nucleosides, deoxynuclebsides, and their mooo-, di-, and triphosphates 

were purchased From Raylo Chemicals Inc., Edmonton, Alberta, as were thymidine 

5 I.monophospho-p-nitrophenyl ester and thymidinè 3'''"IllOnophospho-p-nitrophenyl 

ester. 

Chloramphenic~l, p-nitrophenyl phosphàte( pancreatic RNAase 

(E.C.2.7.7.16) (5x crystullized, grade A), lysozyme (E.C.3.2.1.17) (3x crystallited), 

3-phosphoglyceric acid, 3-phosphoglyceraldehyde, nicotinlc acid adenine dinucleo-

tide, oxidized form (NAD), and reduced form (NADH), phenazine methosulfate, 

thiazolyl blue, 3-phosphoglyceraldehyde dehydrogenase (E.C .1.2. 1.12) (yeast), 

and-3-phosphogl ycerate phosphokinase (E.C .2. 7.2.3.) (yeast), were obtained From 

Sigma Chemical-Co. 

'" 
DNAase 1 (E.C.3. 1.4.5, grade OP) was From Worthington Biochemical 

Corporation. 

! Opt ical grade and rad io-tracer grade ces ium chi oride was obta i ned From 

the Harshaw Chemical Co. UI.trapure sUCrose was From Schwartz Bi~r:esearch Co. 

'Polyethylene glycol (Carbawax 60(0) was From Union Carbide Co. 

.. 

Carrier free H3 32pO 4 was o~ained 'From "New Englond Nuclear Corporation. 

Ali other chemicalJ were "P.ogent" grade. Reagent grade phenol (ROH) 

WCIS d Ist i Il ad bef ore use. 

,Dlphanylomine (Fish .. ) WGI recrystalliud twica From ethonol (1-49). 

.. 
" 
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• 
Re age nt grade trie~hylamine was distilled before use. 

Solutions of reàgent grade urea (BDH)(7 M) "fere .Iurried with 0.25 9 

. ~ 

activat~d charcoaVI. urea (150)~ Th~ charcoal was removed by filtration through 

Whatmon 3MM paper and then through e 2.5 x 5 cm OEAE cellulose column (51). 

Charcoal, Norit A (Fisher)" was activated by refluxing with 2N HCI 

followed by washing with ethenol : emmonia : watetr (50:t5~) a"d subsèquently 

.w jth water ta neutrafity (150). 

Oowex 50 was ob~ained from Bio-Rad Corp. as AG50 Wx4 ,minus 

400 mesh, and was cleaned bccording to 81attner and Erickson (1) . 
. ~ 

DEAE cellul6se (Whatman DE-11), was sieved prior to use, the portion' 

. pbss i ng through a 200 U. S. sta ndard s ieve but reta i ned by a 325 $ jeve be i ng used 

in ail fraèt ionat iQn experiments, and the port ion hel d up by the 200 mesh be ing 

used in ail desalt ing operat ions (51). The DEAE cellulose was washed w jth cycles 

of O.~ N NaOH and 0.5 N H<!: 1 and finolly left in the hydroxyl form (150). The 

formate Form was prepared by sUSpending the hydroxyl form in 1 M forry'lic acid 

followed by washing with water (l50h 

DEAE Sephadex A-2S was,washed with cycles of 0.2 N NaOH and 

0.2 N Hel each time washing w ith water until the eluting filtrate was neutral. 

Sephadex G-l0 -, G-15, G-25 1 G-75, Sepharos.6B, and CM-Sephadex 

weret prepared occording .0 the instructions of the manufactuter. 

Phosphoc~Jlulose (Whatman P-'1 l)was washed with cycles c:J 0.2 M HCI 

and D.2N NaOH (51) eoch'time washing with water until the eluting filtrat. was 

neutral. 
. . 

.. 

Hydroxyapat~te was prepared by alkali treatment rA bruahite (CoHP<?· 2 H20X4). 
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ONAase A, a fraction of ONAase 1 purified using phosphocellulose column 

chromatogr~phy (51,52) as described by Salnikow, Stein and Moore (2), was kindly 

suppl ied by Dr. E.Junowicz. Calf thymus ONA wos prepared From Fresh tissue by 

the method of Kay et 01., (6). 

TEAB buffer (3) was prepared by the addition of 1 mole triethylamine per , 
1. solution in a vessel kept at aOc and bubbling CO

2 
through the solution until the 

pH was 8.0 (51). 

A mixture of oligonucleotide markers wos prepared by digesting 500 mg of 

calf thymus DNA with DNAase 1 as jCribed by Junowicz and Spe~cer (22). This was 

used as morker for dinucleotide isolation (2.2.10.3c). Dinucleotide mar~eJ"}were 

prepared by fractionation oF this digest on a column oF OEAE Sephadex (22). 

A ~ , 
uriginal cultures of E. col i C and Shigello dysenteria.V6R as weil as bacterio-

+ 
phage SI3 and SIJsuN 15 were giFts from Drs. E. and I.Tessman, Purdue University, 

E: coli 8Cr63 and bacteriophage T40+ were g-ifts oF Dr. T.W. Conway, University-oF 

Iowa. Bacteriophage T4n82 (151) was a gift froJTl Dr. lmo Scheffl~r, Harvard 

University. f. coli B was obtained From the De~artl1)eQt of Microbiology, McGill , 

University. '" 

2.2 Methpds 

2.2. l ,Preparation and Ue of~ Venom Exonuc/ease 

/ Venom exonuclease (E.C. 3.1.4.1), grade VPH, obtained from Worthington 

8iochemical Corpora,tion, '!los dissolved in water and acetic aci~ added to pH 3.6. The 
. 

solution wcs inc,ubated for 3 hrs at 3flc to destroy 5' nucleotidase activity (5). 

Venom exonucleese wal aslQyed by incubating an aliquot of the enzyme 
ç. 

" 

." 
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l 

in a solution containing 10 mNI MgCI
2

, '50 mM Tris-HCI buffer, pH 9.0 and 1 mM 

thymidine 51 monophospho-p-nitrophenyl ester. One unit was defined as the. amount 

of entyme requi~d to cause a change in absorbance at 410 nm of 1 aœorbance unit 
1 

per minute per ml: The average 5 mg vial from Worthington was found to contain 

2000 units (24 iJmoles ml- 1 min-\ 

Degradation of 01 igonucleotides to 5' mononucleotides was accofll> 1 ished as 

follows: the 01 igonucleotide solution, of volume between O. 1 ml and 2 ml, was 

made 50 mM in Tris-HCI buffer pH 9.0, 10 mM in MgCI
2

, 1 mM. in each df the 
\ 

deoxynucleoside monophosphates, and 24 units/ml in venom exonuclease; this 

.,"\ 

solution was incubated 4 hours at 37
0
C. In control experiments less thon 3% of the 

32 p radioactivity wa! not absorbed by char~oal and more than 90% of the 32 p 

radioactivity eluted from a DEAE cellulose column with the mononucleotide fraction. 

ln order to be certain that there were no products of incomplete venom exonuclease 

,digestion, such as dinl;lcleotides, present, 1/5th volume of a DEAE cellulose 

suspension (200 mesh) WQS added,"lixed with the completed digest aro then removed 

by centrifugatio~ in a c1inical centrifuge. The DEAE cellulose binds cny oligonucleo-

~ 

tides, leaving the mononuc '~tides in the supernatant. 
, 

Partial venom exonuclease digestions were performed in two ways: 

If the 01 igonucleotide under study was carrier free (Iess than 10 nmol) it was diluted 

into a final volume oF 0.2 ml r:J 50 mM !ris -HCI buffer, pH 9.0, 10 mM MgCI
2

, a ) 

20 ..,1 al iquot removed, and 0.4 units of venom exonuclease added. 20 !JI al iquots were 

removed ot one minute inte~als and pipetted into 1 ml triethylamin:;fstop the 

reaetion. Nter the entire digest had been transferred to the triethylamine, the 

r 'J 

.. 
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mixture was heated in a lOOoC water bath for 10 minutes to complete the destruction 

of the exonuclease activity. It was then evaporated to dryness in a glass tube in a 
" 

Buchler Evapo-mix operating at a bath temperatureof 45
0
C. The sarrple was dissolved 

in a volume of water or a buffer appropriate to the analysis being performed. 

If the sarrple to be digested contained substantiel emounts of RNA or DNA 

carrier, as for exarrple the 100 ,",g RNA in a spot el uted From a DEAE cellulose plate 

efter homochromatography, the digestion was done as follows (7). The oligonucleotide 

and the carrier were dissolved to a concentration of 10 mg/ml in cr buffer containing 

100 mM Tris-HCI buffer pH 8.9,10 mM MgCI
2 

end 400 units/ml venom e~onuclease. 

The digest was performed at 37°C for 30 minutes and the reection stopped by spotting 

the solution onto a cellulose acetate strip wet with a pH 3.5, 7 M urea buffer prior 

to electrophoresis (7) (2.2.9.4). 

2.2.2 Preparation and Use of Spleen Exonuclease 

Sp len exonuclJ.. (E. C. 3.1. 4 .1. ), grade SPH, obtainèd Irom Worth f ng!'on 

Biochemicc(, Corporation, was used in sorne reactions containing lerge amounts of 

RNA and requiri'lg glycerol free exonuclease. 

The spleen exonuclease used in most experirnents was prepared by the method 
\ 

of Bernardi and 8ernar~i (8). 

This enzyme was ossayed by incubating an aliquot of the enzyme in a 

solution containing 50 mM sodium succinate buffer pH 5.5 and 1 mM thymidine-3'-

1 

rnonophospho-p-nitrophenyl ester. One unit was defined as described in the venom 
\ 

exonuclease ossoy (2.2.1). 'The average 10 mg vial of commercial enzyme was 

founto contain 20-30 ùnits (0.3'-0.5 ,",mole ml-
1 

min -1). 
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The spleen exonuclease prepared in this laboratory was stored at _20
oe 

after dialysis against 50 mM Tris- HCI buffer pH 7.5, 50% glycerol at a concentration 

of 75 units/ml. 

~ 

Partial digests were again done in two ways. A carrier free oligonud'eotide 

was diluted into a final volume of 0.5 ml of 50 rrM sodium succinate buffer, pH 5.5, a 

50 .,.1. aliquot rerfloved, and 0.075 units of spleen exonuclease added. Similar 

al iquots were removed at one minute intervals and were combined with the initial 

al iquot in a test tube standing in a 9Q
o
C water bath. The resulting digest was usually 

then treated with more enzymes, or was desalted for appl ication to ,'ectrophores is. 

In cases where a spot recovered from a homochromatography plate was to 

be partially digested commercial enzyme was used and the digest was performed in a 

manner similar to the venom exonuclease digestion of such material (2.2.1.) (7). 

1 
1 

2.2.3 Preparation and Use of Alkaline Phosphomonoesterase 

E. col i al kal ine phosphomonoesterase (E. C .3. 1 .3. 1 .) wade BAPC , 

obtained from Worthington Biochemic~1 Corp., was heat treated to remove diesteraS8S 

(9), and was assayed as described by Garen and levinthal (9). The assay used 
c" 

p-nitrophenyl phosphate as substrate and micro-molar units were determined. The 

average 10 mg vial was found to contain 150 units. 

.' Co""lete dephosphorylation of 01 igonucleotides was acco",,1 ilhed by 

diluting the sample into 50 mM Tris-HCI buffer,pH 8.0, adding 1.5 units/ml phospho~ 

monoesterase, and incubating 45 miri at 55
0
C. 

Under these conditions there was no "detectable phosphodielterase activity 

on nanomolor quantities of pyrimidine 01 igonucleotides. 
~. 

1 '1'" • 
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When removal of phosphomonoesterase activity was necessary, destruction 

of the enzyme by alkal i was found to be the best method. The solution was made 
o 10' 

0.5 M in NaOH and incubated at 3fc for 15 mins. (132). Sinee some enzyme 

can survive by cl ing ing to the walls of a glass tube (132), the solution was then 

transferred to another test tube and neutral ized For the next step in the procedure. 

2 .2 .4 Preparat ion of [ y _32 Pl A TP 

32 
Prel iminary experiments in this thesis used [ y - 0 Pl ATP prepared by a 

method using phosphoglycerate kinase and phosphoglyceraldehyde dehydrogenase 

deseribed by Glynn and Ch~pell (10). The method was modified in that yeast 

enzymes were used instead of those from rabbit, 5 ~ NADH was ineluded in the 

reaction, unlabelled phosphate was not odded, the volume of the reaction mixture was 

kept to 0.2 ml, and the omount of ATP initially added wos voried between 0.1 and 

1 tJmole in different e>cperiments. These modifications decreased the yield but 

inereased the ~pecifie octivity of the product. Yields of 5% to 25% were normal, giving 

speaaie aetivities between 5 rrCV ... mole and 45 mCVtJmole. 

For the most recent experi::\ y_32p] ATP was prepared by the method 

of Sehendel and Wells (11) using the forward reaction wirh ADP and phosphoglyceralde-

hyde instead of the exchange reaction using ATP and phosphoglycerate. The method was 

modified by using yeast enzymes and including O. 1 mM NAD in the reoction. Yields 

1 in this reoction were between 30% and 70% and specifie aetivities were estimated to 

be between 100 mCVtJmole and 1000 mCV.,amole. 

Specifie aetivities of [ ,32p1 ATP samples were determined uling the 

polynucleotide kinase reoetion and a known c~ncentration ri 01 igonu cl eot ides with a 
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free 5' hydroxyl group, followed by fractionation using a DEAE cellulos~ column 

(Section 2.2.9) or a column of Sephadex G-25. 

Ail measurements of radioactivity were performed in aqueous media (23) 

in a Beckmon LS 250 sc int illation spectrometer. 

2.2.5 Polynucleotide Kinase Ill' 
2.2.5.1 Preparation of Polynucleotide kinase~ 

• 
Polynucleotide kinase was purified From T4 infected cells by the method 

oF Richardson (12) with a few modifications. Bacteriophage T4n82 was used in our 

preparations of polynucleotide kinase instead of the Tl used by Richardson. T4n82 
.. 
is an amber mutant deficient in DNA synthesis (15). When grown in a normal ~ost, 

synthesis of early enzymes such as polynucleotide kinase is not shut off and can 

-) -- \ 

continue beyond the first 20 minutes (153). In our preparations infection was allowed 

to proceed two hours and quick cooling was not necessary before collecting the cells. 

Ali buffers in the preparation,unt il the enzyme was loaded to the first 

DEAE cellulose column, cantained 1 rrM ATP. Wu (13) has recently used 0.1 rrM 

ATP in the initial purification steps to stabil ize the enzyme. Instead of a stepwise , 

elution From the DEAE cellulose column a linear 2 1. gradient of 10 rrM potassium 

phosphate buffer, pH 7.5, 10 mM mercaptoethanol, to 50 mM potassium phosphate 

buffer,pH 7.5, 10 rrM mercaptoethanol was used. The activity eluted in a broad 

peak,at 0.04 M potassium phosphate. The majority of this peak was loaded to a 

phosphocellulose column as described by Richardson and .Iuted with a 1 inear 1 1. 

gradient of 0 toO.5 M KCI in 5<rmM potassium phosphate buffer,pH 7.5, 10 rrM 

mercaptoethanol. Â fairly sharp peak ci kinase activity eluted at 0.18 M KCI. 
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This fraction was found to have traces of endonuclease and exonuclease activity and 

therefore it was dialysed against 10 mM potassium phosphate buffer pH 7.5, 

10 rrM mercaptoethanol, and loaded to another DEAE cellulose column. This column 

was washed extensively (600 ml) with 10 rrM potassium phosphate buffer,pH 7.5, 
i 

10 rrM mercaptoethanol and then elutèd with 50 mM potassium phosphate buffer,pH 7.5, 

10 mM mercaptoethonol. This additionCIl DEAE column has since béen süggested by 

Wu and Kaiser (13). This column split the polynucleotide kinase ioto two fractions, 

the first eluting with the 10 mM wash, and the second eluting with the 50 rrM wash. 

The polynucleotide kinase fractions were then dialysed against 50 rrM Tris-HCI buffer , 

o 
pH 7.5, 10 mM mercoptoethanol, 50% glycerol, and stored ot -20 C. Bath the 

JO rrM and the 50 rrM fractions of Jhe polynucleotide kinase were tested under 

standard incubation conditions using uniformly label/ed and 51 terminally labelled 

oligonucleotides as substrates. Fractionations on DEAE cellulose columns showed no 

detectable phosphomonoesterase, exonuc:lease, or deaminase activities in the 10 mM. 

fraction but some exonucreose and endonuclease activity remained in the 50 mM 

fraction. The 10 mM fraction was used in ail experiments presented in this thesis. 

2.2.5.2 Polynucleot ide Kinase Assay 
" 

The assay for polynucleotipe kinase used as substrate a mixture of 

dephosphoryl ated 01 ig o!:,u cl eot ides longer than hexanut 1 eot ides. These were p~epared 

by degrodation of calf thyrrus DNA by the Burton depuri nat ion procedure (71) 

(Sect ion 2.2.8) followed by dephosphorylat ion (Section 2.2.3). They were then 

loaded to a DEAE cellulose column and 01 igonucleotides contdinirç less"than 7 bases 

were eluted with 0.18 M sodium chloride. The column was then washed with 100 ml 

.~ 

f 
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50 mM TEAB buffer to remove the salt and the oligonucleotides eluted with 1 M 

TEAB buffer. The buffer was evaporated, the 01 igonucleot ides were dissolved in 

o 
water and stored at -20 C. 

The assay was performed in a volume of O. 1 ml of 10 mM Tris-HCI buffer, 

pH 8.1, 10 mM MgCI
2

, 20 mM mercaPt~ethanol, containing 2 nmoles of ;ligonucleo­

tides and 0.5 nmoles of [ y_32pIATP. Incubationwas for 30 min at 37°C. A unit 

was defined os the amount of enzyme which will catalyze the transfer of phosphate 

at a rate of l nmole/min under these assay conditions. 

The 50 mM froct ion contained a total of 24 units ot 2 units/ml; the 10 mM 

fraction contained a total of 18 units at 0.5 units/ml. 

2.2.5.3 Phosphorylation of 01 igonucleotides . 
". 

Labelt ing of the 5' termini of 01 igonucleotides was performed in volumes 

ranging From 0.05 ml to J ml. In ail cases the reaction, mixture was adjusted to pH 8.1 

with 1 M Tris or 1 M HCI and to concentrations of 10 mM in MgCI
2

, 20 mM in 

mercaptoethanol, and 0.05 units/ml in polynucleotide kinase. [y -32 pATP was 

usually added in 2 to 10 fold ex cess • lt was observed t'hat polynucleotide kinase is not 
, 

inhibited by salt concentrations up to 1 M NaCI; thus salt occumulating from other 
" 

steps, such as the destruction of phosphomonoesterase, was not removed prior to the 

'polynucleotide kinase reaction. Incubation was for 6 to 10 hours ot room temperature. 

2.2.6 Preparation of Bacteriophage S13+ DNA 

2 ... 2.6. 1 Preparation of Bacteriophage High Titre Suspensions 

Three 1 itres of E. cpli C were grown in the Tris"'9fycerol (TG) medium of 
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Shleser et al., (16) to a den~ity of 5 x 10
8 

cells/ml (optical density at 600 nm\f0.45). 

+ 
Magnesium chloride was added to a final concentration of 2.5 mM and 513 was 

added to a multiplicity of infection of 0.1. When Iysis was c~mplete (3 h(1) NaCI was 

added to 0.5 M and polyethylene glycol to 10% WN (25) and the culture shaken 

until the additions were dissolved. The culture was then left overnight at 4°C before 

centrifuging at 10,000 9 for 10 minutes. The pellets were resuspended in 100 ml of 

50 mM Tris-HCI buffer, pH 8, 10 mM EDTA. This suspension served as high-titre stock 

o. 11 12 
and was stc)red at 4 C. The titre was normal'y between 5 x 10 and 10 pfu/ml. 

2.2.6.2 Preparation of 32P_labelled S13 + Rept icative Form DNA 

+ 
Infection of E. coli with S13 and inhibition of single-strand synthesis with 

chloramphenico\ to accumulate RF DNA was dl described by Shleser et al., (16). 

After collection by centrifugation, the cells were resuspended in 50 mM Tris-HCI 

bufFer, 2 mM EDTA, Iysed by treatment first with lysozyme, then with pronase 

and SOS at 37
0
C, and the E. col i DNA precipitated wi th 1 M NaCI as described b; 

Hirt (17). After a phenol extraction the 513 RF DNA was precipitated overnight at 

_20
o

C by addition of one-fifth volume of 3 M sodium acetate pH 5.5, and 2 volu .... , of 

isopropanol (18). The DNA was further purified by sucrase gradient centrifugation and 

centrifugation in cesium chloride containing ethidium bromide as described by 5chekman 

et al., (18). 8efore dialysis ethidium bromide wos removed from the sa~le by isopropanol 

extraction (111). One 250 ml radioactive culture using 10 mC i of H3 32pO 4 normally 

'yielded 100 ~ of DNA of specifie activity 6 x 10
4 

cpm/iJ9. 

2.2.6.3 Preparation c:J Unlobelled 513+ Replicative Form DNA 

UnlClbelled replicotive form DNA wcs prepared as described for. 32 p labelled 

RF DNA except that the cells were not collected and resuspended in phosphote-f .... 
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medium before infection. One litre of culture normally yielded 500 ~g of RF DNA. 

32 + 
2.2. 6.4 Prep~rotion of P-Iobelled 513 DNA 

E. coli C were grown in Shleser's (16) Tris-glycerol (TG) ~dium to a cell 

densityof 1 x 10
9 

Iml (optical density 0.8 ot 600 m~). Magnesium chloride was 

added to a final concentration of 2.5 x 10-
3 

M and bacteriophage added to a 

multiplicityof infection r:J 5. Radioactive phosphate wal added five minutes after 

infection and growth was allowed to continue until Iysis (3 hours). The culture was 

then made 0.5 M in NaCI and 10% WN in polyethylene glycol and left overnight 

at 4°C (25). The precipitate was collected by centrifugation at 16,000 9 for 10 

minutes and dissolved in O. 1 M Tris-Hel buffer, pH 8. 1, 50 mM sodium borate, 

10 mM EDTA: Lysozyme was ~dded to a concentration of 1 mg/ml and the suspension 

stirred 10 min at room temperature and then centriFuged 15 min at 16,000 g. The 

purification from this stage consists of tW9 cycles of high and low speed centrifugation, 

followed by cesium chloride density gradient centrifugation (152). 

Phage bands were collected and dialysed 3 hours against O. 1 M Tris-HCI 

buffer pH 8, 0.01 M EDTA before release of the DNA by the hot p~nol treatment described 

by Sinsheimer (19). The DNA was then dialysed extensively agoinst water to remove 

phenol and salts if Formic ocid digestion was the next step. DNA used for other 

purposes was concentrated by vaCuum dialysis or isop!!opanol precipitation, dialysed 

against the appropria te buffer and storad ot -2QoC. 

One lit,re of culture and 10 mCi of 32p normolly ylelded.l mg of DNA of 

specifie activity 

,/ 

30,000 cpm \ 

tJ9' 
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, + 
2.2.6.5 Preparation of Unlabeled S13 DNA 

Unlabe"ed viral DNA was prepared in the sorne manner as radioactively 

labeUed DNA, except that radioactive label wcs not added. 

2.2.7 Preparation and Investigation of Bacteriophage S13suN15 DNA 
- 1 

The preparati n and the determination of the properties of S13s~N 15 DNA 

were as described by Spencer et aL', (140). 

+ 
Preparation of the bacteriophage DNA was similor to that of 513 DNA 

except that, since 513~N'5 i.a Iysis defective strain, bacteriophage was harvested 

by collection of the intact cells 3 hours after infection; 0150, the DNA was purified 

,further by equil ibrium cesium chloride.density gradient centrifugation in the presence 

of O. 1% sarkosyl Nl97. 

Te,mperature-absorbance profiles, ultraviolet spectra, velocity sedimentation 

coefficients, buoyant'densi,ties in cesium chloridé, and base compositions for both 

S13s~N 15 and S13s~N 15 RF DNA were measured as described by Spencer et al., (140). 

This publication is inclu~d,in this th~is as Appendix 1. 

2.2.8 Depurination of DNA 

Formic-acid diphenylamine hydrolysis of DNA was by the metho~ of Burton and 

Petersen (20) " Diphenylamine and formic acid were removed as clescribed by Spencer 

et al., (21) • 

" . 
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2.2.9 Fractionation ci 01 igonucleotides 

2.2.9.1 Desalting 

Desalting of oligonudeotide solutions was performed by diluting ta a 

salt concentration below 50 mM, absorbing the 01 igonucleotides to DEAE cellulose" 

washing the "DEAE cellulose with.50 mM TEAB, and eluting the ol igonucleotides 
, 

with 1 ~ TEAB (51). Small volumes were desdlted in a 12 ml conical centrifuge tube; 

the washings and elution were performed by vortexing the solutions with 0.5 ml of 

DEAE suspension and centrifuging to seporate them. Large volumes were desalted by 

running the solutions through a 1 cm x 4 cm column of DEAE cellulose. 

2.2.9.2 Gel Filtration of 01 igonucl eot ides 

Gel Filtrrion on Sephadex G-25 columns was used to separate oligonucleo­

tides of chcMt lergth greater thon two nucleotides from small mol ecu les such as ATP 

and inorganic phOlphate. These columns were of dimensions 1 cm x 50 cm and were 

eluted with 50 mM NaCI at a Flow rate of 20 ml/hr. The sarrple size was between 

o .5 ml and 2 ml • 

ln sorne experiments dinucleotides were separated from AWby means of 

gel ,filtrcition on" a column d Sephadex G-15. Conditions were the sorne os for 

Sephadex G-25. 

2.2.9.3 Ion Exchange Column Fractionations of Oligonucleotides 

Pyrimidine oligodeoxyribonucleotides w~re fractionated according to chain 
, , 

le~gth on a cohJmn r::J DEAE Sephadu A-25 with dimensions 1 cm x 25 cm. The chloride 

'( 
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form of the ion exchanger was washed with water in the column, the sample w~ loaded 

and the colu":ln washed with 50 to 100 ml more water. A linear gradient of 0 to 0.4 M 

NeC 1 in a total volume of 2 1. of 50 mM sodium acetate buffer, pH 5.5, 1 mNI 

phosphate, 7 M Ll"ea was used to elute the 01 igonucleotides. Ail operat ions 

were conducted at a flow rate of 45 ml!hr. and 12 ml fractions were col/ected. 
" 

It has been found that the inclusion of 1 mM phosphate in the gradient 

buffers improves the resolution in fractionatiot15 of small amounts of material (Iess than 

5 mg nucleotide). C~ength fract ionat ion of 01 igonucleotî~ containing ail four 

bases was carried out on a 1 cm x 90 cm DEAE sephadex column at 65
0
C as cMscribed 

by Junow icz and Spencer (22). 

Pyrimidine OligOnuclJtide samples were fractionated according to base 

composition on columns of DEA ephadex of ~imensions 1 cm x 25 cm. Loading and 

washing were as .described for the chain length fractionation, but a 1 inear gradient 

of 0 to 1 M ammonium formate, pH 3.2,was used to elute. the fractions with different 

base cOrT'flOlitions. Uni ike DEAE tellülose columns (152), thQse columns were found 

to be capable of resolving even picomolar amounts of nucleotide. 

5' phosphorylated dinucleoside diphosphates such as those generated by 

DNAase 1 were fradionated at pH 3.4 on DEAE cellulose as described by Junowitz 

and Spencer (22). Ali the poss ible dinucleot.id. are weil separated on th is column 

and the sequence isomers pApe and pCpA are resolveel •• 

Longer 01 igonucleot ides conta in ing ail four bases were fract ionated according 
; 

t.'base co~OIition on 0 1 cm x,25 cm column of DEAE ~hadeX eluted with 0 grodient 
\ 

From 0 to 1.0 M ammonium l,rmat.,pH 3.5, total volume 2 1. Only species with very 

divergent base compositions can be seporat.d in thi. manner. 
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2.2'.9.4 Electrophores is - H omochromatography 

Fractionation of oligonucleotide samples according to chain length and 

hase composition was performed using a two-dimensional system. The first dimension , -
was electrophoresis on a cellulose acetate strip at pH 3.5. The s~ond 'dimension 

. \ 
was chromatography on DEAE TLC plates using an alkali digest of ItNA as chromato-

graph ic buffer. Th is is the electr'ophores is-homoohromatography sys(em of Brownlee 

and Sanger (28), deséribed in full by Harbers et aL, (174). The migration of the 

r~dioactive 01 igonucleotides on the platé was observed by autoradiograph,. .. of the 

DEAE-cellulose thin layer plate. 

The electrophores is at pHr 3.5 fractionat,es the 01 igonucleotide sample 

according tô base opmpos it ion; C-rich oligonucleotides migrate doser to the origin 

than do T ~ich 01 igonucleotides of th. same length. The thin layer chromatography 

fractionates the oligonucleotides according to chain length; longer oligonucleotides 

migrate closer to the orig in than shorter ones. 
~ 

In the electrophoresis-homochromatography system pyrimidine 01 igonucleo-

tides migrate in such a way·tbat a reproducible grid predicting the base composition 

1 of the components of the sample can be constructed. Figure 2. 1 shows two such grid~, 

the finr constructed from the migration pattern ?f a mixture of dephosphorylated 

01 igonudeotides, the second a mixture of 5' photphoryJated pyrimidine 01 igonucleotides. 

From these diagrams it can be sean that th. relative base composition of a series 

cl progressively shorter pyrimidine oligonucleotides such as thôse resulting from a partial 

e>tonucleas. diges~ion can easily be determined uling the .lect~ophoresls-homOchromato-

graphy system~ A,n 01 igonuc leot ide containing one leu cyt1dylate residue than its 
, 
t 

, 
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parent oligonucleotide will migrate farth~r 'F.rom the origin in both dimensions. One con-

taining one less thymidylate residue will migrate closer to the origin in the electrophoresis 
\ 

step than its longer parent. The "zig-zag" pattern of the fractionation of a partial digest 

of a pyrimidine 01 igonuèleotide yields sequence information about the parent 01 igonucleotide. 

~ 
Oligonucleotide material was eluted from a particular region of the TLC plate 

by scraping the DEAE cellulose from that area, collecting it above a cotton filter pluS 

in a pasteur pipette by suction, and washing the filter with 1 M TEAB buffer. The eluate 

,- was then evaporated to dryness to remove the TEAB. 

2.2.9.5 Mononucleotide Analysis 

The four 51 deoxyribonucleoside monophosphates were separated From each other 

on a 1 cm x 20 cm column of Dowex 50 Wx4 eluted with 0.15 M ammonium formate buffer, 

pH 3.2 (1) at a Flow rate of 6 ml/min. Under these conditions eight base compos ition 

analyses could be perforrned per column per hour. 

" 2.2.10 . Sequence of Oligodeoxyribonucleotides 

2.2.10.1 Uniformly Labelled Oligonucleotides 

Pyrimidine 01 igonucl eot ides labelled uniformly with 32 p were dephoiphorylated as 

described in Section 2.2.3. The sequence was then determined as described by Ling (26). 

This involved dividing the sample into two parts, digesting one with spleen exonuclease, 

the other with venom exonuclease, and fractionating both digests using electrophoreS'is-

homochromatography. 

The length and base composition of the digest products are determined From their 

position on the autoradiograph of the TlC plate; the two digests Qive enough inFormation 
\ 

For elucidation oF the complete sequence '----'" _, " ' 

A diagram~iC representation of fthlquence oF a hypotheticaf pentànucleo-

tide js given in Figure 1.3. 



2.2.10.2 5' Terminal Label! ing of 01 igonucleotides Fo"owed by Exonuclease 

Treatment 

The sequence of a pyrimidine oligonucleotide which had been phosphory­

lated at the-S' terminus using polynucleotide kinase and l y )2pl ATP (2.2.5.3) 

" WÇJ$ determined by partial digestion with venom exonudease (2.2.1) followed by 

fract ionat ion using electrophores is-homochromatography (2.2.9.4). The sequence of 

the 01 igonucleot ide was deduced from the pos it ion of each of the exonudease 

derivèd fragments on the TLC plates, as described by Ling (26) (2.2.9.4). A 

diagrammatic representation of the sequence ci a hypothetical pentanucleotide is 

9 iven in Figure 1.4. 

2.2.1Q3 Exonuc\ease Treatment of an ~I igonucleotide Followed by 5' Terminal 

labell ing 

Most of the oligonucleotide sequences determined in this study were the 

result of the development of a method involving part\al digestion with spleen exo­

nuclease, labelling of the 5' termini with polynucl-eotide kinase and [y _32 p1 ATP, , 
fractionat ing the resulting label/ed mixture, and identifying the separated products't> 

Experimental procedure,was as fdllows: the 01 igonucleotide was dephospho~ylated 

(2.2.3) in a volume of 50 fJl and subjected to spleen exonuclease partial digestion 
o ' 

(2.2.2). The pH of the solution was adjusted to opproximately 8 (Merck Dormstadt 

non-bleeding pH sticks) and the phosphomonoesterase digestion repeated (2.2.3). 

The phosphomonoesterase was inactivated by flreatment with alka/i, the pH readjusted to 

8.1 with HC/ (2.2.31, and the o/igonuc/eotides in the digest phosphorylate~ wth 
\ 

polynucleotide kinase ,nd [ y-32~ Arp (2.2.5). Alter the kinase incubation 

1 fJ~le of ATP was added as marker anc:t'th. mixture fractionated on Sephadex G-25 

(2.2.9.2). 
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a) S' sequence analysis on columns 

The major portion of the sequence of most unique 01 igonudeotides was 

determined by analysis of the larger oligonucleotide digest products eluti. Wore 

ATP from the G-25 column (2.2.9.2). This fraction contained ail oligorodeotides 

of chain length 4 or greater as weil as mucA of the trinucleotide . 

These were loaded ,directly to a DEAE Sephadex eolumn and fractionated 

according to chain length (2.2.9.3). Individual chain length fractions were 

desalted (2.2.9.1), dissolved in 1 mi, and an aliquot (0.1 ml to 0.5 ml) subjected 

to complete venom exonuclease digestion (2.2.1). The mononucleotide co~osition 

/ of these digests was determined using Dowex 50 chromatography at pH 3.2 (2.2.9.5). 

The sequence of an 01 igonucleot ide from the S' terminus down to the third 

position from the 3' terminus was determinèd in this way • .. 
b) S' sequence analysis using electrophoresis-honfochromatography 

The procedure here was the same as that described in the previous 

section except that the chain length fractionation was performed using two~irnensional 

t:electrophores is-homochromatography (2.2.9.4). Th is system has the advantage that 

. 
partial sequence information is obtained from the migration of the digest products 

in this system béfore the mononucleotide analyses are completed. 

c) 3' terminal dinudeotide analysis 

The fractions containing the 3' terminal dinuc»eotides, eluting with the.first .. 
holf of the ATP peak From. the G-25 column, were pooled when it was necessary that 

these dinucl.atides be identified. 

Fifty~. of oligonucleotide marker (2; 1) was added to this fraction before 

.., .- -
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it was fractionated on,a DEAE sephadex chain length column e'luted with a buffer at 

ptf ~.5 (2.2.9.,3). This column separates the .... dinucleotides From in<:>rganic phosphate 
, 

[ y }2~ ATP, and From some polynucleotide kinase reaction byproduc~. A 

diagrammatic representation of the entire sequence scheme is shown-in Figure 1.6. 

d) 3' terminal sequence analysis 

1 

An alternat ive method for dotermining the 3' terminal nucleotide sequence 

oF an 01 igonucleotide was used ir'\" some experiments. The dinucleotide region From the 
1 

• 
G-25 column was not pooled in these cases. Instead, one of the chain length fractions 

( From the larger oligonucleotide digest products (2.2.1O.3c) Was sequenced using 

< 

partial degradation with venom-exonuclease (2.2.10.2). For pyrirriTdine oligonucleo-

, ~ - -
tides any oF the label/ed 5' exonuclease digeit products can be used as the target for 

. 
3 1 sequence analysis. For oligonucleotides containing ail four bases the 3' sequence .. ,. 

a~lysis must be performed On the trinucleotid~ or tetranuclèotide digest products. 

A diagrammatic representation of the entire sequence schema using this 

alternative for analysis of the 3' end is sh~n in Figure 2.2. 

Th is 0i'proach was p~rticulorly useful,for pyrimidine 01 igonucleotides 

containing ison'lers~of similor base composition but different sequence . 
• 

) 

\ " 
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Figure 2.2 

Sequence of a Hypothetical ~Iigonucleotide 

.' 

GpCpTpTpGpApC 

1 
GpCpTpTpGpApC 

CpTpTpGpApC 
TpTpGpApC 

TpGpApC 
GpApC 

ApC 

1) PNK 
2) G-25 

"'pGpC pTpTp GpApC 
*pCpTpTpGpAPC 

*pTpTpGpApC 
*pTpGpApC 

*pGpApC 
\ 

ClF 

chain length 7 6 5 4 3 

1) PME 
2) SPD 
3) PME 
4) Nca.OH 

/ 
partial SVD 

on tetranucleotide 
J 
\ 

• 

sequence GCTTGXX 

*pTpGpApC 
"'pTpGpA 
*pTpG 
"'pT 

fractionation~ond 

chromafograph ie bas. 
corrposition on Iysfs 

- s.tquenc. XXXTGAC 

... 
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CHAPTER 3 

RESULT5 

3.1 Properties of Bacteriophage 513 ~N15 DNA 
.... 

,.Bacteriophages S13 and (2jx 174 have been repo~ed to be geneticalfy 

and immunologically close 1 y related (121, 122) but, until 1972, the physical 

properties of the two bacteriophages hdd not been shown to be identical. Before 

investigating the primary structure of the 513 DNA genome, a study of the 

characteristics of the virai and replicative Forms of S13~N 15', PNA wOs perFormed 

in co-operation with Dr. R .Cerny and Dr. E. Cerna (140). ' 

Results of determinations of base compositions, the relation between 

temperature and absorbance, and reactivity cf the DNA with formaldehyde suggested 

that the viral DNA was single stranded. Ele:tron microgr~phy (performed by M. Fiandt 
. . 

and W. Szybalski, University of Wisconsin) demonstrated that the DN~ was a circular 

genome; length measurements from these electron micrographs gave a molecular we ight 

6 
of 1.8)( 10 daltons. 

Similar studies on S13suN 15 repl icative form DNA suggested that it was 

a double stranded closed circular molecule with a molecubr weight of 3.5 x 10
6 

daltons. 

o 
Velocity sedimentation analysis indicated that the 5

20 
in 5SC was 24.6 

for the v irai DNA, and 20.7 for the closed circular rept icative form. Equil ibrium 

cesium chloride centrifugation indicated that the buoyont density of the viral < 

DNA WGS l.n6 glcc, and that of the RF DNA 1.710 g/cc. 

" 
J 
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A cleta iled description of this s'tudy is inclucled in this thesis as 

Appendix 1 (140). 

3.2 Properties of Spleen Exonuclease 

3.2.1 Sequence Preferences of Spleen Exonuclease 

In the course of this study, the susceptibil ity of different pyrimidine 

sequences to spleen exonuclease hot been examined. When the concentrat ion 

of oligonucleotide was very low (1 .,aM), spleen exonuclease did not show any 

significant differences in the rate of hydrolysis of individual oligonucleotides. 

This controsts with the report (8) that spleen exonuclease degrades polyrC ot a 

much lower rate thon other synthetic ribopolymers . 

When th is exonuclease was used to degrade a radioactive 01 igonucléo-

tide in the presence of unlabelled RNA 01 iganucleotides (30 mM) the apparent 

rate of degredation decreosed to a different degree for individual 01 igonucleotides. 

Oligonucleotides C
6

T
3 

and C
S

T
6

, with 5' terminal sequences of TCTT .: ..• and 

CTreC .•... were the only pyrimidine 01 igonucleotides from 513+ DNA which 

were refractory to spl~n exonuclease digestion und~r normal digest condi\ons 

(2.2 .2). , 

3.2.2 Enzymatic Purityof Spleen Exonuclease 

The sequence studies presented in this thesis are based on partial digestions 

us ing spleen and venom exonucleoses. Commercially available spleen exonuclease 

wos found to contain seriOtJS cytosine deaminase and phosphomonoesterase activities 

and this enz.ym~ was therefore prtpared From hog spleen by the method of 

Bernard; and Bernard; (8). This preparation wOS thoroughly examined for contamin-

ct ing oct iv it ies. 

\. 



- 57 -

Except for spleen exonuclease the enzymes used in this study for the 

determination of ONA sequence have optimum activity between pH 8 and 9. 1t would 

have been advantageous to perform the spleen exonuclease partial digests at alkal ine 

pH instead of at pH 5.5 in sodium succinate buffer (8). In Tris-HCI buffer, pH 8, 

twenty tirres the concentration of exonuclease had to be used for longer time 

periods to obtain the sorne level of digestion of a déphosphorylated oligonucleotide 

as at ac id pH. A chain length fractionation of [5' )2PI C 6 T 4 treated with spleen 

exonuclease (Figure 3.1) at alkaline pH was performed to check for endonuclease or 

. 3' exonuclease activities. It was observed that~this spleen exonuclease had an endo­

nuclease activ ity at pH S.O which degraded 45% of the starting material. The relatively 

low yield of octa- and nonanucle-otides indicated that, the extraneous activity was 

not an exonuclease. 

Incubation of [5,_32p1 C
6
T
4 

with a twenty fold exceS$ of spleen exonuclease 

in sodium succinate buffer at pH 5.5 followed by fractionation of an aliquot on 

DEAE cellulose at pH 3.0 did not reveal the production of cny new decanuc\eotides 

by deamination of [5,}2 p1 C
6 
T 4' demonstrating that oligonucleotide cytosine 

deaminase activity was not significant. Fractionation of another al iquot on DEAE 

cellulose at pH 5.5 did not reveal any proclOcts which wou/d have resulted From endo-

nuclease or 3' exonuclease activ ities. 

A chain /ength fractionation of pyrimidine heptanucleotides (pYï""S) after 

treatment with spleen exonuclease at pH 5.5 (Figure 3.2) showed no degradation products 

between the mononucleotide and the heptanucleotide positions. This verified that endo­

nuclease and nonspecific phosphomonoesterase activities w6re absent. On the basis ci 

these results, ail spleen exonuclease digests were perfornBd at pH 5.5 in sodium 

succinate boffer. 

.'. 



32 

28 

24 

32p 
cpm 20 
, )(10-3 

1& 

12 

8 

4 

" 

1 2 3 

~ .. 
J 

\ · · • · 

- 58 -

5 

10 20 30 
fraction number 

& 7 8 g 

40 

.,' OA 
,..' M. NaCI , ._-----.-

: 0.3 : · · i · · · · 0.2 · · : • • · • · • · 

~ 
0.1 

50 80 

FiGure 3.1 : Cholfl ,..., 'roc'lofIIIf .... 0115' .32'1C,'. tItw trHtl'Mflt wlth .'"" .. otlUCIeo. 

, lfIcubetlo" _ for 3 "-' et ,,oc '". toto' ",0/'1_ 01 0.2"" co"..I"I,. lOO ,-'4H 01 oligoowcleotlde o~ 
0.3 u'"lft 01 .... " .0_ ...... lN IIO'W Il,.,.,,...,,,, .... fNlCtIOMtIofl 01 ." 1'lCUW1o" Ictpt at'pH 5.' 
wlth 0.05 M Tr"",",llMIer 1 .he dotNd Il ... ,..,.1Ih the froctiofllltlo" 01_ Incullatlo., ..." at pH '.0 
w\th 0.05 M sodk,." ..,ccl .... tMIf .... TM .... tunt _ 411ute4 ha 5 "" wltfl...., bef_ 'oadl,..o a 1 cm _ 25 cm 
DEAE ce"u''''' colu","; ". .-h "'utlo,,'" WOhIt, tfIo .'uoto ... 1 101 0.05 M -odlufft ...... bul' .... 
pH 5.5. 1 ffN. KH2 PO A.' 1 M __ • wltt\ a .. le", 01 0 '0 O .• M NCllCI ; fI_ rate _ 0.5 ""/mi". 0"'" 16 ml 
frac:tlQ ...... coIrectH. 
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Figur. 3.2: Choin '.ngth.froctionotion cl pyrimidine heptol"l.lcleatide (PPy)fP oft ... treatment with 
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In both of the control experiments discussed above sorne mononucleotide . 
and inorganic phosphate were produced; in more extensive digests, S' phosphory-. 
lated moterial could be cOl'1llletely degraded to monophosphates. It was calculated , 

that this spleen exonuclèase degroded S' phosphoryloted 01 igonucleotides ot a rate 

.. 
2000 times lower than 5' hydroxyl terminated 01 igonucleotides. ~ has been 

reported (34) that dinucleotide pTpT is degraded by spleen exonuclease at a rate 

1000 times less thon is TpT. Thot intermediate length pligonucleotides were obs~nt 

in fractionotions of such digests suggested that removcsl of the 5' terminal phosphate \ 

wos the rate 1 imit ing step in these reactions. 

3.3 Properties of Venom Exonuclease 

o 
'1:0 Commercire. venom exonuclease, after treotment (5) ot pH 3.6 at 37 C 

for 3 hours (2.1 ), was found to be substantially free of contaminating activities. 

After iomplete digestion of [5'-32 p1 C 6 T 4 by venom exonuelease, 97% of the 

radioactivity eluted with eytidyl ie acid From a Dowex 50 WX4 colu.mn (F igure 3.3) 

indieat ing that th is preparat ion is free of nucleotidase and phosphornonoesterase. 

Partial digestions of uniformly label'ed oligonucl'eotides (3.4) did ndt contain 

extraneous digestion produets, indieating fhat endonucleose and 5' exonuclease 

were not s ign ificant • 

3.4 Sequence Analysis of UniFormly 32P_Labelled 01 igonueleotides Isolated From 

S13+ DNA \ 

pyrimidi:'" ~I igonucleotides were isolated (2.8) FrOM 500 ~ of 32p_ 

labelled S13+ DNA of specifie activity 5 x 10
4 

cpm/lJ9 (2.6.4). These oligonucleo-

/ 
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. 
tides were dephosphoryJated (2.2.3) and most of the molecules containing leu than 

five phosphates were removed by loading the mixture,to a desalting column 

" c 

(1 x 3 cm, DEÀE cellulose, 200 mesh) and eluting with 100 ml of 0.3 M TEAB . 

.... 
lhe remaining 01 igonuçleotides wer~lùted with 1.0 M TEAB, evoporated to 

dryness, and fractionated using electrophoresis-:homochromatography (2.2.9,4). 

The autoradiograph of this fractionation (Figure 3.4) showed the positions of 

migration of the individual components, identified according to the g,id (Figure 2. HA)) 

, '. predict ing the ,igration of dephosphorylated pyrimidine 01 igo~cleotides in th', 

system. 

The 01 igonucleq,tid&s C 6 T 4: C2 TS' and Cs T 6 were eluted from the nc 

plate (2.2.9,4),evaporated to dryness, dissolved in water, and counted. A similor 

experiment using 1.7 mg of 513+ DNA of sp-=ific activity 3 x 10
4 cpm/~g yielded 

ol,igonucleotldes C
6

T, C
S

T
2

, CT~, C
5

T
3

, C
4

T
4

, C
2

T
6

, and C
6

T
3

. Overall 

re~overy of ol'~gonucleot ides purif ied in th is manher is ind icated in Table 3. 1. 

E~ch of thase 01 igonucleot i~es was anolyzed for sequence as wcs described 

in $êction 2.2.10.1. Each fract+onwas divided into t'wo equal portions; OlMI of 

these was pcrtially ~igested witb spleen,exonuclease (2.2.2),and the other w~th 

venom exonuclease (2.2,.1). Each digest was then frdttionated using electrop~oresis-

homochromatography (2,2.9.4) and the migration pattern cl the digest products 

observed byautoradiography. The two autoradiographs obtain.ed for eech sample 
) 

, . 

yielded complete sequencé infoqnotjon for most of these oligonucleotides. 

3.4. 1 QI igonucleoti~e C 6 T 
, 

Th. autoradiograph f~om th. Spleen exonuelease portial digest oF C 6 T 
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Fig"e 3.4: Autoi"adiogra~ of the fractionation by.,electrophoresis-homochroma­
togr?J)hy c:J dephosphorylated pyrimidine clusters longer thon tetranucleotides From 
S13+ DNA. • 

'II 

The origin of thiS' fractionotion (28) was in the lower ;ight corner. The First dimen­
sion ('1), from right to leFt, 'consisted of electrophoresil on çellulo$e ocetate in; 
pH 3.5 ~ffer~e~)Otoi!lïng 1~ pyridin!J (v/v), 4.5% acetic aêid (v/v), 0.5% for ie ~ 
ociclo (v/vY., and 7 M urea ; electrophoresis was for 20 minutes at 4,500 volts. T 

, cellul,ose ocetate Itrip was then placed face down af' the base of a 20 cm x 20 ,cm 
DEAE cellulose TLe plate and the sample transferred to the plate by plac.ing wet 

. stripi of filter paper above the .trip for 3Q minutel and then the plotes>were dried. Th~' 
second dimension (II) , in the vertical direction, cons;sted cl thin foyer chromcrtography 
for 3 h9'Jrs at 60~, using an RNA al kal i digest eliuolved in 7 M uree al chromatograph ic 
~ue~, j 

J Autoradiogrophy was performed by clorrping a sheet of X-ray fam between the TLe 
plate and a wooden board th~ same sixe and storing in a Iight-proof cupboard. 

~ " . ' 

-,Ix 10
5 c:.p~ ~.re used in this frQOtionation ; autor~diogr~pfiy ~xpOlure time wOI,4 h~rs.' 

, . -, \ 

,; 
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Table 3.1 

r 

Efution eX 01 igonucleotides From DEAE cellvlose TLe plates 

Recovery (cpm) , 
, 

C of11)o~ent 
. 

\:1 Isostich 
, 

Expected Fou" • Yiefd ... 1 

t 

7 "~6T, 55,600 12,000 22 % 

C
5
T
2 

55,600' 16;000 34 % 

CT
6 55,600 20,000 36 % " , 

8 C~T3 64,800 2O,00(t; 31 % 
~ 

C .. T4 64,800 25,000 39 % 

C
2
T
6 64,800 33,000 51 % 

,. 9 C
6
T
3 74,000 20,000 27 % /" 

10 ,C6T4 40,700 3,900 .-.9.6% 

.. C2Tà 40,700 '1,700 14 % 

4' 

11, C T 45,200 7,000 15.5% 
5 6 

-.., 

; 

.. ~ 
/ . . , . 

..:; 
~ ~ , , , 

t 
> • • r 1 -

j .. 
, .., . . 

9 '. 

" .. -., c • <l ,. 

• . 
, . , . '. 

1 1 

\ • 
1 ~ 

, 
1 . 
1 
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(Figure 3.5' A) contained spots tepresentÏJlg undigested C
6

T and the first two digest 

products. The first migrated above a~ sr~ly to the leFt oF the parent 01 igonucleo-

, . 
tide indicating that it contained one I~ss cytidylate than C

6
T. The second migrated 

above and to the right of the C
5 

T, indicat ing that it was composed of o,ne less T. 
• f 

Thus the digest From the 5' terminvs proceeded as follows : 

indicating that the sequence was CTCCCCC. 
f"; 

.. 

The autoradiograph From the venom exonuclease partial digest oF f 6 T 

(F igure 3.5(8)> conta ined spots represent ing und igested C 6 T and F ive part iol digest 

products •. Each oF these products had a base composition with one less cytid'ylate 

~ , 
than its parent; thus the digest From th~ 3' terminus proceeded : 

CT'; ... 
5 

... 
verifying that the 3' partial sequence was (CT)CCCCC. 

3.4.2 01 igonucleotide Cs T
2 

CT 

The' autoradiograph From the spi e«!n-digest, of ~s T
2 

(Figure 3.6<A» .. 

contained spots representing C
S
.;f2 G "four ai ifs dig~t products; Th. minor oP?" . 

. . 
t J' ... 

due to èontamiriatio!, From ~diat:ent oligonucleotides in the separation oF the 

, ...' 
pyri~i~i~ clusters. The,dig~si From the 5' e'nd praceeded : 

- ... 
, 

giving the sequence CtCTCCC. 

The autoradiograph From the venO-m exonucJease partial ?igest o( this 

- . 
01 igonucleotide (Figure 3.6(B»contained spot! representing ,CS T

2 
and four digest , 
. " 

~ . 
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A , 

Figure 3.5; Autoradiographs of the fractionations by electrophoresis-homochro­
matographyof exonuclease partial digestions of uniformly labelled 01 igonucl eot ide 
CAr. (A) spleen exonuclease; fa) venom exonuclease. Blue and yellow markers 
afe represented by "B" and "Y". ''''\. 
legend as for Figure 3.4. 5,400 cpm were used for each fractionation; autoradi­
ography,exposure time was 16 hours . 

• 

" 
Figure 3.6: Aytoradiographs 'o\the frdc:tionàtions byelebtrophoresis-homochro­
matography of exonuclease partial digestions of urtiformly labelled 01 igonucleotide 
C

S
T

2
. (A) spleen exonuclease 1 (B) venom e~onuclease. Blue and yellow markers 

are represented by "B" and "Y". 
legend as for Figure 3.4. 6,700'cpm were used ~or each fractionation; autoradi,­
ography exposure t ime WdS 16 ~ours .... 
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products, indicating that the digest from the 3' end proceeded : 

verifying the 3' partial sequence (C
2

T) lccc. 

3.4.3 Oligo~ucleotide<:T6 
-

The autoradiograph From the spleen exonuc'Iease digest of o/igonllcleotide 
... 

CT
6 

(Figure 3. 7(A))contained spots representing CT
6 

and four digest products. 

These showed that the digest From the 51 end. proce!!ded : 

and that the sequence was CT,TTTTT. 
• 

~ 

The autoradiograph from the venom exonuclease digest of CT
6 

(Figure 3.7(8)) . . 
containetl spots represen'~ing CT 6 ând four digest products. Thus the digest From 

r ~. the 3' end proceeded : 

verifying the 3' terminal sequence (CT
2

)TTTT . ) 

3 S,À'\-oo9ohtJCleot ide, C 5 T 3 

The autoradiograph from the spleen exonuclease digest or~5T3 
~ ( . . 

. fFiglJr._3.8~A))~ontained spots representing C-
5

T
3 

and three digest product'$. ~ese . . ~ . ~ , 

$how~d fhat" ;h~' di~stion fro~ the ~' e~ p .. o~ded ;0'" 
.' ' . ,1 ~ 

- - - . 

, ' . r 

The autorodiogroph From the venom exonuèlease partr~1 digest Qf Cs r3 
(F igure 3. 8( e» Conta i ned spots represe nt ing C 5 T 3 and f ive d igest Produ~ts. These 

• 

" 
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Figure 3.7: Autoradiographs of the fractionations by electrophoresis-homochro­
matography of exonuclease partial digèstions of uniformly labelled 01 igonucleotide 
CT

6
. (A) spleen exonuclease; (B) venom exonucleose. Blue and yellow markers 

ore represented by "B" and "V". , ~ 
legend os for Figure 3.4. 7,.200 cpm were used for each fractionotion; autoradi­
ography expÇ)sure t ime wos 16 hours. 

1 r"-!iE-------I 
'1. 

Figùre 3.8 \, Autorad'iogr'ap.hs of thë fractionations ~ electrophoresis-homochro­
matographyof exonuclease partial d;gest.ions of uniformly labelted 01 igonucleotide 
C

S
T
3

. (A) spleen exonuclé'ase; (8)' venom' exonuclease. Blue and yellow markers 
are represented by "SI1 and "Y". < " 
legend as for Figure.3.4. 7,000 cpn.(were used for each fractionatiori ; aLtoradi-' 
ography exposure time wal 16 hours. 
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showed that ~,he digest From the 3' end proceeded : 

- -
yielding the 3' partial sequence (C

2 
T) TTCCC, 

The combination of these two partial sequences gave the total sequence 

CCTTTCCC. 

3.4.5 01 igonucleotid~ C 4 T 4 

The autoradiograph from the spleen exonuclease digest offC 4 T 4 

(Figure 3.9(A))contained spots representing C
4

T
4 

and four digest products. These' 
, \ 

indièated that the digests From the 51 end proceeded : 

giving the 5' partial sequènce cne (C
2

T
2

), 

,The autorad iograph f rom the venom e~se_ digest of C /4 

(Figure 3.9(B)1contained sp'ots re'presenting C
4

T
4 
~nd three digest products. These 

, " l ' , , 
shma:,ed'tltat th~ diges,t frr;>m the 3' end proceeded : 

. , 

9 iv ing a 3 1 partial(;equerace (C
3 

T 2) TTC, The ombinat!o~ of thes,e two partiai 

sequences, gave the ~dtal s.quenc~ CTTCCTTC \-- S;~e the Iwo digests dÛl nol 

y~~I~ overlapping sequences, exact kn?wl,edge ~~ tHe ba~e ,~~~OSit1~n. of this 

01 igonucleotJ4e'was necessary for the ~eductio~i:of the co~lete seque"" , , • 
'. , ~"1 

, t r .. 

"f'., .. " 
. , , 

" . 
1 • , 

. , 
(Figure 3: 10(A))contained spots representing C

2 
and only two dig'est'products, 

) 

\. 

, . 

: 
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, 

1 

Figure 3.9 & Autoradiographs of the frÇlctionations by electrophbresis·-homochro­
matography of exonuclease partial digestions of uniformly /abeUed o/igonucleotide 
C/4 , (A) spleen exonuclease; (8) veno", exonuclease, Blue and yellow markers 
are represented by ,"B Il anp "Y". 

tlegend as for Figure 3.4. 8,200 cpm were used for each fract ionat ÏQn; autofad i­
ography ex'posure time WClS 16 hours, 

" 

/, 

,'" 
-, ~ 

A • .. , , "$" . . : 
, '. . . 

, 1 , . 
, 

Figure 3. 10: Autor'ad iographs of the' Fract ionat iol'l$ by electrophores is-hol'nochro­
matogrqphy,of exonuelease partial d!gestions of untfo~mly labelled oligonucfeotide 
C2T

6
, (A) spleen exonuclease; (8) venom exor'luclease. Blue and ye"ow markers 

are represented by "B" and "Y". ~ 

Legend as for Figur'e 3.4 . 8,$00 cpm wer~ use~ foc each f~actionatio~; atltoradi­
• 1 bgraphy exposure t i me was 16 hours. 
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CT 6 and C
2 

T 5' Th is showed that the two isomers in th is fract ion had d ifferent 

S' termini. 

The autoradiograph From the venom exonuelease digest of C
2 

T 6 

(F igure 3. lO(B))contained spots representing C
2 

T 6 and nine digest products. 

, , 
These showed that the digest From the 3' termini of these 01 igonuc~eotides proceeded : 

~ 
CT(> CTS . -..... ..---'" T 4 T

3 
C

2
T
6 ·CT --.... .-JI' 4 

C
2

T
S C

2
T
4 

--..... CT CT2 3 

Since one of ~he parent 01 igonucleotides had a C at the 5' terminus, the CT
3 

in 

the above diagram must have the sequence CTTT. At this point the sequence 

information can be written os a combinat ion of 5' and 3' 'terminal sequences: 

TTTTC 

CrTTT 

TTC 

CTT , 

, 01 igonueleot ide CT 6 was elut~ frol7l the TLC piete of the sp~een exo­

nucleas~ dig~$t fract ionation, (F igure 3. lO(A) desolted~ and parfially digested 
,':-, , 

w ith venom .exonuclease. The outoradiograph of'th& fra~t iOl').CJt iOfl of th is' digest 

'.. \ 1 
(Fig~re 3. 11 ) contained spots representing CT

6 
and four dig~st produets'. 'f\\ese , /. 

showed that the digest from the 3' ~érminus proceeded : • ,l 
.. , • '- ~ 1 

'CT' 
6 T '-4 .. . , , 

givlng â l' terminal sequence ~f TTTT.,ttt. .' 
, - 1" '. '\II , 

, o. 

~ ~ (, Thus the two sequ~~ces for t~e 01 i~o~ucl~ot ides C'2 T 6 were C'TTTT!TC ,. 

and TTTlCC TT : 

.. 

• 

< 
'CI 

't 

.. • 
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Figure J. 11 Autoradiograph of the fractionation by electrophoresis-homochro-' 
matography of the venom exonuclease digest of 01 igonuclèot ide CT 6 iso:lated from 
G

2
T
6

. (F!gure,J.10 (A)). Blue and yêllow mark~rs are representea br liB" and "Y". 

legend as for Figure 3.4. 900 cpm were used for this fractionation; autoradi­
ography exposure time was 14 days. 

" 

.. 

, , 

, .- y.:-'. 
l ' . " ..... 
~ -

,1 

. .. \ 
!' B • .. " 

II 

li 

1 
" 

. Figure J~.12: ~utorodiograph of the fractionation by electrophoresis-homochro-
.-matog~aphy ?f t~ venom exonu,.clease digest of 01 igonuc1eoticle C 6 T

3
. Blu~ and .. 

.. ~1I~markel'1 are repr:esent,ecf by "B II a~d "VII. .. .. :. 1 
Legend as for ~igure 3.4 .. 4,500 cpm we(e'used for'thl. fraationation; -Qutor§.di-· 
ography exposure time was 16.hours.' .: . . 
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~ 3.4.7 01 igonucleotide C 6 T 3 

" 

The autoradiograph from the spleen exonuclease digest contained only' 

one spot representing C T
3 

showing only that this oligonucleotide was refractory 
6 ' . 

to digestion. 

The autoradiograph from the venom exonuclease digest ion of C 6 T 3 

(F igure 3. 12 ), chowever, conta ined spots representing C 6 T 3 and six digest 

products. Th~se indicated that the, digest From the 3' e,nd proceeded : 

,C
4
T
3 

giving a 3' terminal sequence (C
2 

T) TTCCCC. 
1 

This autoradiograph also contained spots which may represent CT
3 

and T
3 

yielding the alternate digest pattern : 

and the sequence TTTCCCCCC. These spots, however, p~obabl y resul ted from the' • 

, 

minor contamination observed to the left of C
6

T
3 

on the autoradiograph. 

3.4.8 01 igonucleot ide C 6 T 4 
. 

The autoradiograph from the spleen exonucfe~se digest of C T
4 ff 6 

(Figure 3. 13(A))contained ~pots representlng C
6

T
4 

and three dig~t products. Thes-e 

., . 
showed that the digest from the 5' t~rminus proceeged : 

.. 
gi,ving the 5' partial sequence CTC (C Â T 3)' 
~ ", ( 

Th~utoradiograph from 'the venom .. xonu~lease digest of C
6

T
4 l 1 q -' ~ , 

~igure 3.13(8))contai.n~d s~ts representingf6T4 and ... !ive digest prpducts. 

.; 
1 • , 

• 
1 

" . ~ 

." 

" 

' .. 
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\ 

Figure 3. 13: Autoradiographs of the fr~~tionations by electrophores is-homochro,.. 
matography of exonuclease parti~ digestions of uniformly labelled oligonucleotide 
C"T4 · (A) spleen exonuclease; (B) venom exonuclease. Blue and yellow markers 
an, représented by "B" and "Y". 
Legend as for Figure 3.4. 1,400 cpm were used for each fractionation; outoradi­
ography exposure time was 16 \:lours. 

A ... 

1 

t'"t!:t· •• '.g... Il 

• 0 . 

B 

1 

, Figure 3,14: AutOradiog~ of th. fractionations by .I~ctrophor .. is-homochro-
. mafography oF exonuclease partial digestions of uniformly labelled oHgonucieotide 
C2 Tta· (A) splee..n exonucléase; (8) vel'tom exonuclease. Blue and yell ow rnarkers 
a&' represel'Jted by "B" and "Y"" .' , 

. Legend QI for Figure 3.4. 1,900 cpm were used fof each EwJètionat ion; autoradi::-
ography ~xpolure tJmé wàs 16 hours. '. • 
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The:se showed that the digest from the 3' end proceeded : 

giving the 3' partial sequence (C
3

T
2

)CTTCC. 

The combinat ion of these two part ial sequence$ gave the incomplete 

seque nce C TC (TC) C TTC C . 

3,4.9 OiigoOl,lcieotideC2Ta f 
1 

The autoradiograph From the spleen exonuclease digest of C
2 
Ta' 

(F idure 3. 14 ~))contained spots representing C
2 

T 8 and three digest products. These 

'shcmed that the digest From the 5' end proceeded : 

, 

1 

~, 

<' 

•• 1 

.~. 

. 
-~-~--- - ~-- - . 

giv,ing the 51 parti61 sequence c:;,TT(CT
6

). 

The autoradiograp~ Fro, the venom exonuclease digest of C
2

T
8 

(Figurft 3. 14(B»)Conta ins spots representing C
2

Ta and six digest products. 1 These 

showed that the d~est from the 3' end proceeded : 

.... -, 
1 • ) 

... CT , 6 

yielding the 3' partial sequence (CT3) TTTTCT. 

, 
... ... 

.. 

The combinotion of these two partial sequences g';.es the tot~1 sequencte 
/ \ 

p 

CTTTTTTTGT. Again, knowledge of the base composition was neeessary for the 
l 

deductioA 'Of the comp.lete sequence. 
, • J 'l 

n 

'. 

. , 

The outoradiograph fr,om the.spleen exonuclease partial digest of C
S

T
6

, 
. , ' . -

(Figure 3.1S(A))contained a"ly one spot, and·thus gave no sequence Infirmation. 
, \ 

_' .' 1 J .. 
.. 

-, 

: 
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Figure 3, 15: Autoradiographs of the fractionations byelectrophoresJs-homo1::hro­
matography of exo~ucl .. ~se partial-digestioJl$ of ul't>jformly làbelled oligo~ucleotide 

.. 

- , 

CCi T6, (A) spleen exonuclease; (8) venom exonuclease, Blue and 'yel 1 CM' marke", 
are represented by "8" and "V", -
Legénd as for Fig~re 3.4. 2,700 cpm were u'f'd for each fractionation; autoradi-
ography exposure til'll8 was 16 hour~, ." . , 
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The autora~iograph From the venom exonuclease partial digest of Cs T
6 

(F igure 3. 15 ~» conta ined spots represe nt i n9 C 5 T 6 and six digest products. These 
• l, 

indicated that the digest From the 31 end proceeded : 
1 

.... CT' -+ 
5 5 

3.4. n Summary 

.... CT· .... 
4 4 - .... 

The seq,uences of pyr imid ine 01 igon~Fleot ides From S 13+ D'NA ~h ich have 

been determinèd using uniformly labelled material as substrate are s.ummarized in 

Table 3.2. 

In the càses of 01 igonucleotid ~r experiments with' 
/' .. . 

morè severe spleen eXbnuclease digestion conditions ~ould certainly have yield •• · 

more sequence data; however, the sequen,ce of these 01 igonucleotides has been , 

presented oy two other techniq\Jes, and it was decided that further sequence studies . 
• 

'?n t~ese uniform!y label/ed oligonuCleotide.swereofno practical value • 

... 
3.5 Properties of Polynucleotide Kinase 

3.5. l 01 igonucleot ide-I ike Contaminants in Polynucleotide Kinase .. 
'1 ; ~ ~_ .. 

3.5.1.1 Properties of the Contaminants 
'\ 

lt has been found that polynucleotide kinàse prepared acc.ording to 

Richardson (12) contained contominants wh ich interfered with sequence studies. 

When the kinase ~nd ( y }2p1 ATP were incubated in the abSence of oligonucleto~ide 

substr?te and the mixture fractionated on a column of Sephadex G-15, considerab1e 

radio?,ctivity elutéd before the ATP fraction (Figure 3.16). A chain length 
1 

o 

-' 

• 

- - - 1 

1 
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Table 3.2 

" . 
- , 

Summary cl the sequences deduC!td From uniForrrity labelled 01 igonucleot id,es 

11 

10 

9 

8 

1 

+ ~ 
isolat..ed ~ .. om 513 DNA 

Componentt 
~~" 

C5-T6 

• C6T4 
C

2
T
S 

C
6
T
3 

. , 

Sequence 

(C3 T2) TCTTCT 

CTC (CT)~TTCC 

crTrrrrrcT 

(C2 T) TTcCCC * 

.. . 
CTTCCnC 

cTTrrnc 

TTT1CCTT 

CTCcece 

crcrcec 
erTTTTT 

.. 

~, 

1\' the leu t Ikel Y ~.nC. TTTCeCCCC Cannot .,;, discountecf From 
uniform label sequence data alone. " ,. 

• Il 
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~ , 
fractionation of this material on DEAE cellulose indicoted that 78% of it was similor 

in charge to trinuclèotides, while 22% was divided among the di-, tetra-, ,and 

pentanucleotide fractions (Figure 3.17). 

Extensive dial)'$is of this enzyme preparot!on against 50 mM Tris-HCI 

buffer, pH 7.5, 10 mM mercaptoethanol, 0.5 M KCI did not remove Q signific:ant 

amount of the contaminants; nor'did gel filtratiôn on a Sephadex G-25 column 
,\ 

eluted w ith the same buffer . . 
A spectrum of this preparation of polynucleotide kinas~ (Figure i. 18 ) 

showed a high A
260

/A
280 

ratio, in~icating the presence of nucleotide material . 

The elution prafile.of
32

p radioactivity suggested that these contaminants 

had a varying number of phosphate groups; the spectrum of the polynucleotide 

kinase suggested that they were nucleotide in nature; and the fact that thèy were 

• stable in alkal i indicated that they m ight be 01 igodeo)(yribpnucfe~tides. 
/ 

The contamination was calculated to be approximately 12 nmoles nuchtotide , 

per ml ,of polynucleotide kinase stock solution. T"'is corresponds to 120 pmoles 

of tr.inucleotide contaminant in a normal Jabelli~g reaction u\ing 0.015 units of 
,\ 

• 1 fi 'p?tynucleotide kinase. 
, , , 

« 

•• ~I Incorporat ion of rodioact iv ity into the contominating 01 igonucleotldes 
, f 

in control expe;imeaonts (Figure 3. 16) indicate~ that their concentr'btion w.&s From 5 to 
, 

20 nmoles Iml of stQck solution. Th is I~ve~ of ;nt.~eri!1Q ol,igonucleot,ide (1 
• • .t 

nmole,c,nit) is rruch tao high for sequepce, stud ies,. 
/ 

• 0 

, ./ 

3.5. 1.2' Preparat ion of. Contaminant-fr~ P~lynV'Cl.ofide' I<in~e 

«' '- -

" ,. -

Pol~nucleotide kinaS'e was pr~par~d a~ord~ng tô Ri~hQrdson (12) ex~p~ 
• 1 

.. ~ \. • 4 

" \ . 
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figure 3.17: Choi" lengtb froctioflOt.ion of lobell.d ccmtominonts isoloted From polynucleo-

tide kinase. " 

The poofed froeions From the Sephode" G-15 e'vote (figure 3.16) were looded directl'J. 0 

l cm " 25 cm OEAE cel/ulOle colulJ\n; the wcasn solut i~ wos woter, .1 uote wos 2 1 of 
0.05 M sod ium acetote buffer pH 5.5, 1 rtN. K ~PO ~ , 7 M ur.a, w ith a grad i .... t of 0 ta 
6." M Noel iflow rat. was 0.6 ml/min, 1 .. mtfrOCho'1l wer. collected. 
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Figure 3.18: Spectrum fi polynucleotide kinase. 

" r , ' * 

PoJynuc'.otide kinœell.5 Vftits/ml)'dr.olved in '1.05 M Tris-ttC1 buff ... , pJ.t 7.5, 10 rPM M~12:\20 rrNt mereap­
toethonol, 50% g!~erol, WCII plCIICed in the ~I. cuwtt. (1 cm path tength). Buffer without enzyme WQS us.cf 
c:a biG". The speetNm weil rneasured in a Gif tOn 2000 spectraphotometer from 220 to 300 nm at 2 nm intervats. 
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1 rrM ATP was added to ail buffers up to~and including the wash buffer of the 

DEAE cellulose column. Contaminant, were labelled in an incubation of this. 

preparation of enzyme with [ y_
32

pJ ATP and were isoÎated by Sephadex G-15 

chromatography. A cha in length fmct ionat ion of th is mat eri c:J 1 (F igure 3. 19) 

showed that the level of interferi,ng oligonucleotide had been reduced by a factor 

of 24 to 330 pmoles/unit. 

Éven this level cA contamination would be too high for many sequence 
-t 

experiments and therefore this preparation of polynucleotide kinase was further 

purified on another DEAE ~lllulose column (13). ~ 
Uni ike the initial DEAE cellulose column, th is fract ionat ion separoted 

the preparation into two portions; 40% of the enzyme activity eluted during the loading 

and the wash with 10 rrM potassium phorhate buffer ; 60% eluted with 50 mM 

buffer (F igure 3.20 ). The latter fracto~ was not used sine. it contained a small 

amount of 3 1 exonuclease act iv ity. 

32 " 
Using very high specifie activity [ y - PI ATP it was shown that the 

10 mM fraction contained 4 pmoles nucleotide per unlt of polynucleotide kinase 

80 times less than the. enzyme looded to the column. This 10 rrM fraction was us.d 

in ail experim.nts described in th is thesis. 

3.5.2 Enzymatic Pu rit Y of Polynucleotide Kinase 

The prop.rties of the polynucleotide kinase isolated in this laborotory 

were shown to be similor to those report.d by others '(12, 35, 36, 37). 

The preparation was tested for .ndonuclease and exonuclease octiv ity by' 

incubation with pyrimidine nonanucleotide (PY9P 10) in the p .... nc. of alkoJ ine 

~ ~ '\ , 
",,\ 



hr( "rt 

.. 84-

4 10 0.4 

M. NaCt 
--------

3 4 

pmoles 

20 40 60 
tract io n no. 

0.3 

0.2 

0.1 

80 100 

Figure 3.19: Chain length fractfonatfon of labelled contaminants 
isolated from polynucleotide kinase prepared with 1 mM ATP in the 
initial purification buffèrs. 

" 
Incubation was for 12 hours at 22°C in a total volume of 0.2 ml 
or 10 mM Tris-Hel buffer, pH 8.1, 10 mM MgCl , 20'mM mercapto­
ethanol containing 2 nmoles of [y_32p]ATP, 0~01 un1ts of poly­
nucleotide kinase, and no added oligonucleotide. The mixture was 
,fractionated on a Sephadex 6-15 column and the contaminants loaded 
directly to DEAE cellulose. Column dimensions were 1 cm x 25 cm, 
the wash solution was water, eluate was 2 1 of 50 mM sodium 
acetate buffer pH 5.5, 1 mM KHlO~, 7 M urea, wi th a gradient of 
o to 0.4 M NaCl; flow rate was 0.6 ml/min, 12 ml fractions were 
collected. 
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Figur. ,3.20 : Chromatography ri- poly~c'.otide kinase on DEAE celiulOM. 

Polynucleotide kinase (see text) was dialyzed agai,.t 10 rrN. potassium phosphGte buff.r pH 7.6, 
~ rrNt mercoptoethanol, and loaded ta a 1 cm by 25 cm co~umn of DEAE cellulose woshed -with 

;' 

the SQme buff.r. The column WQI .Iuted with 200 ml cl .the wash buffer followed by '00 m~f 
50 rrN. potassium phosphate buffer, pH 7.6, 20 rrM mercaptoethanol ; 20 ml froctiofl$ w.re collected 
and 30 ... 1 of eaeh fractionwCB assayed (2,2.5.2,) . 
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~ phosphomonoesterase. A chain length fract ionat ion of this incubation (F,iguPe 3:21) 

• 

.• howed tOOt no 01 igonucleot ides smoller than the nonanuc/eot ide were present. '~ 

Pyrimidine,rionanucleotide incubated without phosphomonoesterase or polynucleotide 

kinase e/uted ot a volume c'Orresponding to a molecule containing ten negative 

-
phosphate groups. !he dephosphoryloted nonanucleot ide (Py 9P 8) from the test 

reaction eluted at a position correSponding to a molecule containing 8 phosphaté 

groups. The abse nce of degradat ion products ind icated that th is preparat ion of 

polynucleotide kinase'was free of nucleases. 

Polynucleotide kinase was tested for extraneous activities under nor,~' 

labelling conditions by incu~tion with dephosphorylated undecanucleotide C
S

T
6 .. , 

32 . 1 in the presence of [y - p! ATP (204.3). Thè absence of label ed products other 

than the undeconucleotide in the chain length fractionation of this incubation 

(Figure 3..22) indicated that ATP dependent nucleolytic or polymerizing activities 

were not significant. 
, 

Theendonuclease activity present in this preparation of polynucleotide 

kinas~ was assayed by the very sensitive assay described by Sadowski (38) for 

T4 endonuclease W. This involved the digestion of 32P_labelied 513+ single 

stranded circular DNA with the polynucleotide kinase, foflowed by digestion of 

the nicked circles with exonuclease 1 and the measurement of acid precipitable 
. 

radioactivity. IThis test indicated that in a normal labefling reaction one 

endonuc/eolytic cision would be made per 12,000 nucfeotide bands • 

3.5.3 9'igonucleotide 3' Phosphomonoesterose Âctivity cl Polynucleotide Kin .. 

1 ln aH labell ing experiments using polynucleotide kinase and { y }2PJ ATP 

• 

;; Q 
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Figure 3.21 : Chain length fractionatiort ri a pyrimidine nonanucleotide (PY9P 10) oftar 
treatment with phc.phomonoesterase and polynucleotide kinase. . 

Incubation wos for 12 houn,ot 22°C in ~ tota' volume of 0.5 ml of 10 rrN. Tris-HCI bufFer, 
pH 8.1, 10 rrNt MgCl , 20 rrNt rnercaptoethanol containing SOO pmoles of 32P-labelled 
nonaf"IJcI.eotide and 0?ti2S units of poly,."cleotide kinase. The mixture was diluted to 5 ml 
with ~ater and looded to a 1 cm x 25 cm- DEAE cellulose columni wosh solution wa, water, 
e'vote wos 11 of 50 rrNt sodium outaN buffer, pH 5.5, 1 rt>N. KH

2
PO .. , 7 Muree, with 

a gradient of 0 to O." M NoCl ;flow rot. wos 0.5 mt/min i 8 ml fractions were eollected. 
The dotted line represents the fractionation of a similor incubation contai.,irlg no enzy~. 
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to a 1 cm Il 25 cm DEAE cetl"ro.. col"tII", weah toI"tiOfl _ wct ... , e/uote was 2 1 01 sa fftM \Odium oeeta ... buff.,. pH 5 5, 1 rrNr l(H2~ 4 
7 fIA uf'eO, .... ith (1 grodie"lt of 0 to O." M NGCl ; Flow rat. wos 0.6 ",I/min. 14 ml frOC' 10'" w_ co/lected . 
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considerbble omounts of inorganic phOsphate,wereprbduced (Figure 3.21). Control - ~ 

, . 
.. experiments in th is l-oboratory and,e'lsewhere (37) h~ shown that Â TP was not 

'. 
1 

• dephosphoryJated by polynucleotide kinase in the ab$ence of 01 igonucleotide 

substrcstes suggest ing thàt ,the phosphate was hydrol yzed fr'om the 01 igonucl eot ide. 

The action of pol yn~cleot ide kinçsse on a pyr imi~ ~n~ tetranucleot id6 

(PY4PS) was tested by incubation in'th'e absence of ATP •. A chain lengtlt fraçtion-
.. , r 

ation oIi such an incubation (Figure 3. 23(A»showed that 45% oF the radioactivity 

'eluted in a p~it-ion corresponding to a molecule contoining fOur phosphate groups. 
" 

In the control experiment (F igur:e J. 23 (B» ail the radioact iv ity eluted in a volume . 
'i 

corresponding to a molecule containi~ 5 phosphate groups. Fre:Jctionation of 

incu~'t1t,ions whic" inCiuded phosph~mÇ>noesterase (Figures 3. 23{C)and 3.23(D)}' 
. 

/, 

J, indicated that two phosphate groups had been removed From the tetronucleotid~ . 

. Incubation of a pyrimidine heptanucleotide (PY7P8) wit~ higher pol y,,: 

'nucleotide1kinase c~ncentr~tion for a longer time period result~ in the quon~itotjye' 
.. , .. ~ 

removal of one phosphate from the start i,ng material. The chain length fractionati0r:' 
v • .... 

of th is' incubat i~n and of a control inçubat ion wr.hout eniyme (F igure 3.24) showed 
" r; 

thot the kinase treated 01 igonucleotide conta ined one tess phosphœe'than the start ing 
\ Il Cl ... 

matèrial'r~tive ~o the dephosph~ry,loted dèéanucleotide' marker: 

.,. ~ ~ 'li 

These experiments indica~ed that polynucleotide kinase removed one 
". • 1 ,L , " . , . 

p~osphate Ffom an' 0'1 igonucleotide, bût did noi- disti~uish between th~ 5 1

7 or the 

\ 

3'-terminal phosphates. The observation that inorganic phosphate was produc'èd 

during incubation cl poJynucleotide kinase and [ y _3~Pl A TP with dephosphorylated 
, 

ol-iQ..onucieotides (~igure 3.)2) strongly su~gesti that the~ 5' terminal est~r is t~e ône 

- , , 
: 

" , 
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-phOiphomto<~terGie. -. 
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~~iOfW wére for 10"houn ,. nOc i ... a total volume 01 0.:5 ml 01 10 mM Tri.-HCI buffe" pH 8. l, 10 rrN. Mg( '
2

, 20 mM rnerc~­
toethol"lO' contoi ... i"SJ 200 pmol'et 01 tefronuc'eotide atld the foJlowing: (A) 0.05 uflin al polynocleotJde kl_... (B\ 'la oddlt.O"", 
fC4 0.75 unih al photphpnlo __ terCIM, (0) 0.75 un)b 01 phosphomonoesten:ne atld 0.05 un,~ of polynucleotIde ki'lClle ln. 
mixtures .... re diluted"to 5 ml with woter atld loa~.o a 1 cm x 25 cm oeAe ~ltulose column / tfMrwosh solut.on WClS wbt~. .Iuat. 
- liai 50 rrN. ~ivm aqtGfe buff." pH 5.5,1 rr#tA KH2P04, 7 M urea, 'ith-o grad .. nt al 0 100 4 M NaCl; Flow rate wo~ 
0.6 ",I/mi ... , ~IO ml froct,o!ll _re>collected • 
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FiguN 3.24: Eff.et ~ polynucleotide kinase onO pyrimidine hepto~eleotide (PYlB)' 

~ i..:ubat iotw we,. ... 24 houB in a total volume of 0.2 ml of 10 rrM Tr is-t1C 1 buff." pH 8. " 10 rrN. Mg<: '2' 20 rrN. mercoptoetho""oO', 
coNoinlng 60 p..,!. of heptonucleotide (Py/S) and 20 pmo'es 01 ct.phoaphoryloted decanucleotida (PY'OP,>, The solid li.,. ..-present. 
the ~in , • ..., Sroctionation 01 on incubat..!r contoini"'IJ 1\0 eru:yme, the dotted li.,.,..,....."", th. froèlionotion of an incubotio'l 
cOfltaini"'IJ 0.25 unitt/ml pol)'!1Ucleot ide kme... The mixtur .. we,. dilut.d to S""'mI witll wct. and looded to 0 1 cm lt 25 cm DEAE cellulose 
eo(umn; the ~ash wlution ~ wcHer, el..,ote _ 2 , of 50 rrHo sodium oc.tote buffeç pH 5.5, 1 rN.A KH

2
PO 4' 7 M UnIQ'; with a grodie'" 

of 0 to O •• M NeC 1 ;fI_ rote wos 0.6 ml/min..,; 13 ml froctio,.. _re collected. 
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hydrolyzed. A time course of the tra(lSfer of 32p radiooctivity from [ y_32PIATP 

to an ex cess of dephosphoyrlated 01 igonuéleotides mediated by polynucleotide 

kinase (Figure 3.25) showed that once the [y _32 p]ATP h~d been exhaU5ted, the 
(- ,. 

radioactivity in the oligonucleotide fr:act~hn decreased Indicating that an oligo-

nucleotide 51 phosphomonoesterase activity was present. 

, , 

3.6 Sequences Deduced from 51 Terminal labell ing Followed by Exonuclease Treatment 

• In general, it is difficult to label deoxyribonucleic acid in vivo, to a 

sufficiently high specific activity for oligonucleotide séquence analysis. This 
1 . . 

quântitative pioblem was ove~come by' using polynucleotide kinase to transfer high 

specific activi~y 'radioactive ph~sphate frôm ( y - 32pIATP to the 51 hydroxyl terminus 

of the oligonucleotide being investigated.\ ln this way preparation of the DNA was 

sirnplified because low specific activity or unlabelled material could be used. The 

speci,fic activity of the [ y - 32 p]'ATP used in this laboratory was suffi~iently high 

that as 1 ittle as one pmole of 01 igonucleotiçfe could be used for a single sequence 

experiment. ..' 
Pyrimidine oligonucleotides were isolated from 47mg of S13+ DNA (2.2.8) 

and were separated according t,o chain length on a DEAE Sephadex column (2.2.9.3). , 
Individual components of the chain length frcictions were isolated by chromatography 

at pH 3.2 on DEAE Sephadex colu~ns, (2.2.9.3). Four to twelve nmoles of each 

of the three nonanuc:\eotides, the two decanucleotides, and the undecanucleoticle 
- \ 

wereoobtC!ined in this way. 

1 • 

r 
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Figure 3.iS: Incorpor.at1on of radioactiv. label f.-. [y.32p}ATP tnto an axcess of 
oli9Of\ucleotidts Mdtatld by polynucleotide Ici ....... 

Incubation was It 22-C tn 1 total vol .. of 0.5.1 of 10 IIIM_Trh·HCl buff.r. pH 8.1. 
10 ... MgCl • 20 ..... rcapteethaftOl cOftta1ntJ\g 10 ",'es [y.3ZP1ATP. lS .. les of 
Mixee! dephisPhorylated pyri.idine ol1tonucleotfde, longe" titan htxlnucleotfdts. and 
0.025 unfts of polynucleotide kinas.. Al1quots ..... ..-uV" al ,.leetecl ti ... inte\"'­
vals and incorporatfon .asuNd by b1nd1ng t" 1.be11ed ol1gonucleotides to a DEAE 
cellulose suspensfon. r..ovin9 ATP by Nlshint w~th 0.18 M NlCl on a 91ass f1ber 
filt,r, and countfng the DEAE suspatlsfon. , , 
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• 
Each of these 01 igonucJ.eot ide fract ions was desalted (2.2.9. 1 ), 

" 
dephosphorylated (2.2.3 ), and 100 pmoles labelled at the 51 terminus usirg 

- 32 ~ " 
polynucleotide kinase and [ y- P]ATP (2.2.5.3. ). Eoch of the labelled 

01 igonuc leot ides. was separated from excess A TP by cha in length chromatography on . 
DEAE Sephadex (2.2.9.3 },desalted again, and concentrated. This was followed 

by part ial digestion with venom exonuclease (2.2. 1 ) and F~actionation using 
1: 

electrophores is .homochromatography (2.2.9.4 ). Complete sequence information 

~ 

was obtained for 011 the above nucleotides From the autoradiographs of the TLC 

plates From these Fractionations and From S' terminal mononucleotide anol~es. 

3.6.1 Oligonucleotide C
6 

T
3 

The autoradiogra{h From the venom exonuclease partial digest of [SI_32 p1 

C
6

T
3 

(Figure 3.26) contained spots rèpresenting C
6

T
3

-and ~1I8 of its labelled 

digest products. l'hese show that tht digest From the 3 1 end proceeded: _ 

C6T3 - CST3 - C4T3 -- q3T3 
1 

giving the total sequence TCCTTCC~C. 

CT - T 

3.6.2 01 igonucleotide Cs T 4 

-The'autoradi-ograph From the venom exonuclease partial digest of [SI_32p] 

Cs T 4 (F igure 3.27) contained spots 'representing C
5 

T 4 and ail 6 of its labelled digest 

products. These showed that the digest From the 3 1 end proceeded : 

- - -
giving the 3 1 partial sequenCe (T

2
C)CCTCCT. 

, 32' 
Â sample of (5'- Pl Cs T 4 wcs completaly digested with venom exo~clease .. 
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Figure 3.26: Autoradiograph of the fractionation by electrophoresis-homochro.­
matography of a venom exonuclease part ial digest of (5 1

_
32 pl C 6 T 3. 

100 pmoles of oligonucleotide was laballed using polynucleotide kinase and 
[ y _32pj ATP (2.2.5.3.) ; excess ATP and phosphate was removed by chain length 
fractionation on DEAE Sephadex (2.2.9.3.); the oligonucleotide was desalted 
(2.2.9.1.) and a portion partially digasted with venom exonuclease (2.2.1.) and 
fractionated by electrophoresis homochromatography. Blue and yellow markers 
are represented by liB" and "Y". 
Legend as for Figure 3.4. 15,000 cpm~were used for this fractionation; autoradi­
ography exposure t ime was 18 hours • 
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Il 

Jre 3.27: Autoradiograph of th. fr~tiOnaliOn by .I"§~ophor.sis-homoehro­
matography of a venom exonuclease partial digest of [5'- Pl C

S
T

4
, 

Legend as for Figure 3.26, 23,000 epm were used for this fractionation; autoradi­
ography exposure was 12 hours, BI~e and yellow markers are repr.sented by "B" and "Y". 

11 

1 

Figure 3.28: Autoradiograph of the fract ionat ion by ele§~ophoresis-homochro­
~y of a venom exonuclease partial digest of [5'- PI C

4
T
S

' 

1 

Legend as for Figure 3.26, 200,000 cpm were Uled for this fractionation ; autarodi. 
ography e>Cposure wf1li 2 hours. 81ue and )'8l1ow markers are represented by "B" and "Y Il • 

" v 
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(2.2. t ) fcrl/owed by mononucl~otide ana/ys.', This indicated that the 5''::'tern.1nus 

of C
5 

T 4 was a cytidylate residue. This additional data yielded the total sequencè 

CTTCCTCCT. 

3.6.3 Oligonvcleotides C/
5 

The autoradiog{Oph From the venom exonuclease digest of [5 ,}2PI C
4

T
5 

(Figure 3.28 ) contained one spot representing the two oligonucleotides in this 

fraction and thirteen spots representing digest products. These showed thot the 

digest From the 3 ' end proceeded : 

/ 
giv ing the partial sequences: 

CT 
TC 

TTTC 
CTTT 

Tce 
CTC 

CT2 --' T 
-.... CT~· 

CT/' "'C 
2 

More information was required to determine which partial sequences should be 

coup/ed to give two independent c:orf1>lete sequences. 

01 igonucleotides C
3 

T 4 and C
2 

T 5 were eluted from the TLC plate of the 

aboye fractiQl'\ation; partial venom exonuclease digestion of C
3

T
4 

yielded no 

rinformation but the autoradiograph From the digest of C
2

T
S 

(Figure 3:29) contained 

spots represent ing C2 T 5 and four digest products. Th ... showed that the digest 

From t~ 3' end proceeded : 

If - -
living the 3' partial sequenCe (CT

2
)TTCT. 

Trinucleotides CT
2 

and C
2

T wer •• Iuted From the original TLC plate and 
) . 
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Figure 3.29: Autorad iograph of the fract ionat ion by electrophores is -homochro-
~t~aphy of a venom exonuclease partial digest of ~S,_32P1 C2T 5 isolated from .. 
{S - PI C4TS' , 

, 
32 . 

[~I- PI C.2T
S

'was e1vted From the ne plate (Figure 3.28), evaporpted to dryness, 
partially dTgested with venom exoQuclease (2.2. h) and fractionated using 
electrophoresis-homochromatography. Blue and yellow markers are represented by 
"B" and "Y". 
legend as for Figure 3.4. 2,000 cpm were used for thi. fractionation; autoradi-
ography exposure t ime was 6 days. . 
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, 
their 5' terminal nucleotides identified by co~lete digestion with venom exonuclease 

(2.2:1) and mononucleoticlê analysis (2.2.9.5). CT2 was found to have a 

thymidylate residue at it~ 5' terminus, and C2T a cyJidylate residue. 

This additional information showed that the digest of C/
5 

from the 3' end 

. 

CT4 - CT3 - CT2 

- C2T3 - C2T2 - C
2
T 

giving the two sequences CTCTTTC TC and TC TTTCrCC. 

3.6.4 0 1 i~onucl eot ide C 6 T 4 

CT - T 

CT .... C 

The autoradiograph from the venom exonuclease digest of [5,}2 pl C
6

T
4 

(F~ure 3.30) contained spots representing C
6

T
4 

and ail nine tabelled digest products. 

These showed that dig~t from the 3' terminus proceeded : ~~ 

C
6

T
4 

- C
5

T
4 

- C
4

T
4 

-+ C
4
T
3 

- C
4

T
2 

- C
3

T
2 

.... C
3

T .... C
2

T .... CT - C 

giving the sequence CTCC TCrreC. 

3.6.5 Oligonucteotide C
2 

Ta 

The autoradiograph from the v.nom exonuclellSe ~.igest of [5' )2 PI C
2 

T a 
1 

(Figure 3.31 ) contained spots representing C
2

T
a 

and six label/ed digest products. 

These showed that the digest from the 3' end proceedéd : 

- CT 5 

giving the 3' partial sequence (CT
3

) T~TTCT. 

-' 
A sampte of [5' - 32p1 C

2 
Ta was completely digested with venom exonuclease 

(2.2.1 ) follGYIed by mononucleotide analysis. This indieated that the.S'.terminus of 
i!o 

, 

.- . 
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1 
Figure 3.30; Autoradiograph of the fractionation byelectrophoresis-homochro-
matography of a venom exonucleose partial digest of [5,~32Pl c 6 T 4' 

Legend as for Figure 3.26, 15,000 cpm were used for this fractionation; autoradi­
ography exposure was 18 hours. SI ue and yellow markers are represented by "S" and "Y", 

II 

1 
. 

Figure 3.31 ; Autoradiograph of the fractionation by efectrophoresis-homochro­
rnatographyof a venom exonuclease partial digest of l5,.32p] C

2 
T
8 

• 

t.egend QI for Figure 3.26. 11,000 cpm were used for thi. fractionation; autoradi­
ography exposure was 18 hou". Blue and yellow marke" are represented by "B" and "Y", 

". 
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C
2
T
8 

was a ~ytidylate residue. This information, alo~ with the base co~ositiafn 

gave the total sequence: CrTTTTTTCT. 

3.5.2.6 Oligonu~leotide C
5

T
6 

The autoradiograph From the venbm exo~uclease digest of [5' }2p1 C
5

T
6 

(Figure 3.32) contained spots representi~ C
S

T6 and ail ten labelled digest 

products. These showed that the digest From the 3' end proceedt=!d : 

C 5 T 6 - C 5 T 5 - C 4,T 5 - C 4 T 4. - {: 4 T 3 -+ C3 T 3 - C3 T 2 -+ C 2 T 2 - CT 2 -+ CT - C 

giving the total sequel'lCe CTTCCTCrTCf . 

3. {J. 7 Summary 

The sequence(determined u;ing 5' terminal lab.1I ing followed by venom 

exonuclease digestion are summari~ed in Table 3.3. 

Table 3.3 

Summary of th~ sequences determined via 5' label! ing followed by exonuclease digestion 

IsOitich C o~onent Sequence 

11 C
5

T
6 

CTTCC 1C ne. T 
.--.., 

10 C6T. ClCCTCTlCC 

C
2

T
8 

CTTTTTTTCT 

9 C6T3 • 1C~TTCCCC 

CST .. CrreçlCCT 

C .. TS 
lCTTTClCC 

ClCTT1ClC 
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Fï9ure 3.32: Autoradiograph of the fractionation by ele~~ophoresis-homochro-
matographyof a venom exonuclease partial digest of [5 1

- Pl C
S

T
6

• .. 

Leg4lnd as for Figure 3.26. 30,000 Cpm were ute_d for this fractionation; autoradi-
" ograph) exposure was 18 houts. Bltle and yeJlow marke~s are represented by U~" and uyu. 
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3.7 Sequences Determined via 5' Exonuclease Degradation Fol\owed b.y 5' 
1/ 

Terminal Labe" ing 

A' 
The methods discusst;d above involved the ,determination of base composition 

.." '" . 
from rêlative migration in the electrophoresis-homochromatography system; this was 

simpJ~for pyrimid ine 01 igonucleot ides and is theore'fical1y possible for short~1 igo-
~ '. 

nucleotides conta ining ail four bases (69) . The determination of sequence 01 igonucleotides 

cont~ining ail four bases longer than pentan~cteotides requires more resolution than 

is available in th is system. 
, 

A method for sequence anal ys is of 01 igo AU cl eot'ides wh ich c ircumvent$' th is 

problem has been developed. The 0ligonucleot1de under stud~. was dephosphorylated 

and part ially digested with spleen exonuclease and ,the ~e,su.\digest lobelled 

using polynucleotide kinos~ ond [ y }2p1 ATP. Fractionati~n·of the labell~d digest 

on a Sephadex G-25 column followed by DEA~ Sephadex chromatography or by 

electrophoresis-homochromatography separated the, labelled digest prod~cts from 

, eoch other and From AT'!> (2.2.10.3). Identification of the 5' terminus of eoch of 

the digest prooucts by co;"plete ve~o~ e~onyclease digest," ond mononucl_tide 

analysis yielded the sequen~ of the 01 igor\u,cleotide exce~ for the 3' terminus. l 

This terminal sequence was determine(j by chromatographic base cOfllX>sition analysis of the 

di..nucleotide digest product or by sequence analysis (2.2.10.2 ) ~f the td- or 

tetra nue! ~ot ide d'igest products. 

The nonC!-, deca-, and undecanucleotides isolated as described in 
~. , 

Section 3.6 from $13+ DNA wer~ examine~\in this manner. Except for C 4 T 5 ' 

~ 

,100 pmo/es of 01 igonu~leot ide W,ere used in each exper imel'lt • 

, li> 
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3.'7.1 'OligonuoleotideC
6

T
4 

The ~I~ate From ~h~ Sephadex G-25 'colum;' (Figure 3. 33(A)) was divided . 
into the long ollSl.onucieotide fraction and the dinucleotide con~aining fraction, . 

, : as shown by the bars, in 'the ~iagram. the <:Iinucleot id'e f~.<;t ion wa~ .c~mb ined w ith 
, . 

marker oligorucfeotides and further purified by DE~E Sephadex chain'Iength . 
J ... '1 . ; 

chromat.~raphy (Figure 3.33 B) . The dinucleotides From this fract~nation were 
,: .!Ir -,' 

,. )' V • v ' 

chromdt<?QrC!phed on-DEA~ cellulœe at'pH h 3.4 (Figure 3.33 C) and the rad)oactivity 

;"'as observed to elute with marker pCpC , givi;,g â 3"péJrtial s~uence of (C
4

T
4

)CC. 

'The long orig~nucleotide fraction From thé Sepha,dex G-25 column,was frac-
, . , 

tionated according to chain length on a DEAE Sephadex column (Figure 3.33 D) . 
and peaks containing [51 - 32p1 C

6
T
4

,pnd seven digest pro~ucts were separate~ . . 
These were individuallY,'desalted and a portion subjected to complete venom 

exdhuc/ease digestion,and mononucleot ide analys is. The S: termin i deduced From 

th.se anMyses (Table :3.4 ) coupled with the 3 ' terminal <:Inal ysis above, gave the .......... 

sequence CJCCTC,HCC. 

• Ii 

3.7.2 OI,igo...,cleotide,C
2

Ta 
The LQbelled spleen exonuclease partial digest of C

2 
~8 WOI Fr?ctionated 

. ,(Figure, 3.34 ) as was described for C
6

T 4 (3.7.1). In this Case t~ dinucleolide 

eluted from the DEAE cellulose column (Figure 3.34 C) with marker pCpT. The 

chain length fr~ctionati,o~ (figure 3.34~D»)separated [5 1
_
32p] C

2
Ja and sev~n d'tgest 

. 
products. The analyses cl the 51 termini of rhese fractions, as weil as that of the 

'l" 

dinuçleotide (Table 3.5) gave the sequence CtTTTTTTCT. ... 

'j 

. , 

.-.._-------~_._-,--~- -

" 
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Figure 3.33;f Fractionations in the analysis of the sequence of Gligonucleotide C
6

T
4

. 

100 pmoles of oligonucleotide was partially di~ested with spleen exonuclease in a 
, volume of 0.3 ml, the di91!st dephosphorylated, phosphomonoesterose destroyed with 

al kal i, the digest neutral ized and labelled W ith pol ynucleotide ~inase and [ y _32 Pl 
A TP (2.2. 1 Ô .3 . ). . , 

(A) Elution profile from Sephadex' G-25 of the labelled spleen exonuclease digest 
of the oligonucleotide (2.2.10.3.) after incubation with polynudeotide kindse and 
[ yJ32PlATP. Thè bars represent the fractions pooled, the long oligonucleotide 
fraction eluted first, follow,ed by the dinucleotide containing fraction; column 
dimensions were 1 cm x 50 cm; e~uate was 0.05 M NaCl ; flow rate was 0.3 mllmin, 
and 0.6' ml fract ions were co'llected. TQe ~ol id 1 ine represents the eJut ion of radio­
act iv ity, the dotted 1 i ne the el ut ion of opt ica 1 dens ity of marker A TP . . 

'(B) Elution profile of the chain length frdctionation on DEAE Sephadex of the 
" dinucleotide containing fraction from (A). Column dimensions were 1 cm x 25 cm, 

1 ()ad and wash sol ut ion was water ; el uate was 2 1 of 50 mM sod iu m acetate buffer, 
pH 5.5, 1 mM NaH PO 4 ' 7 M urea, with a gradient from 0 to 0.2 M NaCl ; 

. flow rate wa~ 0.6 m~ Imin, and 14 ml fract ions were collected. The solid 1 ine 
represents the elutiQn of radioactivity, the dotted line the elution of oligonucleotide 
marker. 

(C) Elution profile of a fraçtionation at pH 3.2 on DEAE cellulose of the dinucleotide 
peak from (B). Column dimensions were 1 Cm x ~cm, load and wash solution was 
water, e luate was Q 2 1 grad ie nt from 0 to O. 1 M ammoniu m formate buffer, pH 3.4 ; 
flow rate was 1 ml/min and 17 nil fractions were collected. The solid line represents 
the.elution of ràdioactivity, the dotted line the elution of marker dinucleotide 

1 

optical density. The arrows indicate tpe elution pôsitions of individual dinucleoti~es. ~ 
~ ~ 

(Dr Elution profile of the chain length froctionation on tfEAE Sephadex of the long 
01 igonucleotide fraction from (A). Column dimensions were 1 cm JI( 25 cm, load 
and wash solut ion was 'water, eluate was 2 1 of 50 mM sod ium acetate buffer, 
pH 5.5, 1 rrM NaH2.PO 4' 7 M urea, containing a gradient from 0 to 0.4 M NaCl; 
flow rate was 0.6 mT/min and 17 ml fractions were collected. The numbers indicate 
the phosphate length of the indiv iduol fractions. \ '\ 

c 
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Table 3.4 

S' Terminal Mononucleotide Analyses:Sequence of C 6 T 4 

Position C haîn length epm for Percent* Allignment • 
fraCtion 'analysis 'T G C A 

8 3 1100 
<-

99 .. T 

7 4 1900 96 4 T 

6 
-...... " 

5 2000 Il 87 C 
.. ~ 

5 6 3000 87 4 . 8 T 

4 7 1400 9 91 C 

3 8 620 16 
\ 

84 C 

2 9 460 75 . 25, T 

1 (5' end) 10 900 12 86 C 

1 
* a dash indicates that leu than 20k of the radioactivity eluted with that mono. 

nueleotide. 4', , 

." 

• 

/ 
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• , 
Table 3.5 

j 

,i 

5t Terminal Mononucleotide Analyses:Sequence r:J C2T
S 

Position Chain len9th epm for Percent * Assignment 
fraction analysis T G C A 

9 2 39,500 2 97 C 

8 3 32,000 95 5 T 

, 7 4 (J, 000 96 4 T 

6 S 34,000 96 3 T 

5 6 11,000 97 3 T 

,4 7 10,300 93 5 T 

3 8 9,900 92 2 5 T 
Q 

'2 9 5, 100 89 11 T 

1 (5 t end) 10 ./ 32,000 5 95 C 

-1' 

* a dash indiè:ates that less thon 2% of the rodioaetivity eluted with thot mono­
nue teot ide. 

( 1 • 

. , 
1 

, . 

, , 
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3.7.3 01 igonucleotide Cs T 6 

The label/ed spleen exonuclease digest of Cs T 6 wos fractionated 

(F igure 3.35 ) as was described for C 6 T 4 (3.7. 1 ). In th is case the dinucleotide 

eluted from the DEAE c~lose column (Figure 3.35(C) with marker pCpT. The 

chain length fractionation (Figure 3.3S( D») separated [S' }2p1 Cs T
6 

and eight 

labelled digest products. The analyses of the s' termini of each of these fractionsr 

as weil as that oF the dinucleotide, "(Table 3.6 ) gave the sequence CTTCCTCTTCT. 

3.7.4 Oligonucleotide C
6

T
3 

The labelled spleen exonuclease digest of C 6 T 3 was Fractionated 

(Figure 3.36) os was described,for C
6

T
4 

(3.7.1). ln this case the dinucleotide 

eluted from the DEAE cellulose column (Figure 3.36(C))with marker pCpC. The 

chain length fractionation (Figure 3.36 (D»separated [S' _32 p] C
6

T
3 

and six 
) 

labelled digest products. The analyses of the S' termini of each of these fractions, 

(Table 3.7) coupled with the dinucleotide analysis above, yielcled the complete 

sequence TCCTTCCCC. 

3,7.5 Oligonucleotide C
4

T
S 

_ 

Th~ analysis of the oligonucleotide FractionC
4

T
S 

From S13+ DNA 

S' exo~nu::..;c~I."...-~ treatment f lIowed by 5' terminal IGibeU ing was quite co 

. . erent sequences occurred in th is fract ion. 

400 pmole4.of dephosphorylated C 4. T 5 were partially digested with spleen 

exonuclease for only 2 minutes instead ci the usual 10 minutes (2.2.2 ) to obtain 

a high yield of the hepta- and octanucleotide digest products. This digest was 

r 
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M.NaCI 

0.2 
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0.1 

M. NH.4HCOO 

TT 0.08 , 

,Jo 

0.04 
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0.2 

Figure 3.35: Frocfio~tio". in the anal)"1s r:A the f,equence 01 oIlfonuèl"tideCST" 

Legerd m for figure 3.33. 
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Table 3.6 

5' Terminal Mohonucleotide Analyses:Sequence of C5T
6 

Position Chain le~th .,,/ cpm for PerCent * Assignment 
'If fraction analysis T G C A 

10 2 36,000 98 C 

9 3 8,200 95 2 2 T 

8 ,; 4 6,700 93 2 } T 
.; 

7 5 "' 5,900 8 92 C 

6 6 3,600 83 3 W T 

5 7 1, 150 21 79 C 
( .. 8 1, 130 r 11 87 C 

3 9 500 85 15 T 

.,~2 10 '850 89 11 T 

1 (S'end) 1 1 1,900 99 C 

* a clash indlcat. thot Ie\s thon 2% ri the radioactivity .Iuted wlth that mono­
nuc leot ide • 

Î 
• 

, 

. - ~ 

l~ 

'l. 
_;l" 

• 1 ~ ;' 1.~:~~ 
~A' ...... ~,~j. ::~jI 
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A B 
M. NaCI. e · . · . 1 · . · . · . • • · . • · . • · . • • • · 32p 3 · . • • • • • • 8 • 0.2 · · · · · · cpm · • : : • • CPfl1 • x 10-5 · : : · x1()3 ; • i : • • • • TP • • • 

2 • 4 • • • • • • : : • • • • • • • \ 1 : 0.1 
$ATP~ 

1 ! . \ 2 
: \ • • , , 

3 : \ 

40 50 80 20 40 80 
C 

32p12 M. NH.tHCOO 
cpm 
x 10-2 CT TT 

8 , '0.08 

4 0.04 

20 40 eo 
0 

32p12 
cpm 
x 10-4 

8 ,0.2 

~ 
4 ,'- 0.1 

" " 5 e 8 ,,-
. ~" , 

20 40 80 80 
fraction no . 

.+ ,1-.. , 

. ; tMt :,. ~' .. l' • .': , .. . .. 
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Table 3.7 

51 Terminal Mononucleotidé Anal~es:Sequence of C
6 

T
3 

+ 

Position Chain length cpm for Percent* Aas ign me nt 

( 

fraction analysis T G C A 

7 3 15,000 30 69 C' 

6 4 '.i,48,OOO 13 3 84 C 

S 5 75,000 99 T 

4 6 106,000 98 2 T 
.~ 

3 7 35,000 
/ 

25 2 73 C 
( 

8 76,000 2 10 90 C 

1 (5' end) 9 89,000 99 T 

* a clash indicates ~t lesi thon 2% of the radioactivity eluted with that mono­
oocleotide. 

• 

-
.,/ ./ 

" . 

. t 

T , 

':' , 
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32' 
label/ed using pol-ynucleotide"'kinase and [ ;y- PI ATP (2.2.5.3) and the excess 

ATP·removed bygel filtration on a Sephadex G-25 column (Figure 3.37(A»). 

These labelled digest products were fractionated according to chain length on a 

DEAE Sepha'dex column ~Figure 3.37(B»and fractions corresponding to'C
4

T
5 

and 
~ , " 

4 digest products were separated. Complete venom exonuclease digestion and 

mononucleotide analysis of the nonanucleotide fraction showed that the 5' termini 

were heterogeneous, indicating that t'he octanucleotide spleen digest product . 
must contain the non-isomeric species C4T

4 
and C

3
T
5

. Thus the octCl!llwoèleotide 

peak was pooled and fract ionated at pH 3.2 on a DEAE Sephadex column 

(Figure 3.37(C» ahd the two components separated. 

Eoch co~onent wos desalted, dephosphorylat!!d, port iall y,digested with 

spleen exonuclease, labelled aitn with polynucleotide kinase and [ y _32 p) ATP, 
( 

and then froctionated (Figures<J.38 and 3.39) os was desc:tibed for oligonucleotide 

C
6

T
4

• In the se cases the dinucleotide analyses did not yield any useful information. 

The chain length fractionation of the labelled digest ofC
4

T
4 

(Figure 3.38(B» 

separated [5' }2p1 Cl
4 

and five digest'product fractions. $' termiQOI analyses of 
'1 .... / 

the tri- and tetranucleotide fractions yielded equivalent amounts of C and T, 

while analysis of the otheq,roducts (Table 3.8) gave the tentative 5' partial sequence 

CTTr (ê
3

T). 

The chain length fractionation of the labelled digest of[5,}2p1 C
3

T
5 

(Figure 3.39(B»separated '5 1_
32p 1 C

3 
T 5 and four digest products. Analysis of 

the 5' termini of these fractions (Table 3.9 ) gave the 5 1 pcriial sequence 

" 

.) 
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8 C 
:t. C:315 
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4 
M.

04 cpm 
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~~ 
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M.NaCI 
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fract10n no. 
F .gur. 3.37 Seporat .on 01 the octanucl.ot ide, in a I .. II.d spl .. n ~..,cl_ digest 01 nananucl~tidel C. T S 

" . 
(A) Separatron cl th.~".d dig .. t produCh From .ltml ATP on a Sephodelll G-2S column al a..crlbed f~ 
Fogur. 3.33 (A). 

(8) Cho.n length froct.onation cl the oligonucleotide. isorate4 in (Al al delcrltJed r~ FiQure 3.33 (O). , 
~) Fract io"at,on at pH 3 2 on DEAE Sephctdelll 01 the octof\UCleatides itolated in (Il. Co'_ 411Weft11oN ... • 
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<. 
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(A) Seporatlon of the long ollgonuc:/eotlC:te f(actlon From ATP on a Sephadex G-25 c:o/umn œ described for 
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x 10-4 

8 

~4 

2 

10 B 

32" 8 
cpm 
xlO-~ 

8 

4 

2 

,:, 

ATP 

20 40 ' 80 

r 0.4 

0.3 

0.2 

0.1 

7 8 

fract i on no. 
Figure '3.39: Frootionationa in tfIe onal1'. cl the ..... noe 01 o"lOnucl.at1cM C3T
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(A) S.pofatlon cl the long o"eotNCieotide ftoCtlon froffl ATP on ° ~IC 045 coluIM ca ~i"" for 
FIGure 3.33 (A). . . 
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Table 3.8 

5' Terminal Mononucleotide Analyses:SequenceofC
4
T
4 

fromC .. T
5 

\ 

Position Chain length cpm for Percent * Assignment .., .. 
Fraction analysis T G C A 

4, 5 67,000 66 33 T 

3 -6 29,~ 93 6 T 
~ 

2 17 23,000 75 2S t 

: 1 (5' end) 8 38,000 38 62 C 

/\ 10 • 
. 

. Table 3.9 . 
1 , . 

.l 
5' Terminal Mononucleotide Analyses:5equence oF C3TS From C4T~ 

\ 
Pasition Chain len9th cpm for Percent * Ass ignment. 

Fraction anolysis ' T G C A 

• 4 5 9,000 92 2 5 T 

3 6 15,000 9~ .. T 

2 7 12,000 27 ,. 73 C 

1 (S'end) 8 • 20,000 98 2 T 

• 'f 

* . a dash indicotes that leu thon 2% of the rodioactiVity eluted with that mono­
l'Weleot ide. 

, 
__ ...l-__ .9..--____ ~_ - - --_.-~ -

~\ 

) 

L' 

~ 

, 

\ . -
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These two partial sequences yield 5' partial sequences of CTCTT (C
2

T
2

) 

and TCTTT (C
3

T) for the parent oligonucleotides. 

The mononucleotide analyses in the se.quence determin~tion of C 4 T 4 

indicated that the C/
4 

was not ho~ogeneous. This show~d that the phosphorylation 

of the first partial digest of C 4 T 5 was not complete and that, as expected, 

unphosphorylated C 4 T S eluted from the base compos'it ion column w ith S' phosphorylated 

C
4

T
4

. The level of interference in the 7and8positionoftheC
4

T
4

analysis 

( 
indicate that the initial phosphorylation had only proceeded to about 50% of 

maximum. This 1 imitation of the system occurs only when two successive labe" ing 

reactions must be done, and if a great excess of ATP could be used in the first step, 

the 1 imitation would not apply. 

As cpuld be predicted, the'C
3

T
S 

analysis was much clearer. 
\ 

3.7.6 01 igonucleotide Cs T 4 

, 100 pmoles of 01 igonucleotide Cs T
4
were dephosphorylated, part ia" y 

digested with spleen exonuclease, labe"ed with polynucleotide kinase and [ y _32 p1 

!' TP, and fract ionated by gel filtrat ion on a Sephadex G-2S column (F igure 3 AO(A)).' 

The radioactive fractions elut_ing before the exc::ess ATP were pooled, desalted, and 

frac::tionated using electrophoresis-nomochromotography. The autoradiograph of this 
. 

fractionation (Figure 3.40 (8)) contained spots representing C
S

T
4 

dnd five digest 

products. ComJ?lete veoom exonuclease digestion of a portion of eoch of these 

, products, foltowed by mononucleotide analyses (Table 3,.10) gave the S' partial 

sequence CTTCCT (C
2

T), in agreement with the 5.' partial sequence which was 

observed by impection of the outoradiograph : CTTCC (C
2

T
2

). 
1 

\ 
-: 

J 
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ATP 

10 30 

fraction no. 

c 
(8"\ 
......... 1 

Il 

FiguN 3."': Fractlonat~,. in tM onalyslt or the...,. ... of oIltonucleot" eST •• 

"t ~ 

(8'·', 
" •••••• 1 

CA) Separation or ttw long 01 Igonucl.otl" in the I.lled .... " .. onue'", 4,," froM ___ ArP on. 
SephodeM G-2S colu"," 01 delc:rlbed for Figure 3.33 (A). 

. 
CI) Autorodiogroph or the froctlonation by .lec"ophoNtle homochromatopaphy of the long olltonudeot~ 
fraction koloted in (A). &..genet 01 for Figure 3 ••• 

300,000 CP","'N used ln thls fractlo!1Qtlon; outoradlogiophy lI&pOIUN Ume wos. hou". 

fC) Autorodl!roph ri the froctlonatlon by electroph .. , .. homochromot~hy of the"..,.... _ol'lllC"~ 
digest of 15,_3 "C .. T3 , Legend en for Figur. 3 •• , , . , . 
3,000 cpm w .... UNd in thk froctionotio,,; outoNadiogr6lphy ...... Ume wcn 3 .1f, 

Il 
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Table 3.10 

5' .Terminal Mononucleoti~ Analyses :Sequence of Cs T 4 

Position Chain length cpm for Percent * Assignment 
fraction analysis T G C A, 

6 4 1200 99 T 

5 ... 5 800 7 92 C 
,-

4 6 7000 5 95 'C 

3 7 8000 95 5 T 
• \ 

2 8 2600 99 T 
'-. 

1 (5' ênd) 9 2100 4· 96 C 

* a dash indieates that lesi than 2% of the radiotlctivity eluted with that mono­
nucleotie. 

, 
\ 

( 
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. -
Another portion of the heptanucleotide C 4 T

3 
from this ~rac:tionation was 

partially digested with venom exonuclease and Fractionated using electrophoresis-

homochromatography. The autoradiograph of this fractionation {Figure 3.40 (C» 

contained spots representing C/
3 

and three digest products. These indicoted that 

the digest proceeded : 

-
and that the 3' partial sequence is (C

2 
T2)CCT. 

The combinat ion of·these partial sequences gave the total sequence 

CTTCCTCCT. 

3.5.3.7 Summary 

The sequences determined using spleen exonuclease digest ion followed 

by 5' terminal lobelt ing are summarized in Table 3. 11 • 

3.8 Sequences of Pyrimidine Oligonucleotides from 513+ DNA 
\ 

Table 3. 12 1 ists ail the sequences wh ic~ have baen c:Ieterm ined for 01 igo­

nucleotides From bacteriophage 513+ DNA. The right column gives the methods 

whjch have been usee! for each s~uence determinafion. 

\ 
\ 

'\J 
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Tab~e 3. 11 

• Summaryof the sequences determined via exonuclease digestion fol/owed 

by 51 terminal lobe" ing 

Isostich COMponent Sequence 

11- C5T6 CTTCC.UTTCT 
\' 

10 C614 
'~ 

CTCCICTTCC 
C21S CTTIIITTCT 

9 C613 TCCITCCCC 
C514 CTTCCICCT 

1 C4T5 TCTll(C
3

T) 
\ CTCIT(C2 T2) 

• 
\ 

.. 
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Table 3.12 

Pyrimidine 01 igonucl eot ides From Bacteriophage S13+ DNA 

Isostich Co~onent Sequence Methods * 

11 

10 

9 

8 

7 

* 1) 
2) 
3) 

4) 

5) 
6) 

.; 

e
5

T6 
CTTee TeTTe T 

e
6

14 CTce1CTTCC 

C218 CTTTTTTTCT 

e
6

T
3 

TCCTTCCCC 

C514 CTTeCTCCT 

C41
5 

TCTT1C1ec 

CTC TT TC TC 

CaT3 CCTTTCCC 

C41
4 

CTTCCTTC 

1 
C

2
1

6 CTTTTTTC 

rrrrccTT 

C
6

1 CTCCCCC 

C512 cTercec 

. C16 CTTT1TT 

partial digestion cl uniformly labelled material (3.4). 
partial digestion cl 51-terminally labe"ed material (3.6). 

,[ 
1 

1, 2, 3, 5 

1, 2, 3, 5 

1, 2, 3, 5 

"' 
1, 2, 3, 5 

2, 4, ,i6 

1, 2, 3, 5 

1, 2, 3, 5 

1 

1 

51 sequence analysis via partial exonuclease digestion followed by terminal 
labelling and electrOPhor.sis-homOChr~ographY (3.7). 
51 iequ,ncè analysis via partial exonuc ease digestion followed by terminal 
labelli~9 and electrophoresis-homoch matography (3.7). 
3 1 terminal analysis by dinucleotide identification on coluntftl (3.7). 
3 1 terminal analysis by sequence analysis cl a 31 terminal fragment using 
electrophoresis-homoch romatography. 
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CHAPTER 4 

DISCUSSION 

4. 1 Base Preferences During Spleen Exonuclease Hydrolysis , 
It has been ~eported (8) that poly rC was degraded at a negl igible rate 

relative to the degradation of poly rA, poly ri, or poly rU. If such specificity 

exists for deoxyribonucleotide sequences, it could be very useful in sequence 

work. 

D."ring the course of this study, spleen exonuclease was used ~egrade 

many pyrimidine 01 igodeoxyribonucleotides. The availabiJ ity of sequenJe data 

for these 01 igonudeotides allowed the examination of sequence preferences , 

exh ib ite d in these react ions. 

When the partial digests were performed at a very low 01 igonucleot ide 

concentration (1 .,.M) ail of the oligonucleoticles tested were hydrolysed in the 

/ 
presence of spleen exonuclease. Whan the oliganucleotides to be studied were 

isolated From a preparat ive el ectrophores is -homochromatography Fract ionat io n 

(3, 4), approximately 30 mM ribonucleotide was present in the digest in the form 

of an al kal ine hydrolysate of RNA. Under these conditions it was observed thtlt 

al igonuc 'eot ides C 5 T 6 (C TTCC TC TTC T) and e 6 T 3 (TCe TTCCCe) w ... res ista nt to 
L 

hydrolys is by spleen exonuclease. 

To check whether these 5' terminal sequences w.re inde.d resistant to 

spleen exonuclease hydrolysis; the sequences whieh were known'to be hydrolysed were 

.xamined. Oligonucleotide C 4 T 4 was hydrolysed by spleen exonuclease alt}1ough it 
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had a 51 terminal hexanucleotide sequence (CTTCCT..) identical to that of C
5 

T 6' . 
Oligonucleotide C

6
T
4

, containing the sequence TeCT. •.. , identical to the 51 

terminal sequence of C
6

T
3

, was observed to be hydrolysed by spleen exonuclease. 

These observations show that factors beside's sequence were important in 

determining the rate of 01 igonucleot ide hydrolysis by spleen exonuclease. The 

fact that h igh concentrations of RNA 01 igonucleotides were necessary for resistance 

to hydrolys is to become apparent suggests that the quantity and composition of this 

RNA may have been a determining factor. f the partial digest incubation contained 

RNA oligonucleotides with much higher affinity for the spleen exonuclease active 

site than the radioactive 01 igodeoxyr ibonucleot ide , the competition may hcive 

mode the 01 igodeoxyribonucleotide seem resistant. 

The Km of spleen exonuclease has been shown to be 5 mM for p-nitrophenyl 

thymidine-3 l-phosphate (34); thus the conc'entration of RNA in these. partial 

digpstions (30 mtv\) was probobly enough for effective competition. The differences 

,1 in the resistances of different 01 i90nu~l~otides may have been due in part to the 

quantity and composition of the RNA eluted with the 0/ igonucleotides fllOm the 
" 

preparative TLC plate. 

These observat ions suggest that under the correct compet it ive cond it io~, 

spleen exonuclease may have specificity which may be useful in future sequence 

studies. 

4.2 A Model for Polynucleotide Kinase Action 

We have shown that polynucleotide kinase, in the absence ri ATP, acta 

j 

.. 
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as an 01 igonuc leot ide 5' phosphomonoesterase (3.5.3). An earl y exper i me nts, 

when à great excess of ATP was.used, interfering radioactivity was observed which 
, 

was similar in charge to tetranucleotides. Van de Sande, Kleppe, and Khorana (37) 

have shown that this interfering material was adenosine tetraphosphate generated by 

the transfer of a phosphate group from the 5' end of an 01 igonucleot ide to ATP. 

T}ley also observed and characterized the reverse react ion catal ysed by pol ynucleo-

tide kinase,'showing that the 5' phosphate of an oligonucleotide could be transferred 

to ADP. The phosphomonoesterase activity of the polynucleotide kinase was observed 

by these workers, but was ignored in the construct ion of the ir model. 

A model which exploins these observations is presented in Figure 4.1. 

Other observations made by Van de Sonde et ar. (37) were that the pH-

activity curve for the reverse reaction had a fairly sharp maximum at pH 6.2 and that 

the rate of phosphorylation in the presence of ATP increased smoothly from pH 4 

to a maximum at pH 9.5. The former observation suggests that binding of the 

oligonucleotide 5' phosphate is facilitated by the ionization cl a histidine on the 

enzyme and of the term inal phosphate on the 01 igonucleot ide. 
~ 

The smooth pH - activity profile of the normal phosphorylation reactio~ does 

not have an inflection near pH 7 , indicat ing that a react ion involv ing a terminal 

phosphate group is probably not rate 1 imiting ; this suggests that the 01 igonucleotide 

binding step might be the rate 1 imiting stepl1n the normal phosphorylation reaction. 

4.3 Fractionation Techniques Useful for Sequence Analysis 

4.3.1 Sequence Analysis by Mapping Techniques 

Most of the sequence work on oligoribonucleotides and much on oligodeoxy-
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Figure 4. 1 

-
Mechanism...of Polynucleotide Kinase Action 

/' 

. , 
Normal Course of Reaction: 

PNK + 0 

0 P~.,+ r*pppA 

0 PNK *pppA 

0 - PNK - *p 

5 ide )'œl i~'" : 'l 

20 + 0 PNK *p 

·pppA + 0 .. PNK - *p 

Abbrev lat io,.. : 

" *p 

"pppA 
-# 

Q 

.~ p-o 

PNK 

... 0 PNK -
- 0 PNK *pppA -... 0 PNK *p + ppA 

- *p-- Q. + PNK -

- 0 - PNK + *p 

- 0 - PNK + *p*pppA -

32.,.-

(y )2p) ATP 

d.pholpharylated 01 igonucleot ide 

5' phoIphorylated 01 igo~cleotic1e 

polynucleot idt klt1Gl. , 

... 

... 

. . . 
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ribonucleotides have 'used mapping techniques for detérminot ~on of relative base 

composition and thus sequence. A partial digest of an oligonucleotide contains a 

series of products eQch containing one nucleotide less thon its parent. The identity 
1 

of the term inol nocleotide of the parent, wh ich is not present in the daughter, 

can often be identified by the difference in migror'ion between the two in a two-

dimensional system. 

Electrophores is of 01 igonucleotide mixtures on cellulose acetate ot pH 3.5 

followed by electrophoresis on DEAE paper at pH 1.9 wos developed by Songer (149) 

for sequence onolysis of bligorlbonucleotides. Murray (14) and Wu (129,76) have 

investigated this system concernihg the possibility of identifying the base composit'ion 
, • Il • ' 

of sequent iàl digest products from the ir relat ive migrat ions. Murray och ieved some 

success by performing two fractionotions on each somple, the other having 

electrophoresis on a1inoethyl cellulose ot pH 3.5 ao; its first dimension. Only ln 

thjs woy could the ad'Pition of a pT or a pG be differentiated and the system used in 

" 

a general sequence scheme, 

, 
Pol yethylen imine cellulose TLC has been used in mony laborotories for 

01 igodeoxyr ibonucleot ide fract ionot ion. 

./ A two-dimensional system comprised cA electrophor,:esis on a cellulose acetote 

strip at pH 3.5, followed by'PEI ce"ulo~e TLC using 0.85 M LiCI ds chromtltogr~phic 

eluent, has been investigated by Wu (69). This study indicoted that this system would 

be applicable to the sequence of short 01 igodeoxyribonucleotides but the relative 

migrations due to ~G and pT are similar, as are those due to pA and pC. 

. A fractiondt ion system co~rised of electrop:oresis on cellulosetacet~te ot 

pH 3.5 tollowed by TLC on DEAE cellulose using a neutralized alkaline ~ydrolysate 

, 

-., 
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of RNA in 7 M uree as chrof'!1atograph ic eluent (28) hm been used for 01 igodeoxy-

ribonucleotidesequence analysis (7,26,111). Higher chain I~ngth digest products 
" 

con be resolved in this system than in those discussed above, but again, the major 
1 

. . 
problem is to differentiate between a pT and a pG difference by relative migration. 

The effe ct iveness of thèse f ract ionat ion methods for seque nce anal ys is by 
\:l, 

mapping techniques con be summarized as follows: If it is known tliat the 01 igo-

nucleotide being studied does not contain bofh G and T, the two-dimensional 

electrophoresis technique should be appl icable to the analysis of oligonucleotides 

5 to 10 nuc/eotides long.; the cellulose acetate electrophores is PEI T Le system 

should be appl icable to the analysis of 01 igonucleotides up to JO to 13 nucleotides 

long; thE:! e lectrophores is-homochromatography system ,hould be appl icable to 

01 igonucleot ides 15 to 20 nucleotides long. If 1 as is often the case, exact base 

composition data is not available for the oligonucleotide in question, the two-
J 

dimensional elecvophoresis system would be applicable to oligonucleotides up to 5 

to 10 nucleotides long; but two analyses would have tQ be perforrned on the 01 igo-

nucleotide partial digest; the ctllulose acetate electrophoresis-PEI TLC system would 

be applicable to 01 igonucleotides 5 to 10 long; the electrophoresis-homochromatography 

s)"Stemwould be applicable to eligonucleotides 5 to 9 nucleotides lo'll_ These estimotes 

" 
were made From an e'Xarytinat ion of publ ished autoradiographs From the various fraction-

\ 

ation techniques (7, 14, 69, 120). 

The elucidation of relative base c~mposition by measuring relative mobility 

in a two-dimensional fractionation system is a very convenient and rapid tool for 

sequence ana1ys is _ These methods, however, are rather sens it ive ta ch~nge, in th. 

ion _change media and in thé buffers. As can he seen From the many autoradiographs , ' . 
in this thesis, resolution in the ,electrophoresis-homochromatography system was 
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quite variable. It was observed that the resolufion was quite ,dependent on the pH 

and metal ion content of the electrophores is buffers, the amount of matertal 

loaded to the cellulose acetate strip, and any small imperfections in the nc plate 

itself. For an~,qf pyrimidine 01 igonucleotides, whert! migration differences 

are large~ the vàriable resolution was not a handicap, as was demdnstrated by 
, 

our and by Ling's work (7, 26). However, in the analysis of oligonucleotides . 
containing ail four bases, the migration differences between pT and pG, and, in the 

. ;' 

case of electrophoresis PEI TLC, between pA and pC, are small and the variable 

resolution would moke definite sequence assignment difficult. 

In conclusion, it is unI ikely that mapping techniques could be ysed ~Ione 

in a general 01 igonuc/eotide sequence scheme. 

rwo-dimensio~1 fractionations of these types can be used as the chain 

length step in s~quence methods involving exonuclease degrà'dation followed by 

terminal labellrng as described in Section 3.6. In this case, the determination of 

the base composition of each spot by mapping is \Jnnecessary and only chain length 

" 

resolution is important. The two-dimensional electrophoresis system woultl still only 

be applicable tp oligonucleotides 5 to 10 nucleotides in length; the cellulose 

r 
acetate eleétrophoresis PEI TLC system would be appl icable to 01 igonucleotides up 

to about th irteen nuc\eot ides long; the electrophores is- homo.chromatography system 

~ 
has l)een demonstrated to be appl icable to 01 igor1ucleot ides as long as fourteen 

nucleotides, d:nd it is estimated that it would be useful (69) for oligonucleotides up 

to twenty nuc/eot ides long. -. 
A disadvantage 01 these fwo~imensional systems is that recoveries of 

mater ial are usuall y, fa irl y 1 ow, a nd the transfer of o! igonuc 1 eot ides low in T to the 

-. 
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second dimension is usually not very efficient (167). These drawbacks are pften 
,r---" 

superseded by the convenience and rapidity of the ~ctrophoresis nc system~. 

4.3.2 Column Fractionation Techniques 

ln general columns give better one-dimensional ~esolution of oligonuc~eotïde$ 

thon do electrophores is or TlC systems. It is very cumbersome, however, to produce 

, 
a two-dimensional system using columns, and, for the pr~sent, the seque'tlce 

de'termination of long oligonuc/eotides by mapping procedures is limited to the 

electrop~cies is and TlC systems. Developments in h igh pressure 1 iqu id chromatography 

(157) may moke th is approach poss.ible in the near future. 

The 01 igonucleotide sequence schemes involving exonuclease degradation 

followed by terminal labell ing (1.2. lAc) require only chain length fractionotiorl'; 
, . 

thus columns provide th~ resolution reqUired~or longer 01 igonuc leot ides thon con be 

onolysed using the two-dimensionol systems. \ ' 

4.3.2.1 DEAE Cellulose Colum'n Fractionations 

Columns of DEAE cellulose have been used to separate pyrimidine oligonucleo-

tides isostichs up to 14 nucleotides long (33, 164),and 01 igonucleotides generat6d 

by DNAase digestion up to·4 nucleotides long (165,166). This ion exchange medium 

seems to have a great proportion of secondary binding sites which reduce resolution, 

especially when purines are present in,the oligonucleotides. This was additionally 

manifested by the observation that if less thon 5 mg of nucleotide moteria\ was 
• • 

loaded to a 1 cm x 25 cm DEAE cellulose column, the resolution of 01 igonucleotide 

isost ichs décreased cons iderabl y. 

/ 
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At pH 3.0, the additional binding of the purines has been put to good use 

" 
(22, 51) in the subfractionation of dinucleotides and trinuc:leotides according to 

base composition. Here again, though, several milligrams of carrier dinucleotides 

were included in the fractionation. 

The addition of carrier 01 igonucleotides i$ not a disadvantage in the chain 
~ 

length fractionat ion of a partial digest in a sequence e?<periment s ince the next step 

is radioact ive mononueleot ide analysis. It becomes a dist inct problem when column 

fractionations are used to isolate oligorocleotides for sequenée analysis, because 

carrier would interfere with term inal labell ing performed during the sequence anal ys is. 

4.3.2.2 Phosphate as Il Pseudo Il C arr ier 

The addition of 1 mM KH
2

PO 4 ta the gradient buffers us~d to elute DEAE 

cellulose columns allowed us ta lood less nucleotide mate ria 1 to the column without 

a serious 100s of resolution. In these cases as little as 0.5 mg nucleotide could be 

10CJded ta the column. This suggests that the ion exchanger contains secondary 

b inding sites not onl y for the heterocyel ie rings of the 01 igonucleot ides but 'Oiso for 
~ . 

the phosphate groups themselves. 
\ 

4.3.2.3 DEAE Sephadex Column Fractionations at 250'C 

Columns of DEAE Sephadex have been used ta separate pyrimid'ine isostichs 

up ta ten nucleotides long (160), using triethylammonium bicarbonate buffer, 

pH 8.'7, as elu.nt. Isostichs generated by DNAase 1 up to the hexanucleotide level , r 
were separated on a DEAE Sephadex column eluted at 25°C with a 7 M urea, 

Tris-HCI buffer, pH 7.6 (51). 

l 
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In th is study DEAE Sephadex columns used for pyrimidine 01 igonucleot ide . . 

fract ionat ions were el uted at 25
0

C ~ith 7 M urea buffered w ith e ither sod ium 

acetate, pH 5.5, or Tris-HCI, pH 7.6. It was observed that resolution was very 
\ 

much better at pH 5.5 for both dephosphorylated and phosphorylated 01 igonucleo-

tides." Thus DEAE Sephadex columns eluted at 25
0

C were,routinely run at pH 5.5. 

The fract ionat ion of pyrimidine 01 igonucleotides according to base composition 

at pH 3.0 showed a further increase in resolution over the fract ionat ion by chain 

length at pH 5.5. Th is progress ion ind icated thot the DEAE Sephadex exh ibits 

. 
some secondary binding for 01 igonucleotides at alkal ine pH but :;nuch less at acid pH. 

The manufacturers give a titration curvè for DEAE Sephadex (161) which indicates . 
that a cons iderable port ion of the diethylaminoethyl groups are in the,form of 

"double DEAE" groups with a pK of 5.7. It seems likely, therefore, that the 

unionized form of this DEAE group is the cause of the secondary binding exhibfted 
r , 

at pH 7.6. This suggests that the binding probably involves the heterocyclic rings 

of the 01 igonucl eot ides. 

Another Cldvantage of DEAE Sephadex aver DEAE cellulose is that it is 
, 

generally not necessary to odd carrier to the san1Jle before running the froctionation. 

A,s little ClS 10 picomales (3.5 n9 nucleo!ide) of oligonucleotide have been success-

fully fractionated ct pH 5.5 on DEAE Sephadex. This is an additi~!101 byproduct 

of the low level of secondary binding of this ion exchange medium. 

4.3.2.4 DEAE Sephadex'Chain Length Fractionations at 65°C 

< 

Columns ci DEAE Sephac:lex eluted with Tris-HCI buffer, pH 7.6, 7 M urea, 
, 

at 65°C have been very succeuful in the fractionation of ol1onueleotides generated 

• 
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by DNAase digestion of DNA (22, 51) and fraction~ion of these mixtures up to 

the hexadecanucleotide level has been accomplished. These digests were very 

heteroQeneous, each chain length fraction consisting of numerous olig.onucleotides 

of different base composition. This certainly contributed to the broadening of 

the chain length peaks in these fractionations. 

ln the fractionation of a partial exonuclease digest during the sequence analysis 
~ 

of an 01 igonucleotide only one species occurs in each chain length fraction. These , 
~ 

homogeneous isostichs would be resolved ~re clearly thon the heterogeneous mixtures 

resuhing from DNAase digestion •. 

Invest igat ion of 'chromatography on DEAE Sephadex at pH 5.5 at 65°C is 

presently under ~tudy to see if the increased res<?lution is apparent at high tefTllera-

o 
tures as weil a .. at 25 C. 

It is safe to predict that ion exchange columns will be useful for sequence 

a~alysis of oligonucleotides at leost 25 nucleotides long. 

4.4 + 
Pyrimidine Catalogues of 513 and 513suN 15 DNA 

+ 
The catalogues of the pyrimidine clusters of 513 DNA (152) and S13suN 15 

repl icat ive form DNA (33) were obtained using DEAE cellulose chromatography in 

the presence of large amounts of unlabelled carrier pyrimidine oligonucleotides. 

ReSblution and reeoveries were ex'c~flent in these quantitative analyses. 

THe data ~f Cerny et al. (33) indicated that the recovery of octa-, nona-, 

deca-, and undecanucleotides was approximately 90%, relat ive to the total recovery 
. . 

From the column. These speèific losses in the long oligonucleotides were probably 

~ 
.' 
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due to trailing of the individual isostich fractions; this was not evident in the 

total recoveries because these fractions represented 'only 2.5% of the total 

radioact iv ity. 

"../, + 
Isolation of pyrimidine clusters trom 513 RF DNA and fractionation on 

D~AE Sephodex ha> led ta the conclusion that 01 i90'i0tide Cs T 4 aCCu" twice 

in the RF DNA instead oF once as reported previousl S13suN15 DNA (33). 

The prey ious ass ignment was a borderl ine case in the prey ious study, s ince its calculated 

occurrence was 1.46 tracts per genome, which wa! rounded to unity. 

It was reported that oligonucleotide C
6

T did flot oCcur in S13+ DNA (33, 152) 

and that it acxturred once in the 513 replicative form DNA (33). Fract ionat ions -. 

uStng electrophoresis-homochromatography have indicated that the reverse situation 

+. 
is true, that C 6 T occurs once in S 13 DNA. Th is observat ion was borne out by 

+ 
sequence analysis of the C 6 T isolated From 513 DNA. 

These minor errors were due to specific losses of long C -rich 01 igonucleotides 

on the DEAE cellulose columns, even though large amouflts' of carrier were present 

in the fract ionat ions. 

4.5 Pyrimidine 01 igonucleotide Sequences From 513+ DNA 

4.5.1 Comparison with Sequences From Other 5mall Single Sfranded DNA 

Bacter iophages 

The small icosahedral bacteriophages c;zIx 174 and $13 are closely related by 

genetic and immunological standards (121, 122); the same, con be said of the small 

f ilamentou5 bocteriophages fd and li (t 23, 124). Li~ has presented selected 
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pyrimidine sequences from the DNA of three of these : 0x 174, Fd, and fi. 

Sequences oF pyrimidine ol.igonucleotides From S13+ DNA have been presented in 

thi! thesis, and many more sequences oF pyrimidine oligonucleotides From ÔX174 

DNA are known From work in th is laboratory (117). Th is work has shown that l ing 

incorrectly ossigned the base composition of two of the ÔX174 oligonucleotides and 
r , , 

thus presented incorrect sequences For them. 

Ali of Ling1s sequences, as weil as 011 the 0X 174 sequences determined in 

this laborotory, were determined using uniformly labelled oligonucleotides, partial 

exonuclease digestions, and electrophoresis-homochromatography (2.2.10.1 ). 

+ 
The sequences of the 01 igonucleotides From S13 DNA were determined by several 

methods, as has been described in this thesis. A summery of these pyrimidine 

01 igonucleotide sequences is presented in Table 4. 1. 

Before a comparison of sequencè homolog ies in these pyr imidine 01 igonucleo-

tieles con be made, it is necessary to decide what t'ype of similarities are significant. 

Assuming a random DNA sequence, the probobil ity r::J occurrence oF any unique 

01 igonucleotide in a genome will be : 

where 0, c, g, and t represent the proportion oF A, C, G, and T in the genome 

being observed, and nA, nc, nG, and nT represent the number of times each 

+ . 
deoxynucleotide occurs in the unique oligonucleotide. For 513 DNA, th.s 

forl'ftJla beeomes (1~) : 

• 

p 
AnCnGnTn 
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Table 4. 1 

Pyrimidine 01 igonucleotiœ Sequences From the ONA of 8aeteriopha~es S13, 0X 1,~4, 
fd and f 1 1 

Sourœ 

Component 513 0X174 fd fi • • C6T CTCCCCC CeTCCee 
1 

CST2 CTCTCCC NP ~ ! 
• 1 CT6 CTTTTTT (CT)TTTTT 1 

1 
i CST3 CCHTCCC CCTTTCCC 

C4T4 eTTCCTTC CTTCCnC 
CTTTCTCC 

~. C3T5 NP TCTTenC 
TTTTCCTC 

C2T6 TTTTCCTT TTTTCTCT 
./ cmmc CTTTTTTC 

C6 T3 TCCTTCCCC rCCTTCCCC 
C5T4 CTTCCTCCT CTTCCTCCT 
C4T5 TCTTTCTCC rCTTTCTCC CTTeCTCTT CTTCCTCTT 

.,.. CTCrtTCTC CTCTTTCTC 
\ C3T6 NP NP TTCCnTCT TTCCTTTCT 

TTTCCTTCT TTTCCTTCT 
C2 T7 NP NP TCTTCTTTT TCTTCTTTT 

TTTCTTTCT 
C7T3 NP CTCCTCTCCC NP NP 
C6T4 CTCCTCTTCC NP HP NP 

C.T6 NP NP TCCTTCTCTT TCCTTCTCTT 
~TS CnnTTTCT CTTTTTTTCT TTTTTCCTTT NP 
r.ST6 CnCCTCTTCT NP TTTTTCCTCCC 
C.Ti NP NP NP TTTTTCTTCCC 
C3TS NP NP CCTTTTTTTTC CCmTTTTTC 
CgT. NP NP NP CCTTCCCTCCCTC 1/ 

C9T11 . NP NP , Cmc.TTCCCTTCC CTTTCTTCCCTTCC 
mCTe TtTeTC 

NP - not pr .. nt , , 

,. 
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For example, the hexanucleot ide ACAGTT has the probabil ity of oCcurrence: 

(0.235)2 (0.201) (0.231) (0.333)2 = 2.84 x 10-4 

The most probable number of tÎmes a given sequence occurs in a molecule 

5500 nu cl eot ides long would be the product of the probab il ity of occurrence and 

5500. 

The most probable occurrences of some pyrimidine 01 igonucleotide sequences 

in a genome of 5500 nucleotides long are listed in Table 4.2. 
\ J 

Table 4.2 

Probable Occurrence of Short Pyrimidine 01 igonucl eot ides in a Random 

DNA Molecule 5500 Nucleotides Long 

length Probable OCcurrence in 5500 Nucleotides 

1 C : 1105 T : 1831 

2 C
2

: 222 CT 368 T
2 

: 610 

3 C
3 

: 45 T3 : 203 

4 C
4 

: 9 C
2

T
2 

: 25 T4 : 68 

5 C
5 

: 2 T
S

: 23 

6 C
6 

: 0.4 C
3

,T
3 

: 1.6 T
6 

: 7 

7 C
7

: 0.07 T7 : 2.5 

\ 

It can be seen From t'he val.ues in the tabl. that analysis of recurring 

seque nces 1 ess tha n s ix nuc 1 eot ides long is not stat is t ica/l y va 1 id, 1 i nce they probabl y 

occur more thon once by random selection. If homologous sequences above six 

.J 
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nucleot ides in length are observed, we can conclude that there rnay be a cause 

other than random selection. There are three types of sequence homology which 

1 shall discuss. The first consists of sequence similarities within one ~enome. 

Ling (26) has reported that the octanucleotide TTTTTCCT in fd DNA oCcurs 

in both C
2 

Ta and in Cs T 6; the nonanucleotides TTTCCTTCT and TTTCTTTC T,. also 

in fd DNA, differ in only one position. These duplications, however, do not seeni 

to be repeated in f 1 DNA, which observation reduces the probabil ity that they are 

irreplaceable sequence~. 

In the S13+genome, we find many internai sequence homologies: the 

heptanucleotide CTTTTTT oCcurs in CT 6' C
2 

T 6' and C
2 
Ta; the heptanucleotide 

• , 
CTTCCTC occurs in bothC5T

4 
andC

S
T

6
; the octanucleotide TCCTCTTC occurs 

in C
6

T
4 

and C
S

T
6

; the he>l:anucleotide c(rTCCT occurs in C/
4

, C
S

T
4 

and 

CST6 · 

In (l5X 174 DNA the CT 6 dupl ication is repeated as is the C TTCCT 

redundonCy in C 4 T 4 and Cs T 4' but Cs T 6 is not present, thus tge other dupl iCations 

observed in S13+0NA are not present. Another redundancf, however, is 

present: octanucleotide CTTTCTCC is present in C 4 T 4 a~d C 4 T S. 

Thu$ there are redundanc ies in the pyrimidine clusten of each of the small 

col iphages analysed. The obsetvation that these redundancies are not always 

carried over From .,nome to genome suggests that they are not sequences important 

to a common function such as repl ication~ A safer hypothesis would be that these 

differences arose since the phages separated evolutionarily, and that these genomes 

evolved in part, by deletion and dupl ication of existing DNA. For further inter-

pretation it will be necessary to see if these similor sequences are locoted Mar eaeh 
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other in the genome. Studies using restriction enzymes in this laboratory may shed 

1· h f h' . more Ig t on t IS taplC. 

The second set of homologous sequences 1 shall discuss are the similaritiei 

between (25X 174 and S13 and between fd and FI. 

Seven of the eleven known sequences From fd DNA have identical counter­

parts in fi DNA i two others, C2 T 8 and C 5 T 6' are closely related ~o C 4 T 7 from\\ 

fi DNA i the oligonucleotide rTTCTTTCT From fd DNA is very closely related to , 
TTTccrrcr which occurs in both fd and fI DNA. 

Onlyone mutational event, such as the addition of a purine, is necessary 

to remove a long pyrimidine tract From the catalogue. If we moke the assumption 

thdt th is is the case for the three 01 igonucl eot ~des in fd and f 1 wh ich do not have ., , 

counterparts in the other genome, the minimum mutational divergence between the 

two genomes can be calculated. Thus there may be only four differences in the 

120 nlJcleoticies known for the two genomes, a 3.3% mutational difference. 

N ine of the fifteen known sequences From (25X 174 DNA have identical 

counterparts in S13 DNA and three others differ from their counterparts by only one 
1 

base. In two cases the difference between oligonucleotides of the same base 

composi~ion is the reversai of a CT or TC sequence; C 6 T in S13 DNA has the 

sequence CTCCCCC, while tn QSX174 DNA the sequence is CC TCCCC ; a/so, 

in SltDNA one of the C
2

T
6 

oligonucleotides has the jequence TTTTCCTT, whi" 

in 0X 174 DNA it is TTTTCTCT. Whether this indicates that two base substitutions 

have taken place or thot the reversai fts a single mutational event is unknown. 
1 

In the some way as was done f r fd DNA, and QSSuming that a CT to TC ~ 

transition is a singl. nlJtat joooi event, the ttdational divergence between S 13 and 0X 174 

" 
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can be calculated to be a mutational events in 144 nucleotides; 5.5% divergence. 

Heteroduplex studies (90) of ()X 174/513 DNA in solutions containing 

various concentrations of ~mamide have lad to the prediction that 513 and 0X 174 

have 36% mismatched base pairs. The comparison with the estimate of 5.5% 

mutational divergence indicaYes that either long pyrimidine sequences are conserved 

relat~ve to the majority of the DNA, or formamide denaturation of DNA is much 

more sensitive to mismatching of base pairs than has been pradicted in the pa st 

(90,161,162). The latte~ms more likely. It is possible that a small amount 

of base mismatching might cause a proportionally larger amount of denaturation in 

formamide, due to cooperative phenomena which are probably sequence dependent. 

Perhaps the most meaningful homologies are those which cross the boundary 

r 
between the spherical and the filamentous coliphage groups. The octanucleotide 

CTTTTTTT occurs in ail four phage genomes; inC
2

T
a 

(!} 513 and QSX174, and in 

C
3

Ta of fd and fi. This repeated oCcurrence SI ~ts that this sequence may play 

an essential role common to the 1 ife cycles (!} 011 four bacteriophages. 

This role could he in the initiation (!} replication, in binding to the E. coli .. 
membrane, or as a sequence spec if ically recogniz:ed by a bacterial endonucleO$e or 

IlgO$e involved in the mechan ism d circular DNA repl ication. 

Severa 1 models for the repl ication of QSx 174 DNA in E. col i have heen 

proposed; (168, 169) 011 have in common the requirement of an endonuclease to 

cleave RF 1 mo'ecules or to release single stranded progeny molecules. The recent 

demonstration that the gene A prote in from 0X174 is an endoooclease that cleaves 

0X 174 RF 1 or 0X 174 single strancled DNA only once (170) suggests that there 



might be a unique recognition seJnce in the viral DNA for this enzyme. Examination 

of the cleavage specificity of this enzyme will determine whether the recognition 

sequence is unique, and perhaps whether it is evolutionarily conserved. 

The sequence CTTTTTTT may not be the site discussed above, but the fact that it 

, 
occurs in these four phagès makes it likely that it has some specific fun~tion besides 

coding for protein. 

4.5.2, 5ymmetrical features of the pyrimidine 01 igonucleotides f!2~ 513+ and 0XI74 DNA 

Since the discovery of restriction enzymes (54) and the finding that their sites 

of cleavage are double stranded pal indromic sequences, interest in such symmetrical 

sequence properties has risen. ft has recently been shown that longer double stranded 

palindromes are present in the lac repressor binding site of ~ DNA (96). Whether the 

palindromic parts of this binding site are essential for specificity of binding is under 

investigation by sequence analysis of binding sites from operator mutants of À (171). 

Evidence for very large pa~indromic sequences occurring in eukaryotic chromosomal DNA 

has recentl y been reported (172). 

The polarity of the phosphodiester linkage in nucleic acids precludes the possib1lity 

of palindromic symrnetry oc~urring in single stranded DNA sequences such as pyrimidine 

oligonucleotides. Examination of the pyrimidine oligonucleotide sequences from 513+ DNA 
, ... 

(Table 4. 1) showed that ail but two heptanucleotides contained symmetrical orderi~ of the 

bases in their sequences, involving at least six in each sequence. For 0x 174 DNA, ail the 

pyrimidine oligonucleotides, except for one heptanucleotide"and two octanucleotides, 
\ 

exhibited the same type of syml'Tlftricol ordering. These sym,.J.trical sequences have the 

lame statistical probability of occurrence as double stranded palindromic sequences c::J the 

some chain length in a DNA of the same siz.e. For .xa~I., the single stranded sequence 

CTTTTTTC would occur as often as the double strand.d pal indromic sequenc.è ~W~~ 
! 
1 
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in a random DNA molecule. The widespread occurrence of these sequence symmetries 

is pyrimidine 01 igonucleotides from 513 and 0X 174 DNA ITl9kes it difficult to predict 

whether they may have biolqgical significance or if the phenomenon is a coincidence. 

Admittedly, symmetrical sequences ore more likely to OCcur when only two 

nucleotides ar« present, os in these pyrimidine cluste~, but even in a random DNA we 

should expect that a pol indromic hexanucleotide sequence would have an approximate 

probabil ity of 1/64. 

Our co~clusion, therefore, is that only quite long paf indromic sequences ore 

likely to be mechanistically important. 

4.6 Progress) n Sequence Ana 1 ys is 

As was discussed in the introduction, two approaches to DNA sequence analysis 
~ 

are pass ible. The direct opprodch became feasible only in .he post few years, since the 

advent of the highly specific restriction endonucleases (155) and the relotively low 

, specificity endonucleose T4 endonucleose IV~ (38). The indirect approach, in portioular' 

the use of DNA polymerase to elongate a primer oligonucleotide on a relotively high 

molecular weigkt template, has ~en possible for quite a white, but was hindered by ,-
the lack of a suitable primer. The preparation of oligonucleotide primer requires eitker 1 . 

direct fragmentation techniques unavoilable until recently, or sorne sequence information 

according to w~ich the primer can be synthesized. ( 

~ These approaches have solved the problem of specificity in the analysis of 

DNA sequence. The problem cl incorporation d suffici,nt radioactivity into DNA 

For sequence anal ysis has been mitigoted. to 0 greot extent by the use of in vitro 
; 

, 

labefling reactiom. The advent of labelling of oligonucleotides using polynucleotide , 

kinase and ,r y -32 PJATP has allowed analysis on less thon a pmole of oligonucleo-

" 

tide. The [ ex _321'1 riba-and deoxyribonucleoside triphosphates are not usually 

r:J ~ high specifie acti ... ity as [ y_32p], but they easily oHow analysis ri 
, 
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as 1 ittle as 10 pmeles of 01 ig~nuc lebt ide. These tr iphosphates are used w ith 
,1: 

deoxynucleotidyl transferase for 3' terminal labell ing, and,with DNA polymerase 

nt.. 
during primer elongation sequence studies. 

Thus the two technical problems which held DNA.Jt'luencing back relat ive 

to RNA sequencing have been overcome over the past tew years, and sèveral . ' 

laboratories are now actively studying DNA s!,qu~nc~ (14, 26~ 27, 56, 57, 59, 60, 

64, 65, 67, {l9, 70, 72-80, 91, 96, 106-108, 110-120, 129, 155). 

Another indirect method we discussed involved the use of RNA polymerase 

to transcribe DNA. When RNA polymeras~ used as a non-specifi~ transcription 

agent (96), it ~st be used on a relatively short molecule 50 that the resulting RNA 

mixture will not be too complex. This technique has a\fisadvantage in that the 
, . 

,) 

termini of the fragment being examined are not weil transcribed. 

When RNA polymerase is used in its role ~ a specifie initiator of transcription 1 

adding nuG"leotides to a primer, the'template must be fragmented and purified to 

contain only one transcription initiation site. Maizels (106) did this el~antly using 

sonica.tion and purificaf"ion of repressor protein bound DNA; direct fragmentation 

with restriction enzymes to isolate correc;'y sized fragments will probobly be ~d .. ',,-
" , 

in the future. ~ 

, For the.e RNA polymerose techniques, the use ri [0- 32P1 triphœphate •• o~ 
the proble·m of radioactive incorporation. ,'~ 

The is~latior) of specifie fragments of DNA protected f~r~~;'~ifi~ 'M 
~cieases by bound proteins c~n be classifi~d Os a part t(f~ direct fragmentation 

~ 

rnelhods. Tho~ragmenh, howover, oro ",uall; 1101 ,~unlform 

terminal sequencit analysis 'very ~ifficu4t. i' 
. \ 1 ~~ 

,1 

length, making 

------------------~----------------------------~~. 
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An important point is that 011 of the methods here discussed, with the 

exception of the RNA transcription methods, require, os a final step, the determin,.. 

ation of the sequence of 01 igodeoxyribonucleotides. 

Recent studies (111, 113) have demonstrated that DNA polymerose elongation 

proceeds in spurts, produc ing reproduc ible bands separable by gel electrophores is. 

This property, combined with the use of ribocytidyl ic acid incorporation into the 

newly synthesized DNA chain, allows production of 01 igo nu cl eot ides three to twenty 

nucleotides long. 

the direct fragmentation methods, as discussed in Section 1.2.1, yield \ 

01 igonucleotides from dinucleotides to 40 nucleotides in length which must be 

sequenced. 

Severa 1 procedures for the sequence of 01 igodeoxyribonucleot ides have 

u been proposed. Roychoudhury and Kossell (119) have proposed venom exonuclease 

partial digestion fol/owed by labelling with [a_
32

PI rATP and deox'ynucleotidyl 

tra~ferase; identification of the 3' termini of the digest products yields the .sequence. 

They have appl ied th is method only to a synthetic pentanucleotide of knowJl sequence. 

We have proposed (64) spleen exonuclease digestion, labelling with poly­

nucle~tide kinase and [ y -32 Pl ATP, and 5' terminal identification. Wu (70) used " 

this method os a part of his analysis of sorne oligonucleotide sequence methods, using 

as substrate a synthètic 01 igonucleot ide of the same seque~e as a part of one of the 
~ G' 

X cohesive end,. 

It has been proposed (69) that the electrophoresis-nomochrorncJ\Cgraphy sYstem 
• 1 

developed by Sanger and h is coworkers (28) ..eo~ld he used to determine the sequence 
, " '''' .... ~, '--
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of arly oligonucleotide by mapping techniques only. The proposai was based on a 

fracfionation of a partial digest of a tetradecanucleotide of known sequence 

containing only one G in the thirteenth position, where it can easily be identified. 

Our experience (3.4), supported by work from Murray's group (120), has 

~en that the resolution of individual digest products in the electrophoresis.homo-

chromatography system is not suff ic ient for a general sequence method. Many 

01 igonucleotides could be sequenced in th is way, particularly if the base composit ion 

is known, but many others wou/d at best give a tentative sequence which wou/d 

need verif icat ion by different sequence methods. 

The method for oligonucleotide sequence analysis c1eveloped in this thesis 

(3.7) does not involve mapping techniques or the determination of relative base 

composition. Each radioactive mononucleotide analysis in this method represents a 

discrete position in the,sequence. The limitatio~ as to the length of oligonucleotide 

which can be analysed does not depend on quantitation of base composition analyses of 
, 

digest products, but solely on the range of the chain length fractionation system. 

Oligonucleoticles less than fifteen nucleotides long can most conveniently be 

analysed using electrophoresis-homochrornatography (4.3.1 ) as the chain length f:' 

fract ionation step after spleen exonuc/ease digestion and 5' terminal labe,!1 ing. 

Oligonucleotides fifteen to twenty-five nucleotides long should be analysed using 

~EAE Sephade* column chromatography at 65
o
C. ft may be possible to extend this 

upper limit by adjusting chromatographie conditions (4.3.2) . The use of 

[y )2PI ATP in the labellirYtJ reaction meares that less 01 igonucl eot ide substrate)s 

" required tha~ in the methocls using [a)2P1 triphosphates. Most important 1 the 
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use of exonuclease digestion follow~d b)' S' terminal label! ing re,rnoves the ambiguity 

inherent in sequence methods based on base composition analysis or on mapping • 

• 
. ' 

," . ~ 

" 

., 
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CHAPTER S 

CLAIM5'TO ORIGINAL RE5EARCH 

,( , 

1. A completely general method for the determinat ion of the sequence of 01 igo-

deoxyribonucleotides containing ail four bases was developed. 
, , 

2. The sequences of fotrleen of thè longest pyrimidine oligonucleotides from 
t:o 

, - bactériophage 513+ DNAwe're determined. Comparison of these sequences 
, 

with th ose from the DNA of closely related bacteriophaqe ~X174 indicated 

that the evolutioniy divergence of the two genomes was Jess than predicted 

from heteroduplex studies •. Comparison with sequences from the DI\IA of the 

small filamentous col iphages f~ and fi demonstrated that ail four gel'lomes 

conta ined the heptanucleot ide CT 6: 

3. Polynucleotide kinase was found to exhibit an 01 igonucleotide-S'-phosphomono-

esterase activity and a gen~ral mode 1 for the mechanlsm of polynucleotide 

kinase action was presented. 

4. Polynucleotide kinase pur,ified from T4-infected. cells was found to' contain 
.,. 

01 igodeoxyril:iOnucieotide-1 ike contaminants. These were characterized and a 

method for the ir removal from the enzyme preparation developed. 

~. Two corrections were made to the4pyrimidine catalogues of 513+ and 513suN 15 

DNA. 

6. R.e~~1 ut ion of 01 igonucleot ides on DEAE Sephadex of 2S
o

C 'at pH 5.5 was 

demonstrated to be superior to that at pH 7.6 or pH 8.7. ln Fractionations at 

pH 3.2, peak widths were narrower thon ot pH S,S, indicating that the 
, . 

secondary ion exchange group, with a pK cl 5..7, on DEAE Sephadex may be 

\ • 
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l , 

it1Volved in secondary bindlng of o~ igonucleotides at alkal ine pH. 

7. Two methods were developed for ion exchange chromatographyof small quantities 

of 01 igonucleotide without the addition of carrier. Addition of 1 rnN. inorganic 

phosphate to the eluting buffers of DEAE cèlluLose colurhns allowed fractionation 

of as little as 0.5 mrJ of nucleotlde material. The use of DEAE Sephadex in 
~ 

• 1 

column fractiqnations allowed th. fractionation of as 1 ittle as 3',509 of 
, • f 

.nucleot ide material in the absence of carr ier. 

.'-' 
C' 

1 

.. 

\ 

\ . 

• 
.. 
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-APPEN D D< II 

~ 

Proposai The Use of Polynucleotide Kinase in the Ultramicrodeterminatior;'l of 

Base éomp~s it ion. 

Since if i~ possible to prepare [ y _32 PI ATP of very high specific activity, 

a method using polynucleotide kinase to label mononucleotides for ,base compos ition 

analysis would be extremely sensitive. It hos been observed that polynucleotide 

,kinas,e will transfer phosphate to the 51 hydroxyt' of a 3 1 mononucleotide (12). If 

this reaction can be mode quantitative, the following scheme becomes feasible: 

DNA 

1 
SPD 
micrococcal nu~lease 

31 mononueleotides , 

j PN K32 ' ~ 
. . [y,.-. Pl ATP 

32 X 32'~A 

• P P +j : cha in hingth .pur if icdt ion 

32 ' 4 

pXp 
, 

, . 

~ j . mononucleotic;le diphosphate anolysis 

î-. 

. ("', 

, '. .. . ~ ~J~/~Irf>,," it ion • *' ., 
, T~ compl~tely'puri~ the mo~;uclOOSido .diPhosPhate froc~ron it ~i9k1 he 

necessary to .include two chain1engri;t fractionatioA steps;- ~~ at ~ 5 ~ where 
,. ,<.. • ~, 

pXp has a charge of -2, and one at pH 8 , where pXp hàS a charge of -4. . ',.' ( 
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Base cOrfl)osition analysi~ on high molecular weight 'DNA or on 3 1 phosphory-

Jated 01 igonucleotide, the 3 1-terminal nucleoside wHI net be labe"ed. When the 
~ ~, 

substrate 15 a 5' phosphorylated oligonucleotide, the 5' terminal nucleoside will 

not b'e labelled to the same extent as th~ rest of the nucleosides 0 

This method may'be of use il'! the determination bf sequence on ~icom6lar 

quantities of oligonucleotide using venom exonuclease digestion From' the 3,0 ençl 
, / .. 

as a first step. This could extend the range of sequence"methods bOsed on poly­

nJcleotide kinase ,by fifteen nucleotides, to oligonucleotides contaifling 40 baseso 
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