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ABSTRACT

Spleen ;xonuclease and bacteriophage T4 induced polynucleotide kinase
have been cRaracterized with regard to their use in DNA sequence analysis and -
a model describing the action of polynucleotide kinase 'propose@ering
ol igodeoxyribonuclectide-fike contamingnts in the pol ynuéleotide kinase prei)ru—
rctio.ns were characterized and removed. A general method for the determination
of the sequence of oligodeoxyribonucleotides of any base ;:omposition was developed.
This involved partial spleen exonuclease degradat i;)n, 5' terminal labelling with

3

polynuclectide kinase and [ Y- 2P] ATP, and chain length fractionation of the

lobelled;digesf products. Several fractionation systems were conpar;d with regard
to H::ir use in this method, in particular, and in DINA sequence analysis, in general .
The s'equences of long pyrimidine oligonucleot ides from 513" DNA were determined
using this and two other methods ; these sequences were compared with those Frpm

the DNA of bacteriophage @X 174, aond their significance regarding the evolutionary

divergence of these closely related bacteriophages examined.




ABREGE

L'exonucléase de la rate et la polynucléotide kinase induite par le
bacteriophage T4 ont été caractérisées a cause de leur utilité dans |'analyse
séquentielle de |' ADN et un modéle décrivant |'action de la polynucléotide
kinase est proposé. | |

Des contaminants ressemblant a des oligodéoxyribonucléotides et
interférant dans la préparation de la polynucléotide kinase ont été isolés et
caractérisés. Une méthode générale est developée pour la détermination de la
séquence des oligodéaxyribonucléotides composés de n' importe quelle base. -
Celle-ci consiste en la dégradation partielle de I'exonucléase de la rate, le

marquage du bout 5' de la chaine a |'aide de la polynucléotide kinase et de ATP
[ v —32P] , et du fractionnement des produits marqués et digerés. Plusisurs
séquences de fractionnement ont &té comparés en raison de leur utilité dans cette
" methode en particulier, et dans |'analyse séquentielle de I'ADN en général.
Les séquences de longs ol igonucl&otides pyrimidine de I'ADN du
l';ocfériophage Sl3+ ont ét6 déterminées en utilisant cette methode de méme que
.deux autres ; ces séquences ont ét& comparées d celles de I'ADN du bacténophoge

BX174 et leur importance en regard de la divergence d'évolution de ces bocf‘n-

ophages 8traitement reliés y est examinée.
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( CHAPTERT s«
\ INTRODUCTION

1.1 Analysis of the Primary Structure of DNA

Until recently, the exact analysis of the polymeric properties of DNA
* molecules has been limited to base compos it iong\nalyses (39, 40) ond various chemical
studies (4147, 71). The most important property of DNA, the sequence of nucleo-
tides, couldonof be determined with-these techniques.

In contrast, the sequence of RNA molecules, since 1965 (48), has pro-
gressed to the stage where complete genomes containing 3300 nucleotides are being
examined. During this same time p¥riod DINA sequence analysis reached only the
trinucleot ide level (51, 133). We can best discuss the diff iculties of DNA sequence

4
analysis by comparing it with RNA sequence analysis.

There are no deoxyribonucleases with specificity towards DNA similar r: T
that shown by RN Aase T1 and by pancreatic RNAase towards RNA. Panc‘atic
RNAase cleaves an RNA polymer at the 3' phosphate of a pyrimidine, while RNAase
T1 cleaves at the 3' phosphate ;:F a guanosine residue,

Recent st /dies on DN Aase I (22, 52) and DNAase I (53) from hog spleen
have shown limited specificity in that certain nucleotide bonds are resistant to
hydrolysis. This type of degradation, however, is not useful for specific fragmenta-
tion of DNA.

In the search for a specific degradation method, many investigators have

examined chemical hydrolysis of DNA molecules. Terminal stepwise oxidation of

polydeoxynucleotides (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
develaped by Burton and Petersen (71), has been the only truly specific chemical
degradaﬁor’m method. The hydrolysis of DNA with formic ?cid in the presence of
diphenylamine is analagous to the specific degradoti;m of DNA with an endonuclease.
There are, however, two limitations to the depurination method: there is no possibility
of a partial digest and there can be no overlap of the pyrimidine cilusters obtained.

The advent of specific DNAases such as T4 endonuclease IV (38), and
restriction enzymes (54, 55), has made the DNA sequence problem more feasible,
but these enzymes are not completely analagous to the RNAases mentioned above.

The restriction endonucleases and T4 endonuclease IV have much more stringent
specificity requirements than pancreatic RNAase or RNAase T1.

Restriction enzymes recognize and cleave DNA sequences 4 to 6 nucleotide
base pairs in length, produci,ng from a hypothetical random DNA molecule a population
of fragments distributed in length around a mean of 300 to 4000 base pairs, dgpending
on the endonuclease. r’ .

T4 endonuclease IV recognizes and cleaves the sequence --pTpCp-- in
single stranded DNA, yielding from a random DNA molecule a population of fragments
around a mean of 15 bases in length (67, 141, 154).

A series of degradations with restriction ‘enzyrpes and finally with T4
endonuclease IV will degrade DNA into discrete frogrr;enfs of relotiv"e|y small size.
However, the complexity of the oligonucleotide ;;roducts requires a large number of

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

tides to obtain complete sequence data.
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RNAase T1, in contrast, will degrade a random RNA molecule to a poi) ation
of fragments around a mean of four bases in length, while the complete digest préducts
produced by pancreatic RN Aase o;'e distributed around a mean length of 2 nucleotides.

A combination of digestions with the two ribonucleases will usually yield
products small enough to be sequenced directly by exopuclease partial digestions and

‘bcse composition determinations. The development of fractionation procedures used in
RNA sequence analysis has been aided by the fact that the enzymes used for degradation
result in small fragments with specific 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. Similarly, components of a complete T1 RNAase digest have a guanylate residue
at the 3' terminus and only 3 nucleotides in the rest of the sequence. Some of the separation
systems developed for these small ol igonu?/fe\c;f?des are specific enough to separate sequenge
isomers by electrophoretic or chroméfogrclgphiC mobility,

Except for some bacteriophage DNA's and eukaryotic DNA' from cells grown in tissue
culture it is very d‘ifficulf to obtain a DNA sample by in vivo labelling techniques of the
high specific activity required for sequence analysis. Recent developments in in vitro
labelling techniques have alleviated this problem to a considerable exfenk'

A qualitative difference is that the majority of DNA molecules are double stranded,
wifh' a uniform secondary structure, This reduces the possibility of specifically fragmenting DNA
using partial digestion with non-specific nucleases which are hindered by secondary structure.
Procedures like fhis(“&r:‘ used routinely in RNA sequence studies (49, 125) and in one case
have been successful in an analysis of a single stranded DNA (60).

1.2 Approaches to DNA Soqluence Analysis
There are a number of approaches to DNA sequence analysis ‘which are tech-

nologically feasible today. Which one is applicable to a given problem will depend

largely of the molecule baing examined. 1 have divided these approaches

/
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into two categories: the direct approach comsists of the fragmentation of large

polymers into short pieces, analysing the sequence of each of these, and ordering them .

D
™

to give the total sequence ; the indirect approaches are those where a biological or
physical property is used in order to examine a specific small portion of the DNA

.
molecule,

1.2.1 The Direct Approach : Fragmentationand Analysis
"1.2.1.1 The Selection of a DNA Substrate

Before we can discuss a method for sequence analysis, we must select a
substrate DNr{ A human cell is sstimated to contain 4 x ]0]2 daltons (134) of

deoxyribonucleic acid. It will probably never be practical to investigate this genome

directly. The chromosome of a bacterium such as E. coli is smaller by several orders

of magnitude, with a molecular weight of 3 x 109 daltons (135). It will be many’
years, however, before even bacterial DNA will be amenable to the direct approach
to sequence analysis,

Bacteriophage genomes are the most popular targets for sequence analysis
because of their relatively small ;ize. Also bacteriophage DNA can generally be
prepared with a reasonably high specific radicactivity. Much is known of the genetics
and organization of bacteriophages A and T7 (62, 63) , thus a considerable amount
of sequance work is 'being done ,on fhe‘ir genomes (57, 59, 96, 106) even-though
they are 50,000 and 40,000 base pairs long, respectively.

In the case of the smallest c;l iphages, fd, f1, S13 and ®X174q with a
genome only 5500 nucleotides in length, direct sequence analysis can be\and is

being attempted (7, 64, 65, 67, 111, 117) with the expectation of a complete genome
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sequence within several years. DNA isolated from bacteriophage $13'was the

source of oligonucleotides investigated in this thesis, -

1.2.1.2 Fragmentation of DNA with Restriction Enzymes
The sequence of a molecule of DNA even as short as 5500 nucleotides
cannot be deduced-in one step ; the polymer must be ‘broken intp a number of
managéable fragments which can b; sequenced and ordered within the parent
molecule. This thesis presents sequence methods which allow us to define a manage-
able fragment as one containing less than fifty nucleotides. T}we avail ability of
restriction qnzymes and T4 endonuclease V makesit possible to degrade DNA >

specifically down to this size.

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

!

hybridization techniques to determine the order of the fragments produced by several )

restriction enzymes from the genome of bacteriophage @3X174. In future sequence
studiés, methods similar to these will be useful for the arrangement of DNA fragments
and will eliminate the necessity for overlapping sequence data.

if is very unlikely that a single restriction enzyme would dégrade a
complete DNA molecule into fragments small enoughxfor eﬁdonuclegse IV degradation

(Section 1.2.1.3). For example, @X 174 and S13 replicative form DNA dre cleaved

into fourteen and thirteen fragments (55, 141, 142) respectively, by the restriction

endonuclease isolated from Haemophilus influenzae, In both cases the shortest

‘fragments are 62 and 80 nuclectides long, while the longest fragments contain more

than 1000 nuclectides. It is apparant that the longer fragments must be further

digested with one or more additional restriction enzymes until the whole genome is
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v
reduced to a set of ordered fragments which can be denatured a»d reduced to manage-

Y
N

able size using T4 endonuclease [V,

It is theoretically possible to degrade DNA down fo ol igonucleotides less

than 50 bases long using only restriction enzymes, but their level of specificity makes

Y

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

1.2.1.3 Fragmentation of DNA with T4 Endonuclease IV *

3 m
) >

In the course of the fragmentation of a large DNA moipctlle by any of a
nun:nber of methods, it is likely that single §trcndéd fragments will be produced which
are too long for detailed sequence analysis by partial exonuclease digestion meﬂ\oc;s.
Such polydeox yribonucleotides can probably be degrac;eﬂ with T4 endonuclease IV,
yielding a group of oligonucleotides which can each be sequenced. The upper size
limit of the DNA fragments which can be examiged in this»m%\h a Func:ior) of the
resolution possikfe with avaih;ble oligortucleotide fractionation techniques.

As 1 h c:lreody mentioned, T4 endoneclease IV digests of a random DNA
molecule will contain a population of oligonucleotides varying in size about o
mean of 14,5 nucleotides. The pmbat?ilify of occurrence of different oligonucleotide
products in such a digest is ;epresented in Fiéure 1.1. The nuimbers above the
absolute probability curve indicate the length o; DNA molecule which, on c;mplete
digestion with a TC«specific T4 endonucleass IV, would probably yield one oligo-
nucleotide of the chain length indicated by‘fhe arrow. Shorter oligonucleotides

would probably occur more than once in the digest, while lopder products would

-

occur, on the average, less than once, .o . .
\

Iy

" .
v . 'y
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The weighted probability, defined as the product of the absolute:
probability and the chain length of the oligonuclectide digest product, represents
the proportion of material, 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 tetradeca- and pentadeca~

nucleotides.

These probabil ities were calculated using permutational anal ysis”
assuming random DINA sequence. From Figure |.1 it can be estimated that

d\;gradafion of a double strandéd DNA molecule more than 200 rnucleotides in

length will probably yield a mixture of fragments which will be difficult to

B

fractionate into all of its components, Fragments smaller than this are more

likely to be amenable to further analysis after degradation by T4 endonu;lécse Nv.

LS

.
£
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. I have used statistical arguments to define the boundary between "long*

4

and “sfjﬂ' DNA fragments, which means the 200 nucleotide figure is not an absolute
one. There are ceftainly polydeoxyribonucleotides containing more than 200 bases
which can be analysed usinng4 endoriuclease IV; there will also be molecules
shorter than 200 nucleotides which, because of an unusual base sequence, cannot

be analysed after T4 endonuclease IV digestion.
) Once a double stranded DN A fragment less than 200 base pairs in length

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

specific. F. Grosveld (68), in this laboratory, has demonstrated that double stranded

-

DNA can be completely digested with T4 endonuclease IV if the substrate is denatured
before the addition of the enzyme dnd the reaction performed at 37°C. An advantage

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 polynuclectide thirty base

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

Figure 1.2

T4 Endonuclease IV Cleavage of a Hypofhetical\Fragment
: ) )
+ + +

pTpCpTpCpTpApCpAPCpGpApTpApApCpGPA pGpApTp\CprApAprTprGpG \
ApGpApGpApTpGp TpGpCpTPAPTPTPGRCPTPTPCP TpAPGPAP TP TPAPAPAPCPCp

4 3 +
.&
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of T4 endonuclease IV are indicated by the arrows. The digest products would be
separated by column chromatography and their sequence determined. A summary of
this hypothetical experimental data is given in Table 1.1,

We deduce that fragment 1 must be one of the 3' 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 ;o the 5' T complementary to fragment 6.
Fragment 3 must fit opposite the GAAGA in Frc;gment 8. Fragment 4 must be
adjacent Jfo Fra'gmen; 3 complementary to fragment 8. Fragment 5 is complementary
to much of fragment 7, indicating that the latter is the other 5' terminal sequence.
Fragmen; 6 overlaps the 5' end of fragment 8 and the 5' terminal sequence TCT.
Finally, the overlap between fragments 7 and 8 defin;s the entire sequence.

Any double stranded molecule which fulfills two conditions can be sequenced
in this manner: first, its T4 endonuclease IV digest}on products must be separable,
and second , these products must be amenable to sequence analysis,

This thesis describes sequence techniques which provide the arswer to the

second condition, leaving the fractionation procedures as the |imiting factor .

1.2.1.4. OIigonucleofideo Sequence Analysis
1

Since single base specificity is not available in DNAases, it has been

k1

necessary to develop sequence methods for ol igodeoxyribonucledtides using non-

spedific nucleases, All oligonuclectide sequence techniques described to date as

-

well as those in this thesis depend on partial~digestions with nucleases, followed

'




; Table 'I’.]
- ) .
Hypothetical Sequence Data \\
Fragment Length
Number
1 1 pT
2 2 , pCpT
3 3 . TpTpCp
4 6 TpApTpTpGpCp
5 9 pCpTpApApTpTpTpGpG
) 10 ApGpApGpApTpGpTpGpCp
7 1 | \ ‘ TpApGpApTpTpApAPAPCPCD
8 18 pCpTpApCpApCpGpApTPApPApCpGpApApGPApPT

“
Note: underlined sequences are written in the 3' to 5' direction.

-

-ll—
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by analysis of the progressively smaller products. Identification of all such products
yields the total sequence. :

In general, oligonucleotide sequence analyses fall into three major
categories, uniform label methods, and two methods utilizing enzymes for labelling

oligonucleotide termini.

a) Uniformly labelled oligonucle:)fides

Oligonucleotides with sufficient uniform radioactive label can be
sequenced using exonuclease digestion and base composition analysis. Figure 1.3
is <; representation of a hypothetical sequence experiment illustrating this method.
A portion of a dephosphorylate:il pentanucleotide is partially digested with venom
exonuclease, yielding a series of digest products with nucleofidef removed from the
3' end; another portion is treated with spleen exonuclease, yielding a series of
products with monomers removed from the 5' end. For pyrimidine oligonucleotides
the base compos it ib\Pt of the digest products can be deduced from their migration in
an electrophores is ;homochromafography system, yielding the complete sequen;:e.
F the substrate oligom{cleof ide cc;nfaim all four bases, a base composition analysis
must be performed on most digest fragments because relafive migration does not

distinguish betweena Tand a G.
JAS

b) Terminal labelling of an ol igonucleotide followed by exonuclease treatment

An ol igonuclectide can be labelled in vitro using enzymes such as

polynuclectide kinase (12) or deoxynucleotidyl transferase (60). The first enzyme
catalyses the transfer of the  -phosphate of ATP to the 5' hydroxyl group of a

polynuclectide. The latter etterifies several adenylate mononucleotide units to the



. ’ . Figure 1.3 L\\

i
Sequence of a Uniformly Labelled O!igonucleéwide

pCpTpAPGpTp
PME
CpTpApGpT + Pi >
SvD SpD
CpTpApGpT ~ CpTpApGpT
CpTpApG TpApGpT
- CplpA +pT +pG +pA ApGpT +Cp+Tp+Ap
CpT ‘ GpT
4
separation and ' separation and
base composition base composition
analysis ’ analysis
, ;
/ : '
sequence ({CT)AGT . _ sequence CTA(GT)

~Y

sequence CTATT )

H
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3' terminal hydroxyl group of an oligodeoxyrtbonucleotide. Excess adenylate residues
can be removed Fron: the 3' terminal region by alkaline digestion leaving a single labelled
adenylate residue esterified to each 3' hydroxyl group.

An oligonucleotide labelled by incubation with polynucleotide kinase and
[ yv32P]ATP is purified and then partially digested with a 3' exonuclease such as venom
exonuclease. Conversely, if deoxynucleotidyl transferase and [ o —32P]ATP are used
in the labelling step the degradation enzyme is a 5' exonuclease such as spleen
exonuclease. Only one exonuclease partial digest is required ofter terminal labelling -
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 pentanucleo-
tide after the labelling of the 5' terminus with | Y-32P]ATP and polynucleotide kinase.
In this case the base composition of each of the digest products must be determined by
chromatographic procedures alone. This is readily accomplished for pyrimidine
(Section 1.2.1.4a) oligonucleotides, but is difficult when all four bases are present
(69, 76, 111).

c) Exonuclease treatment of an oligonucleotide followed by terminal labelling

A method for sequence analysis which solves the problems of specific
radioactivity and 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 —32P]ATP by polynucleotide kinase followed by separation
of the labelled products.

Since only the 5' termini of the products are labelled, radioactive base
composition analysis o each product yields the complete sequence except for the

3' terminus,
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¢ Figure 1.4 F

Sequence of a 5' Terminally Labelled Oligonucleotide

*pCpTpAPGPT
SvD
] '
*pCpTpApGpT
*pCpTpApG
*pCpTpA -
*pCpT
*oC  J
‘separation and
base composition
analysis

]
sequence pCpTpApGpT

| *p reprasents a radioactive phosphaio ester,

e V8
e
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The use of deoxynucleotidyl transferase and [ 0-32P] ATP to label

‘ Y

é' termini after venom exonuclease partial digestion, gives an exactly complemen-
tary sequence method which will yield a complete sequence except for the
5' terminus, r

When either of these methogs is used alone, the unknown terminus can be
identified chromatographically (51, 64, 65) or by determination of the sequence of -
one of the intermediate labelled digest products as described in Section 1.2.1.4 b,

Figure 1.5 represents an experiment using fhi; approach with polynucleo-
tide kinase to sequence a hypothetical pentanucleotide. Here the dinucleotide at
the 3' terminus is analysed chror;nfographically (51).

Figure 1.6 represents the converse experiment using the 3' terménal

labelling enzyme. The 5' dinucleotide sequence is determined using its 3' terminal

label and spleen exonuclease partial digestion (1.2.1.4 b),

d) Fractionation of oligonucleotides
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-
resolut"ion DEAE sephadex column chromatography (22, 51) allow the separation of
mixtures of oligonucleotides up to the pentaicosanuclect ide level.
The complementary sequence methods described inSection 1.2.1.4 ¢

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

1.2.1.5 Progress on Direct Sequence Analysis

Ling (7, 26) has sequenced pyrimidine oligonucleotides up to length

o




' . . : - Figure 1.5 ) .

Sequence of an Oligonucleotide Using Spleen Exonuclease and Polynuclectide Kinase

CpApTpApC
1 partial SPD *
CpApTpApC
ApTpApC, ’
LI TpApC
; ’ M ;
1 PNK +  [32p)ATP .
) *pCpApTpApC
*pApTpApC
*pTpApC
*pApC '
G-25
*pCpApTpApC *Pi, *pppA’
| *pApTpARC *pApC
| . *pTpApC
| [ J
CLF |
CLF fractions 3, 4, 5 *pApC .
SVD on each fraction SVD and pH 3.5 dinucleo-
and mononucleotide mononucleo- . tide subfractiona-
analysis tide analysis tion on DEAE
celiviose .
. J ’. .
" CATXX XXXAX XXX(AC)
| CATAC

*p represents a radicactive phosphate ester.

‘
.
, :
5. . L ‘ « +
P S N e - b . N N o
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#
’ 4 Figure 1.6 ®
|
Sequence of an Oligonucleotide Using Venom Exonuclease
i
and Deoxynucleotidyl Trarsferase

N .
GpApGpTpCpApT S
(1) partial SVD
(2) dooxyodenyl fransforase,[a- PlATP
3) NuOH

GpApGPTRCpARTp*rA
GpApGpTpCpAp*rA
GpApGpTpCp*rA
GpApGpTp*rA
¢ GpApGp*rA P
GpAp*rA v .

: 1 G-25
2 GPAPGPTPCPAPTP rA
GpApGpTpCpAp*rA

GpApGpTpCp*rA

GpApGpTp*rA
GpApGp*rA
CLF
fractiors 9, 8, 7, 8, 5, 4 ~ *
complete SPD and ’ partial SPD
mononucleot ide on tetranucleotide
analysis
) | GpApGp*rA
* sequence XpoGprCpApT ' ApGp*rA
‘ Gp*rA
separation and
base composition
. determination
'
sequence GpApGpXpXpXpX

p* reprasents ' radioactive phosphate ester.

5
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‘ in the small coliphages fd, @X174 and f1 using the uniformly labelled 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 compasition assignments for the pyrimidine

- clusters of @X 174 were in error, Confirmatory work on pyrimidine cluster W:aquences .
° from @X 174 DNA is in progress here (27, 117). .
Kossell and Roychou’dhury (60) and Wu (69, 70) have presented sequences
of synthetic oligonucleotides determined by methods similar to those presented by
this investigator (64); they had the odva:foge of knowing the sequence beforehand
and of having large amounts of material; they have yet to apply their methods to a
biological molecule of unknown sequence,
A group of workers from Sanger's laborufc;ry (67) have proposed a preliminary
sequence of a fragment of @X 174 DNA 48 nucleotides in langth isolated by partial

digestion with T4 endonuclease IV. This fragment was sequenced by analysing smaller

overlapping oligonucleotides produced by depurination and by complete endonuclease IV

digestion. Uniform radioactive label was used thrwéhout the procedure. The long-
awaited comprehensive publication describing this sequence study has not yet

| appeared,

Attempts to repeat the specific fragmentation of @X 174 and S13 DNA with

T4 endonuclease N have not been successful in this laboratory (68).

'1.2,2  The lndm Approaches to DNA Sequence Analysis

The preceding pages described sequence determination as a complete

characterization of a DNA moleculc’roqqdlos of size or function. Many investigators,

I4

. ‘ however, are unwilling to wait for complete sequence; data on the small phages ; ﬂ
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others wish to examine spec ific sequences within genomes much too large for direct
. 5 / s
sequence analysis. In these cases a biological or physical "handle" is used to

4

N

. Bslate a fragment of interest from the genome.
REY

"1.2.2.7 Terminal Sequences

¥ The most obvious-regions for investigation in d IYoear DNA moleculg are

the'termini. The cohésive’ends, or’single stranded regions, at\the 5' teérmini of bacterio-
k @

ph&gbs A and 186 have beef sequenced by Wu and his colleague

A

(73, 73, 74). They
incorporated [0-32P] nucleoside triphosphates into the terminal coh4sive end regions of

the DNA using the repair reaction of E, coli DNA polymertse I. Nearest neighbor

¢
”

analysis was then used to deduce the ferminalasequences.
Englund (77, 78) used the reverte reaction of T4 DNA polymerosla to

examine the termini of T7 DNA, which does not have ¢chesive ends. He incubated

the DNA in fl}e presence of polymerase and only one nucleocside triphosphate, Under

\ .
these conditions the polymerase removes nucleotides from the 3' terminus until it

encounters a nucleotide corresponding to the triphosphate presers in the incubation

medium. Nearest neighbor analysis of the products of @ series of these reactions .

o

yielded the trinucleotide at each 3' terminus of the T7 DNA. The same group (78)
extended fhe sequence for the | strand terminus to-seven bases b'yqisoloting (7lj

and sequencing pyrimidine pentanucleotides labelled with T4 DNA polymerase in the

%
A

presence of [a-32Pl TTP,
Weigel et al., (75) Used Englund's (77) technique to label the 3' termini

of A DNA cnddthon used paricreatic DNAase to generate a series of 3' terminal

oligonucleotides. Identification of these oligonucledtides gave the sequence of a
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" hexanucleotide for the [-strand and a heptankcleotide for the rstrand. Wu has

- recently added one more nucleotide tothe |-strand sequence (129) verifying _

r

Weige']'s predicfion for that nucleotide. This brings the known sequence around the

- A DNA cohesive erids to 26 base pairs.

. Murray (I4) used polynuclectide kinase and [ y 2P ATP to label the
5' termini of A DNA. He then digested the DNA with DNAase lt; yield‘o series
of terminal oligonucleotides. Identification of these oligonucleotides verified part
of Wu's sequence and showed that coliphage 424 DNA has termini identical to those
of A DNA at |east to the hexanucleotide level.
It is possible to generate from a completely double stranded linear DNA l
mo|\e“cu|e single stranded tails by digestion from the 3' ends with exonuclease III,

yielding 5' termini similar to the cohesive ends of A DNIA. It has been suggested

that such a molecule be examined as discussed above (79).

1.2.2.2° Single Strand Specific Nuclease Digestion of DNA
Mydrolysis of partially annealed DNA with a single strand specific

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

(137) has been used in many studies of DNA and RNA function (82, 83, 84),
Single stranded DNA molecules can have significant secondary structure.
From phage @X 174 DNA one can isolate fragments corresponding to about 1,5% of the mol -

ecule after self-annealing, N. crassa nuclease digestion, and gel electrophoresis

~

(85). Such fragme'nfs are of particular interest since secondary structure has been
implicated in functional sites in DINA molecules (87, 88, 89).

-Ancther avenue opened by single strand specific enzymes is the investigation
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of evolutionarily stable sequences in related phages. An intriguing study of hetero-
duplexes between the replicative forms of S13 and @X174 bacteriophages by
Godson (90, 145) demonstrated that only 5% of the |en§fh of any one heteroduplex
molecule remained as a stable double helix in 75% formamide. A singl:‘e strand
specific nuclease can digest the single sttanded regions of the heteroduplex

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

4

that $13 - @X 174 heteroduplexes/digested in this way would yield a double stranded
fragment approximately 200 nucleotides in length.

It is likely that an evolutionarily stable DNA sequence such as this would‘
represent functional DNA, rather than DNA coding for m-RNA. As Godson (90) has
discussed, proteins and the DNA seéuences coding for them can evolve considerably
with little changes in function, o
1.2.2.3  Sites of Interaction of Protgins and DNA

" Considerable progress has been made in the isolation of segments of DNA
which can be specifically protected from nuclease digestion by proteins. Ribosome
binding sites (?1), RNA polymerase binding sites (92, 93), and lac repressor bound
DNA have been isolc;ted (146, 147). Investigation of the binding of the CAP protein
as well as that of the termination factor p is still ot the stage (98, 99) where
quantity of protein is the limiting factor,

A sequence has been proposed for a ribosome binding site isolated from
@X174 (91). This was determined using depurination and T4 endonuclease N as
described previousl; (Section 1.2.1.5) (67). This work was also presented as a

preliminary study and has yet to be followed by a detailed article.

i
e
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The isolation of GDNA protected from nucleases by RNA polymerases has
been performed for several years (92, 102, 103,104). It has recently been shown
that a single RNA polymerase binding site can be isolated from bacteriophage fd RF
DNA (93). ‘ -

It has been demonstrated that phage @X 174 RF DNA has three RNA
polymerase binding sites (105). After resfricfic;n enzyme treatment and gel electro-

-phoresis each binding site was isolated separately. This approach should be very*

/.
useful in the work in progress on DNA from bacteriophages \ and T7, which has been

hindered by the large number of binding sites in these genomes. Y
To date investigators have been unable to produce enough material for a
sequence study of an RNA polymerase binding/site; such a project is under way in

this laboratory.

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

q

infected with iqor i*Tstrains of )\ and has been used to isolate the stretch of DNA

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

has been proposed (96) on the basis of pyrimidine cluster sequence data and RNA

transcript sequence data (Section 1.2.2.4).

1.2.2,4 The Sequence of RNA Transcripts of DNA

RNA sequence techniques are so well established that it is quite plaus il;le
to determine a DNA sequence by analysis of its RNIA transcript, Gilbert and
Maxam (96) used RNA polymerase as a non-specific transcription enzyme in the
elucidation of the sequence of the lac operator. Their study points out a disadvantage

in the use of RNA polymerase on relatively small segments of DNA; transcription
A

i
\
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is not efficient near the termini of the template.

The sfud‘y by Maizels (106) of the nucleotide sequenc‘e of the lactose
messenger RNA is a demonstration of the RNA transcript technique ot its strongest.
This presentation is of an RNA sequence, but Watson-Crick base pairing yields the
DNA sequence. The sequence she pre;enrs overlaps with the lf:'c operator sequence
and with the sequence of the B-galactosidase 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
transcription of a specific site.

The disadvantages of course, are that RNA polymerase transcripts will not
yield information on inter-operon regions such as their own binding site, and that

N

any molecule with more than one RNA polymerase binding site may not give

specific initiation.

1.2,.2.5 Elongation of an Oligodeoxyribonucleotide Primer with DNA Polymerases
DNA ;olymerase has already been mentioned as a tool in 3' end labelling
and terminal sequence analysis and here it will be discussed regarding its use as a
tool for sequence determination within a large DNA molecule.
F a polydeoxyribonuclectide can be isolated or synthesized , which is
complementary to a known region of a genome, it can be used as a.primer and

elongated by E. coli DNA polymerase 1 or T4 DNA polymerase. Here again specific

. initiation is the key to a meaningful result, Wu (107) has investigated the binding

of a nonanucleotide to the cohesive end of A DNA ; Oertel and Schaller (108) have

investigated the binding of the pyrimidiné tract C9T” to fd minus strand DNA and
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hav;a elongated it using the RF complen;enfary 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. coli DNA polymerase [ will
incorporate ribonucleotides into a DNA p:>|ymer %if manganese is the divalent ion in
the incubation irstead of magnesium, Since ribonucleotides are susceptible to

ribonuclease or alkali digestion, this procedure (138) has been propc;sed as a

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

prints can be produced from M13 DNA using ribosubstitution and alkaline hydrolysis. £ee
Khorana s group (110) has examined ribonucleotide incorporation onto /
synthetic primers bound to synthetic templates. In this way they showed that, at 37°C,
misincorporation of ribonucleotides is a serious problem in the ribosubstitution system.
At 10°C they have demonstrated that only rCTP can be incorporated reliably.

Another ;)roblem is that if two consecttive ribonucleotides must be incorporated
elongation will effectively come to a halt. 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 nucleotides in length
annealed to f1 DNA, added 50 residues to this octanucleotide and deduced their
sequence. The study used timed nuclecside triphosphate incorporations, ribocytidine
triphosphate incorporation , and small oligonucleotide fractionation methods.

The octanucleotide was thought to be complementary to an unambigyous
sequence deduced from the amino acid sequence of the major coat protein. Instead,

the sequence deduc{:l seems to be an interesting intercistronic region with several

terminator and initiator sequences. f




Work in this laboratory is in progress leading to the use of unique pyrimidine
nonanucleotides and undecanucleotides from S13 RF DNA as primers annealed to s13°
viral DNA (148). The leading group, as regards sequence work using DNA polymerases,
is Khorana and his colleagues at the Massachusetts Institute of Technology. Hav ing
synthesized the @80psulll tyrosine t-RNA gene (112), they had primers which could be
bound to any segment of the t~RNA cistron. Using a terminal oligonucleot ide from the
gene and elongating 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
major approach was to vary the deoxynucleoside triphosphates present in the incubation
mixture. Incorporation of only two or three triphosphates followed by nearest neighbor
analyses allowed sequence determination in short jumps of one to four nucleotides at

atime.

1.3 Mammalian DNA Sequence Analysis

The large size of mammalian genomes makes it impractical to study any
unique sequences, therefore the targets in mammalian systems have been highly
ampl if ied s;quences such as those occurring in many satellite DNA's .

Southern (114), using pyrimidine cluster sequence data alone, deduced the
probable hexanucleotide repeating unit for the guinea pig a satellite DNA. The
sequence he presented was the most frequently occurring one; the many other less
frequent sequences were attributed to evolutionary djvergence.

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

DNA indicates that its repeating unit contains 10 nucleotides (116) and that its
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evolutionary divergence is considerably less than that of guinea pig a satellite.

These investigators used DNA polymerase ribosubstitution techniques and transcription
into RN A as parts of their o;1a|ysis. The ribosubst itution experiments were performed
using r GTP as the one ribonucleoside triphosphate ; this is contradictory to the

demonstration by van de Sande et al., (37) that misincorporation of this ribonucleo-

tide is a serious problem. This might explain the observation that most of the
evolutionary alternative sequences involved the addition of one or more guanylic acid
residues to the basic repeating unit,

In this laboratory (117), all fh;)mcior pyrimidine ol igonucleotides from mouse

PN

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

hypothesis 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 which is small enough to be presented in compact form.

Table 1.2 summarizes the published DNA sequences to date.

1.5 Purpose of This Study

The most successful techniques to date have been those involving DNA
polymerases and RNA polymerases. This is because these techniques can produce some
sequence data without requiring the sequence of an oligonucleotide containing more
than four bases. Manipulation of the deoxyribonucl&oside triphosphates present in

the polymerization reaction and the use of ribocytidine triphosphates partially fill

v s ”




Table 1.2
DNA Sequences y
Source Description . Sequence References and Notes
@80su 11 untranscribed strand after TCACTTTCAAAAGTCCCTGAACT (113)
the sulll tyrt-RNA gene
BX174 T4 endoruclease vV CCCATCTTGGCTTCCTTGCTGGGTCAGAT (67)
viral DNA produced fragment
( TGGTCGTCTTATTACCATTT
DX174 - ribosome binding site AGGTTTTCTG *CTTAGGA +TTTAATC * indicates the position
viral DNA of a possible additional
purine. (
ATGTTTCAGACTTTTATTTICTCGCCAC the underlined portion
codes for the N terminal
sequence of the @X174
spike protein.(91).
f1 sequence following an GGCTTTATTGCTTAATTTTGCTAATTCTIT the doubly underlined
viral DNA octanucleotide hybridized - sequence represents the

to the viral DNA

GCCTTGCCTGTATGATTTATTGGATGGT

“complement of the bound

oligonucleotide.
the dotted underlines
represent initiator sequences.

- the singly underlined

sequences represent in
phase termination codons
(111).
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Toble 1.2 ..... cont'd.
Source Description Sequence ) References and Notes
5! * | strand 3! . . .
col iphage double straaded sequence GTTACGGGG CGGCGACCTCGCGGGT * indicates the position
A DNA of the cohesive ends of CAATGC CC CGCC GC TGGAGCGC CCA of the nicks producing
A DNA 3 r strand * 5 linear A DNA.
(73, 74, 75).
coliphage 186 5' terminal cohesive GGCGTGGCGGGGAAAGCAT-—--- the 3 terminal T is the
DNA end of the left half of first nucleotide which is
186 DNA base paired in linear
186 DNA.
(72, 74).
col iphage fstrand = 0000000 emm=as TCCCTGT (77, 78).
17 3' terminus h
col iphage r strand -—---AGA (77).
L4 -3' terminus i
coliphage A\ sequence of untranscribed TGGAATTGTGAGC GGATAACAATTTCACACAG dotted |ine represents the
h&ClS57S7 strand of the lac repressor ST TSI T lac operator sequence (96)
dlac WV5 bmc!mg. snf;atr:i the GAAACAGCTATGACCATGATTACGGATTCA single underline indicates
beginning . . - the sequence coding for the
B-galactosidase cistron. N Cus of |
C1GG ~terminus of B-galacto-
sidase. (106)
double underline indicates
an initiator sequence.
Guinea pig one strand of the repeating --—-CCCTAA~==-- (114).

unit of a-satellite.

-6Z_
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Table 1.2'.....cont'd.
Source ° Description 3 Sequence References and Notes
Kangaroo rat one strand of the repeating unit =---- ACACAGCGGG-~--- (116).
of HS-B satellite DNA,
Mouse pyrimidine clusters from the Occurrence per 1500 base pairs
heavy strand of satellite
" DNA. TTCC
- y C1c - 230
TCCT
_ . TTTC " 100
: : TICT 45
- ]
TTTTC ) 85 o (174) 8
TTICT 85 !
. | TTTICC 45
TTTCTC 145
TTTTTC ’ ' 140
TTTTICTC ' 30
. CTTTTIC - 20
=
. TITTICT ‘ 50 : )
TITICCIC 40 |
40

" CCTTTTIC




Lol -
gt%‘.g .....“ﬁ'd. s
Source Description Sequence References and Notes
r Mouse pyrimidine clusters from Occurreace per 1500 base pairs
the light strand of the .
satellite DNA, TCC 80
CCrt 40
| . C1T 120
j;X . ' 2 (’\ { CTTT ~ 60
- B , i
' S
] \
A -4
Y, .

-I-S-
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)
a role analagous to that of RNAase T1 and pancreatic RN Aase .

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

(111) have proposed, an oligonucleotide sequence method hecomes necessary even
when using DNA polymerase techniques. They proposed a sequence of 50 résidues
from f1 DNA and showed that it was necessary to sequence intermediate oligonucleo-
tides containing up to 15 bases. Unfortunately, they did not describe how this was
accompl ished.

The only sequences, other than those of pyrimidine ¢lusters, whigh have
been determined by direct methods are the two large fragments isolated from @X 174
DNA (67, 91). This work has yet to be presented in a detailed form,

The advances described in this thesis grovide a sequence method which
is essential for direct sequence analysis of DI;JA and for extensive analysis by indirect
methods. The specific enzymes aretivailable which will degrade high molecular
weight DNA to fragments less than 50 nucleotides long. Fractionation techniques
for the analysis of oligonucleotides of this size, as well as terminal labelling methods

A

for the transfer of .high specific activity radioactive label to these molecules, are
%

described. These procedures complete the development of a general sequence method

1
for DNA.,
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CHAPTER 2

MATERIALS AND METHODS

B
e
-

2.1 Materials -
»

Nucleosides, deoxynucledsides, and their mono-, di-, and triphosphates
were purchased from Raylo Chemicals Inc., Edmonton, Alberta, as were thymidine
5%monophospho-p-nitropheny| ester and thymidine 3'-mnophos;;ho-p-nitrophenyl
ester.

Chloramphenicol, p-nitrophenyl phosphdte, pancreatic RNAase
(E.C.2.7.7.16) (5x crystallized, grade A), lysozyme (E.C.3.2.1.17) (3x crystallized),
3-phosphoglyceric acid, 3-phosphoglyceraldehyde, nicotinic acid adenine dinucleo-v
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 [ (E.C.3.1.4.5, grade DP) was from W;ﬁhington Biochemical
Corporation,

/ Optical grade and radio-tracer grade cesium chloride was obtained from

“
L3

the Harshaw Chemical Co. Ultrapure sucrose was from Schwartz Bioresearch Co.

“Polyethylene glycol (Carbowax 6000) was from Union Carbide Co.

Carrier free H332PO4 was obtained from New England Nuclear Corporation,
All other chemicals were "Reagent" grade. Reagent grade phenol (BDH)
was distilled before use.

.Diphenylamine (Fisher) was recrystallized twice from ethanol (149).
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. . Reagent grade friethylomiﬁe was distilled before use.

.Solufions of reagent grade urea (BDH)(7 M) were slurried with 0.25 g
oct ivated charcoal/l. urea (150). The charcoal was removed by filtration through
Whatman 3MM paper and then through a 2.5 x 5 cm DEAE cellulose column (51).

Charcoal, Norit A (Fisher), was activated by refluxing with 2N HCI
followed by washing with ethanorlu : ammonia : water (50:15:35) and subsequently
with water to neutrality (150).

Dowex 50 was obiained from Bio-Rad Corp, as AG50 Wx4 |, minus
‘400 mesh, and was cleaned z)::cording to Blattner and Erickson (1).

DEAE cellulsse (Whafn';an DE-11), was sieved prior to use, the portion’
pbs;ing through a 200 U.S. standard sieve but retained by a 325 sieve being used
in all fractionation experiments, and the portion held up by the 200 mesh being
used in all desalting operations (51). The DEAE cellulose was washed with cycles
of 0.5N NaOH and 0.5 N HCI and finally left in the hydroxyl form (150). The
formate Form was prepared by suspending the hydroxyl form in 1 M formic acid
followed by washing with water (150);

DEAE Sephc;dex A-25 was washed with cycles of 0.2 N NaOH amd
0.2N HCl each time washing with water until the eluting filtrate was neutral,

Sephadex G-10 , G-15, G-25, G-75, Sepharose 6B, and CM ~Sephadex
were prepared occordi’ng to the instructions of the monufact‘ucer.

Phosphocellulose (Whatman P~1J)was washed with cycles of 0.2 N HCI
and 0.2 N NaOH (51) each time washing with water until the eluting filtrate was
neutral, F A .

Hydr'cmyapat{n was prepared by alkali tregtment of brushite (CaHPOk' 2 H20X4).
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DNAase A, a fraction of DNAase | pur'ified using phowhocell;lose column
chromafogréphy (51,52) as described by Salnikow, Stein and Moore (2), was kindly
supplied by Dr, E.JU!';OWiCZ » Calf thymus DNA was prepare\d from fresh f;ssue by
the method of Kay _e_f_g_!_. , (6).

TEAB SUFFer (3) was prepared by the addition of 1 mole triethylamine per
I. solution in a vessel kept at 0°C and bubblling CO2 through the solution until the
pH was 8.0 (51).

A mixture of oligonucleotide markers was prepared by digesting 500 mg of
calf thymus DNA with DNAase | as described by Junowicz and. Spencer (22). This was
used as marker for dinuc leotide isolation (2.2.10.3c). Dinucleotide markers were

prepared by fractionation of this digest on a column of DEAE Sephadex (22).

¢ .
Original cultures of E. coli C and Shigella dysenteria@ Y6R as well as bacterio-

phage Sl3+ and Sli}_g_NIS were gifts from Drs, E, and I.Tessman, Purdue University,
E. coli B Cr63 and bacteriophage '|’4D+ were gifts of Dr. T.W. Conway, University of
lowa. Bacteriophage T4n82 (I5!) was a gift from Dr. Imo Scheffler, Harvard

iversity, E. coli ined from th t of Microbiology, il
University. E co'h B was obtained from the Degartmeq of Microbiology, McGill

University. ., .

2.2 Methods - ,

"2.2.1 Preparation and ke of Venom Exonuclease

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

Biochemical Corporation, was dissolved in water and acetic acid added to pH 3.6. The
solution was incubated for 3 hrs at 37°C to destroy 5' nucleotidase activity (5).

Venom exonuclease was assayed by incubating an aliquot of the enzyme

a
L3
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in a solution contair;ing 10 mM MgCIz,‘SO mM Tris-MC| buffer, pH 9.0 and 1mM
thymidine 5' monophospho-p-nitrophenyl ester. One unit was defined as the amount
of enzyme requif;d to cause a change in obs‘orbonce at 410 nm of 1 absorbance unit
per minute per ml.  The average 5 mg vial from Worthington was found to contain
2000 units (24 umoles ml ™! m;n'])‘.

Degradation of oligonucleotides to 5' mononucleotides was accomplished as
follows: the oligonucleotide solution, of volume Jbefween 0.1 mland 2 ml, was
made 50 mM in Tris-HC| buffer pH 9.0, 10 mM in MgC|2, 1 mM in each & the
deoxynucleoside monophc:sphates, and 24 un~ifs/ml in venom exonuclease; this
soluf'i;\n was incubated 4 hours at 37°C. In control experiments less than 3% of the
32P radioactivity was not absorbed by chargoal and more than 90% of the 32P
rad‘iouctivity eluted from a DEAE cellulose column with the mononucleotide fraction.
In order to be certain that there were no products of incomplete venom exonuclease

_digestion, such as dinucleotides, present, |/5th volume of a DEAE cellulose

suspension (200 mesh) was added, mixed with the completed digest ard then removed

by centrifugation in a clinical centrifuge. The DEAE cellulose binds any oligonucleo-

tides, I;aving the mononuc le\otides in the supernatant, ‘
Partial venom exonuclease digestions were performed in two ways:

If the oligonucleotide under study was carrier free (less than [0 nmol) it was diluted

into a final volume of 0.2 ml of 50 mM .Tris’-HCl buffer, pH 9.0, 10 mM MgCl,,,

20 yl aliquot removed, and 0.4 units of venom exonuclease added. 20 ul aliquots were

removed at one minute intervals and pipeﬂ'eci into 1 ml triefhylamine}f stop the

reaction. After the entire digest had been transferred to the triethylamine, the

~2

ha 4
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mixture was heated in a' 100°C 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°C. The sample was dissolved
in a volume of water or a buffer appropriate to the analysis being performed.

If the sample to be digested contained substantial amounts of RNA or DNA
carrier, as for example the 100 ug RNA in a spot eluted from a DEAE cellulose plate
after homochromatography, the digestion was done as follows (7). The oligonucleotide
and the carrier were dissolved to a concentration of 10 mg/ml in a buffer containing
100 mM Tris-HC! buffer pH 8.9, 10 mM MgCl2 and 400 units/ml venom e>‘<onuc|ease.
The digest was performed at 37°C for 30 minutes and the reaction stopped by spotting
the solution onto a cellulose acetate strip wet with a pH 3.5, 7 M urea buffer prior

y

to electrophoresis (7) (2.2.9.4).

2.2.2 Preparation and Use of Spleen Exonuclease

Biochemicd] Corporation, was used in some reactions containing large amounts of

Syen exonuclé'se (E.C.3.1.4.1.), grade SPH, obtained from Worthjngton
RNA and requiring glycerol free exonuclease.

The spleen exonuclease uTed in most experiments was prepared by the method
of Bernardi and Bernardi (8).

This enzyme was assayed by incubating an aliquot of the enzyme in a
solution containing 50 mM sodium succinate buffer pH 5.5 and 1 mM thymidine-3'-
monophospho-p-n ifrop\henyl ester. One unit was defined c'ls described in the venom

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

-1 -
founj‘to contain 20-30 units (0.3-0.5 pmole ml  min ]).
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The spleen exor;uclease prepared in this laboratory V\;OS stored at -20°C
ofter 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 woy;. A carrier free oligonucheotide
was diluted into a final volume of 0.5 ml of 50 mM sodium succinate buffer pH 5.5, a

-

50 ul. aliquot removed, and 0.075 units of spleen exonuclease added. Similar
aliquots were removed at one minute intenl'vals and were combined with the initial
aliquot in a test tube standing ina 90°C water bath. The resulting digest was usually
then treated with more enzymes, or was desalted for application to e»;lectrophores 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 ina

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

2,2.3 Preparation and Use of Alkaline Phosphomonoesterase

E. coli alkaline phosphomonoesterase (E.C.3.1.3.1.) grade BAPC ,

obtained from Worthington Biochemical Corp., was heat treated to remove diesterases
(9), and was assayed as described by Garen and Lev i’?thal (?). The assay used
p-nitropheny| phosphate as substrate and micro-molar units were determined. The
average 10 mg vial was found to confoin.ISOﬁ units,

Complete dep;hosphorylation of oligonucleotides was accorry;I ished by
diluting the sample into 50 mM Tris-HCI buffer,pH 8.0; adding 1.5 units/ml pho,spho,-
monoesterase, and incubating 45 min at 55°C. |

Under these conditions there was no detectable phosphodiesterase activity

on nanomolar quantities of pyrimidine oligonuclectides, -

A}
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. When removal of phosphomonoesterase activity was necessary, destruction
of the enzyme by alkali was found to be the best method. The solution was made
0.5M in NaOH and incubated at 37°C for 15 mins,(132). Since some enzyme

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

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

-

2.2.4  Preparation of [ ¥ -32P] ATP
Prel iminary experiments in this thesis used [ -3?P] ATP prepared by a
method using phosphoglycerate kinase and phosphoglyceraldehyde dehydrogenase
described by Glynn and Cheppell (10). The method was modified in that yeast
enzymes were used instead of those from rabbit, 5 uM NADH was included in the
reaction, unlabelled phosphate was not added, the volume of the reaction mixture was

kept to 0.2 ml, and the amount of ATP initially added was varied between 0.1 and

-

1 ymole in different experiments. These modifications decreased the yield but
increased the specific activity of the product. Yields of 5% to 25% were normal, giving
specific activities between 5 mCi/umole and 45 mCi/umole.

For the most recent experime/nfl Y-32Pl ATP was prepared by the method
of Schendel and Wells (11) using the forward reaction with ADP and phosphoglyceralde~
hyde instead of the exchange reaction using ATP and phosphoglycerate., The method was
modified by using yeast enzymes and including 0.1 mM NAD in the reaction. Yields'

+ inthis reaction were between 30% and 70% and specific activities were estimated to

be between 100 mC¥umole and 1000 mCy/umole.
Specific activities of [ y-32P] ATP samples were determined using the

. polynucleotide kinase reaction and a known concentration of oligonucleotides with a

N




free 5' hydroxyl group, followed by fractionation using a DEAE cellulose column
(Section 2.2.9) or a column of Sephadex G-25.
All measurements of radioactivity were performed in aqueous media (23)

in a Beckman L5250 scintillation spectrometer.

2.2.5 Polynucleotide Kinase
2.2.5.1 Preparation of Polynucleotide kinase

) Polynucleotide kinose 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 T4" used by Richardson. T4n82
i;an amber mutant deficient in DNA synthesis (15). When grown ir: a normal Rost, .
synthesis of early enzymes such as polynucleotide kinase is not shut off and can
continue beyond the first 20 minutes (153). "In/c‘)ur preparations infection was allowed
to proceed two hours and quick cooling was not necessary before collecting the cells.

All buffers in the preparation,until the enzyme was loaded to the first

DEAE cellulose column, contained 1 mM ATP. Wu (13) has recently used 0.1 mM
ATP in the initial purification steps to sffxbil ize the enzyme. Instead of a stepwise
elution from the DEAE cellulose column a linear 2 |. gradient of 10 mM potassium
phosphate buffer, pH 7.5, 10 mM mercaptoethanol, to 50 mM potassium phosphate )
buffer pH 7.5, 10 mM 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 el_ufed with a linear 1 1,

gradient of 0 to 0.5 M KCI in 50"mM potassium phosphate buffer, pH 7.5, 10 mM

mercaptoethanol. A fairly sharp peak of 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 mM mercapfoefhanol,'and loaded to another DEAE cellulose column. This column
was washed extensively (600 ml) with 10 mM potassium phosphate buffer,pH 7.5,

10 mM mercaptoethanol and then eluH;d with 50 mM potassium phosphate buffer,pH 7.5,
10 mM mercaptoethanol. This additional DEAE column has since béen suggested by
Wu and Kaiser (13). This column split the polynucleotide kinase into two fractiors,
the First eluting with the 10 mM wash, and the second eluting with the 50 mM wash.
The polynucleotide kinase fractions were then dialysed against 50 mM Tris-HCI buffer |
pH 7.5, 10 mM mercaptoethanol, 50% glycerol, and stored at -20°C. Both the

10 MM and the 50 mM fractions of the polynucléotide kinase were tested under
standard incubation conditions using uniformly labelled and 5' terminally labelied
oligonucleotides as substrates. Fractionations on DEAE cellulose columns showed no
detectable phosphomonoesterase, exonuclease, or deaminase activities in the 10 mM
fraction but some exonuclease and endonuclease activity remained in the 50 mM

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

2.2.5.2 Polynucleotide Kinase Assay

.' The assay for polynucleotide kinase used as substrate a mixture of
dephosphorylated oligonucleotides longer than hexanutleotides. These were ptepared
by degradation of calf thymus DNA by the Burton depurination procedure (71)
(Section 2.2.8) follow?d by depho;phorylot ion (Section 2.2.3). They were then
loaded to a DEAE cellulose column and oligonucleotides contdining less than 7 bases

were eluted with 0,18 M sodium chloride. T'he column was then washed with 100 ml
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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 oligonucleotides were dissolved in
water and stored at -20°C.

The assay was performed in a volume of 0.1 ml of 10 mM Tris-HCI buffer,
pH 8.1, 10 mM MgClz, 20 mM mercapt‘gethanol, containing 2 nmoles of ol igonucleo-
tides and 0,5 nmoles of | y—32P]ATP. Incubation was for 30 min at 37°C. A unit
was defined as the amount of enzyme which will catalyze the trarsfer of phosphate
at a rate of 1 nmole/min under these assay conditions.

The 50 mM fraction contained a total of 24 units at 2 units/ml; the 10 mM

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

2.2.5.3 Phosphorylation of Oligenucleotides .

Labelling of the 5' termini of oligonucleotides was performed in volumes
ranging from 0.05 ml to 1 ml. In all cases the reaction mixture was adjusted to pH 8.1
with 1 M Tris or 1 M HC! and to concentrations of 10 mM in MgClz, 20 mM in
mercaptoethanol, and 0.05 units/ml in polynucleotide kinase, [y —32PATP was
usually added in 2 to 10 fold excess. It was observed that polynucleotide kinase is not
inhibited by salt c?ncenfrafiom up to 1 M NaCl; thus salt accumulating Fr"om ather

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

\polynucleofide kinase reaction. Incubation was for 6 to 10 hours at room temperature.

2.2.6 Preparation of Bacteriophage 513" DNA

2.2.6,1 Preparation of Baéreriophuge High Titre Suspensions

Three litres of E. coli C ware grown in the Tris-glycerol (TG) medium of
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. Shleser et al., (16) to a density of 5 x ]08 cells/ml (optical density at 600 nm‘§0.45).
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 lysis was complete (3 hrs) NaCl was
added to 0.5 M and polyethylene glycol to 10% W/ (25) and the culture shaken
until the additions were dissolved. The culture was then left overnight at 4°C before
centrifuging ot 10,000 g 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

and was stered at 4°C. The titre was normally between 5 x 10” and 1012 pfu/ml.

2.2.6.2 Preparation of 32P—|obe||ed 513" Replicative Form DNA

Infection of E. coli with S13" and inhibition of single—strand synthesis with
chloramphenicol to accumulate RF DNA was as described by Shleser et al., (16).
After collection by centrifugation, the cells were resuspended in 50 mM Tris-HCI
buffer, 2 mM EDTA, lysed by treatment first with lysozyme, then with pronase

and SDS at 37°C, and the E. coli DNA precipitated with 1 M NaCl as described b;

Hirt (17). After a phenol extraction the 513 RF DNA was precipitated overnight at
-20°C Ly addition of one-fifth volume of 3 M sodium acetate pH 5.5, and 2 volumes of
isopropanol (18), The DNA was further purified by sucrose gradient centrifugation and
centrifugation in cesium chloride containing ethidium bromide as described by Schekman
et al., (18). Before dialysis ethidium bromide was removed from the sample by isopropanol

extraction (111), One 250 ml radioactive culture using 10 mCi of H332PO4 normally

yielded 100 ug of DNA of specific activity 6 x 104 cpm/pg.

2.2.6.3 Preparation of Unlabelled 513" Replicative Form DNA

‘ Unlabelled replicative form DNA was prepared as described for 32P labelled

RF DNA except that the cells were not collected and resuspended in phosphate-free




medium before infection, One litre of culture normally yielded 500 ug of RF DNA,

2.2.6.4 Preparation of 32P-—|ube||ed 513" DNA

E. coli C were grown in Shleser's (16) Tris-glycerol (TG) medium to a cell
density of 1 x 109 /ml (optical density 0.8 at 600 mu). Magnesium chloride ;/vas
added to a final concentration of 2.5 x 10-3 M and bacteriophage added to a .
multiplicity of infection of 5. Radioactive phosphate was added five minutes ofter
infection and growth was allowed to continue until lysis (3 hours). The culture was
then made 0.5 M in NaCl and 10% W/V in polyethylene glycol and left overnight
at 4°C (25). The precipitate was collected by centrifugation at 16,000 g for 10
minutes and dissolved in 0.1 M Tris~HCI 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 twg cycles of high and low speed centrifugation,
followed by cesium chloride density gradient centrifugation (152).

Phage bands were collected and dialysed 3 hours against 0.1 M Tris-HCl
buffer pH 8, 0.01 M EDTA before release of the DNA by the hot phenol treatment described
by Sinsheimer (19). The DNA was then dialysed extensively‘ against water to remove
phenol and salts if formic acid digestion was the next step. DNA used for other
purposes was concentrated by vacuum dialysis or isopropanol precipitation, dial ysed
against the appropriate buffer and stored at -20°C.

+ One litre of culture and 10 mCi of 32P normally yielded 1 mg of DNA of
30,000 cpm' ’

specific activit
y g -
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2,2.6.5 Preparation of Unlabeled S13 DNA

Unlabelled viral DNA was prepared. in the same manner as radioactively

labelled DNA, except that radioactive label was not added.

2.2.7 Preparation and Investigation of Bacteriophage S13suN15 DNA

The preparatipn and the determingtion of the properties of S13suN15 DNA
were as described by/Spencer et al.’, (140). v

Preparation of the bo;:feriophage DNA was similar to that of $13° DNA
except that, since S13suN15 is a lysis defective strain, bacteriophage was harvested
by collection of the intact cells 3 hours ofter infection; also, the DNA was purified
further by equilibrium cesium chloride .density gradient centrifugation in the presence
of 0.1% sarkosyl NL97.

Temperature-absorbance profiles, ultraviolet spectra, velocity sedimentation
coefficients, buoyant densities in cesium chloridé, and base compositions for both

SlSsENIS and 51352N15 RF DNA were measured as described by Spencer et al ., (|140).

This publication is includéd\in this thesis as Appendix I.

2.2.8 Depurination of DNA
Formic-acid diphenylamine hydrolysis of DNA was by the method of Burton and
Petersen (20) . Diphenylamine and formic acid were removed as described by Spencer

et al., (21). : !
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2.2.9 Fractionation of Oligonucleotides o
2.2.9.1 Desalting

Desalting of oligonu clectide solutions was performed by diluting to a
salt concentration below 50 mM, absorbing the oligonucleotides to DEAE cellulose,
washing the DEAE cellulose with.50 mM TEAB, and eluting the oligonucleotides
with | M TEAB (51). Small \;olumes were des;ilfed in a [2 ml conical centrifuge tube;
the washings and elution were performed by vortexing the solutions with 0.5 ml of
DEAE suspension‘ and centrifuging to separate them. Large volumes were desalted by

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

2.2.9.2 Gel Filtration of Oligonucleotides

Gel Filfrvfion on Sephadex G-25 columns was used to separate oligonucieo-
tides of chaiff length greater than two nucleotides from small molecules such as ATP
and inorganic phosphate. These columns were of dimensions | cm x 50 cm and were
eluted with 50 mM NaCl ot o flow rate of 26 ml/hr. The sample size was between
0.5ml and2 ml.

In some experiments dinucleotides were separated from ATP by means of

gel filtrdtion on'a column of Sephadex G-I5. Conditions were the same as for

Sephadex G-25.

2,2.9.3 lon Exchange Column Fractionations of Oligonucleotides
Pyrimidine oligodeoxyribonucleotides were fractionated according to chain
length on a colimn of DEAE Sephadex A-25 with dimensions | cm x 25 cm. The chloride

7
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form of the ion exchanger was washed with water in the column, the sample was loaded
and the column washed with 50 to 100 ml more water. A linear gradient of O to 0.4 M
NaCl in a total volume of 2 I. of 50 mM sodium acetate buffer, pH 5.5, 1 mM
phosphate, 7 M urea was used to elute the oligonucleotides. All operations
were conducted at a flow rate of 45 ml/hr, and 12 ml fractions were collected.

It has been found that the inclusion of 1 mM phosphate i'n the gradient
buffers improves the resolution in fractionations of small amounts of material (less than
5 mg nucleotide). Chainlength fractionation of ol igonucleot’i‘azs containing all four
bases was carried out on a 1 ¢cm x 90 cm DEAE sephadex column at 65°C as described
by Junowicz and Spencer (22).

Pyrimidine oligonucleqtide samples were fractionated according to base
composition on columns of DEAJephadex of dimensions 1 cm x 25 cm. Loading and
washing were as described for the chain length fractionation, but a linear gradient
of 0 to 1 M ammonium formate,pH 3.2,was used to elute the Frm;.t ions with different
base compositions. Unlike DEAE eellulose columns (152), these columns were found
to be capable of resolving even picomolar amounts of nucleotide.

5' phosphorylated dinucleoside diphosphates such as those generated by
DNAase | were fractionated at pH 3.4 on DEAE cellulose as described by Junowitz
and Spencer (22). All the possible dinucleotides are well separated on this column
and the sequence isomers pApC and pCpA are resolved. .

Longer oligonucleotides containing all four bc:ses were frucfionot;d according
toAbase compasition ona 1 cm x 25 cm column of DEAE }ephadex eluted with a gradient

\
from0to 1.0 M ammonium\‘grmoto,pH 3.5, total volume 2 I. Only species with very

divergent base compositions can be separated in this manner.

-~
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2.2.9.4 Electrophoresis - Homochromatography

Fractionation of oligonucleotide samples according to chain length and
base composition was performed using a fwo-dimensiongl system, The first dimension
was el ectrophoresis .on a cellulose acetate strip at pH 3.5. The second dimension
was chromatography on DEAE TLC plates using an alkali digest of ié\lA as chromato-
graphic buffer. This is the electrophoresis-homochromatography sysfem of Brownlee
and Sanger (28), deséribed in full by Harbers et al.,(174). The migration of the
radioactive ol igonucleotides on fhe. plate was observed by autoradiography.of the
DEAE-cellulose thin layer plate.

The ;Iectrophores is at pH 3.5 fractionates the oligonucleotide sample
according to base cpmposition; C-rich oligonucleotides‘ migrate ;loser to the origin
than do T-rich oligonucleotides of the same length, ‘The thin layer chromatography
Fra;:tionofes the oligonucleotides according to chain length; longer oligonucleotides
migrate closer to the origin than shorter ones. .

In the electrophoresis-homochromatography system pyrimidine ol igonucleo-
f;des migrate in such a way that a reproducible grid predicting the base composition
of the components of the sample can be constructed. Figure 2.1 shows two such grids,
the first consfr::cfed from the migration pattern of a mixture of dephosphorylated
oligonucleotides, the second a mixture of 5' phosphorylated pyrimidine oligonucleotides.

From these diagrams it can be seen that the relative base composition of a series
of progressively shorter p.yrimid ine oligonucleotides such as those resulf.ing from a partial
* exonuclease digestion can easily be determined using the olecffophorosis-hom;a"chromato-
graphy system. An ol igomcl,otido containing one less cytidylate residue than its

J
1
Il
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Figure 2 1 : Migration of pyrimudine oligorucieot ides in the elecirephoress homothro-
matography system

The fint dimareion (right 1o left) comited of slecirophorer’s on collulow scetete n
pyr ading wcotote buffer, pH 3.5, 7 M urea  The contann of the sirip were trandferred
10 the bone'of 0 20 em x 20 em DEAE calivioss TLC plete by elution with weter, the
plote drd, and thin layer chromatography sarried out in the wertics! direction using

“an RNA alioli hydralysote in 7 M ures o1 sluent.  Autorsdiography wes parfermed by

clamping o sheet of X ~ray film between the TLC plote end o board of the 1ome dimen-
siors and storing in @ Vight -prool cuploord

The intensect ion of the 1ol Tings end the dumhed |ines indicater the migretien positiens
ol the oligonucieotidy of compaitien shown ot the tap of each line; B indiester the
ngration position oF the blue marker, Y indicates the migrotien perition of the yellow
marker,

(A) Migration of duphosphoryisted pirimiding ol gomucietides (Py. P, )
(B Migration of 5 phonpharyleted pyrimidine oligoreluotides (Py P )

« i .
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parent oligonucleotide will migrate farther from the origin in both dimensions. One con-
taining one less thymidylate residue will migrate closer to the origin in the elect‘rophores is
!
step than its longer parent. The "zig-zag" pattern of the fractionation of a partial digest
of a pyrimidine oligonucleotide yields sequence information about the parent ol igonucleotide.
Oligonucleotide material was eluted from a particular regic:n of the TLC plate
by scraping the DEAE cellulose from that area, collecting it above a cotton filter plug
in a pasteur pipatte 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 5' deoxyribonucleoside monophosphates were separated from each other
ona 1 e¢mx 20 cm column of Dowex 50 Wx4 eluted with 0.15 M ammonium formate buffer,
pH 3.2 () at a flow rate of 6 ml/min. Under these conditions eight base composition
analyses could be performed per column per hour,
*2,2.10 Sequence of Oligodeoxyribonucleotides
2.2.10.1 Uniformly Labelled Oligonucleotides
Pyrimidine oligonucleotides labelled uniformly with 32P were dephofphorylated 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 elec;rophore;'is-
homochromatography.
¢ The length and base composition of t?:e digest pro-ducfs are determined from their
position on the autoradiograph of the TLC plate; the two digests give enough information
for elucidation of the complete sequence. __ L

A diagrammatic representation of thesequence of a hypothetical pentanucleo-

tide is given in Figuré 1.3.
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2.2.10.2 5' Terminal Labelling of Oligonucleotides Followed by Exonuclease
Treatment '

‘ The sequence of a pyrimidine oligonucleotide which had been phosphory~
lated at the 5' terminus using polynucleotide kinase and [ -32P] ATP (2.2.5.3)
was determined by partial digestion with venom exonuclease (2.2.1) followed by
fractionat ion using electrophoresis~homochromatogeaphy (2.2.9.4), The sequence of
the oligonucleotide was deduced from the position of each of the exonuclease
derived Fragmen;s on the TLC plates, as described by Ling (26) (2.2.9.4). A

diagrammat ic representation of the sequence of a hypothetical pentanucleotide is

given in Figure 1.4.

_ 2.2.1Q3 Exonuclease Treatment of an Oligonucleotide Followed by 5' Terminal

Labelling ' y

Most of the oligonucleotide sequences determined in this study were the
result of the development of a method involnving partial digestion with spleen exo-
nuclease, labelling of the 5' termini with polynucleotide kinase and [ Y ;32Pl ATP,
fractionating the resulting labelled mixture, and identifying the separated products.,
Experimental procedure was as f;sl lows: the oligonucleotide was dephosphorylated
(2'%’3.) in a volume of 50 ul and subjected to spleen exonuclease partial digestion
(2.2.2). The pH of the solution was adjusted to approximately 8 (Merck Dormstadt
non~bleeding pH sticks) and the phosphomonoesterase digestion repeated (2.2.3),
The phosphomonoesterase was inactivated by treatment with alkali, the pH readjusted to
8.1 wuirh HCI (%.2.3); and the ol igonucleot ides in the digest phosphorylafe;i w ith
polynucleotide kinase ‘nd { Y-32P] ATP (2.2.5). After the kinase incubation
1 pn;ole of ATP was added as marker and'the mixture fractionated on Sephadex G-25

z

(2.2.9.2).
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a) 5'sequence analysis on columns

The major portion of the sequence of most unique ol igonucleotides was
determined by analysis of the larger oligonucleotide digest products eluting Before
ATP from the G=25 column (2.2.9.2). This fraction contained all ol igonucleotides
of chain length 4 or greater as well as much of the trinucleotide

These were loaded directly to a DEAE Sephadex column and fractionated
accor;iir\g to chain length (2.2.9.3). Individual chain length fractions were
desalted (2.2.9.1), dissolved in 1 ml , and an aliquot (0.1 ml to 0.5 ml) subjected
to complete venom exonuclease digestion (2.2.1). The mononucleotide composition
of these digests was determined using Dowex 50 chromatography at pH 3.2 (2.2.9.5).

The sequence of an oligonucleotide from the 5' terminus down to the third

position from the 3' terminus was determined in this way.

*
g

b) 5' sequence analysis using electrophores is ~homochromatography

The procedure here was the same as thﬂct described in the previous
section except that the chain lengfh fractionation was performed using tyo-dimensional
electrophoresis-homochromatography (2.2.9. 4). This system has the advantage that

partial sequemce information is obtained from the migration of the digest products

in this system before the mononucleotide analyses are completed.

c) 3' terminal dinucleotide analysis
The fractions containing the 3' terminal dinuadeotides, eluting with the first

-

half of the ATP peak from the G-25 column, were pooled when it was necessary that
these dinuclectides be identified. .

Fifty mg. 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 eluted with a buffer at

pH 5.5 (2.2.9.3). This column separates the dinucleotides from inorganic phosphate

[ v -32P] ATP, and from some polynucleotide kinase reaction byproducts. A

diagrammatic representation of the entire sequence scheme is shown in Figure 1. 6.

-

d) 3' terminal sequence analysis

An alternative method for determining the 3' fermin;.al nucleotide sequence

' of an oligonucleotide was used it some experiments. The dinucleotide region from the
G-25 column was not pooled in these cases. Instead, c:ne of the <;hcin length fractions
" from the larger oligonucleotide digest products (2.2.10.3c) was sequenced using

partial degradation with venom exonuclease (2.«2. IOl.Z). For pyrimidine oligonucleo=-
tides any of the labelled 5' exonuclease digest prcducfso can be used as the forgei" for
3' sequence analysis. For oligonuc‘leofides containing all four bases the 3' sequence
unﬁ|ysis must be performed on the trinucleotide or tetranucleotide digest products.

A diagrammatic representation of the entire sequence scheme using this
alternative for analysis of the 3' end is shown in Figure 2.2,

' This approach was particularly useful for pyrimidine oligonucleotides

containing isomers of similar base composition but different sequence.
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Figure 2.2

Sequence of a Hypothetical Oligonucleotide

-~

GpCpTpTpGpApC

1) PME

2) SPD

3) PME

4) NaOH
GpCpTpTpGpApC
CpTpTpGpApC
TpTpGpApC
TpGpApRC
GpApC )
APC ~

- 1) PNK
‘ 2) G-25

*pGpCpTpTpGpApC
*pCpTpTpGpApC
*pTpTp GpApC
*pTpGpApC
"pGpApC

i CLF )

'
chainlength 7 6 5 4 3

mononucleot ide . partial SVD

analysis on each on tetranucleot ide

fraction \
. .

*pTpGpApC
*pTpGpA
*pTpG

- - . *pr

sequence GCTTGXX

fractionation"and
chromatographic base
composition analysis

-

1
- sequence XXXTGAC
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CHAPTER 3
RESULTS

3.1 Properties of Bacteriophage 513 suN15 DNA

JBacteriophages S13 and @X 174 have been reported to be genetical!ty
and immunologically closely related (121, 122) but, until 1972, the physical
properties of the two bacteriophages had not been shown to be identical. Before
investigating the primary structure of the 513 DNA genome, a study of the
characteristics of the viral and replicative forms of S13suN15 DNA was performed
in co-operation with Dr. R .Cerny and Dr. E, Cerna (140).

Results of defe'rminorions :F base compositions, the relation between
temperature and absorbance, and reactivity o the DNA with formaldehyde suggested
that the viral DNA was single stranded. Elec':fron microgra:phy (performed by M. Fiandt
and W, Szybalski, University of Wisconsin) demonstrated that the DNA;wus a circ;lar
genome; length measurements from these electron microgrophs, gave a molecular weight
of 1.8x ]06 daltons , .

Similar studies on S13suN15 replicative form DNA suggested that it was
a double stranded closed circular molecule with a molecubr weight of 3.5 x 106
daltons,

o

Velocity sedimentation analysis indicated that the SZO

for the viral DNA, and 20,7 for the closed circular replicative form, Equilibrium

in SSC was 24.6

cesium chloride centrifugation indicated that the buoyant density of the viral .

DNA was 1.726 g/cc, and that of the RF DNA 1.710 g/cc.
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A detailed description of this study is included in this thesis as

Appendix I (140).

3.2 Properti;as of Spleen Exonuclease
3.2.1 Sequence Preferences of Spleen Exonuclease
In the course of this study, the susceptibility of different pyrimidine
sequences to spleen exonuclease has been examined. When the concentration
of oligonucleotide was very low (1 uM), ‘spleen exonuclease did not show any
‘ .

significant differences in the rate of hydrolysis of individual oligonucleotides.

This contrasts with the report (8) that spleen exonuclease degrades polyrC at a

much lower rate than other synthetic ribopolymers .

When this exonuclease was used to degrade a radioactive ol igonucleo-
tide in the presence of unlabelled RNA ol igonucleotides (30 mM) the apparent
rate of degradation decreased to a different degree for individual oligonucleotides.
Oligonucleotides C, T, and C_T,, with 5' terminal sequences of TCTT .:... and

63 56
Crtcc..... were the only pyrimidine oligonucleotides from 513" DNA which :

.o

were refractory to spleen exonuclease digestion under normal digest condi\ions

2.2.2). ‘ .

3.2.2 Enzymatic Purity of Spleen Exonuclease

The sequence studies presented in this thesis are based on partial digestions
using spleen ond venom exonucleases, Commercially available spleen exonuclease
was found to contain serious cytosine deaminase and phosphomonoesterase act iv it ies
and this enzym; was therefore prepared from hog spleen by the method of
Bernardi and Bernardi (8). 'I:h is preparation was thoroughly examined for contamin- -

ating activities.
{
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Except for spleen exonuclease the enzymes used in this study for the
determination of DNA sequence have optimum activity between pH 8 and 9. It would
have been advantageous to perform the spleen exonuclease partial ;:Iigests at alkaline
pH instead of at pH 5.5 in sodium succinate buffer (8). In Tris-HCI buffer, pH 8,
twenty times the concentration of exonuclease had to be used for longer time
periods to obtain the same level of digestion of a déphosphorylated oligonucleotide
as at acid pH. A chain length fractionation of [5'-32P] C6T4 treated with spleen
exonuclease (Figure 3.1) at alkaline pH was performed to check for endonuclease or
" 3' exonuclease activities, It was observed thatithis spleen exonuclease had an endo-
nuclease activity at pH 8.0 which degraded 45% of the starting material. The relatively
low yield of octa- and nonanucleotides indicated that the extraneous act ivity was
not an exonuclease.

Incubation of [5'—32P] C6T4 with a twenty fold excess of spleen exonuclease
in sedium succinate buffer ot pH 5.5 followed by fractionation of an aliquot on
DEAE cellulose at pH 3.0 did not reveal the production of any new decanucleotides
by deamination of [5'-32P] C6T4’ demonstrating that oligonucleotide cytosine
deaminase activity was not significant. Fractionation of another aliquot on DEAE
cellulose at pH 5.5 did not reveal any prodicts which would have resulted from endo-
nuclease or 3' exonuclease activities,

A chain length fractionation of pyrimidine heétanucleofides (Py7p8) 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 were absent, On the basis of
these results, all spleen exonuclease digests were performed at pH 5.5 in sodium

succinate buffer.

®
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Figure 3.1 : Chain length fractionat iems of {5’ _32" C‘T‘ ofter treetment with spleen exonutieow

> Incubstion was for 3 hours et 37°C in o torel volume of 0.2 mi containing 100 pmoles of ol igonuclect ide and
0.3 units of spleen exorwciecie. The solid line represents the fractionstion of @n incubation kept at'pH 5.3
with 0,03 M Teis<HC! buffer ; the dotted Iine represents the fractionetion of en incubotion kept ot pH 8.0
with 0,05 M sodivm wecinate buffer, The minture wor diluted ta 5 ml with water before loading to @ 1 ¢m x 25 cm

DEAE colluiora column; the wash selution wes water, the eluate was 1 1 of 0,05 M «odium scetate buffer,
PH 5.5, | mM XKM,PO, , 7 M urea, with a gradiant of 0 10 0.4 M NoCi ; Flow rate was 0.5 ml/min, ad 16 mi
Irecﬂommedacnﬁ,

,
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Figura 3.2 : Chain length.Fractionation of pyrimidine heptoruclectide (PPy)sp ofter treatment with
splegn exoruclease . «

The incubation contained 300 pmoles of heptanucleotide and was performed ot pH 5.5 as described for

Figure 3.1, Looding and elution were performed os described for Figure 3.1, except that 12 ml
froctiors were collectad. a

“




In both of the control experiments discussed above some mononucleotide

and inorgau:\ ic phosphate were produced ; in more extensive digests, 5' phosphory-
lated material could be completely degraded to monophosphiates. It wos calculated
that this spleen exonuclease degraded 5' phosphorylated ol igonucleotides at a rate
2000 times lower than 5' hydroxyl terminated oligonucleotides. I has been

reported (34) that dinucleotide pTpT is degraded by spleen exonuclease at a rate

1000 times less than is TpT. That intermediate length pligonucleotides were absent

in fractionations of such digests suggested that removal of the 5' terminal phosphate |

t

was the rate limiting step in these reactions.

3.3 Properties of Venom Exonuclease

- | Commerciml venom exonuclease, after treatment (5) ot pH 3.6 at 37°C
for 3 hours (2.1 ), was found to be substantially free of contaminating activities,
After complete digestion of [3'-32P] C6T4 by venom exonuclease, 97% of the

' radioactivity eluted with cytidylic acid from a Dowex 50 WX4 column (Figure 3.3)
indicating that this preparation is free of nucleotidase and phosphomonoesterase .

' Partial digestions of uniformly labelled oligonucieotides (3.4) did not contain

extraneous digestion products, indicating that endonuclease and 5' exonuclease

were not significant,

3.4 Sequence Analysis of Uniformly 32P—Labe|led Oligonucleotides kolated from

513" DNA ‘ \

Pyrimidine ol igonucleotides were isolated (2.8) from 500 pg of 32P-

labelled 513" DNA of specific activity 5 x 104 cpm/pg (2.6.4). These oligonucleo-
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Figure 3.3 : Mononucieotide analysis of a complete venom sxonuclease digest of |5 P\CbY‘.

. i ¥ .
Incubation was For 4 hours ot 37°C in o total volume of 0.2 ml of 50 mM Tris-HC! buffer pH 9.0, 10 MM MgClz, Co&amﬁg 0.2 umoles
of each deoxynucleoside monaphasphate, 20 pmoles (20,000 cpm) of {5' ”H Cbt » and 4.8 units of venom axowcleass The digest wos
loyered of the top of a 1 ¢m x 25 cm Dowex 50Wx4 colu%oquilibrcud with 0. Ig M emmonium formate buffer pH 3 2 and was eluted with

the some buffer, The solid 11ne represents the elutionof V4P radicoctivity, the dotted-line the elution of the opticol density of the
mononuc leotde markers . . - ’
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:
‘ tides were deph‘osphory‘lafed (2.2.3) and most of the molecules containing less than
five phosphates were removed by loodi;wg the mixture to a desalting column
(1 )23 ;m, DEAE cellulose, 200 mesh) and eluting with 100 ml of 0.3 M TEAB.
The remaining‘?l igonuc leot ides werg-€luted \»fith 1.0 M TEAB, evaporated to
dryness, and fractionated using electrophoresis<homochromatography (2.2.9.,4).

{

The uutor'odiogroph of this fractionation (Figure 3.4) showed the positions of

%

migration of the individual components, identified according to the grid (Figure 2. 1(A))
pr;dicfing the gigration of dephosphorylated pyrimidine oligorweleotides in this
L system, ‘
”The oligonuclecﬁ‘ides C6T4', Cz'i'a, and C5T6 were eluted from the TIC . -
plate (2.2.9.4) pavaporated to dryness, dissolved in water, and counted. A -similar |
experiment using 1.7 mg of 513" DNA of spacific activity 3 x 10* cpm/pg yielded

oligonucleotides C,T,C_T,,, CT,, C.T,,C.T,,h6 C Ter and C . T,. Overall

6 52" 76" 753" T44 T2 63
recovery of oligonucleotides purified in this manner is indicated in Table 3. 1.

Egci; of these oligonucleot ides was ;nalyzed for sequence as was described
in Section 2.2,10.1, éodh Fracf&;n was divided into two equal portions ; one of
these was partially digested with spleen.exonuciease (2.2.2),and the other with
venom exonuclease (2.2, 1), Each digest was then frattionated using electrophoresis -
homochromatography (2.2.9. 4) and the migration pattern of the digest products

- ‘ . y

observed by autoradiography. The two autoradiographs obtained for each sample

yielded complete sequence informat,on for most of these ol igonucleotides,

& -
. ~

3.4.1 Oligonucleotide C T . 7

ﬂ ‘
. ; The autoradiograph from the spleen exonuclease partial digest of C 6T N

) / < ) : s
14 “»
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Figlke 3.4 : Autoradiograph of the fractionation by .electrophoresis~homochroma-~
fogrophy of dephosphorylated pyrlmldme clusters longer than tetranuclectides from
Sl3 DNA.

The origin of thig fractionation (28) was in the lower right corner. The first dimen-
sion (I), ¥rom right to left, consisted of electrophoresis on cellulose acetate in

pH 3.5 buffer Containing 1% pyridine (v/V), 4.5% acetic akid (v/), 0.5% fornjic .
acid (v/v), and 7 M urea ; electrophoresis was for 20 minutes at 4,500 volts., T
cellulose acetate strip was then placed face down at the base of a 20 cm x 20 cm

' DEAE cellilose TLC plate and the sample transferred to the plate by placing wet

“strips of filter paper above the strip for 30 minutes and then the plates -were dried. The-
sacond dimension (II) , in the vertical direction, consisted of thin layer chromatography
for 3 hours at 60°C, using an RNA alkoli digest dissolved in 7 M urea as chromatographic
sluent, i .

- s

N ) Autoradiography was performed by clamping a sheet of X-ray film between the TLC

plate and a wooden board the same size and storing in a light-proof cupboard.
. -

+

< 7x 105 cpm were used in this fractionation ; autoradiography exposure time was 4 hours. :

y



" Table 3.1

Elution of oligonucleotides from DEAE cellulose TLC plates

| Recovery (cpm):

t

a4

Isostich * Component _ Expected Four":a- ' Yield
7 . G T 55,600 12,000 2 %
CsT, 55,600 16,000 34 %
Cr, 55,600 20,000 36 % L
8 c573 ., 44,800 20,000/ 31 %
CB, - 64,800 25,000 39 %
C,T, . 64,800 33,000 51 % -
9 ) C,T, 74,000 20,000 27 %
0 CTy 40,700 3,900 «9.6%
. C,Ty " 40,700 ‘8,700 14 %
- p hd -
n CT 45,200 7,000 15.5%
. 56 | )
N &
- 4 /
3 o ‘A ’
Ir' . ‘ L4 . , ' ;
. a | \
()' ‘
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(Figure 3.5 A) contained spots tepresenting undigested C T and the first two digest

‘ 6
products. The first migrated above and sﬁ‘g&)}ly to the left of the parent oligonucleo~

6

tide indicating that it contained one less cyﬁdylc'lte than C,T. The second migrated

above and to the right of the C_T, indicating that it was composed of one less T,

5

Thus the digest from the 5' terminys proceeded as follows :

. &
CéT - C5T - C

indicating that the sequence was CTCCCCC o

5

The autoradiograph from the venom exonuclease partial digest of é:éT

(Figure 3.5(B) contained spots representing undigested C, T and five partial digest

6

products . . Each of these products had a base composition with one less cytidylate

.
than its parent ; thus the digest from the 3' terminus proceeded :
¢ .

— LA — - ! — '
C,T CT C,T C R C,T. CcT

verifying that the 3' partial sequence was (CT)CCCCC., -

52 . “

1

3.4.2 Oligonucleotide C_T
The autoradiograph from the spleen digest, of CST2 (Figure 3.6(A)) a

contained spots representing C 5»T2 (Zr:a four of its digest products;. The minor spots

to fhg left of CST2 and C4T2 could not have arisen from C5T.2 ‘and are p'robubly

due to contamination from adjatent oligonucleotides in the separation of the ]
- pyrirr’\iqline clusters, 'l.'he‘dig'est from the 5' end proceeded :

' CgT, = €T, = CT =~ CT, =~ C

giving the sequence CTC"I'CCC .

The autoradiograph from the venom exonuclease partial digest oFithis

/

] - ‘ s
oligonucleotide (Figure 3.6 (Bjjcontained spots representing C 5T2 and four digest .

.
e .
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Figure 3.5 ;: Autoradiographs of the fractionations by electrophoresis-homochro-
matography of exonuclease partial digestions of uniformly labelled oligonucleotide
C,T. (A) spleen exonuclease ; T&)\venom exonuclease. Blue and yellow markers
ofe 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,

. I €
Figure 3.6 : Avtoradiographs of\fhe frdetiondtions by electrophoresis-homochro- -
matography of exonuc!ease partial digestions of uriiformly labelled oligonucleotide
C.T.. (A) spleen exonuclease ; (B) venom egonuclease. Blue and yellow markers
afe Tepresented by "B" and "Y". i

Legend as for Figure 3.4 . 6,700‘cpm were uied for each fractionation ; autoradi-
ography exposure time was 15 hours. "~

. - ¢
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products, indicating that the digest from the 3' end proceeded :

C5T2 - C4T2 - C3T2 C.T - C.T '

verifying the 3' partial sequence (C2T) tccc.

3.4.3 Oligonucleot ide“’CTé

i

The autoradiograph from the spleen exonuclease digest of oligonucleotide

n 4

CT Figure; 3. 7 (A)) contained spots representing CT, and four digest products,

6 ( 6
These showed that the digest from the 5’ end proceeded :

g = T = Ts = T = T4 ’
and that the sequence was CTTTTTT. , .
The autoradiograph F?om the venom exorTUCIease diges_f of CT6 (Figure 3.7(B)) .
contained spots representing CT, dnd four digest products. Thus the digest from
the 3' end proceeded : : \ [

-\5:/T64~ ey - €1, o~ CT, ~ (T,

verifying the 3' terminal sequence (CTZ)TTTT ’ .

A
+

3447 Ohgonucleotide C Ty~ h

The autoradiograph from the sple'en exonuclease digest o&§5T3

éF |gur¢ 3. 8(—A))COn}amed spots represenhng C ond three digest products. These

s

showed that the dngeshon from thé 5 end progueded 2o

n o - 4 b S

C5T3 - C4T3 - C3T3 - - C
"giving a 5' partial sequence CCT (C 3T2).
The uutorudiog;aph from the venom exonutlease partial digesf of C 5T3

(Figure 3.8(B) contained spots representing C 5T3 and five digest products. These

L

SR
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A I & I

Figure 3.7 : Autoradiographs of the fractionations by electrophoresis-homochro-
matography of exonuclease partial digestions of uniformly labelled oligonucleotide
CT,. (A) spleen exonuclease ; (B) venom exonuclease. Blue and yellow markers
are represented by "B" and "Y", ’

Legend as for Figure 3.4, 7,200 cpm were used for each fractionation ; autoradi-
ography exposure time was 16 hours. ‘ -

NS

I € R
[ [

~

Figore 3.8 i Autoradiographs of the fractionations hy, electrophoresis-homochro-~
matography of exonuclease partial digestions of uniformly labelled oligonucleotide = -
. C.T,. (A) spleen exonuclease; (B) venom exonuclease. Blue and yellow markers
are “represented by "8" and "Y", ( ’ '
Legend as for Figure 3.4. 7,000 cpm were used for each fractionation ; abtoradi-
ography exposure time was 16 hours.
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. showed that the digest from the 3' end proceeded :

c5T3 - c4r3 - C3T3 - c213 - c272 - C2T »

yielding the 3' partial sequence (C2T) TTCCC.
The combination of these two partial sequences gave the total sequence

CCTTTCCC,

3.4.5 Oligonucleotide C4T4

The autoradiograph from the spleen exonuclease digest of C , T

4°4

.
1

(Figure 3.9(A))contained spots representing C4T4 and four digest products, These -
. N
indicated that the digests from the 5' end proceeded :

C4T4 -~ C3T4 - C3T3 - C3T2 - C2T2

giving the 5' partial sequance CTTC (C2T2).

The autoradiograph from The venom exg&:se- digest of C4T4

(Figure 3.9(B)Jcontained spots representing C 4T 4/and three digest products. These

showed that the digest frorh the 3' end proceeded :

]

Cla = STy 7 Gl 7 G B

giving a 3' parfial‘s'equence (C,T,)TTC. The ombinof!or; of these two parfioi

32
E Since the two digests did not - L

sequences, gave the tdtal sequence CTTCCTTC
I\ yield overlapping sequencas, exact knowledgeﬁf the base composition of this

.
- - t oy

i . -
oligonucleotjde-was necessary for the deduction:of the corrplkefe sequence. *  °
" . ‘ , , ;‘

2
»

P

L

. . - e
r e - “- 2 (A S §

3.4:? OI{gonueleoilde C;Z']'é . ) . . _y

i 1
)

2's
and only two digest ‘produets,

+ " The autoradisgraph from fhe's'pleen exdfiuclease digest of C

(Figure 3. lO(A))conrn'ined spots representing CzTr

I4
b
o )
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Figure 3.9 1 Autoradiographs of the fractionations by elecfropiwéresis.-homochro-
matography of exonuclease partial digestions of uniformly labelled oligonucleotide
C,T,. (A) spleen exonuclease; (B) venom exonuclease. Blue and yellow markers

are represented by "B" and "Y",
'Legend as for Figure 3.4 . 8,200 cpm were used for each fractionation ; autopadi- ,

ography exposure time was 16 hours.

.

A
Figure 3.10 : Autofadiographs of the fractionations by electrophores is-homochro-
matography of exonuclease partial digestions of uniformly labelled oligonucleotide .

C,T,. (A) spleen exonuclease ; (B) venom exor\_\ucloase. Biue and yellow markers

are represented by "B" and "Y", . "
Legend as for Figure 3.4 . 8,500 cpm were used for each f‘rocﬁondriop; autoradi-
+' bgraphy exposure time was 16 hours. -

t '

.

.




PR ] Y '+ Thus the two sequéﬁces for the ol i\gopucl'eof ides C2T o Were C’TTTT‘]'TC

»

CT6 and CZTS' This showed that the two isomers in this fraction had different

“

5 termini.

The autoradiograph from the venom exonuclease digest of CZT()

(Figure 3.10(B))contained spots representing C2T6 and nine digest products.

These showed that the digest from the 3' termini of these oiigonucleoﬁdes proceeded :

C hnd —
CoTs .y
Tern - oo Tecr, - ocr

2’5 2'°4 2

Since one of the parent oligonucleotides had a C ot the 5' terminus, the CT3 in

the above diagram must have the sequence CTTT. At this point the sequence

-t

information can be written as a combination of 5' and 3* terminal sequences :

r

TITTIC TiC
CITIT  C1T

N A

Oligonucleotide CT

6 Ve eluté(:l from the TLC p!ffe of the spleen exo-

. nuclease digest fractionation, (Figure 3.10(A) desalted, and parfially digested

N .
with venom.exonuclease. The autoradiograph of ‘the fractionation of this digest

. )
(Figure 3.11 ) contained spots representing CTb and four digest products. These
) ‘ . ~

showed that the digest from the 3’ érminus proceeded : ' -
. ' M . . '
b} ]
g = g =™ T =~ T 7 I3

giving a 3' terminal sequence of TTT'I',ffC. '

4

2

and TITICCTT. -

.

Tk
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¢ Figure 3.11 : Autoradiograph of the fractionation by electrophoresis -homochro-'
matography of the venom exonuclease digest of oligonucléotide CT, isolated from

GZTé' (Figure 3.10 (A)). Blue and yellow markers are represented bi "B" and "Y".

Legend as for Figure 3.4. 960 cpm were used for this fractionation ; autoradi-
ography exposure time was 14 days. )

) A
’ 7 §
. A
» i
’ Y
\' - y \' \/"\
PO | . ' ot

S

. Figure 3,12 : Rutorodlog(aph of fhe fractionation by electrophoresis -homochro-

’ A mutography of the venom exonuclease digest of ol igonucleotide C 6T3 Blue and
* yollow markers are rep:esentecfl;y 8" and by, tor
, Legend os for Flgure 3. 4 * 4,500 cpm were: usad for'th] is fractionation ; auforadl- "
. . ography exposure time was 16.hours, - N . .
. A
! ) . .

4



-73 -

" 3.4.7 Oligonucleotide C6T3

The autoradiograph from the spleen exonuclease digest contained only

one spot representing CéT3 showing only that this oligonucleotide was refractory

to digestion,

The autoradiograph from the venom exonuclease digestion of CéT3

(Figuré 3.12 ), however, contained spéts representing C6T3 and six digest
products. These indicated that the_digest from the 3' end proceeded : 7

— — - - — — C
Cel3 CsTy C4l4 C3l3 €T3 Cohy 2!

giving a 3' terminal sequence (C2T) TTCCCC.
This autoradiograph also contained spots which may represent CT3 and T3

yielding the alternate digest pattern :

Cla = CsTg = Gy = CgTy = Gty ~ CTy =~ T,

and the sequence TTTCCCCCC. These spots, however, probably resulted from the?

minor Contamination observed to the left of C6T3 on the autorad iograph.

3.4.8 Oligonucleotide C6T4

The autoradiograph from the spleen exonuclegse digest of C6T4

v

(Figure 3. 13(A))c0r;fained spots representing C6T4 and three digest products, These

' 7

showed that the digest from the 5' tarminus p}oceed;ed :

CéT4 - C5T4 - C5T3 - C4T3 ///\

‘e

giving the 5' part ial sequence CTC (C4T3).

. ¢
The_putoradiograph from the venom exonuclease digest of C 6T 4

(Figure 3.tl3(B))c°ntoined spots representing C 6T 4 &nd\F ive digest prpducts,
, . . ) : ",
. * .‘ / N . . { (- e~

i
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Figure 3.13 : Autoradiographs of the Frattionations by electrophoresis-homochra~
mcnfography of exonuclease partiql digestions of uniformly labelled oligonucleotide

(A) spleen exonuclease ; (B) venom exonuclease. Blue and yellow markers
or% represenfed by "B" and "Y"

Legend as for Figure 3.4. 1,400 cpm were used for each fractionation ; autoradi-
ography exposure time was 16 hours,

' Figure 3.14 : Autoradiographs of the fractionations by electrophores is~homochro-
- mofography of exonuclease partial digestions of uniformly labelled oligonucleotide
| ’ {A) spleen exonuclease ; (B) vernom exonuclease. Blue and yellow markers
36 represented by "B" and "Y" , ’

. . * Legend as for Figure 3.4, 1,900 cpm were used for each &\achonaf ion ; autoradi- '
ography exposure tjme was 16 hours. . . .

F
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C

These showed that the digest from the 3' end proceeded :

»dv .
O
and

CeTy = CoTy = C4Ty — CT3 — 4T, -

giving the 3' partial sequence (C3T2)CTTCC.

32

RS
<
7

The combination of these two partial sequences gave the incomplete

sequence CTC (TC)CTTCC. ‘ e

3.4.9 Oligonycleotide C2T8 : /l;

, The autoradiograph from the spleen exonuclease digest of C2T8 '
{

(F idure 3.14 A))contained spots representing C2T8 and three digest products. These

"showed that the digest from the 5' end proceeded :

C2T8 - CT8 - CT7 - CT‘5

giving the 5' partial sequence CTT (CT6).

The autoradiograph from the venom exonuclease digest of C2T8

(Figure 3.14(B) contains spots representing C2T8 and six digest products. . These

showed that the digest from the 3' end proceeded :

A

CT7, e ‘CTé - CT5 - CT4 - CT3

Y L

Clg =~ GT,

N

yielding the 3' partial sequence (CT3)TTTTCT.

The combination of these two partial sequences gives the total sequende
% - ) IS

s
4]

CTTTTTTTGT. Again, knowledge of the base coméosit ion was necessary for the

deduction of the complete sequence.

Q

3.4.10 OIigonucIeotidaC T S - <l. v

The autorad |ograph From the spleen exonuclease partial digest of C T

.

(F igﬁ;e 3. IS(A))Confomod only one spot, and: thus gave no sequence infgrmaf ion,

%

.
.
. -
. .
. . Y
- R [
-,

.
> "
o o 8 - . ! -

f - . .
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Flgure 3.15: Autoradiographs of the fractionations by electrophoress-homothro-
matography of exonuclegise partial-digestions of uniformly labelled ol igonucleot ide

C.T (A) spleen axonuclease ; (B) venom exonuclease. Blue andyellow markers.
are represens&d by "B" and "Y". )

Legend as for Figure 3.4, 2,700 cpm were used for each fruchonahon autoradi~

ography exposure hme was 16 hours. o
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-

The autorosiiogroph from the venom exonuclease partial digest of C5T6

(Figure 3.15 @B)) contained spc;fs representing C 5T 6 and six digest products, These

&

indicated that the digest from the 3' end proceeded :

55 4’5 4°4 43 33

C5T6—’CT‘—’CT - 17, C,7T, - C.T -‘C3T2
yieiding the 3 partialaseq(?ence (C3T2) TCTTCT. ,

3.4.71 Summary
The sequences of pyrimidine oligonugleotides from 513" DNA which have
been determined using uniformly labelled material as substrate are summarized in

Table 3.2. -

In the cases of ol igoﬁucleofid C 7N C5T6 furthgr experiments with'

P

more severe spleen exonuclease digestion conditions 4ou|d certainly have yielded -

more sequence data ; however, the sequence of these oligonucleotides has been
»
presented by two other techniques, and it was decided that further sequence studies,

*

on these uniformly labelled ol igonucleotides were of no practical value.

»

@ "
3.5 Properties of Polynucleotide Kinase

&2

3.5.1 Oligonucleotide-like Contaminants in Polynucleotide Kinase

- ¢

(4 < %
3.5.1.1 Properties of the Contaminants
. " . . A
It has been found that polynucleotide kinase prepared according to

Richardson (12) contained contaminants which interfered with sequence studies.
When the kinase and [ v -32P] ATP were incubated in the absence of oligonucleotide
substrate and the mixture fractionated on a column of Sephadex G-15, considerable

radioact ivity eluted before the ATP fraction (Figure 3.16 ). A chain length
!

—_— .
- TN 0 -

.
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~ Table 3.2

isolated from kM DNA

lJothh . - ) Somponenfs

n S 1A

10 C6T4

C,oTg

9 C.T

i .« 63

r

8 A C51'3

o1 . CoTy

ol

6

S5Ta
<7,

7 . CT

-

" Summary of the ’se‘quences deduced from unifornily labelled oligonucleot ides

Sequence
(C3T2) TCTICT

CTIC CNETTICC

CTTITITICT

(€T TICCCCe

CCTTTCCG,
CTTCCTIC
CTTTITIC
TTITICCTT

crcccce ™
CcTCTCCC

CTTTITT

* the less {ikely saquence TTTCCCCCC: eannot be dwcounfod from

uniform label sequence data alone.

. .
¢ ‘

Y
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‘

fractionation of ‘this material on DEAE cellulose indicated that 78% of it was similar
in cha;‘ge to trinucleotides, rwhile 22% was divided among the di-, tetra-, and
pentanucleotide fractions (Figure 3.17 ).

Extensive dialysis ;;f this enzyn;e pr;porotion against 50 mM Tris-HClI
buffer, pH 7.5, 10 mM mercaptoethanol, 0.5 M KCI did not remove a significant
amount of the contaminants ; nor did gel filtration on a Sephadex G-25 column
eluted with the same buffer.

A spectrum of this pre;;araf ion of polynucleotide kinase (Figure 3.18 )
showed a high A260/A280 ratio, in({icufing the presence of nucleotide material .

The elution profile. of 32P 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 hthe fact that they were
stable in alkali indicated that they might be oligodooxyr%bpnuclagfides.

The contaminat ion‘wos calculated to be approximately 12 nmoles nucleotide

per ml of polynucleotide kinase stock solution. This corresponds to 120 pmoles

of teinucleotide contaminant in a normal labellir;g reaction uting 0.015 units of

A
" “potynucleotide kinase.

. Incorporation of radiocactivity into the contaminating oligonucleotides
! .
f

in control expe;-imenfs (Figure 3.16) indicated that their concentration wds from 5 to

4

20 nmoles /ml of stack solution. This level of interfering ol igonucleotide (8
. . o ) .

nmoles(init) is much too high for sequence. stud ies.. . {§

- . Y s *

° N

y » s
w e »

3.5.1.2 Proporehon of Contammonf-freq Polynuclooflda Kinase -

Polynuclect |do kinase was prepqud aecordmg té Richardson (12) excépf
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Figure 3.17 : Chain length froctionation of lcbelied contaminants isolated from polynucieo=

The pooled fractions from the Sephadex G-15 eluate (Figure 3.16) were looded directly Yo a
T em x 25 cm DEAE cellulose column ; the wash solution wos water, eluate was 2 | of

'.;

t e 0.05 M sodium acetate buffer pH 5.5, | mM KH,PO, , 7 M urea, with o gradient of 0 to
: 0.4 M NoCl ;How rate was 0.6 ml/min, 14 ml froctions were collected.

-18-




. ¥
° ) 1.0 : ~ * - “‘ - s
. 0.8} - “ ,
‘Absorbance | .
0.6} 3
- 0.4} -
- 0.2} ,
220 ~ 240 260 280 300
- Wavelength (nm) '
+ " Figore 3.18 : Spectrum of polynuclect ide kin;:u. , -
. C\ Polynucleotide k;m 0.5 units/ml) dimsolved in Q.05 M Tris-HC! buffer, pi'! 7.5, 10 mM MgCI ’».20 mM mercap -
. : 2
tosthanol, 50% glycerol, was placed in the somple cuvette (1 cm path length). Buffer without enzyme was used

o blank. The spectrum wos measured in a Gilson 2000 spectrophotometer from 220 to 300 nm at 2 nm intervals.
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1 mM ATP was added to al | buffers up to’and including the wash buffer of the ’ %
DEAE cellulose column. Contaminantg were labelled in an incubation of this.
preparation of enzyme with [ y..32P] ATP and were isolated by Sephadex G-15
chromatography. A chain length fractionation of this material (Figure 3.19)

showed that the level of interfering oligonucleotide had been reduced by a factor

of 24 to 330 pmoles/unit.

Even this level of contamination g‘[/ould be fc;o high for many sequence
experiments and therefore this preparation of polynucleotide kinase was further
purified on another DEAE c!llulose column (13). ﬁ

Unlike the initial DEAE cellulose column, this fractionation separated
the preparation into two portions ; 40% of the enzyme activity eluted during the loading
and the wash with 10 mM potassium phogphate buffer ; 60% eluted with 50 mM
buffer (Figure 3.20 ). The latter fract, on was not used since it contained a small
amount of 3' exﬂonuclecnse activity.

( Using very high specific activity [ v -32P] ATP it was shown ﬂ;of the
‘].0 mM fraction contained 4 pmoles nucleotide per unlt of polynuéleofide kinase

80 times less than the enzyme loaded to the column. This 10 n#M fraction was used

- in all experiments described in this thesis.

3.5.2 Enzymatic Purity of Polynucleotide Kinase

The properties of the polynucleotide kinase isolated in this laboratory
were shown to be similar to those reported by others (12, 35, 36, 37).

The preparation was tested for endonuclease and exonuclease activity by
incubation with pyrimidine nonanucleotide (Py9P]0) in the presence of alkqline

g
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" ‘ | M. NacCl
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cpm pmoles
x10~3 _
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100

fraction no.

Figure 3.19: Chain length fractionation of labelled contaminants
isolated from polynucleotide kinase prepared with 1 mM ATP in the
initial purification buffers.
Incubation was for 12 hours at 22°C in a total volume of 0.2 ml
‘ of 10 mM Tris-HC1 buffer, pH 8.1, 10 mM MgCl,, 20' ™M mercapto-
ethanol containing 2 nmoles of [y-32PJATP, 0701 units of poly-
nucleotide kinase, and no added oligonucleotide. The mixture was
fractionated on a Sephadex G-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 KH,PO4, 7 M urea, with a gradient of
0 to 0.4 M NaCl; flow rate was“0.6 ml/min, 12 ml fractions were
collected. ! )
I N
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load 0.01M 0.0ﬁM :

Incorporation “
(cpm x1078)2

e

“ 40 60 ’
- ‘ fraction no.

Figure 3.20 : Chromatogrophy of polynuclectide kinase on DEAE cellulose .

4
Polynuclectide kinase (see text) was dialyzed against 10 mM potassium phosphate buffer pH 7.6,
£0 mM mercaptoethanol, and looded to a 1 em by 25 cm column of DEAE cellulose washed with
the same buffer. The column was eluted with 200 ml of the wash buffer followed by 100 mhof

50 mM potassium phosphate buffer, pH 7.4, 20 mM mercaptoethanol ; 20 ml fractions were collected
and 30 ul of each fraction was assayed (2.2.5.2.).
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” phc;sphomt;noesferase. A chain length fractionation of this incubation (Figufe 3.21)

S

showed that no ol igonucleotides smaller than the nonanucleotide were present.

Pyrimidine.ronanuclectide incubated without phosphomonoesterase or polynucleotide
kinase eluf;;d at a volume corresponding to a molecule containing ten negative
phosphate groups. The dephosphorylated nonanucleotide (Py9P8) From the test
reaction eluted at a position corresponding to a molecule containing 8 phosphate
groups. The absence of degradation products indicated that this preparation of
polynucleotide kinase: was free of nucleases.

Polynucleotide kinase was tested for extraneous activities under normdi~
labelling conditions by incubation with dephos;)horylared undecanucleotide C5T6 .
in the presence of [y -32P| ATP (2.4.3). The absence of labelled products other
than the undecanucleotide in the chain length fractionation of this incubation
(Figure 3.22) indicated that ATP dependent nucleolytic or polymerizing activities
were not significant,

The endonuclease activity present in this preparation of polynucleotide

kinase was assayed by the very sensitive assay described by Sadowski (38) for

* T4 endonuclease V. This involved the digestion of 32P—|abe||ed 513+single

stranded circular DNIA with the polynucleotide kinase, followed by digestion of
the nicked circles with exonuclease I and the measurement of acid precipitable
radioactivity. This test indicated that in a normal labelling reaction one

endonucleolytic cision would be made per 12,000 nucleot ide bands.

3.5.3 (?Iigonucleotide 3' Phosphomonoesterase Activity of Polynucleotide Kinose

' In all labelling experiments using polynucleotide kinase and [ v -32P] ATP

L)
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Figure 3.21 : Chain length fractionatiort of a pyrimidine nonanucleot ide (Py9Pm)

treatment with phosphomoncesterase and polynucleotide kinase.

Incubation was for 12 hours at 22°C in a total volume of 0.5 ml of 10 mM Tris-HC | buffer ,
pH 8.1, 10 MM MgCl,, 20 mM mercaptosthanol containing 500 pmoles of 32P-labelled
nonarucleotide and 0.025 units of polynucleotide kinase. The mixture was diluted to 5 ml
with water and loaded to a 1 em x 25 cm DEAE cellulose column; wash solution was water,
eluate was 1 | of 50 mM sodium aeetate buffer, pH 5.5, 1 mM KH PO4, 7 M urea, with
a gradient of 0 to 0.4 M NoCl ;flow rate was 0.5 ml/min ; 8 ml fractions were collected.
The dotted line represents the fractionation of a similar incubation containing no enzymes.

«
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Figure 3.22 ; Chain length froctioeation of undecomucleotide C,T, laballed using polyrucleotide kinave and | v -J2FATP

Incubetion was for 16 houns of 33 C in o totel volume of 0,3 ml 10 mM Tris-HCI buffer, pM 8.1, 10 mM MgCI, | 20 mM mercoptoethonol,
containing 250 pmoles of [ ¥ -YSPLATP, end 0.015 units of polynucleotide kinase. The mixture wos diluted to ml with water a~d loaded
to e 1 cm x 25 cm DEAE cafluicse column, wesh solution wos water, eluate was 2 | of 50 mM sodium acetate buffer, pH 5 5, | mét '<H PO
7 M urea, with a grodient of 0 10 0.4 M NaCl ; flow rote was 0.6 ml/Mm 14 ml froctions were coliected
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considerdble amounts of inorganic phosphate were produced (Figure 3.21). Control .
experiments in this lf'Jborafory and.ellsewhere (37) have shown that ATP was not

dephosphory|ated by polynucleotide kinase in the absence of oligonucleotide

* substrates suggesting thot the phosphc;‘re was hydrolyzed from the ol igonucleotide.

The action of polynucléotide kinase on a pyrimid?ne tefronucleot ide
(Py‘4 5) was tested by incubation in the absence of ATP, A chain lengfh fraction~

ation of such an incubation (Figure 3 23(A))showed fhaf 45% of the radioactivity

eluted in a position corresponding to a molecule containing four phosphate groups.

-

In the control experiment (Figure 3.23 (B))all the radioactivity eluted in a volume
. ) )
corresponding to a molecule containing 5 phosphate groups. Fractionation of

incubutions which included phosphempnoesterase (Figures 3.23(C)and 3.23(D))*

> -

. indicated that two phosphate groups had been removed from the tetronuc!eoﬁde:

. Incubation of a pyrimidine heptanucleotide (Py7P8) wiﬂ‘: higher poly-

nucleotide kinase cgncentrarion for a longer time period resulted in the quantitative -

removal of one phasphate from the start ing material. The chain Iengﬂ{ fract ionation
“~

of this mcubahon and of a confrol mqubahon without enzyme (Figure 3. 24) showed

thot the kinase freofed oligonucleotide confcmed one less phosphate than the sfarhng
o

material re&tive to the dephosphoryllcfed d;éamcleofide marker.

4

These experiments hmdicaféd that polynucleot ide kinase removed one
R . e ) .
phosphate Ft;om 'an~ oligonucleotide, but did not distinguish between the 5'- or the .
3! —terminal pl;osphofes. The observation that inorga‘nicl phosphate wa; produc\ed‘
during incubation of polynucleotide kinase and [ y -3,2P] ATP with dephosphorylcffed

oligp\mcloofides (Figure 3.'22“) strongly suggesti that fhe‘5' terminal ester is f!fe dne

» §
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Figure 3.23 ;. Chain length froctionations of pyrimidine tetronuciectides ofter treatment with polynucieofide kinase and -
phasphomonogsterae . )
Wcubations wers for 10 hours af 22°C in o total volume of 0.5 ml of 10 méd TrisehCl buffer, pH 8.1, 10 mM MgCl,, 20 mM mercp- e

toethanol containing 200 pmotes of tetranucieotide and the following: (A) 0.05 units of polynucieot ide kinese , © (B no additions,
.75 units of phosphomoncesterase and 0.05 units of polynucieotide kinase The c
mixtures were dilutedto 5 ml with warer and loaded 1o 0 | em x 25 cm DEAE cellulose column ,” the wash solution wos whter , elucte o

€) 0.75 units of phosp nossterase, (D) O

was | | of 50 mM sodium acetate buffer, pH 5.5
0.6 ml/min, _10 mi fractiors were <ollected.

fraction number

%

, 1 mA KH2P04, 7 M urea, With-a grodent of 0 10 0 4 M NaCl; flow rate was
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W Figure 3.24 ; Effect of polyrwcleotide kinase on o pyrimidine heptanucieotide (Py7P8). N ' |
- v 4

- ‘e The incubations ware fer 24 hours in a total volume of 0.2 mi of 10 mM Tris=HC| buffer, pH 8.1, 10 mM MgCl,,, 20 mM mercoptoethanol,
: T . containing 60 pmoles of heptanucleotide (Py’Fé) and 20 pmoles of depbosphorylated decanucleotide (Py‘ P,). © The solid line represent«

. - the chaoin l@ngth fractionation of an incubat ign containing no enzyme, the dotted |ine represents the fractionation of an incubation

) B containing 0.25 units/ml polynuclectide kinase. The mixtures were diluted to 5 ml with wates and looded to 6 1 cm x 25 em DEAE cellulose

R s . column ; the wash solution was water, elyate was 2 | of 50 mM sodium ocetate buffer pH 5.5, 1 M KH PO, 7 M urea; with a grodient o
- of 0150.4 M NoC! ;flow rate was 0,6 ml/min ; 13 ml froctions were collected. s
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hydrolyzed. A time course of the transfer of 32P radioactivity from | Y-32P]ATP

to an excess of dephosphoyrlated oligonucleotides mediated by polynucleotide

32P

kinase (Figure 3.25) showed that once the [y - P]ATP had been e:ghausfed, the
t.

radioactivity in the oligonucleotide fractin decreased indicating that an oligo-

, \

nucleotide 5' phosphomonoesterase activity was present .,

3.6 éequences Deduced from 5' Terminal Labell ing Followed by Exonuclease Treatment
In éeneral, it is difficult to label deoxyribonucleic acid in vivo, I"o a
sufficiently hig}; specific activity for oligonucleofide sequence analysis. This
. y
quantitative pr:oblem was overcome by using polyr;ucleofide kinase to transfer high
specific activ i*fy'radioact ive ph‘osphcte from[ v -32P]ATP to the 5' hydroxyl terminus
of the oligonucleotide being invest iga;ed.\ In this way preparation of the DNA was

simplified because low specific activity or unlabelled material could be used. The

specific activity of the [ -32P]'ATP used in this laboratory was suffigiently high

"~ that as little as one pmole of oligonucleotide could be used for a single sequence

»

experiment, .
Pyrimidine ol igonucleotides were isolated from 47 mg of S13" DNA (2.2.8)

ar;d \«;ere separated according to chain length on ’a DEAE Sephadex column (2.2.9.3).

Individual components of the chain length fractions were isolated by chromatography

at pH 3.2 on DEAE Sephadex columns, (2.2.9.3). Four to twelve nmoles of each

of the three nonanucleotides, the two decanucleotides, and the undecanucleotide

v
®

were-obtained in this way,

I“
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Fi?ure 3.25: Incorporation of radioactive label from [y-”P]ATP fnto an excess of
oligonucleotides madfated by polynuclieotide kinage.

Incubation was at 22°C in & total volume of 0.5 ml of 10 s _Iris-HC1 buffer, pH 8.1,

10 mM MgCl,,, 20 wM mercaptoethano! containing 10 rmoles [y-*“PJATP, 15 nmoles of

mixed dephBsphorylated pyrimidine oligonucleatides longer than hexanucleotides, and
0.025 unfts of polynucleotide kinase. Aliquots were removed at selected time inter- -
vals and incorporation measured by binding the labelled ol{gonucleotides to 8 DEAE
cellulose suspension, removing ATP by washing with 0.18 M NaCl on a glass fider

filter, and counting the DEAE suspension. 2 )
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Each of these ol igonucleotide fractions was desalted (2.2.9.1),

dephosphorylated (2.2.3 ), and ]00fpmo|es Iabellec; at the 5' terminus using
polynucleotide kinase and [ vy -32P] ATP (2.2.5.3.). Ecch.of the Iubelle'd

ol igonucleot ides was separated from excess ATP by chain length chromatography on
DEAE Sephadex (2.2.9.3 ), desalted again, and concentrated. This was followed
by partial digestion with venom exonuclease (2.2.1) and fractionation using

electrophoresis -homochromatography (2.2.9.4 ), Complete sequence information

L
was obtained for all the above nucleotides from the autoradiographs of the TLC

1

plates from these fractionations and from 5' terminal mononucleotide analyses.

3.6.1 Oligonucleotide C6T3
The auforadiogragh from the venom exonuclease partial digest of [5'-32P]

CéT3 (Figure 3.26) contained spots representing C6T3 .and all 8 of its labelled

dige;t products. These show that fh? digest from the 3' end proceeded : .

CéT3 -~ C5T3 - C4T3 - Cj‘,‘,’T3 - C2T3 - C;_,T2 - C2T - CT - 7T

giving the total sequence TCCTTCCKC . s

¥

3.6.2 Oligonucleotide C5T4

p
The autoradiograph from the venom exonuclease partial digest of [5'-32P]

C5T4 (Figure 3.27) contained spots representing C5T4 and all 6 of its [abelled digest
products. These showed that the digest from the 3' end proceeded :

C5T4 - C5T3 - C4T3 - C3T3 - C3T2 - C2T2 - CT
giving the 3' partial sequence (TZC)CC TCCT.

A sample of [5'-32P] C5T4 was completely digested with venom exonuclease

*
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Figure 3.26 : Autoradiograph of the fractionation by electrophoresis~homochro-
matogrophy of a venom exonuclease partial digest of (5'-32p] C6T3.

100 pmoles of oligonucleotide was labelled using polynucleotide kinase and

[ v ~32p| 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 digested with venom exonuclease (2.2.1.) and
fractionated by electrophoresis homochromatography. Blue and yellow markers

are represented by "B" and "Y".

Legend as for Figure 3.4. 15,000 cpm were used for this fractionation ; autoradi-
ography exposure time was 18 hours. .




fgure 3.27 : Autoradiograph of the fractionation by eleg&rophoresis—homochro-
matography of a venom exonuclease partial digest of [5'~p] C5T4.

Legend as for Figure 3.26 . 23,000 cpm were used for this fractionation ; autoradi-
ography exposure was 12 hours, Blue and yellow markers are represented by "B" and "Y".

I &

Figure 3.28 : Autorad iograph of the fractionation by olegyophoresk-homochro-
Wy of a venom exonuclease partial digest of [5' - P| C4T

. 5
. Legend as for Figure 3.26 . 200,000 epm were used for this fractionation ; autoradi-
. ography exposure waf 2 hours.  Blue and yellow markers are represented by "B" and "Y".
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(2.2.1) followed by mononucleotide analysis . This indicated that the 5'—terminus

of C 5T 4 was a cytidylate residue. This additional data yielded the total sequence

CTTCCTCCT.

.

3.6.3 Oligonycleotides C4T5

The autoradiograph from the venom exonuclease diéest of [5'-32P] C4T5
(Figure 3.28 ) contained one spot representing the two oligonucleotides in this
fraction and thirteen spots representing digest products. These showed that the

digest from the 3' end proceeded :

rd

C.T CT., - CT. ~ CT T
cT. -cCc1 23~ 4 3 2>~ ¢

4'5 T T35 T N

C3Ty 213 272 2

/ .

giving the partial sequences :

CT TT7C TCC
TC CTiT C1C

More information was required to determine which partial sequences should be
coupled to give two independent complete sequences.
2T5 were eluted from the TLC plate of the

above fractianation ; partial venom exonuclease digestion of C3T4 yielded no

Oligonucleotides C3T4 and C

+informat ion but the autoradiograph from the digest of C2T5 (Figure 3.29) contained
spots representing C2T5 and four digest products, These showed that the digest
from the 3' end proceeded :

C2T5 - (.'.2T4 - CT4 - (7 - CT
giving the 3' partial sequence (CT2) TTCT.

Trinucleot ides CT2 and CZT were eluted from the original TLC plate and
y .
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Figure 3.29 : Autorad |ogrqah of the fractionation by electrophor-s is-homochro-
%raphy of a venom exonuclease partial digest of [5' 2p C2T5 isolated from
(5'-

P] C4T5 ‘
[5' T .was elyted from the TLC plate (Figure 3.28), evaporated to dryness,
parflolly d2 ésted with venom exonutlease (2.2.1-) and fractionated using

electrophoress-homochrormfography. Blue and yellow markers are represented by
IIBII aﬁd "YII

Legend as for Figure 3.4. 2,000 cpm were used for this frachonohon autoradi-
ography exposure time was 6 days.

Fa
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their 5' terminal nucleotides ident if ied by complete digestion with venom exonuclease
(2.2.1 ) and mononucleot ide analysis (2.2.9.5 ). CT2 was found to have a

thymidylate residue at its 5' terminus, and C2T a cytidylate residue.

This additional information showed that the digest of C4T5 from the 3' end

proceeded :

/C2T5 - (:2T4 e CT4 - CT3 - CT2 -CTr -7

c,T. - C.T
C3T4 - Gl C2T3—~C2T2~ C2T - Cr —-C

giving the two sequences CTCTTTCTC and TCTTTCTCC.

3.6.4 Oligonucleofide CéT4

The autoradiograph from the venom exonuclease digest of [5'-32P] C6T4

F igure 3.30) contained spots representing C6T4 and all nine labelled digest products.

These showed that digest from the 3' terminus proceeded : ‘15;‘_

CéT4 - C5T4 - C4T4 e C"'T3 - C4T2 - C3T2 ~ C3T - C2T - CT - C

giving the sequence CTCCTCTTCC,

3.6.5 Oligonucleotide C2T8

The autoradiograph from the venom exonuclease digest of [5'-32P] C2T8

(Figure 3.31 ) contained spots representing C2T8 and six labelled digest products,

These showed that the digest from the 3' end proceeded :

C2T8 - C2T7 - CrT7 ~ CTé —~CT5 —'CT4 - CT3

giving the 3' partial sequence (CT3) TTTTCT.

A sample of [5' - 3:ZP] C2T8 was completely digested with venom exonuclease

-

(2.2.1) followed by mononucleotide analysis. This indicated that the.5'.terminus of
. By

N\
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Figulre 3.30 : Autoradiograph of the fractionation by electrophoresis-homochro-
matography of a venom exonuclease partial digest of (5'-32p] C6T4'

Legend as for Figure 3.26. 15,000 cpm were used for this fractionation ; autoradi-
ography exposure was 18 hours. Blue and yellow markers are represented by "B" and "Y",

& I <

N LY
Figure 3.31 : Autoradiograph of the fractionation by electrophoresis-homochro~ .
matography of a venom ekonuclease partial digest of [5'-32P] C,T,. , .
Legend as for Figure 3.26. 11,000 cpm were used for this fractionation ; autoradi-
ography exposure was 18 hours. Blue and yellow markers are represented by "B" and "Y".

+
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‘ C2T8 was a cytidylate residue. This information, along with the base compositioh

gave the total sequence : CTTTTTTTCT.

3.5.2.6 Oligonucleotide CST<S

The autoradiograph from the venom exonuclease digest of {5’ -32P] CSTé

(Figure 3.32) contained spots representing C and all ten labelled digest

5'6
products, These showed that the digest from the 3' end proceeded :

CyT = Cols = C T = C T =€ T, ~C,T

giving the total sequence CTTCCTCTTCT .

-

3»C3T2—’C2T2—~CT2-CT*C

13

3.6.7 Summary

~—

The sequence[defermined using 5' terminal labelling followed by venom

exonuclease digestion are summarized in Table 3.3.

Table 3.3
Summary of the sequences determined via 5' labelling followed by exonuclease digestion
Isostich " Component . Sequence

" | CsT, CTICCTCTICT

10 <N ' CTCCTCTTCC
C2T8 CTTTIIIICT
9 C6T3 g TCCTICCCC
C5T4 -0 CTTICCTCCT
C4T5 TCTITICTICC
CICTTIICIC

P
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Figufe 3.32 : Autoradiograph of the fractionation by elegyophoresis-homochro-
matography of a venom exonuclease partial digest of [5'~"“P] C5T6' -

. Legénd as for Figure 3.26. 30,000 cpm were used for this fractionation ; autoradi-
- ograph) exposure was 18 hours. Blue and yellow markers are represented by "B" and "Y"
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3.7 Sec;uences Determined via 5' Exonuclease Degradation Followed by 5'

a '
Terminal Labelling ,
The methods discussed above involved the determination of base composition

from rélative migration in the electrophoresis-homochromatography system ; this was

simple,for pyrimidine: oligonucleotides and is theoretically possible for shortyoligo-

I .

nucleotides containing all four bases (69) . The determination of sequence ol igonucleotides

containing all four bases longer than pentanucleot ides requires more resolution than

is available in this system.

A method for sequence analysis of oligonuéleof’ides which circumvents this
problem has been developed. The oligonucleotide under study was dephosphorylated
and partially digested with spleen exonuclease and the resulfipg digest label led
using polynucleot ide kincse; and| v -s32P] ATP, Frucfionoﬂ;nb;f the Iobelléd digest
on a Sephadex G.-—25 column followed by DEAE Sephadex chromatography or by
electrophoresis-homochromatography separated the labelled digest proc‘iu‘cfs from
each other and from ATP (2.2.10.3 ). Identification of the 5' terminus of each of

i

the digest products by complete venom exonyclease digestifin and mononucleot ide

-

analysis yielded the sequenge of the oIigonu‘cvleofide excepf for the 3' terminus. 7

This terminal sequence was determined by chromatographic base composition analysis of the

dinucleotide digest product or by sequence analysis (2.2,10.2) of the tri= or
tetranucleot ide digest products. *

The nona~, deca-, and undecanucleotides isolated as described in
g - r - !

Section 3.6 from $13' DNA were examined'in this manner. Except for C4T5 ,

. 100 pmoles of oligonuclectide were used in each experiment.

4

LY
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3.7.2 0Ol |gonucleohdeC

- .. =104 - S

3:7..,] "Ol igonualeot ide C6T4

The eluate from\fhe Sephadex G-25 column (Figure 3.33(A)) was divided

-

into the long oligonucleotide fraction and the dmucleohde containing Fracflon, '

-'as shown by the bars. in‘the diagram. The dinucleotide fraction wag cgmbined with

marker oligonucleotides and further purified by DEAE Sephadex chain‘ler;gfh .

chromctography (Figure 3.33 B) . The dinucleotides from this fractionation were '
©

chromcﬂogr?phed on DEAE cellulose atpH-3.4 (Figure 3 33 C) and the radloochvufy

was observed to elute with marker pCpC , giving a 3' partial sequence of (C4T4)CC.
The long ol'igo\nucleof ide fraction from thé Sephc‘dex G-25 column was frac-

fionoutec; acco.rding to cll\ain length hon a DEAE Sephad;x column (Figure 3.33 D)

and peaks containing [5' - 32?] C6T4 ond seven digest products were separated.,

These were individually desalted and a portion subjected to complete venom

exdhuclease digestion.and mononucleot ide analysis. The 5' termini deduced from

tb::e andlyses (Table 3.4 ) coupled with the 3 terminal analysis above, gave the -

sequence CTCCTCTTCC.

2'8

"The labelled spleen exonuclease partial digest of C2T8 was fractionated
(F igurg 3.34 ) as was described for C6T4 (3.7.1). In this case thé dinucleoTide
eluted from the DEAE cellulose column (Figuro 3.34 C) with marker pCpT. The

chain length frachoncf ion (Flgure 3. 34(D))separafed [5'- 32P] C.T, and seven dhréest '

2 8
products, The analyses of the 5' termini of these fractions, as well as thof of the
. a

dinucleotide (Table 3.5) gave the sequence CTITTTTICT. .

13 “ N
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Figure 3.33 , Fractionations in the analysis of the sequence of oligonucleotide C6T4'

100 pmoles of oligonucleotide was partially digested with spleen exonuclease in a

> volume of 0.3 ml, the digest dephosphorylafed, phosphomonoesterase destroyed with
alkali, the digest neutralized and labelled with polynucleotide kinase and [ v -32P]
ATP (2.2.10.3.).

(A) Elution profile from Sephadex G-25 of the labelled spleen exonuclease digest

of the oligonucleotide (2.2.10.3.) ofter incubation with polynucleotide kinase and
[ Y-°4P]ATP. The bars represent the fractions pooled, the long ol igonucleotide
fraction eluted first, followed by the dinucleotide containing fraction ; column
dimensions were 1 cm x 50 cm ; eluate was 0.05 M NaCl ; flow rate was 0.3 ml/min,
and 0.6 ml fractions were collected. The solid line represents the elution of radio~
activity, the dotted line the elution of optical density of marker ATP.

"(B) Elution profile of the chain length fractionation on DEAE Sephadex of the
dinucleotide containing fraction from (A). Column dimensions were 1 ¢m x 25 cm,
load and wash so|ution was water ; eluate was 2 | of 50 mM sodium acetate buffer,
pH 5.5, 1 mMM NaH PO4 , 7 M urea, with a gradient from0 to 0.2 M NeCl ;

. flow rate was 0.6 m?/min, and 14 ml fractions were collected. The solid line
represents the elution of radioactivity, the dotted line the elution of oligonucleotide
marker. '

(C) Elution profile of a fractionation at pH 3.2 on DEAE cellulose of the dinucleotide
peak from (B). Column dimensions were 1 ¢m x 3§,cm, load and wash solution was
water, eluate was a 2 | gradient from 0 to 0,1 M ammonium formate buffer, pH 3.4 ;
flow rate was 1 ml/min and 17 ml fractions were collected. The solid line represents
the elution of radioactivity, the dotted line the elution of marker dinucleot ide

optical density. The arrows indicate the elution positions of individual dinucleotides.

.

* * ‘
(D) Elution profile of the chain length fractionation on BEAE Sephadex of the long
oligonutleotide fraction from (A). Column dimensions were 1 ¢cm x 25 cm, load
and wash solut ion was water, eluate was 2 | of 50 mM sodium acetate buffer,
pH 5.5, 1 mM NaH PO4, 7 M urea, containing a gradient from 0 to 0,4 M NaCl ;
flow rate was 0.6 m?' min and 17 ml fractions were collected., The numbers indicate
the phosphate length of the individual fractians. 0"

8 "
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Table 3.4

5' Terminal Mononucleotide Analyses:Sequence of CéT4
C .hain length cpm for ) Percent* Assignment .
fraction -anal ysis T G C A
3 n.oo ) ¥ - 1 - T
4 1900 % - 4 - T
s 2000 - 7 - C
6 3000 & 4°8 - T
7 1400 9 -9 - C
8 620 16 - 84 - C ‘.
9 460 75 - 25 - T
10 900 12 - 8 - C

1(5' end)

* adosh indicates that less than 2% of the radioactivity eluted with that mono-

nucleotide.

ot
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Figure 3 34 . Froctionations in the anolysis of the sequence of ol igonucleotide CQTB'
Legend oy for Figure 3.33,
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Table 3.5 i
5' Terminal Monon.ucleof ide Analyses:Sequence of C2T8 |
‘ |
Position Chain length cpm for Percent * Assignment |
fraction analysis T G C A
9 2 . 3950 . 2 - 97 - c
8 3 32,000 9% - 5 - T
7 . 4 11,000 % - 4 - T
6 5 34,000 % - 3 - | T
5 6 B0 9 - 3 - r
4 7 10,300 98 - 5 - T
3 8 9,900 92 2 5 - T
12 9 05,100 g - 11 - T \
1 (5' end) 0 - 32,000 5 - 95 - C
&

* a dosh indicates that less than 2% of the radioactivity eluted with that mono-
nucleotide. ‘

’
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3.7.3 Of igonucleotide C5T6

The labelled spleen exonuclease digest of C5T6 was fractionated

(Figure 3.35 ) as was described for CéT4 (3.7.1). In this case the dinucleotide
eluted from the DEAE cglhulose column (Figure 3.35(C)) with marker pCpT., The
chain length fractionation (Figure 3.35( D)) separated [5' ~*2p| C,T , and eight
labelled digest products. The analyses of the 5' termini of each of these fractions,.

as well as that of the dinucleotide, {Table 3.6 ) gave the seéquence CTTCCTCTICT.

3.7.4 Oligonucleotide CéT3
The labelled spleen exonutlease digest of C6T3 was fractionated

(Figure 3.36 ) as was described for C6T4 (3.7.1). Inthis case the dinucleotide
eluted from the DEAE cellulose column (Figure 3.36(C))with marker pCpC. The
chain length fractionat ion (Figure 3.36 (D))separated [5' ~S2P| C gl ond six
labelled digest products. The analyses of the 5' termini of each of these fractions,

3

(Table 3.7 ) coupled with the dinucleotide analysis above, yielded the complete

sequence TCCTTCCCC.,

3.7.5 Oligonucleotide C4T5 . rJ

+
4T5 from S13 DNA )

5' exonucl treatment followed by 5' terminal labelling was quite cofnplex
because two isomert-ef_different sequences occurred in this fraction.

400 pmole§ of dephosphorylated C4T5 were partially digested with spleen

exonuclease for only 2 minutes instead of the usual 10 minutes (2.2.2 ) to obtain

The analysis of the oligonuclectide fraction C

a high yield of the hepta- and octanucleotide digest products. This digest was
[ !
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Table 3.6
5' Terminal Monhonucleotide Analyses:Sequence of CST 6
Position Chain Ieﬁgth ~ cpm for Percent * Assignment
. fraction analysis T G cC A .
10 2 36,000 - - ‘;8 - C
9 - 3 8,200 95 2 2 - T
. 8 - 4 6,700 93 2 3‘ - T
7 5 ~ 5,900 8 - 92 -, C U
6 6 3,600 83 3 B - T
5 7 1, 15(() 21 - 7™ - C
4 8 1,130 " 11 - . 87 - C
3 9 500 85 - 15 - T
e 2 10 850 g - n - T
/ 1 (5' end) 1 1,900 - - 9 - C

-112 -

* a dash indicates that less than 2% of the radioactivity eluted with that mono~

nucleotide.

‘

1
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Table 3.7

/ 5' Terminal Mononucleot ide Analyses:Sequence of C6T3 *

Position Chain length cpm for Percent* Assignment
] fraction analysis ©° T G C A
7 3 500 30 - 6 - . C°
6 4 +48,000 13 3 84 - C
5 ' 5 7500 99 - .- T
4 6 106,000 98 - 2 - T
3 , 7 35,000 25 2 73 - C
2 ( 8 76,000 10 - % - _ C
1 (5' end) 9 89,000 99 - - - T

* a dash indicates shat less than 2% of the radioactivity eluted with that mono~-
nucleotide.

!
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labelled using polynucleotide’kinase and [ y -32;’] ATP (2.2,5.3 ) and the excess
ATP removed by gel filtration on a Sephadex G-25 column (Figure 3.37 (A)),
These labelled digest products were fractionated according to chain length on a
DEAE Sephddex column {Figure 3.37(8))and\fructions correspondir:g f0’C4T5 and
4 digest products were separated. Complete ve;mom exonuclease digestion and
mononucleotide analysis of the nonanucleotide fraction showed that the 5' termini
were heterogeneous, indicating that the octanucleotide spleen digest product

must contain the non-isomeric species C",T4 and C3T5 . Thus the octameeleotide

| peak was pooled and fractionated at pH 3.2 on a DEAE Sephadex column

(Figure 3.37(C)) and the two components separated.

Each component was desalted, dephosphorylated, partially digested with
spleen exonuclease, labelled aj?in with polynucleotide kinase and [ v -32P] ATP,
and then fractionated (F igures ‘3‘. 38 and 3.39) as was descgibed for oligonucleot ide
C6T4' In these cases the dinucleotide o‘nulyses did not yield any useful information.
The chain length fractionation of the labelled digest of C T, (Figure 3.38(B))

44
separated [5' -?ZP] C4'I'4 and five digesf‘producf fractions. 5' termiaal analyses of

the tri- and tetranucleotide fractions yielded equivalent amounts of C ;;d T,

while analysis of the other products (Table 3.8) gave the tentative 5' partial sequence

CTTIT(C,T). ‘
The chain length fractionation of the labelled digest of[5'-32P] C3T5

(Figure 3.39%(B))separated {5 '_32p ] C3T5 and four digest products. Analysis of *

the 5'termini of these fractions (Table 3.9 ) gave the 5 * partial sequence

TCTT (C2T2).
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Figure 3.33 (A).

(B) Chain length fractionation of the ol igonuclectides isolated in (A) o described for Figure 3.33 (D).
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Table 3.8
5' Terminal Mononucleotide Analyses :Sequence of C4T4 from C4T5 \
Position Chain length cpm for Percent * Assignment
¢ fraction analysis T G cC A
. v ’
4, 5 67,000 66 - 33 - T
3 " é 29/0@ 93 - 6 - T
2 a7 23,000 75 - 25 T
. 1 (5 end) 8 38,000 38 - 62 - C
 Table3.9 © - Lo
/ . '
( 5' Terminal Mononucleotide Analyses :Sequence of C3T5 from C4T5
Position Chain length cpm for ‘ Percent * - Assignment
fraction analysis |, - T G C A
4 5 9,000 92 2 5 - T
3 6 15,000 95 - 4 - T
- d
2 7 12,000 27 -~ 7B - C
1 (5' end) 8 » 20,000 8 - 2 - T

»

* a dash indicates that less than 2% of the radioactivity eluted with that mono-~
nucleot ide. ’
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These two part ial sequences yield 5' partial sequences of CTCTT ( C2T2)

\ L}

and TCTTT (C3T) for the parent oligonucleotides.
The mononucleotide analyses in the sequence determination of C4T4

indicated that the C4T4 was not homogeneous. This showed that the phosphorylation

of the first partial digest of C4T was not complete and that, as expected,

5

'unphosphorylated C T, eluted from the base composition column with 5' phosphorylated

45

C4T4. The level of interference in the 7 and 8 position of the C4T4 analysis

indicate that the initial phogphoryk:fion had only proceeded to about 50% of
maximum. This limitation of the system occurs only when two successive labelling
reactions must be done, and if a great excess of ATP could be used in the first step,
the limitation would not apply.

As cpuld be predicted, fhe‘C3T5 analysis was much clearer,

o

3.7.6 Oligonucleotide C5T4

, 100 pmoles of oligonu;.:leofide C5T4were dephosphorylated, partially
32

digested with spleen exonuclease, labelled with polynucleotide kinase and [ y - P|
ATP, and fractionated by gel filtration on a Sephadex G-25 column (Figure 3.40(A)).'
The radioactive fractions eluting before the excess ATP were pooled, desalted, and
fract ionated using electrophoresis-homochromatography. The autoradiograph of this

fractionation (Figure 3.40 (B)) con.foined spots representing C dnd five digest

54
products, Complete venom exonuclease digestion of a portion of each of these

-

b

. products, followed by mononucleotide analyses (Table 3.10) gave the 5' partial

sequence CTTCCT (C2T), in agreement with the 5' partial sequence which was ‘

observed by inspection of the qutoradioéraph : CTTCC (C2T2).
/

-

0
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Flgwo 3.40 : Fractionotions in the analysis of the sequence of ol igonucieotide Cs pe

(A) Separation of the long oligonuclectides in the labelied spleen exonueloms digest from excew ATP on @
Sephadex G-25 column o1 described for Figure 3.33 (A).

(8) Autorediograph of the fractionation by electrophoresis homochromatography of the long ol igomchooih
fraction isolated in (A). Legend as for Figure 3.4,

300,000 cpm were used in this froctionation ; autoradiogrophy exposure time was 4 hours.

<) Autoradioarqh of the fractionation by electrophoresis homochromatography of the venem uomehm
digest of [5'-3 |’|C4T3 Legend o3 for Figure 3.4,

3,000 cpm ware used in this fractionation ; outoradiogriphy exposre time was 3 dayk.
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Table 3.10

“F

5' Terminal Mononucleotide Analyses :Sequence of C 5T 4

Position Chain length cpm for Percent * Assignment

fraction analysis T G C A
6 4 1200 9 - - - T
5 - 5 800 7 - 92 - C
4 s 7000 5 - 95 - C
3 . 7 000 95 - 5 - T
2 8 " 2600 9 - - - T
165 6nd) 9 2100 4 - 9% - C

*

a dash indicates that less than 2% of the radio¥ctivity eluted with that mono-
nucleotide.
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Another Portion of the heprunucleofide C 4T3 from this f’ractionaf ion was
partially digested with venom exonuclease and fractionated using electrophoresis-
homochromatography. The autoradiograph of this fractionation (Figure 3.40 (C))
contained spots representing C 4'|'3 and three digest products, These indicated that
the digest proceeded :

Cly = STy = G, = 4T

and that the 3' partial sequence is (C2T2)CtT. —
The combination of-these partial sequences gave the total sequence

CTTCCTCCT. |

3.5.3.7 Summary
The sequences determined using spleen exonuclease digestion followed

by 5' terminal labelling are summarized in Table 3.11.

3.8 Sequences of Pyrimidine Oligonucleotides from 513+ DNA
\
Table 3.12 lists all the sequences which have been determined for aligo-
nucleotides from bacteriophage 513" DNA. The right column gives the methods

which have been used for each sequence determination.
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Table 3.11

!
Summary of the sequences determined via exonuclease digestion followed

by 5' terminal labelling

Isostich Component Sequence
n C5Tg ) CTTCCICTTCT
10 CTs .—f”’—ey‘-’ CTCCTCTTCC
C,Tg CTTTTTTTICT
9 CeTy ' TecTTecee
CeTq CTTCCTCCT
> ¢ CqTg TCTTT(C,T)

\ CTCTT(C,T,)
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Table 3.12

Pyrimidine Oligonuclectides from Bacteriophage 513" DNA

Isostich Component Sequence Methods *
s
. 4
n C.T, CTTCCTCTICT Y, 2,3,5
10 C6T4 . CTICCTCTTCC 1,2,3,5
C2T8 CTTTTITICT 1,2,3,5
9 C(T5 TCCTTCCCC ©1,2,3,5
CsT, CTTCCTCCT , 2, 4,6
C4T5 TCTTTCTCC 1,2,3,5
CICTTTICTC 1,2,3,5
8 CBTS CCTTTCCC 1
C 4T 4 CTTCCTTC 1
C2T 6 CTTTTTIC 1
TITICCTT 1
7 C 6T CTCCCCC 1
C5T2 CICTCCC 1
. CT6 CITTTTT 1

1)
3)
4)

5)
6)

>

partial digestion of uniformly labelled material (3.4).

partial digestion of 5'-terminally labelled material (3.6) .

5' sequence anal ysis via partial exonuclease digestion followed by terminal
labelling and electrophoresis-homochrorfatography (3.7).

5' sequence analysis via partial exonucjease digestion followed by terminal
labellidg and electrophoresis-homochromatography (3.7).

3' terminal anolysis by dinucleotide identification on columms (3.7).

3' terminal anal ysis by sequence analysis of a 3' terminal fragment using

el ectrophoresis-homoch romatography.
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CHAPTER 4

’ DISCUSSION

4.1 Base Preferences Dur;ing Spleen' Exonuclease Hydrolysis

It has been reported (8) that poly rC was degraded at a negligible rate
relative to the degradation of poly rA, poly ¢l, or poly rU. If such specificity
exists for deoxyribonucleotide sequences, it could be very useful in sequence
work,

During the course of this study, spleen exonuclease was used fodegrade
many pyrimidine oligodeoxyribonucleotides. The availability of sequje data
for these oiigonuc'eofides allowed the examination of sequence preferances
exhibited in these reactions.

When the partial digests were performed at a very low oligonucleot ide
concentration (1 pM) all of the oligonucleotides tested were hydrol ysed in the
presence of sp/leen exonuclease. When the oligonuclectides to be studied were
isolated from a preparative electrophoresis-homochromatography fractionation
(3, 4), approximately 30 mM ribonucleotide was present in the digest in the form
of an alkaline hydrolysate of RNA. Under these conditions it was observed that
ol igo(r.vucleofides C5T6 (‘CTTCCTCTTCT) and C6T3 (TCCTTCCCC) were resistant to
hydrolysis by spleen exonuclease.

To check whether these 5' terminal sequences were indeed resistant to

spleen exonuclease hydrolysis, the sequences which were knownto be hydrolysed were

examined. Oligonuclectide C“T4 was hydrolysed by spleen exonuclease although it
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' had a 5' terminal hexanucleotide sequence (CTTCCT. .) identical to that of C5T6'
Oligonucleotide C, T,, containing the sequence TCCT. ..., identical to the 5’

64’

terminal sequence of C6T3' was observed to be hydrolysed by spleer'\ exonuclease.
These observations show that factors besides sequence were important in
determining the rate of oligonucleotide hydrolysis by spleen exonuclease. The
fact that high concentrations of RNA oligonucleotides were necessary for resistance
to hydrolysis 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 ol igodeoxyribonuclectide, the compthic:)n may have
made the oligodeoxyribonucleotide seem resistant, |
The K, of spleen exonuclease has been shown to be 5 mM for p-nitrophenyl
thymidine-3-phosphate (34) ; thus the concentration of RNA in these partial
digestions (30 mM) was probably enough for effective competition. The differences
in the resistances of different ol igonu(éleotides may have been due in part to the
quantity and composition of the RNA eluted with the oligonucleotides fzom the
preparative TLC plate.
These observations suggest that under the correct compet itive conditions,
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 of ATP, acts
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as an ol igonucleotide _5' phosphomonoesterase (3.5.3). dn early experiments,
when a great excess of ATP was.used, interfering radioactivity was observed which
was similar in charge to tetranucleotides. Van de Sandel, 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 oligonucleotide to ATP,
They also observed and characterized the reverse reaction catalysed by polynuéleo-
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 comstruction of their model.

A model which explairs these observations is presented in Figure 4.1.

Other observations made by Van de Sande et al. (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 @ maximum at pH 9.5. The former observation suggests that binding of the
oligonucleotide 5' phosphate is facilitated by the ionization of a histidine on the

enzyme and of the terminal phosphate on the oligonuclectide.
Al .

The smooth pH - activity profile of the normal phosphorylation reaction does
not have an inflection near pH 7 , indicating that a reaction inveolving a terminal
phosphate group is probably not rate limiting ; this suggests that the ol igonucleotide

binding step might be the rate |imiting stcp‘?n the normal phosphorylation reaction.
Al

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 h
Mechanis?,of Polynucleot ide Kinase Action
{ . ) -
Normal Course of Reaction :
PNK + O = O -PNK'
O - PNK.+ *pppA P O - PNK - *pppA
O - PNK - *pppA -~ O -PNK -*p + ppA
O - PNK - *p =~  *f= 0. + PNK
' sid ti \
1 e)eac ions : )
0 +O -PNK-* - =  O-PNK+*
toppA + O = PNK - *p = O - PNK + *p*pppA
N Abbrev iations : _ -
R R

soppA - [y 2p ATP
o - dephosphorylated ol igonucleot ide
p-O -  5'phosphorylated ol igonucleotide

PNK =~ polynuélooﬁdc kinase _
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ribonucleot ides have used mapping techniques for determination of relative lbase
composition and thus sequence. A partial digest of an oligonucleotide contains a
series of products each containing one nucleotide less than its parent, Th? identity
of the terminal nucleotide of the parent, which is not present in the dot;ghfer,

can often be identified by the difference in migrarion between the two in a two-
dimensional system,

Electropharesis of oligonucleotide mii(tur;es on cellulose acetate at pH 3.5
followed by electrophoresis on DEAE paper at pH 1.9 was developed by Sanger (149)
for sequence analysis of oligoribonucleotides. ML;rrcy (14) and Wu (129, 76) have
investigated this system concerning the possibility of identifying the b;se compos\itlion
of sequential digest products from their relative migrofions!. Murray achieved some
success by performing two fractionations on each sample, the other having
electrophoresis on cmlbinoefhyl cellulose at pH 3.5 as its first dimension. Only in
thjs way could the odl\difion of a pT or a pG be differentiated and the ‘system used in
;1 general sequ;nce scheme . N

Pol;ethylenimine cellulose TLC has been used in many laboratories for
ol igodeoxyribonucleotide fractionation.

A two-dimensional system comprised of electrophoresis on a cellulose acetate
strip at pH 3.5, followed by PEI cellulose TLC using 0.85 M LiCl ds chromatographic
eluent, has been investigated by Wu (69). This study indicated that this system would
be applicable to the sequence of short oligodeoxyribonucleotides but the relative
migrations due to pG and pT c‘re similar, as are those due to p;A and pC.

A fractiondtion system corr;pm'sed of electrophoresis on celluloserccefa’te at

pH 3.5 followed by TLC on DEAE cellulose using a neutral ized alkaline hydrolysate

-
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of RNA in 7 M urea as chromatographic eluent (28) has been used for ol igodeoxy -
ribonucleofit;le sequence analysis (7, 26, 11 l; . Hig‘her ch'cin length digest products
can be resolved in this system than in those discussed obov'e, but again, the major
problem is to differentiate between a pT and a pG difference by relative migrat ion,

~>

The effectiveness of these fractionation methods for sequence analysis by
A
r)wopping techniques can be summarized as follows : [f it is known that the ol igo-
nucleotide being studied does not contain both G and T, the two-dimensional
electrophoresis technique should be applicable to the analysis of oligonucleotides
5to 10 nucleotides long ; the cellulose acetate electrophoresis PEl TLC system

should be applicable to the analysis of oligonucleotides up to 10 to 13 nucleotides

long ; the electrophoresis-homochromatography system should be applicable to

oligonucleotides 15 to 20 nucleotides long. If, as is often the case, exact base

composftion data is not availgble for the oligonucleotide in question, the two-
dime;ﬁional electrophoresis system would be applicable to oligonucleotides up to 5
to 10 nucleotides long ; but twc; analyses ;vould have to be performed on the oligo-
nucleotide partial digest; the cellulos; acetate electrophoresis-PEI TLC system would
be applicable to ol igonucleotides 5 to 10 long ; the electrophoresis-homochromatography
system would be applicable to aligonuclecotides 5 to 9 nuclectides long. These estimates
were made from an examinat ion of published autora&iographs from the various fraction-
ation techniques (7, 14, 69, 120). )
The elué:idaﬁoq of nlaf'ive base composition by measuring relative mobil ify‘
in a two-dimensional fractionation system is a very convenient and rapi& tool for
sequence analysis. These methods, however, are rather sensitive to chgngos in the g

ion exchange media and in the buffers. As can be seen from the many autoradiographs

in this thesis , resolution in the slectrophoresis=homochromatography system was ¥
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quite variable. It was observed that the resolution was quife .dependent on the pH
and metal ion content of the electrophoresis buffers , the amount of material
loaded to the cellulose acetate strip, and any small imperfections in the TLC plate
itself. For anabysis.of pyrimidine oligonucleotides, where migration differences
are large;, the variable resolution was not a handicap, as was demonstrated by
our and by Ling's work (7, 26). However, in the analy:is of oligongucleotides
containing all four bases, the migration differences between pT and pG', and, in the
c':ose of electrophoresis PEI TLC, between pk and pC, are small and the variable
resolution would make definite sequence assignment difficult.

‘ In conclusion, it is unlikely that mapping techniques could be ysed alone
in a general oligonucleotide sequence scheme.

Two-dimension! fractionations of these types can be used as the chain
length step in sequence methods involving exonuclease degradation followed by
terminal labelling as described in Section 3.6 . In this case, the determination of
the base composition of each spot by mapping is unnecessary and only chain langth
resolution is important. The rwo—dimensionc;l electrophoresis s;'sfem wauld still only
be applicable f§ oligonucleotides 5 to 10 nucleotides in length ; the cellulose
acetate eleéfrophoresis.PEl TLCS system would be applicable to oligt)nucleofides' up
to about ;h irteen nucleotides long ; the electrophoresis-homochromatography system
has B;en demomtrate;i to be appl icable to oligonucleotides as long as fourteen
nucleot icies, dnd it is estimated that it would be useful (69) for oligonucleot ides up
to twenty nucleot ides long. . ,

A disadvantage of these two-dimensional systems is that recoveries of

material are usually fairly low, and the transfer of oligonuclectides low in T to the

o
~
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AN

second dimension is usually not very efficient (167). These drawbacks are pften
AR

superseded by the convenience and rapidity of fheré;gcfrophores is TLC sysfem.é.

4,3.2 Column Eractionation Techniques

In general columns give better one-dimensional P;ésolufion of oligonuc\leofides
than do electrophoresis or TLC systems. It is very cumbersome, however, to produce
a two-dimensional system using columns, and, for fheipresenf, the sequehce
determination of long oligonucleotides by mapping procedures is limited to the .
electrophdresis and TLC systems. Developments in high pressure liquid chromatography
(157) may make this approach possible in the nea’r future. ‘

The oligonucleotide sequence schemes involving exonuclease degradation
followed by terminal labelling (1.2.1.4c¢) require only chain lenqth fractionation ;
thus columns provide the resolution required\(or longer oligonucleotides than can be

>

analysed using the two-dimensional systems. \

4,3.2.1 DEAE Cellulose Column Fractionations

Columns of DEAE cellulose h;ve been used to separate pyrimidine oligonucleo-
tides isostichs up to 14 nucleotides long (33; 164),and ol igonucleotides generated '
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 pur"mes are present in the ol i;onucleotides. This was additionally
manifested by the observation that if less than 5 mg of nucleotide material was

loaded to a 1 c¢m x 25 cm DEAE cellulose column, the resolution of oligonucleotide

isostichs decreased considerably.




-134 - .

At pH 3.0, the additional binding of the purines has been put to good use
(22, 51) in the subFs‘oacfior;ofion of dinucleotides and trinucleotides according to
base composition. Here again, though, several milligrams of carrier dinucleotides
were included in the fractionation,

The addition of carrier ol igonucleot ides i: not a disadvantage in the chain
length fractionation of a parfi&l digest in a sequence experiment since the next step
is radioactive mononucleotide analysis. It becomes a distinct problem when column

fractionations are used to isolate oligonucleotides for sequence analysis, because

carrier would interfere with terminal labelling performed during the sequence analysis.

4.3.2,2 Phosphate as "Pseudo" Carrier

The addition of 1 mM KH,PO, to the gradient buffers used to elute DEAE

274
cellulose columns allowed us to load less nucleotide material to the column without
a serious loss of resolution. In these cases as little as 0.5 mg nucleotide could be
loaded to the column. This suggests that the ion exchanger contains secondary

binding sites not only for the heterocyclic rings of the ol igonucleotides but-also for
P I3

the phosphate groups themselves.
|

4.3.2.3 DEAE Sephadex Column Fractionations at 25°C

Columns of DEAE Sephadex have been used to separate pyrimidine isostichs
up to ten nucleot ides long (160), using triethylammonium bicarl?onafe buffer,
pH 8.7, as eluent. Isostichs generated by DNAase Iup to the t\ﬁ(anucleoﬁde level
were separated on a DEAE Sephadex column eluted at 25°C witha 7 M urea,

Tris-HCI buffer, pH 7.6 (51).
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In this study DEAE Sephadex columns used for pyrimidine oligonucleotide
fractionations were eluted at 25°C with 7 M urea buffered with either sodium
acetate, pH 5.5, or Tris-HCI, pH 7.6. It was observed that resolution was very

Y

much better at pH 5.5 for both dephosphorylated and phosphorylated oligonucleo~

tides. Thus DEAE Sephadex columns eluted at 25°C were routinely run at pH 5.5.

- -

The fractionation of pyrimidine oligonucleotides according to base composition
at pH 3.0 showed a further increase in resolution over the fractionation by chain
length at pH 5.5. This progress ion ;ndicofed that the DEAE Sephadex exhibits
some secondary E)inding for oligonucleotides at alkaline pH but y\uch less at acid pH.
The manufacturers give a titration curve for.DEAE Sephadex (161) which indicates
that (; considerable portion 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 exhibited
at pH 7.6. This suggests that the binding probably involves the heterocyclic rings
of the oligonucleotides.

Another advantage of DEAE Sephadex over DEAE cellulose is ﬂ:ot it is
generally not necessary to add carrier to the samle before running the fractionation.
As little as 10 picomoles (3.5 ng nucleotide) of oligonucleotide have been success-~
fully fractionated at pH 5.5 on DEAE Sephadex. This is an additional 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 of DEAE Sephadex eluted with Tris=HCl buffer, pH 7.6, 7 M ure;,

at 65°C have been very successful in the fractionation of oligonucleotides generated
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by DN Aase digestion’of DNA (22, 51) and fractionation of these mixtures up to
the hexadecanucleotide level has been accomplished. These digests were very
heterogeneous, each ¢hain Ienérh fraction consisting of numerous oligonucleotides
of different base composition, This certainly contributed to the broadening of

the chain length peaks %n these fractionations. ‘

In the fractionation of a partial exonuclease digest during the sequence analysis
of an oligonuclectide only one species occurs in each chain length fraction. These
homogeneous isostichs would be resolved rhgr/e clearly than the heterogeneous mixtures
resulting from DN Aase digestion,

Investigation of chromatography on DEAE Sephadex at pH 5.5 at 65°C is

presently under study to see if the increased resolution is apparent at high tempera-

& i

o
tures as well as at 25 C.
It is sofe to predict that ion exchange colummns will be useful for sequence

analysis of oligonucleotides at least 25 nucleotides long.

4.4 Pyrimidine Catalogues of 513" and S13suN15 DNA
The catalogues of the pyrimidine clusters of $13° DNA (152) and S13suN 15
replicative form DNA (33) were obtained using DEAE cellulose chromatography in
the presence of large amounts of unlabelled carrier pyrimidine oligonucleotides.
Resolution and recoveries were excellent in these quantitative analyses.
THe data of Cerny et al. (33) indicated that the recovery of octa-, nona-,
i

deca~, and undecanucleotides was approximately 90%, relative to the total recovery

from the column. These specific losses in the long oligonuclectides were probably

+
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due to trailing of the individual isostich fractions ; this was not evident in the
total recoveries because these fractiors represe‘nted only 2,5% of the total
radioactivity.

Isolation of pyrimidine clt;sfers fr/c;m 513" RF DI;iA and fractionation on
DEAE Sephadex has led to the conclusion that oligonugleotide CST4 occurs twice
ir; the RF DNA instead of once as reported previousl)% S13suN15 DNA (33).
The previous assignment was a borderline case in the previous study, since its calculated
occurrence was 1,46 tracts per genome, which was rounded to unity,

It was reported that ol igonucleotide C,T did not occur in 513" DNA (33, 152)

6
and that it oaturred once in the S13 replicative form DNA (33). Fractionations
using electrophoresis~homochromatography have indicated that the reverse situation
is true, that CéT occurs once in S]3+ DNA. This observation was borne out by
sequence analysis of the CbT isolated from S13" DNA.,

These minor errors were due to specific losses of long C-rich oligonucleotides

on the DEAE cellulose columns, even though large amounts of carrier were present

in the fractionations.

Al

4.5 Pyrimidine Oligonucleotide Sequences from 513" DNA

4.5.1 Comparison with Sequences from Other Small Single‘ Stranded DNA
Bacteriophages

‘ The small icosahedral bacteriophages @X174 and S13 are closely related by
genetic and immunological standards (121, 122) ; the some:can be said of the small

filamentous bacteriophages fd and fI (123, 124). Ling has presented selected




.ﬁj

- 138 -

pyrimidine sequences from the DNA of three of these : @X174, fd, and f1.
Sequences of pyrimidine ol igonucleotides from 513+ DNA have been presented in
this thesis, and many more sequences of pyrimidine oligonucleot ides from OX 174
DNA are known from work in this laboratory (117). This work has shown that Ling
incorrectly assigned the base composition of two of the DX174 oligonu;leqrides and
thus presented incorrect sequences for them,

All of Ling's sequences, as well as all the @X174 sequences determined in
this laboratory, were determined using uniformly labelled oligonucleotides, partial
exonuclease digestions, and electrophoresis~-homochromatography (2.2.10.1 ).

The sequences of the oligonucleotides from 513" DNA were determined by several
methods, as has been described in this thesis. A summary of these pyrimidine
oligonucleotide sequences is presented in Table 4.1.

Before a comparison of sequence homologies in these pyrimidine oligonucleo-
tides can be made, it is necessary to decide what type of similarities are significant.
Assuming a random DNA seque nce, the probabil ity of occurrence of any unique
oligonucleotide in a genome will be :

(a)nA (c)nC (g)nG (f)nT

where a, ¢, 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 '
dooxynudcotid‘a occurs in the unique oligonucleotide. For 513" DNA, this

formula becomes (140) :

- ﬂAﬁ“ rc hG nT
PARCnGATn (0.235) " (0.20]) " (0.231) "~ (0.333)
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Table 4.1

4

{
'

7

Pyrimidine Oligonucleotide Sequences from the DNA of Bacteriophages $13, OX 1?4,

Soures /
Component S13
CGT cTcccce
C5T2 CTCTCCC
CT6 CTTTTTT
CST3 CCTTTCCC
C4T4 CTTCCTTC
(Z3T5 NP
C2T6 TTTTCCTT
CTTTTTTC

C6T3 TCCTTCCCC
C5T4 CTTCCTCCT
C4T5 TCTTTCTCC

- CTCTITCTC
C3T6 NP
C2T7 NP
C7T3 NP
C6T4 CTCCTCTTCC
C4T6 NP
CZTB CTTTTTTITCT
CSTG CTTCCTCTTCT
C3T8 NP
CQT‘ NP
C9T]1ﬂ NP
NP - not present

fd and f |

DPX174

&

ccTeecc
NP B
(CT)TTTIT
CCTTTCCC
CTTCCTTC
CTTTCTCC
TCTTCTTC
TTTTCCTC
TTTTCTCT
CTTTTTTC
TCCTTCCCC
CTTCCTCCT
TCTTTCTCC
CTCTTTCTC
NP

NP

CTccTcTCec
NP
NP
CTTITTTTTCT
NP
NP
NP
NP
NP

fd

CTTCCTCTT

TTCCTTTCT
TTTCCTTCT
TCTTCTTTT
TTITCTTTCT
NP

NP
TCCTTCTCTT
TITTTCCTTT
TTTTTCCTCCC
NP
CCTTTTTITTC
NP

CTTTCTTCCCTTCC

TTTCTC

/

CTTCCTCTT

TTCCTTTCT
TTTCCTTCY
TCTTCTTTT

NP
NP

TCCTTCTCTT
NP

TTTTICTTCCC
CCTTTTTTTTC

CCTTCCCTCCCTC
CTTTCTTCCCTTCC

TTTCTC
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For example, the hexanucleotide ACAGTT has the probability of occurrence :
(0.235)2 (0.201) (0.231) (0.333)° = 2.84x 1074
‘The most probable number of times a given sequence occurs in a molecule
5500 nucleotides long would be the product of the probability of occurrence and
5500.
The most probable occurrences of some pyrimidine oligonucleotide sequences

in a genome of 5500 nucleotides long are listed in Table 4.2,

»

Table 4.2
Probable Occurrence of Short Pyrimidine Oligonucieotides in a Random

DNA Molecule 5500 Nucleotides Long

Length Probable Occurrence in 5500 Nucleotides
1 C 1105 T : 183
2 C2 : 222 CT . 368 T2 : 610
3 C3 : 45 T3 : 203
4 C4 : 9 C2T2 : 25 T4 : 68
5 CS : 2 T5 : 23
6 Cé : 0.4 C3'T3 : 1.6 T6 : 7
7 C7 : 0.07 T7 : 2,5

\
It can be seen from the values in the table that analysis of recurring
sequences less than six nucleotides long is not statistically valid, since they probably

occur more than once by random selection. F homologous sequences above six
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nucleotides in length are observed, we can conclude that there may be a cause
other than random selection. There are three types of sequence homology which .
I'shall discuss. The first consists of sequence similarities within one genome.

Ling (26) has reported that the octanucleotide TTTTTCCT in fd DNA occurs

inboth C.T.and inC_T

2T 5Tg the nonanucleotides TTITCCTTCT and TTTCTTTCT, also

in fd DNA, differ in only one position. These duplications, however, do not seem
to be repeated in f | DNA, which observation reduces the probabil ity that they are
irreplaceable sequences.

In the S13*genome, we find many internal sequence homologies : the

heptanucleotide CTTTTTT occurs in CT

6 C2T6’ and C2T8 ; the heptanucleotide
[ 4

CTTCCTC occurs in both C5T4 and C5T6 ; the octanucleotide TCCTCTTC occurs
in C6T4 and C5T6 ; the hexanucleotide (tI"TCCT occurs in C4T4, C5T4 and
C5T6’

In #X 174 DNA the CT6 duplication is repeated as is the CTTCCT

44 54’

redundancy inC T, and C_T , but C5T6 is not present, thus the other duplications
observed in S13'DNA are not present. Another redundonc)

, however, is
present : octanucleotide CTTTCTCC is present in C4T4 a:wd C4T5.

Thus there are redundancies in the pyrimidine clusters of each of the small
coliphages analysed. The observation that these redundancies are not always
carried over from ganome to genome suggests that they are not sequences important
to a common function such as replication. A safer hypothesis would be that thase

differences arose since the phages separated evolutionarily, and that these genomes

evolved in part, by deletion and duplication of existing DNA. For further inter-

pretation it will be necessary to see if these similar sequences are located near each

¢
\
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other in the genome. Studies using restriction enzymes in this laboratory may shed
more light on'this topic.

The second set of homologous sequences I shall discuss are the similarities
between @X174 and S13 and between fd and f 1.

Seven of the eleven known sequences from fd DNA have identical counter-
parts in f1 DNA ; two others, C2T8 and C5T6’ are closely related to C4T7 from
fI DNA; the oligonucleotide TTTCTTTCT from fd DNA is very closely related to
TTTCCTTCT which occurs in both fd and f1 DNA., ‘

Only one mutational event, such as the addition of a purine, is necessary
to remove a long pyrimidine tract from the catalogue. F we make the assumption
that this is the case for the three o!igopucleofldes in fd and f| which 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 nycleotides known for the two genomes, a 3.3% mutational difference.

Nine of the fifteen known sequences from @X174 DNA have identical
counterparts in 513 DNA and three others differ from their counterparts by only one
base. In twa cases the difference between oligonucleotides of the same base
composition is the reversal of a CT or TC sequence ; C6T in 513 DNA has the
sequence CTCCCCC, while in @X174 DNA the sequence is CCTCCCC ; also,
in S13 DNA one of the C276
in @X174 DNA it is TTTTCTCT. Whether this indicates that two base substitutions

oligonucleot ides has the sequence TTTTCCTT, white

have taken place or that the reversal & a single mutational event is unknown.

In the same way as was done fgr fd DNA, and assuming that a CT to TC "

trarsition is a single mutational event|, the mutational divergence between 513 and @X 174

®
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can be calculated to be 8 mutational events in 144 nucleotides ; 5.5% divergence.
Heteroduplex studies (90) of ©X174/513 DNA in solutions containing
various concentrations of fgrmamide have led to the predicfion that $13 and @X 174
have 36% mismatched base pairs. The comparison with the estimate of 5.5%
mutational divergence indicates that either long pyrimidine sequences are conserved
relative to the majority of the DNA, or formamide denaturation of DNA is much
more sensitive to mismatching of base pairs than has been predicted in the past
(90, 161, 162). The latter Seems 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
between the sph;rricol and the filamentous coliphage groups. The octanucleotide
CTTTTTITT occurs in all four phage genomes ; in CZTB of S13 and @X174, and in
C3T8 of fd and fI. This repeated occurrence s ggests that this sequence may play

an essential role common to the life cycles of all four bacteriophages.

This role could be in the initiation of replication, in binding to the E. coli

membrane, or as a sequence specif ically recognized by a bacterial endonuclease or
ligase involved in the mechanism of circular DNA replication.

Several models for the replication of @X174 DNA in E. coli have been

proposed ; (168, 169) all have in common the requirement of an endonuclease to

cleave RF I molecules or to release single stranded progeny molecules. The recent

L

demonstration that the gene A protein from @X174 is an endonuclease that cleaves

DX174 RF 1 or @X174 single stranded DNA only once (170) suégests that there
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might be a unique recognition seq)ﬁnce 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 ir; these four phages makes it likely that it has some specific function besides
coding for protein,

4,5.2, Symmetrical features of the pyrimidine oligonucleotides f’rg:\ 513" and @X174 DNA

Since the discovery of restriction enzymes (54) and the finding that their sites
of cleavage are double stranded palindromic sequences, interest in such symmetrical
sequence properties has risen. It has recen'tly been shown that longer double stranded
palindromes are present in the lac repressor binding site of A 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 A\ (171).
Evidence for very large palindromic sequences occurring in eukaryotic chromosomal DNA
" has recently been reported (172).

The polarity of the phosphodiester linkage in nucleic acids precludes the possibility
of palindromic symmetry occurring in single stranded DNA sequences such as pyrimidine
oligonucleotides. Examination of the pyrimidine oligonucleotide sequences from 513" DNA
(Table 4. 1) showed that all but two hepfonucleofides\contuined symr;'uetrical ;dering of the
bases in their sequences, involving at least six in each sequence. For BX 174 DNA, all the
pyrimidine oligonucleotides, except for one hepfandcleoﬁdc{and two octanucleotides,
exhibited the same type of symmatrical ordering. These syanofricol sequences have the .
same statistical probability of occurrence as double stranded palindromic sequences of the
same chain length in a DNA of the same size. For example, the single stranded sequence

CTTITTTC would occur as often as the double stranded palindromic sequence %mm%
|

{
i

/
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in a random DNA molecule. The widespread occurrence of these sequence symmetries

is pyrimidine oligonucleotides from 513 and @X 174 DNA makes it difficult to predict

whether they may have biological significance or if the phenomenon is a coincidence.
Admittedly, symmetrical sequences are more likely to occur when only two

nucleotides ar€ present, as in these pyrimidine clusters, but even in a random DNA we

should expect that a palindromic hexanucleotide sequence would have an opprox’imofe -

probability of 1/64. '

Our conclusion, therefore, is that only quite long palindromic sequences are

AY

likely to be mechanistically important.
;1».6 Progress in Sequence Anul‘ysis
As was discussed in thti introduction, two approaches to DNA sequence anal ysis

are possible. The direct approdch became feasible only in the past few years, since the
advent of the h(ighly specific restriction endonucleases (155) and the r‘eloﬁvely low
- specificity endonuclease T4 endonuclease IV (38), The indirect approach, in particular’
the use of DNA polymerase to elongate a primer oligonucleotide on a relatively high
molecular weight template, has been possible for quite a while, but was hindered by
the lack of a suitable primer. The p'repurofion of oligonucleotide primer requires either |
direct fragmentation techniques unavailable until recently, or some sequence information
according to wl;ich the primer can be synthesized.

- These approaches have solved the problem of specificity in the analysis ;F

DNA sequence. The problem of incorporation of sufficient radioactivity into DNA

for sequence anal ysis has been mitigated.to a great extent by the use of in vitro

Iébelling reactions, The advent of labelling of oligonucleotides usin.g polynucleotide
kinase and [ y -32P]ATP has allowed analysis on less than a pmole of oligonucleo-
tide, The[ o -32?[ ribo-and deoxyribonucleoside triphosphates are not usually

of as high specific activity as { 7—32P] , but they easily allow analysis of
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as little as 10 pr~noles o;' ol igc;:\uclebfide. hTh;se triphosphates are used with
deoxynucleotidyl transferase for 3' terminal labelling, and with DNA polymerase
during primer elongation sequence studies .f\ )

Thus the two technical broblems which held DNA sequencing back relat iv;
to RNA sequencing have been overcome over the past few years, and several
laboratories are now actively studying DNA sequence (14, 26, 27, 56, 57, 59, &0
64, 65, 67, 69, 70, 72-80, 91, 96, 106~108, 110-120, 129, 155).

Another indirect method we discussed involved the use of RNA polymerase
to trcr’\scribe DNA. When RNA polymerasAey'xs used as a non=specific transcription
" agent (96), it must be used on a relatively short molecule <o that the; resulting RNA
mixture w;II not be too complex. This technique has a'’isadvantage in that the
termini of the fragment being e”xamined are not well transcribed.

When RNA polymerase is used in its role as a specific initiator of transcription,
adding nueleotides to a prfmer, the template must be fragmented and purified to
contair; only one trarscription initiation site, Maizels (106) did this elegantly using
sonication and purification of repr:s”sor protein bound DNA ; direct fragmentation
with restriction enzymes to isolate correc;ly sized fragfnents will probably be -..r;d

-

in the Fufure‘. 3
&

For these RNA polymerase techniques, the use of [a- P] trlphosphafes so

the problem of radioactive incorporation . J

W | S
The |so|ahor) of specnf ic fragments of DNA protected fﬁ non-specific

nuclenses by bound profems can be classif ued as a part fhe direct Frugmonfahon

A

5?
§
.

~ . -

[

methods. Thesegfragmenfs, however, aro usually not 7umform length, making

terminal sequencé analysis very gifﬁmﬂt.
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An important point is that all of the methods here discussed, with the
exception of the RNA transcription methods, require, as a final step, the dererr:in.-
ation of the sequence of ol igodeoxyribonucleotides.

Recent studies (111, 113) have demonstrated that DNA polymerase elongation
proceeds in spurts, producing reproducible bands separable by gel electrophoresis.

This property, combined with the use of ribocytidylic acid incorporation into the
newly synthesized DNA chain, allows production of oligonucleotides three to twenty
nucleotides long.

The direct fragmentation methods, as discussed inSection 1.2.1, yield
oligonucleotides from dinucleotides to 40 nucleotides in length which must be »
sequenced.

Several procedures for the sequence of oligodeoxyribonucleotides have
been proposed. Roychoudhury and Kossell (119) have proposed venom exonuclease
partial ’d igestion followed by labelling with [ a —32P] rATP and deoxynucleotidyl
transferase ; identif i;:afion of the 3' termini of the digest products yields the sequence.
They have applied this method only to a synthetic pentanucleotide of known sequence.

We have proposed (64) spleen exonuclease digestion, labelling with poly-
nucleotide kinase and[ vy —32P] ATP, and 5' terminal identification. Wu (70) used ’,

this method as a part of his analysis of some oligonucleotide sequence methods, using

os substrate a synthetic oligonucleotide of the same sequence as a part of one of the
¢ (A

o

\ cohesive ends.
It has been proposed (69) that the electrophoresis-homochromatogrophy system

developed by Sangoa: and his co‘workers (28) .could be used to determine the sequence
! ‘ , o B . .
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of any oligonucleotide by mapping techniques only. The proposal was based on a
fractionation 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
been that the resolution of individual digest products in the electrophoresis homo-
chromatography system is not sufficient for a general sequence method. Many

oligonucleotides could be sequenced in this way, particularly if the base composition

is known, but many others would at best give a tentative sequence which would
need verification by different sequence methods.

The method for oligonucleotide sequence analysis developed 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 limitation as to the length of oligonuclectide
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.

Oligonucleotides less than fifteen nucleotides long can most convenienflly be
analysed using electrophoresis-homochromatography (4.3.1) as the chain length *
fractionation step after spleen exonuclease digestion and 5‘ terminal labelling.
Oligonucleotides fifteen to twenty-five nucleotides long should be analysed using .
DEAE Sephadex column chromatography at 65°C. I may be possible to extend this
upper limit by adjusting chromatographic conditions (4.3.2) . The use of

3

; [y- 2P] ATP in th% labelling reaction means that less oligonucleotide substrate _is

required than in the methods using [ 0-32P] triphosphates. Most important, the /\/ ‘

-
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use of exonuclease digestion followed by 5' terminal labelling removes the ambiguity

-

inherent in sequence methods based on base composition analysis or on mapping.
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! CHAPTER 5

CLAIMS'TO ORIGINAL RESEARCH

A compiefely general r(nefhod for the determination of the sequence of oligo=~
deoxyribonucleotides containing all four bases was developed.

The sequences of fodrteen of the longest pyrimidine ol igon'ucleofides from

" bacteriophage 513" DNAwere determined. Copmpurison of these sequences
with those from the DNA of closely related bacferi:)phaqe @X174 indicated
that the evolufionq)y divergence of the two genomes was less than predicted
from heteroduplex studies.. Comparison with sequences from the DINA of the
small filamentous coliphages fd and f | demonstrated that all four genomes
C('Jnfained the hepfanucleotidé CTéf |

Polynucleotide kinase was found to exhibit an oligonucleotide-5'-phosphomono~
esterase activity and a general modelﬂfor the mechanism of polynucleotide
kinase action was F;resented.

Polynucleotide kinase purified from T4-infected cells was found to contain

w i

ol igodeoxyribonucleotide-like contaminants. These were characterized and a
method for the ir removal from the enzyme propcra;ion developed.

Two corrections were made tolthe“sp"yrimidine catalogues of 513" and $13suN15
DNA. ‘
Rego]ution of oligonucleotides on DEAE Sephadex at 25°C at pH 5.5 was
demonstrated to be superior to that at pH 7.6 or pH 8.7.‘ In fractionations at
pH 3.2, peak widths were narrower t‘han at pH 5.5, indicating that the %
secondary ion exchange group, with a pK of 5.7, on DEAE Sephadex may be

t
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P
l AY
involved in secondary binding of oligonucleotides at alkaline pH.

h Two methods were developed for ion exchange chromatography of small quantities
of oligonucleotide without the addition of carrier. Addition of 1 mM inorganic
phosphate to the eluting buffers of DEAE cellulose columns allowed fractionation
of as lif‘tle as 0.5 mg of nucleotide material. The use of DEA;E Sephadex in

column fractignations allowed the fractionation of as little as 3,5ng of

nucleotide material in the absence of carrier.

(%
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‘APPENDIX II

t

~
Proposal : The Use of Polynucleotide Kinase in the Ultramicrodetermination of

Base C’omposif ion.
R . 32 . o .
Since it is possible to prepare [ y - P| ATP of very high specific activity,
a method using polynuclectide kinase to label mononucleotides for base composition
analysis would be extremely sensitive. It has been observed that polynucleotide

kinase will transfer phosphate to the 5' hydroxyl of a 3' mononucleotide (12). F

this reaction can be made quantitative, the following scheme becomes feasible:

\ DNA

¢

SPD ,
; ® micrococcal nuclease
J N
3' mononutleotides
* *
PNK s
‘ [ y.-=32p] ATP
o ‘
32PXP + 329pkA A'u
’ . i ~ chain length purificdtjon . R
, . .
’ .- N v . a ) .
* o ~ - 32po . . \
' ' /\\ mononucleot ide diphosphate analysis
' C o, v
RN composition - - ®
A .
’ To compl'etely"‘purif{ the mononucleoside diphosphate fraction it might be )
necessary to .include two chain’fength‘frocf ionation stops;"one, aotpH S & where [
- . : + ‘ . Vo ‘ t

pXp has a charge of -2, and pnb at pH 8 , where pXp has a charge of 4. , v

. . S ( ‘ .

- - ) - )
) ) - 7 M
$o -
. - ~
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Base composition analysis on high molecular weight DNA or on 3' phosphory-
lated ol igonucleotide, the 3'-fermin.c|‘nuc|eoside will not be labelled. When the

substrate is a 5' phosphorylated oligonucleotide, the 5' terminal nucleoside will

-

+

not be labelled to the same extent as the rest of the nuclecsides.

" This method may be of use in the determination bf sequence on picomdlar
quantities of oligonucleotide using venom exonuclease digest ior'\ from the 3"°end
as a first sfép. This could extend the range of sequence methods based on poly-

nscleotide kinase by fifteen nucleotides, to dligonucleotides containing 40 bases.
’ s

o




