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" 'ABSTRACT

N\

The in !iggg copying of npatural DNAs and certain
defined DNAs by E. coli .DNA pdlymo"ase I results in the
préduction of covalently linked complementary sequences
(ie., rapidly renaturable). There 1is a protein, S, which
reduces or prevents the accumulation of such sequences. Once

formed, these sequences are perpetuated by subsequent

copying by DNA polymerase even in the presence of S factor.

Poly[ d(T-T-G)ed (C-A-A) ] containing no covalently linked
complementary sequences has been prepared from a polymer
which did contain such sequences by a physical separation of
linked from unlinked strands in a denéity gradient 'followed
by annealing and copying of the unlinked strands. Several
procedures are described for the detection of incorrect
sequences in the defined DNAs. These sequences are&a‘problem

especially with poly[d (T-T-G)ed (C-A-A) ].

S. factor has been purified by a combination of
autolysis, gel exciusion chromatography,” and ion exchange
chromatography. The purified protein is associafed with a
template for the production df poly[ d (A-T)ed (A-T) ]. The

protein has a molecular weight of 9500-12,000.
S factor blocks the accumulation of covalently linked

iv



complementary seqdences during the DNA polymerase-mediated
copying of poly[d(T—G)Od(C—A)] and=poly[d(T-T—G)OA(C—A—A)].
It is partially effective during the in vitro copying of
RFIXY DNA ‘froﬁ the 'bacteriophage PM2. Several models are
presented for the .mechanism of production of covalently

linked sequences 1in these DNAs and for the action of §

factor.

Templat@é'for the production of unusual DNAs havéx.been
found in extracts of E. coclili . These templates aré not
detectable by normal means but they can be - copied by DNA
polymerase. A by-product of an RNA polymeraée preparation,
contains templates for ©polypyrimidineepolypurine DNAs. A
template for poly[d(A—T)-a(A-T)] is associate&. with S
factor. This template co-purifies with 5 factor and remains
associated with it in a urea-LiCl-CsCl density gradient. The
template is sensitive to nuclease but only after

deproteinization. The possible significance of these

templates is discussed.
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CHAPTER I
INTRODUCTION

I S Factor and Unusual Template Activities in E. coli

Extracts

The -existence of 4a protein <called S factor which
prevents tge accumulation of covalently linked complemeﬁtary
(i.e. rapidly renaturable) DNA during E. coli  DN?
polymerase-mediated copying of boly:d(T—G)-d(C—A)] was firét
reported by Paetkau (1969). The purification of S factor and
some‘of its properties were subsequently described (Flintoff
and Paetkau, 1974) . A modified procedure for the
purification of the protein as well as a further study of
its properties comprise a portion of this +thesis. The
preparation of non-clc ‘poly[d(T—T—G)Od(C—AfA)] was
originally 1intended to provide an alternate substrate for S
tactor. The <crude fraction (DIII) containing S factor
aﬁtivity used during the copying of this polymer appeared to
contain a template for DNA of unusual sequence. The presence
of another unusual template activity in crude S factor
fractions was initially reported by Flintoff - and Paetkau

(1974) . The characterization of both of these template

activities is described in this thesis. The two template



activitieé, which result in the DNA polYmerase—mediated
production of a dG-dC rich polypyrimid?neopolypﬁrine DNA in
one case . and poly[d (A-T)ed (A-T) ] in the other, are
. interesting in 1light of £heir association with DNA

metabolizing enzymes.

IX The Structure of DNA

The structure of DNA postulated by Watson and Crick
(1953) seemed likely to fulfil two >major requirements of
genetic material, i.e. to exert a specific influence on the
cell and to self-duplicate. The specificity of expression
was predicted to be a properiy of the ordered sequence of
the deoxynucleotide base pairs. The complémentary nature of
the two strands suggested that the molecule would be able to
duplicate itself. This ould be accomplished by each strand
serving as a template for the formation ' of a new
complementary stranq.A In such a scheme, replication would
proceed semi-conservatively and indeed this was shown to be
the case by Meselson and Stahl (1958) . The discovery of an
enzyme, DNA polymerase, which would copy DNA in wvitro

(Lehman et al. , 1958) provided a possible mediator for the

replication process.



III Structures of Replicating DNA .

The éircular replicating Escheri:hia coli chromosome
seen by Cairns (1963) added complications to the repliéation
scheme. This 'structure '$uggest¢d that both strands were
copied simultaneously at a replicating‘ fork in a double-
stranded intact ciréle. ‘This presented the problem of
copying two strandg of opposite polarity at a single site.
DNA  polymerase synthesizes DNA by addihg onto a.j'—hydroxyi
terminus and no evidence has been found for synthesis in a
3'* to 5' direction (Goulian, 1971). The‘solutioﬁ to ghe

problem 'would seem to lie in an examination of the fine

structure of the growing fork.

A structure involving éiscontinuities in the strands. in
the region of the replicating fork seeméd a likely solution.
Séverdl variations on this theme have been suggested .
(Okazaki et al. , 1968a; Guild, 1968) énd somé of these are
shown in Fiqgure 1la. Model C,.Guild's "knife and fork" model,
requires the action of a specific nuclé&ase at the fork. The
nuclease action wou ' ' (enerate a structure resembling B. Two
prédictions may be wmade ffom such models: there may be
siﬁgle-stranded areas in the regioh‘of the growing fork and

there should be low molecular weight pi%fes of DNA inm the

growing fork.

Evidence for single-stranded areas has cone largely'

from electron microscopy. Replicating bacteriophage lambda
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—— DOUBLE STRAND
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FIGURE 1. Structures of Replicating DNAs. (a) Models of the
fine structure of the growing fork. {b) Single-stranded
segments at the growing fork. (c) 0rigin of single-stranded
segments. (N=site of nuclease action; horizontal arrows
indicate a temporal sequence; other arrows indicate the
direction of replication).




DNA has single-stranded regions at the growing points (Inman
and Schnos, 1971) . Lambda DNA is circular' and replication
proceeds in both directions around the circle at early times
after induction. The most frequently found structures are
shown in Figure 1b,\ structures D and E. Replicating
bacteriophage T4 DNA has single-stranded regions (Delius et
al. , 1971) in the form of "whiskers" at the growing points
(structure F, Figure 1b). These "whiskers" afe thought to
arise from structures such as D (Figure 1b) by a collapse of
the parental single-$tranded segment égainst its complement
forcing out the newly-replicated  strand. Reblicating
bacteriophage T7 DNA, a linear molecule, also éhowed single-
stranded segments in the replicating fork (Wolfson and
Dresslef, 1972) . Some common features of the single-stranded
regiohs in these three DNAs are: they always_pccur on the
daughter segment of the growing fork; and they are found 1in
a trams arrangement (structure E, Figure 1b) if they are at
moré than one fork within a branch. These single—stranded
Segments could arise from structures suCh4as B or C (Eigure

1a) as shown in Figure 1c (Wolfson and Dressler, 1972).

The second prediction, that there should be | low
molecular weight pieces of DNA ‘in the growing fork, has also
been fulfilled. This has been demonstrated for E. coli and

B. subtilus (Okazaki et al. , 1968a), T4 (Sugino and

Okazaki, 1972) and some mammalian cell DNAs (Painter and

4

Schaeffer, 1969; /Schandl and Taylor, 1969)Q The small DNA



pieces, "Okazaki pieces", are usually in the size range 8-
11S and can be found by sed’ ~ntation of pulse-labelled DNAa;
in either alkaline or neutral sucrose graéients. Thé small
pieces are eventually incorporated into higg 'molecular
- weight DNA (Okazaki et al. , 1968a; Painter a;a Schaeffer,
1969; Schandl and Taylor, 1969). This lasf step may be

!
performed by polynucleotide ligase (Okazaki et al. , 1968).

‘*\ There is' a difference of opinion as to whether
d;écéntinuous replication occurs on one daughter arm of kthe
replicatiné fork as in structures B or C (Figure 1a) or on
both as in structure A (Figure 1a). The asynmetric
arrangement of +the single-stranded seqments in Ta,.lambda
and T7 supports models such as B or C. However, pulse-
labelling experiments, in T4 for instance kSugino and
Okazaki, 1972) show that all the labelled material  was of
ldw molecular weight. Low molecular L weight- DNA fronm
replicating lawbda or T4 DNA shows no asymmetry in itc
hybridization to sepafated strands (Ginsberg and Hurwitz,
1970) . Guild's "knifé and fork" model (C,” Figure 1a) can
accommodate symmetric production of "Okaziki pieces".if it
is combined with a structure like A (Ginsberg and Hurwitz,

' 4
1970) .



IV Initiation of DNA synthesis
!

r Assuming that the discontinuous model for replication
is correct, then the initiation of the low molecular weight
fragm?ﬁts must be accounted for. All known DNA polymerases
requﬂ%e a template aﬁd a priﬁecA with a 3'-hydroxyl group
(Kornberg, 1969; Kornberg and Gefter, 1972; Goulian, 1971).
I' has been suggested  that specific oligonucleotide
te.yments may function as primers (Goulian, 1968) by
hydfogen bonding to the template in short homolojous
regions. Short oligonucleotide fragments have been found in
E. coli (Goulian, 1968; sSchandl, 1972) and in mammalian
cells (schandl and Taylor, 1971). These fragments, varying
/rom 8 to 12 nucleotides in length are mamuch smaller than

/
/ "Okazaki pieces".

DNA polymerase cannot initiate new strands de novo
(Richardson,.1969) butb RNA polymerase can. Several DNA
.polymerases will utilize a DNa temp.  .e¢ and an RNA primer
(Wells et al. , 1972; chang and Bollum, 1972). Early
indications that RNA synthesis nmight be involved in -
initiation of DNA synthesis came from studies of the
inhibitioh of new DNA synthesis by rifampicin, an antibiotic
which blocks RNA polymerase. This was observed for
>bactériophage M13 (Brutlag et als , 1971) and E. coli (Lark,

- 1972). Through the use of £empepature sensitive RNA
L

polymerase mutants, Geider and Kornberg (1974) have recently

shown that RNA polymerase is definitely"involved in M13



replication and that it produces an RNA primer in a specific
regibn of the chromosome. "Okazaki pieces" fron E. coli

(Sugino et al. ., 1972; Hirose et al. , 1973) and Ehrlich

» 1972) seem to have an

ells (Sugino and Okazaki, 1973) and
isolated nucleil ining replicating polyoma DNA
(Magnusson‘ et al. , 1 there is an RNA segment
covalently linked at the 5' end™qf the DNA fragments. If RNA
;egments were covalently linked to the DNA in vivo as well,
they would“preSumably be excised rather thanm\_ joined _into
v high molecular weight DNA. The covalent linkage to DNA and

therefore initiafion function of RNA has not been

v Poiymerases Involved in DNA Replication

Alfhough numerous proteins are 1involved in DNA
replication, of central importance is DNA polymerase itself.
"n E. coli there are three known: DNA polymerases designated

‘I, II, and III in order of their'discovery. Y

The properties of DNA polymerase'I have been reviewed
by Kornberg (1969) and will be brieflf .outlined here. Tﬁe
polymerase conéiéts of a single polypeptide ‘chain of
molecular weight ib95000. It binds to DNA at single-stranded
regions ;nd to nickgf;ﬁd ends & but not to double-stranded

areas. All four deoxYnucleoside triphosphates compete for a

./(\\// -



single binding site. The polymerase performs several .
enzymatic functions among which are polymerization in a 5!
to 3' direction, hydrolysis of DNA in a 3' to &¢ direciion
and hydrolysis of DNA in a 5' to 3' direction. The
polymerase has an absolute requirement for a template and a
primer with a 3'-hydroxyl groub. The templétes are copied

with a very low frequency of errors. g

The availability of the amber polA  mutants, deficient
in DNA polymgrase I (De Lucia and Cairns, 1969), facilitated
the discovery of the two other polymerases, II (Knippers,
1970) and III (Kornberg and Gefter, 1971). Se;eral features
distinguishing polymerases II and III from I are shown in
Table I in terms of inhibitors (Table. Ia) and template

requirements (Table Ib).

There has been much speculation as to the precise
iivisiqn of labour among the three polymerases auring
replication. Polymerase IIi' is considered essentinl for
replication since temperature sensitive mutations ¢ the
polymeraseAiII gene are lethal at non-permissive temperature
(Gefter et él; ¢ 1971). Amber wmutants deficient in
polymerase II (Hirota et al. , 1972a) and polymerase I are
aitered in their ability to repair DNA (Masker et al. ,
1973; De Lucia aﬂd Cairns, 1969). It has been proposed that
polymerase I is a repair enzyme and not essential for
replication. Observations by Okazaki ég al. (1971), and Tait

and sSmith (1974) suggest that polymerase I is involved in,
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TABLE I

_.-_—.—__-—__——_——_-__—q.__.____—__-_.._—__—_—_-__-__—_--._—-__..-.

a) Inhibition

Polymerase Inhibited

Inhibitor I I1 III Referen e
N-ethylmaleimide . - + + 1
Antiserum vs polymerase I + - - 1
Ethanol (5%) + + - 2
Inceased ionic strength ‘ - - + 2

.--——_———_———-.———--—————___..__.-...___..--__—__——————-———--—-_—-

b) Template Requirements

Used by Polymerase

Template I IT IIT Reference
lllllllllllllllllT]_3’ _ ~ - - , 2
DOUBLE ~-STRANDED
.(:)Iu;—‘— | + - - 2
DENATURED _ ]

Simlﬁ%'m:;umy .- - 2
Nickep  OF '
‘o _m—m ¥ e e 2

C;APPED '

_---_._---______—_--—-.._..—-—_—___-_---—_—_—_—-—_———-——.—---——-.

References: 1. Kornberg and Gefter (1971 .
2. Rornberg and Gefter (1972).
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but not essential for, sone early processing of 1low
molecular weight DNA before its incorporation into high
molecular weight material;‘ It is perhaps significant that
polA mutants contain residual pPolymerase I activity at 0.5
to 2% of. the level found in wild type cells (Lehman and
Chien, 1973); in fact recent unpublished genetic evidence
from the same group has shown that polymerase I is essential
in replication of the E. coli chromosome. Polymerase T is
apparently indispensable for other functions. The
maintenance of the colicinogenic factor E1 does not require
polymerase IIIV(Goébel, 1972) but it does require polymerase
I in an Jpparently reélicative function (Kingsbury and
Helinski, 1973). Similarly, the bacteriocinogen Clo DF13 and
the minicircular DNA of E. coli 15 require polymerase I but

not polymerase III (Velﬁkanp and Nijkamp, 1973; Goebel and

Schrempf, 1972).

DNA . replication by virgdé\of their nmutation to temperature
sensitive forms which preven{ DNA synthesis at restrictivg
temperatures. These proteins‘ére products of the dna loci.
The mutants fall into two groups (Hirota et al. |, 1972b)
those affecting initiation, dna A ‘and dna C; and those
affecting DNA elongation, dna B, D, E, P, and G. The dna F
locus 1is the structural gene for polymerase III (Gefter et
al. , 1971). The dna F ene product is a ribonuéleotide

]
reductase (Fuchs et al. , 1972). The dna G and dna C gene
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products have been isolated (#ickner et al. , - 1973a,b)
although their Ffunctions afe unknown. The dna G and dna C
products have molecular weights of 60,000 and 25,000
respectively. The dna C and dna D products co-purify and
there is genetic evidence that the 1loci are +the same

(Wechsler, 1972).

VI Chemically Defined DNAs

The work described to this point has involved largely

1n.v1vo replication. In vitro studies also reveal many
interesting facets of DpNaA synthesis. Useful templates for
such studies  have included isolated bacterial and‘
bacteriophage DNAs as ﬁell as DNA polymers of defined
Sequence. The defincd polymers were used extensively in the
studies to be reported in this thesis. Therefore it is

useful to consider their properties.

~

Chemically defined DNA polymers were initially designed
as templates for transcription into polyribonucleotides of
defined éequence and also as specific probes for tﬁe
chemistry and enzymology of DNA (Khorana et g;; } 1965) . The
synthesis of specific oligodeoxynucleotides is accomplished
by the sequential chenmical ‘condensation of nucleotldes with
appropriately protected groups followed by removal of the
protectlng groups and 1solat10n of the oligomers (Ohtsuka et

al. , 1965). Some of the oligomers which have been used to

"make high molecular weight DNRA polymers are listed in Table
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IT.

DNA polymerase i and the appropriate deoxynucleotide
triphosphates é;n be used to coéy these oligomers into high
molecular weight polymers if three requirements are met:

a). Both members of a pair of complementary oligomers

are present (Wells et él; » 1965; Wells et al. ,

1967b). This demonstrates the requirement for a primer

and a template.

b). The oligomers are at least a certain minimun

length. For poly[d (A-T) «d (A-T) ] (Kornberg et al. ,

1964) and poly[d(T—G)OG(C—A)] (Wells et al. , 1965) the

minimum size is an octanucleotide. The copying reaétion

has a lag period of 2 to 4 hours which is followed by

rapid synthesis. The use of larger oligomers (10 or 12

residues) ﬁecreases the lag period to 1less than one

hour. For repeating trinucleotide oligomers,‘ the
pinimum size required ié 8 to 12 residues (Wells et al.

v 1967b) and for repeating tetranucleotide oligomers

again 12 residues (Wells et al.., 1967a).

C). The complementary oligomers are able to fornm

antiparallel Watson-Crick base pairs (Wells et al

1967b). For instance, with oiigo[d(A-T-C)] plus
oligo[{d(A-T-G) ] (of lengths 12 and 15 respectively)
there is extensive synthesis of a polymer hav;ng
strands of ;pposite polarity while oligo{d (A-T-C) ] with

0ligo[d (T-A-G) ] showed no reaction.



TABLE IIX

Defined Sequence Oligodeoxynucleotide
Precursors to Polydeoxynucleotides

14

T T T T T T T T T T e e e e e e e e e o ——— e e e

1 2
a(r) 2 a (T-G) 3
d (a) d (C-1)

d(r-Cc) 2
d (G-A)
d(A-T) *

d(T-A-T-C) 7
d (T-A-G-1)

d (T-T-A=C). 7
d(T-A=-A-G)."

10lijomers are shown in compleamentary
Oligomers were used for synthesis of

*Kornbggg—éi al.
SMorgan et al.

(13974) ;

(1964) 3

(1974) ; 3Wells et al.

SHells et

7Wells et al.

pairs.

polymers by:

(1967b) ;

al.

(19671) ;

(1967a) .
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4

Nearest neighbour analyses and differential labelling
/ ! .
of the strands (Wells et al. , 1965; Wells et al. , 1967a,b)

have shown that both strands of the polymers are synthesized

equally.

The copying of the various oligomers by DNA polymerase
I produces high molecular weight polymers of the correct
sequence. The polymers can be used as templates for
.subsequent copying although in some cases such as poly[d(T-
/T'—G”) ed (C-2-1) ], poly[d(T-T-C) ed (G-A-R) ], poly[d (T-C) *d (G-
A) ], and the repeating tetranucleotide polymérs, there have
been proﬁlems with the facility and/or fidelity of copying

(Wells et al. , 1967a,b).

e

Two mechanisms have been considered for the production
of high molecular weight polymers from oligomers. The first
(Figure 2a) is a reiterative mechanism of synthesis-
slippage-synthesis (Kornberg et al. , 1964). This mechanisn
was originally postulated for 0ligo[d (A-T) ] but also applies
to any oligomé;siwith repeating units. A second mechanism
(Figure 2by, the staggered mechanism, requites the
association of complementary oligomers' to form a doublef
stranded complex with single-stranded gaps (Burd and Wells,
1970) . The gaps would be filled in by DNA polymerase or by
alignment of the oligomers. ?he tvo mechanisms are not
mutually exclusive since slippage obviously would play a
role in the alignment of the oligbmers for the second

mechanism and may be involved in the extension of the
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a
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5 O-G-O0o-00 oro-o-00 DNA POLYMERASE

X = SINGLE STRANDED NICK

PIGURE 2. Mechanisms for Production of High molecular wWeight
Polymers from Oligomers. (2) reiterative mechanisn: (b)
staggered mechanism. Repeating units: (o-o) parental; (m=-u)
nevwly formed. ' . :
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aligned complex.

The copying_of high molecular weigﬁt templéte polymers
is believed to proceed by two mechanisms: slippége {Figure
3a) and strand displacement (Figure. 3b) (Coulter et al. |,
1974) . Increasing the length of the repeating unit from a
di- to a tri- to a tetranucleotide would make slippage less

likely. ‘ /

The polymers copied from the oligodeoxynucleotides are
high molecular weight, double—étranded, DNA-like @molecules
(Wells et al. , 1965). For example, the  'molecular weight of
poly[d (T-G) ed (C-A)] <can be as high as 106. Electron

?micrographs of poly[(d (T-G)ed(C-A) ] show rigid double-
stranded molecules of length >O.5 microns. The
physicochemical properties (Tm, extinction coefficients,
buoyant densities, and CD spectra) of +the high molecular
'weight polymers (Wells et al. , 1970) showed variations from

predictions based on natural DNAs and base composition.

These variations are likely due to the regular seguence.

Polypyrimidineepolypurine DNAs differed fronm their
mixed pyrimidine-purine sequence isomers in their template
capacity, transcription rates, extinction coefficients,
Tm*s, buoyant <densities, actinomycin D binding, ability to
form 3-stranded structures and x-ray diffraction patterns
(Wells et al. , 1970). The mixed pyrimidine-purine isomers

showed a closer resemblance to natural DNAs. The segregation



18
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N
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STRAND DISPLACEMENT

FIGURE 3. Slippage and Strand Displacement Models for
Copying of High Molecular Weight DNA Polymers. (a) slippage
mechanisn; (b) strand displacement. (-) parental DNA; (o00)
nevly formed DNA. .
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of the smaller -pyrimidine and the larger purine bases into
different strands in a polypyrimidineepolypurine DNA nmay

cause a structural change from the normal double helix.

DNA polymers of defined sequence and the specific mRNAs
tfanscribed from them have been put to many uses some of
which have been. reviewed by Khorana et al. (1966) . They
include transcription studies, amino acid incorporation and
codon assignments using defined nRNAS, nissense to sense
suppression studies and translation studies. The DNA polymer
poly[d(T—G)Od(C—g)] has been particularly convenient for
studies QfA S factor activity and synthesis of covalently
linked complementary DNA (Fiintoff and Paetkau, 1974 ;

Coulter et al. , 1974). P

VITI DNA with Covd&g&fly Linked Complementary Sequences

Covalently 1linked complemenfary DNA 1s a peculiar
structure which results in rapid renaturation of DNA.
Normally, renaturation is g second order reaction limited by
the rate of collision between complementary sequences
(Wetmur and Davidson, 1968). Hoiever, a covalent 1link
befueen complementary sequences provides a stable.nucleation
site permitting very rapid reassociation. Such structures
éré referred to as clc for "covaléntly linked complementary"

(Morgan and Paetkau, 1972). There are several ways, both

artificial and natural, that such structures n arise.
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Cvoss—links between complementary DNA strands ca; be
introduced chemically by bifunctional alkylating agents such
as nitrous acid (Becker et al. , 1964) nitrogen mustards
(Kohn et al. , 1966), or certain antibiotics such as
mitomycin or porfiromycin (Iyer and Szybalski, ~ 1964). Such
cross—linked‘ DNAs behave like double-stranded DNA after
denaturation, i.e. they have a buoyant density im CsCl

typical of double-stranded DNA and they retain transforming

activity.

influenzae, and calf thymus appear to <contain 5-6%
renaturablg DNA (Alberts and Doty, 1968) . The rendtured DNA
is of double-stranded <character. The stability of the
linkage suggests that it is covalent. It has been suggested
that the covalent link in this case is a reghlt of shearing

and is therefore probably an artefact of isolation (Alberts,

1968) .

Terminal cross-linking of DNAs can be produced by
various enzymatic means. HWeiss .(1970) found tha£ T7 DNA
could be made 40% renaturable by an ATP and magnesium-
depeﬁdent enzfme system fr- T4-infected E. co0li . The
mechanism postulated to explain this is shown in Fiqure 4a.
A similar mwmechanism has been found in T7-infected E. coli
(Sadowski et al. ; 1974).. Copying of single-stranded T7 DNA
by T4 DNA polymerase also produées a terminally cross-linked

structure (Englund, 1971). A model for this process is shown"
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PIGURE 4. Mechanisms for Enzymatic Production of .’ Terminally

Cross-linked T7 DNA. (a) ligase-mediated; {(by -T4
polynerase-mediated. R ‘
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in Figure U4b. Calf thymus DNA polymerase utilizes poly[d (n) ]
to give double-stranded stiuctures with terminal cross-links
(Hayes. et al. , 1971). The initial step involves a 3'-
terminal addition of TﬁP residues followed 'bf hydrogen
bonding of these residues to the poly[d(A) ] strand similar
to the process seen in Figure 4b. The remainder of the
polY[d(A)] strand is then copied. The terminal joining in
all these cases is é single-stranded loop. Two DNA polymers
may be joined at base-paired ends by T4 ligase (Sgaramella
et al. , 1970) and in this way may produce renaturable

structures if the joined sections are complementary.

Clc structures may arise naturally as a consequence of
intrastrand complementarity. The primary example of this 1is
the 1inverted repetition or palindrome represented by .the

follbwing simple model:

5'...A B C t C'B'A'...3"

3'...A'B'C't C B A ...5¢

Upon ré;aturation such structures -form '"hairpin" duplexes
. fiph gingle—strandea ioops répresented by "t". The duplexes
Are recognizable by their retention on hydroxyapatite, their
resistance to single' strand-specific endonucleases, and

electron microscopy. Palindromes have been found in DNA from

Hela, Xenopus, mouse, Drosophila, and Triturus cells (Wilson

and Thomas, 1974). In these cases the "t" region appears to

td
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be short. Resistance to single strand endonucleases

suggested a leng: of one nucleotide. Similar structures

L

In this casé, electron microscopy shows the "t" region to be

quite large. The minimum size for a single-stranded loop in

1
let

a hairpin structure is 2-4 nucleotide residues (Scheffler

ey

~

al. , 1968; Meselson et al. , 1972). Some evidence

Q
Hh

intrastrand complementarity has been seen for the single-
stranded DNAs.Pof baéteriophages M13 (Forscheit and Ray,
1970) and fd (Schaller ég al. , 1969). These structures
cannot be considered .palindromic since thé DNA is single-

!

stfanded.'

Clc DNA may arise from the growing fork of replicating
DNA. Guild's (1965) "knife .and fork" model of replication
predicts the occurrence, ho;ever transient, of a clc
structure at the growing ﬁork. There is evidence for such a
structure in the apparently double-stranded character of
pulse—lgbelled T7 DNA (Barzilai and Thomas, 1970). More
conclusive evidence comes from a consideration of electron
 micrographs dflreplicating circular colicin E1 DNA (Fuke and
Inselbufg, 1972) . Among the single-branched circles of the

rolling circle tibe are some having supercoiling in the

]
4

circular segment. This suggests a topological constraint to
unwinding at the joining of the branch and the circle. A
covalent 1link between the newly replicated strands at the

growing fork would provide such a constraint.
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The paucity of observations of clc structures arising
these structures do not occur. The éersistence‘of this sort
of élc DNA  beyond a transitory existence at replication
would surely be lethal to the organism. Clc structures are
best seen in DNAs that have been copied in vitro by DNA
polymerase, where their occurrence suggests an incomplete
reconstitution of the components of the repiicafion'

v

mechanisms of the organisn.

structures after heat or alkaline denaturation (Schildkraut
et al. , 1964). Electron micrographs of these products show
the circular DNA of bacteriophage PM2 also produces a multi-
branched, renaturable structure (Masamune and PRichardson,

1971). Purified AMV polymerase and Micrococcus luteus

v

and Hurwitz, 1972; Harwood and Wells,1970) .

The chemically defined DKa, poly[d(T—G);d(C—A)] yields
Cclc structures when copied by purified M. luteus or E. coli
DNA polymerases (Harwood and Wells, 1970; Paetkau, 1969).
This polymer is particularly well-suited to the detection of

Clc DNA since the segregation of ionizable bases into

different strands permits the separation’of non-covalently
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linked strands in an alkaline CsCl density gradient. Clc

poly[d (T-G)ed (C-A) ] bands at an intermediate density.

A convenient assay for clc DNA combines the enhanced
fluorescence of ethidium bromide when bound to double-
stranded polynucleotides and the inability of DNAs to
renature after heating and rapid cooling at very 1low salt
(Morgan and Paetkau, 1972) . (This assay is descri?ed fully
in Chapter II). Figure 5 presents a summary of various clc
DNAs and the stfuctures expected following.heat denaturation

and rapid cooling.

VIIT Unusual Sequences in DNA

The sequence of bases in DNA was predicted and found to
be the source of the specificity of genetic expression
through translation. However, theFe are sequences which may
not be informational in the genetic sensevbut rather provide
specific recognition sites for the binding of certain DNA
metabolizing proteins. Sone interactions'of proteins with
- the chromosome occur with sufficient specificity that there
are likely to be unique sequences involved. For instance, it
has been shown by denaturation mapping that both lambdé and
P2 bacteriophage have unique locations for intiation of DNA

synthesis (Schnos and Inman, 1970, 19771),

Other interactions are clearly linked to sequence. An

integral part of the operon model of Jacob and Monod {1961)
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is the operator, which, through an interaction of its
specific sequence with a repressor molecule controls the
transcription of a particular structual gene. Jacob and
Monod suggested that the repressor was an BRNA with a
sequence complementary to that of the operator. The
the lambda prophage have been extensively studied. In both
cases the repressors are polypeptides rather than RNAs (von

Hippel and McGhee, 1972).

Lambda is maintained in a passive. prophage state by
blocking the transcription of essentially all lambda DNA
except for the gene specifying the repressor (Szybalski et
al. , 1969). The operator site can be isolated by binding
with the repressor proteins (Pirrotta, 1973). There are at
least four and perhaps up to pwelve specific repressor
recognition sites within the lambda operator (Maniatis 'g;,

al. , 1973).

Transcription of the lactose operon is blocked by the
lactose repressor unless an inducer is present. The 1lactose
repressor binds well to "dA-T rich DNAs and to‘poly[d(A—'
T)ed (A-T) ] itself (Lin and Riggs, 1970). This suggested that.
the oberator site might be dA-T rich. The lacto$e operator
has been isolated (Gilbert et al. , 1973) in m%ch the same
way as used for the lambda operator. Its sequence& has been
determined indirect'y through its RNA tragscripf‘kGilbert et

al. , 1973). The représsdr,binding site cons;sts.of 24 base
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pairs ‘of which 16 fit into a pattern with a twofold axis of

symmetry as shown below (symmetry regions are bracketed):

T GG{AATTG T}G{A}G{C}G{G}A{T}A{A C A A T T}

ACC{TTAACAJC{T}C{G}C{C}T{A}T{T G T T A A}

Twelve of the 16 base pairs are dA-T pairs. Such a structure:
is similar to the palindromes described previously. The
repressor protein, a tetramer, may recognize the twofold

axis of symmetry.

Sequences having twofold axes of symmetry are also
implicated as recognition sites for Type II restriction and
nodification enzymes rTecently reviewed by Boyer (1974).
(Type'l enzymes are complex and their specificities have not
been elucidated). The two enzymes recognize the same
substrate. The restriction enzyme, an endonuclease, cleaves
two phosphodiester bonds in the sequehce unless certain
bases in the sequence have previodsly been methylated by the
modification enzyne. The Type II restriction and
modification enzymes are best known in ﬂ; influenzae (Kelly
and Smith, 1970), and in E;‘Egli carrying R factors (Boyer,
1974) . It has been proposed (Kelly and Smith, 1970) that, as
suggesteq‘for the lactose operator—f;pressor system, the
enzymes may have a twofold axis of symmetry in their

subunits permitting simultaneous action on both strands of

the DNA.
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The recognition sites for tréﬂkcription by RNA
polymerase also appear to be highly specific. There must be
provision for initiation at certain DNA sites, for
asymmetric transcription of strands and for termination of
transcription. A correiation has been found betuqél the
number of poly[r(G)] binding sites on a DNA strand and the
asymmetry of transcription. In the bacteriophage T7 only one
strana is transcribed and this is the same strand which
preferentially binds poly[r(G)] (Summers and Szybalski,
1968) . The transcription of lambda DNA is asymmetric in a
given region of the chromosone @and the orientation of
poly[r(G) ] binding sites corresponds toAEhe orientation of
transcription in that region (Champoux anthHogéess, 1972) .
On the other hand, the sites of RNA polymerase 5inding which
have been examined in fd Dbacteriophage (Heyden et al. ,
1972) and lambda (LeTalaer and Jeanteur, 1971) appear to be
slightly enriched for A-T sequenées. Poly[ d (A-T) «d(A-T) ] is
known to bind more RNA polymerase than does T7 DNA (Jones
and Berqg, 1966) . As discussed earlier,
polypyrimidineepolypurine DNA has &n abnormal double helical
form so that the segments of ‘such DNA responsible for
poly[ r(G) ] binding would be expected to cause 1local
?stfuctural alterations in the DNA. It has been suggested
(Szybalski et al. , 1969) that such segments adjacent to a
specific/sequence may provide récognition sites for RNA

polymerase. The presence of the structural sinqgularity
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introduced by the pfrimidineOpurine segment would decrease
the number of residues required foF the sequence to be
unigque. A sinilar proposal (Champoux and Hogness, 1972)
visualizes the pyrimidineepurine segments as markers for the
division of mRNA. The pyrimidineepurine sites may also
affect the asymmetry of the transcription. Evidence for this
comes from the preferential transcription of the pyrimidine
strand of defined polypyrimidineOpolypu:ine DNAs.(Morgan,
1970). It is unlikely that factors other than sequence are

affecting the asymmetry in this case.

It can be calculated that in an E. ¢oli chromosome
comprised of approximately 3.5x106 base pairs, a sequence
mnust be at 1least 12 base pairs long to be uniQue.'
Theoretically a protein has access to the determinant groups
on the edges of the stacked bases through the grooves in the
helix. However, the thermodynamic and steric demands placed
on a protein to discriminate 12 positions in :1s-way may be
unrealistic (von Hippel and McGhee, 1972) . Therefore other
sequence features may be involved in a bipartite recognition
process. A pyrimidineepurine segment (Szybalski et al. ,
1969) or a symmetric region may provide a coarse criterion
for identification by the protein. Similarly, the altered
secondary structure, of dA-T _rich DNA (Branm, 1971) may
function as a specific marker for recognition. The sequence
then 1involved for the fine reéognition may be much shorter

than 12 base vpairs. Wh- =ver the precise recognition
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process, it seems 1likely that many proteins interact with

DNA at specific sites by virtue

particular unusual sequence.

of

their

affinity
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CHAPTER IX

MATERTIALS AND METHODS

I Materials
A. Chemicals

Unlabelled nucleotides were purcha sed from P-L
Biochemicals; labelled nucleotides from New England Nuclear
or Schwarz/Mann. The density-labelled nucleotide BrdUTP was
prepared .in the laboratory of Dr. A. R. Morgan using a
modifiqation (D. E. Pulleyblank » and A. R. Morgan,
unpublished) of the the procedure of Inmah and Baldwin
(1964) . Ethidium bromide was obtained'from Sigma; Ultrapure
Ammonium Sulfate from Mann; phenol ffom McArthur Chemical
Co.;) urea from J. T. Baker Chemical Co.; CsCl from Pierce
Chemical Co.; cesium sulfate ;rom American Potash and
Chemical Corp.; and Aquasol from New England Nuclear. The
lprotein stain Coomassie Brilliant Blue was a product of
Téigb Laboratories. Other gel electrophoresis chemicals were

rurchased from Eastman Organic Chemicals.

Agarose 154 (200-400 mesh), the mixed bed re-"-1 AG501-
X8(D), Dowex 50WX-4, and Biogel HT (hydroxyapatite) were

obtained from Bio-Rad. Phosphocellulose (P11) and DEAE-

32
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cellulose (DE23) were obtained from Whatman. 'The Sephadex
resins, G-25 (20-30 u), G-50 (20-80 u), G-75 (40-120 u), G-
100 (40-120 u), and DEAE-Sephadex A25 were purchased fron
Pharnmacia Fine CHemicals. Blue Dextran 2000 was also

obtained from Pharmacia.
All other chemicals were reagent grade.

B. Biological Materials
»

Pancreatic DNase I and snake venom phosphodiesterase I

were obtained from Worthington Riochemicals Corp. Bacterial

alkaline phosphatase, obtained from Worthington
Biochemicals, was purified in the laboratory of Dr. A. R.

Morgan by the method of Weiss et al (1968) . Pronase was

purchased from Calbiochem and was.pretreated before use by
heating a 20 mg/ml solution at 80° for 10 minu£es,. E. coli
endonuclease I was purified by Dr. W. F. Flintoff‘uging the
method of DeWaard and Lehman (1966). A unit of endonuclease
f 'is definéd as causing é hyperchromicity of 0.001 A260 at
259. E. coli B cells, grown to 3/4 1log phase in mininal
rnediun, were obtained fron tﬁe Grain Processing Co.,
Muscatine,'Iowa. Proteins used as molecular weight markers

were obtained from Pharmacia Fine  Chemicals. R17

bacteriophage was a gift from Mrs. L. Frost.
C. Nucleic Acids

Calf thymus DNA was obtained from Worthington
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Biochemicals; +the decadeoxynucleotideé oligo[d (T-G) ] and
oligo[d(C-1) ) from Collaborative Research: Inc. ' The
chemicelly defined DNA polymers have been described (Wells
et al. , 1967). The following gifts are acknowledged: PM2
RFII DNA from bDr. B. Esllin; unfractionated Xeast tRNA

(Boehringer) from Dr. c. J. Smith; and S factor free of

poly[d (A-T)ed (A-T) ] from Dr. W. F. Flintoff.

II Methods
A. Preparation of Reagents

All buffers and solutions were millipore filtered

through an HAWP 04700 membrane before use. Urea was purlfled
-~
N\

by pa551ng 10 M solutions over a column (3-2x5 cm) of the
mixed bed resin 501-X8(D) . Phenol -was freshly distilled
and saturated with buffer before use. Cesium sulfate was

recrystallized from hot water.

Unlabelled r- and dJdNTPs were dissolved in water and
neutralized with free "Tris" base. EDTA was added to 1 M.
The Concentrations, determined fronm the extinciion
coefficients,jie:e adjusted to 20 M and the solutions
stored frozen. Working solutions of labhelled r- and dNTPs
were prepared by adding the 50% ethanol stock labelled
‘material to the corresponding 20 mM unlabelled r- or aNTP
and removing the ethanol by evaporation. The volume was

adjuéted to give a 20 mM solution. Specific activities were

{
P
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determined by counting samples in Aquasol in the open

Channel (see below). Specific activities were usually in the

range 1200-3000 cpm/nmole.

Resins were prepared according to the manufacturer's

directions.
B. Measurement of Radioactivity

All radioactivity was determined in a Beckman L5-250
liquid scintillation spectronmeter. Acid-insoluble material
was coﬁnted'by pipetting it on filter paper discs, washing
with 5% TCA and ethanol, drying and counting in a toluene-
based scintillation fluid (14.4g Omnifluor, New Elgland
Nuclear, -in 3.8 litres of toluene). Aqueous Samples were

counted in Aquasol.

1

Single isotope restricted channelsl wére used for
double-labelling experiments ‘and the counts were corrected
for overlap. "Open channel" counting refers to counts fron
an unrestricted channel and includes counts from all

isotopes present.

-Ratios of [3H]- and [14C)ANMPs in a polymer vwere
determined by counting samples of the polymer in Aquasol
using the restricted channels and correcting, for overlap.
The amount of each dJdNMP was determined from the specific
activity of the original [3H]- or [14C]dﬁTP which was

measured in Aquasol in the appropriate restricted channel.
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C. Measurement of Fluorescence

A Turner spectroflurometer Model 430 was used to
fetermine the fluorescence of ethidium bromide bound to DNA.
Fluorescence emission was measured at 600 nm using an
QXCitAtion wavelength of 525 nm. The temperature was
regulated at 256"and the ‘fldorometer was frequently
calibrated with a standard sample of DNA and ethidiun

Bromide.
D. Purification of E. coli DNA Polymerase I

E. coli DNA polymerase I was purified to Fraction 7 by
the method of‘ Joviﬁ et al. , (1969). It “was then
rechromatogfaphed on phosphocellulose.as for Fraction 6 to
yield .Fraction_8. Essentially all the protein in Praction 8
qigrated as DNA polymerase in SDS gel electrophoresis, i.e.
appfoximately 90% as a protein of 109,000 molecular weight
And 10% as a 76,000 molecular weight pf%tein. The latter 1is
- a product of profeélytié :cleavagé, still posséssing

polymerase and the 3' to . 5' exonuclease activities, but

lacking the 5' to 3' exonuclease (Brutlag et al. , 1969).

" The specific activity of Fraction 8 was 10,000 units/ml, one

unit being defined as'the"incorporation of 10 nmoles of
total acid-insoluble nucleotide per 30 minutes at 37° with
poly[d (A-T)ed (A-T) ] as template. The DNA polymerase referred

to in all syntheti% reactions reported here is Fractiom 8.

Fraction IV and Fraction 4 refer to DNA polymerase or S
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factor in the same preparation. Praction IV is the

x‘fgnation used in an earlier preparation of DNA polymerase
(Richardson et al. , 1964b). Fraction 4 has a higher protein

concentration than Fraction IV but is otherwise identical.
E. Purification of RNA Polymerase

RNA polymerase was prepared to_?raction 3 by the method
of Burgess (1969) and further purified as for Fractions III-
VI by the method of Paetkau and Coy (1952), omitting .the
0.5M Agarose step and substituting DEAE-Sephadex ‘for QAE-
Sephadex. One wunit of enzyme activity éorresponds to the

'

incorporation of 1 nmole labelled rNMP per hour at 3709,
F. Preparation of DIII

‘DIII was a by—product.of a modification (Paetkau ‘édd
Coy, 1972) of the Chamberlin and Berg (1962) RNA polymerase
preparazzdh. DITXI designates the material extracted from the
protamine pellet with 10 mM Tris-cC1l (pH 8) - 0.1 M’magnesium
chloride - 0.1 mM EDTA -~ 10 mM | 2-mercaptoethanol,
precipitated between 45 and 65% ammonium sulfate, and

redissolved in 20 nM. potassium phosphate (pH 7.4). The

protei: concentration was 1.Slmg/ml.

| o contained a partly heat stable form of S factor
act - . Coult 1. , 1974). It was used to prevent clc

DNA accumulat. .. ’ er ILIT). DIII was usually added to

synthesis mi tures 't /200 (v/v) dilution. Heating DIII to
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97° for 10 minutes removed most of the nuclease activity.

Heated DIII was usually used at 1,20 dilution.
G. Purification of Exonuclease III

Exonuclease III was obtained from a DNA pélymerase
Preparation (Jovin et al. , 1969) and was further purified
by rechromatography on phosphocellulose and G-100 Sephadex
as for Fraction 6 and 7 in the DNA polymerase preparation.
The assay was described by Richardﬁon et al. (1964a). A [34-
 T]poly[d(A-T)od(A—T)] template was substituted. A unit of
activity is defined as oné nmole of ANMP npmade acid-soluble

per 30 minutes at 370,

The molecular weight of the enzyme was determined by
comparisoh to protein markers of known molecular weight on a
calibrated G-100 Sep.adex colqmn énd on  SDS polyacrylamide
gel electrophoresis. The values obtained were 35,06015000

and 15,000+5000 Cespectively. A second minogjgomponent seen

on the SDS gels ‘appeared to have a molecular weight less .

than 10,000. It was not certain whethep‘this low molecular

weight material was éart of the exonuclease III or was an

artefact. : =y

H." Nuclease Assays

(1) Nonspecific nuclease activity

Nonspecific nuclease activity was measured in a

reaction mixture consisting of 67 mH'Tris—Cl (pPH 8) - 1.3 nM



magnesium chloride - 1.2 nM 2-mercaptoethanol - 0.12 A260
[3H-T]poly[d(A—T)0d(A—T)] (155,000 cpm/A260 unit). Aliquots
wvere removed at intervals and placed on filter paper discs
for counting. A unit of nonspecific nuclease activity is
defined as causing the' release of one nmole of nucleotide

per minute at 370,

(ii) Transfer RNA-inhibitable nuclease activity

Nuclease activity inhibitable by tRNA was determined by
the method of Flintoff (1973) . The substrate was [ 3H-T, 14C-
C]poly[d(T—G)OdjcéA)] ‘in the presence and absence .of 0.5
A260 tRNA. One nuclease unit, was defined as ciusing one

nmole of nucleotide released per minute at 3709,

I. In vitro Copying of DNaAs

(i) PM2 RFII

PM2 DNA was copied at 370 in a usynthesis mixture
consisting of 67 nM potassium phosphate (pH 7. 12 mM
magnesium chloride - 2 mf DTT — 0.55 mM each “N¥TP - (.5 A260
DNA - 140 unitS/mi DNA polymerase. S 'factor .. labelled
nucleotides were added as indicated.

S

(ii) Poly[d (T-G) ed (C-4) ] and’poly{d(T-T-G) d (C-A-12) ]

The procedures for in vitro copying of defined DNAs
have been described (Morgan et al. , 1974). The synthesis

teaction‘mixture consisted of 30 mM potassiunm phosphate (pH
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T.4) - 12 oM DTT - 12 ﬁn magnesium chloride - 5.2 pp total
of the four dANTPs in the molar ratios at which they occur in
the given template - 0.2 A260 DNA template - 70 units/ml bNA
Polymerase. S factor and labelled dANTPs were also present
vhere indicated. Pancreatic DNase T added to stihulate
synthesis was usually at 25-590 ng/ml unless otherwise
indicated. Transfer RNA ¥as added at 0.5 A260 to inhibit

endonuclease I (Lehman e al. , 1962). Transfer —RNA was

always present in poly[d(T—G)Od(C-A)] synthesis during s
factor assays but otherwise only wvhere .indicated. The

reaction mixture was incubated at 37°. Under these

conditions at least 30-fold copying occurred in § hours.

Synthesis of poly[d(T-G)od(C—A)] was alSo performed
using the decadeoxynucleotides, 0ligo(d(T-G) ] and oligo[d(C—:
A)gi The synthesis mixture was identical to that above
excépt that 0.2 A260 of each oligodeoxynucleotide supplied
"the template, heated DIITI was added at 1/20 (v/v), tRNA vas

bresent, and DNase I was omitted. This resulted in about 50-

fold synthesis in 4 hours.

(iii) Poly[d(A-T) «d (A-T) ]

The synthesis mixture fo. poly[d(A—T)Od(A—T)] consisted
of 67 M potaséium bhosphate (pH 7.4) -~ 1.4 2-
ﬁercaptoetﬁqnol - ‘0.2 md TTP - 0.2 aM daTp - 6.7 oM
magnesium chloride - 7 units/ml DNA polymerase. Tempiate was

provided by authentic poly[d(A-T)bd(A—T)] at indicated
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concentrations or by various S factor fractions containing
the putative poly[d (A-T)ed (A-T) ] template. Transfer RNA was

present where indicated.

(iv) Determining the extent of synthesis

The extent of synthesis for both natural and chemically
defined DNAs was determined either by the conversion of
labelled 4dNTP iﬁto TCA-insoluble @ form measured on filter
'paper #®rC by <comparison to a standard DNA ipn the ethidium

bromide fluorescence assay (described in section K below).

(v) Isolation of defined polymers

Polymers were isolated where indicated by
chromatography on 154 Agarose (0.9x35 cm) (Morgan e
1974) after the addition of EDTA to twice the magneéium
concentration and Sarkosyl or SDS to 0.1%. The elution
buffer consisted of 5 mM Tris-Cl (pH 8) - 0.1 mﬁ EDTA. NacCl
at 20 oM was present where tRNA had been used in the copying
since it resulted in separation of +the tRNA from the
excluded material. The excluded material was concentrated by
vacuum dialysis in collodion bags versus S vaTris-Cl (pH8)

- 0.1 mM EDTA and was stored frozen in this buffer.
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(vi) Preparation of single strands of poly[d (T-G) ] and

poly(d (C-1) ]

The strands of poly{d(T-G)ed(C-A) ] were separated in a
preparative alkaline CsCl density gradient. The polymer was
synthesized in the standard way with 1,20 heated DIII,
isolated, added to an alkaline CsCl solution and centrifuged
as shown in Figure 6. Fractions ‘3 +to 8 and 16 to 21
inclusive were pooled separately to obtain poly[d(T-G)] and
poly[d (C-3a) ] respectively. The pooled fractions were
neutralized, dialyzed, and concentrated by vacuum dialysis
versus 5 mM Tris-Cl (pH 8) - 0.1 mM EDTA. In this case 1.37
AZSO units of poly[d(T-G) ] and 1.08 A260 units of poly[d(C-
A) ] were ;ecovered. Radioactively 1labelled strands were
iéolated in the same way except that the positions of the
strands were determined by the presence of TCA-insoluble

radioagtivity.
J. Transcription by RNA polymerase

The reaction mixture for RNA ©polymerase reactions

consisted of 40 mM Tris-Cl (pH 8) - 4 mM magnesium chloride
- 0.8 mM manganese chloride - 10 mM 2-mercaptoethanol - 50
mM KC1 - 0.2 A260 DNA template - 600 units/ml RNA

polymerase. Rikonucleoside triphosphates were present at
0.30 mM each for templates having equimolar fractions of
each base; 0.25 mM and 0.50 M for templates having 1:2

molar fractions of the corresponding bases. The extent of
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FIGURE 6. Separation of Strands of Poly[ d (T-G)ed (C-a) ] by
Preparative Alkaline CsCl Density Gradient Centrifugation.
The polymer (3.5 A260 units) was added to a solution of 590
mM NaOH - 1 mM EDTA with CsCl to give a density of 1.778
g/cm3. The solution was centrifuged in an SW 65L Ti rotor at
38,000 rpm for 69 hours at 20°. Fractions (0.2 ml) were
punped from the bottom of the tube. Densities vere
determined refractometrically. The absorbance of each
fraction was determined in 1/10 dilutions. Circles, A260;
squares, density. :
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transcription was monitored by incorporation of 1'4C-labelled
LNTPs (specific activities in the range 2000-2500 cpm/nmole)
into TCA-insoluble ’material. This general procedure for
transcription was used to obtain different sorts of
information in the following ways:
a) . Molar ratio of bases in the template. The template
was -transcribed in the presence of the 4 CNTPs. The
relative incorporation of the 2 rNTPs complementary to
one strand of the template was determined by comparing
pérallel reaction mixtures containing one or both of
these rNTPs labelled, and otherwise identical.
b) . Base content of ° a template strand. vThe
incorporétion of a single labelled rNTP in the presence
of each of the other three in turn was compared with
the incorporation of the labelled <rCNTP by itself.
Dependence of incorporation of a given nucleotide on
the presence of another 'nucleotide was taken as
evidence that the pair occurred within the same strand
of the template.
c). Homopolymer synthesis. Labelled rGTP or rCTP vas
the only nucleotide present. Transcription to
poly{r(G) ] is indicative of a polypyrimidineepolypurine
template; poly[r(C) ] synthesis of extensive poly[d (G) ]

DNA - (Paetkau et al. , 1972).



45

K. Ethidium Bromide Fluorescence Assays

The enhanced fluorescence of ethidium bromide when it
is bound to double-stranded nucleic acids (LePecqj and
Paoletti, 1967) was used in an assay specific for double-
" stranded D&A (Morgan and Paétkau, 1967). The buffers used in
this assy were: TE buffer, 2 mM Tris-Cl (PH 8) - 0.2 mM EDTA
for defined DNAs; or kE buffer, 20 nM tripotassium phosphate
(pd 12) - 0.2 mM EDTA for natural DNAs. The KE buffer.
eliminated the {nonspecific structures found in denatured,

non-clc natural DNAs (Morgan and Paetkau, 1972). Ethidium'
bromide was added to a final concentration of 0.5 ug/ml
~(yielding TEE and KEE buffers respectively) for fluorescence
readings. Samples of synthesis mixtures were added directly
to the KE or TE buffers since there is no interference fronm
the components oﬁ the synthesis mixture. The sample size was
adjusted to give a DNA concentration of 0.01 to 0.04 A260 in
the assay. There were two main uses made of the fluorescence
assay: '

a) . Monitoring DNA  synthesis. Samples removed fronm
synthesis mixtures were added to 3 al of TE (or KE)

buffer. Ethidium bromide was added and Ehe fluorescence
measured. The DNA concentration of the sample was
determined by comparison with a standard sample of DNA.
This method was also used for specifically measuring

the DNA content of various enzyme fractions.

b). Measuring «clc DNA content. Duplicate DNA samples



46

were added to 3 ml of TE (or KE) buffer. One sample was
heated in boiling water for 5 minutes then quickly’

cooled in ice. Ethidium bromide was added to both

2erhi N
sy

samples and the fluoresence of . each measured.

d ‘DNA sample gave the double-

N

ach sample. The ratio of

~3-

ComparisOn,”iiﬁ'
stranded DﬁA%éqQ‘
fluoresqéﬁce“- o
unheated~séﬁpié§géfg:§§e fraqtloﬂ of clc DNA. At the
low‘.ionic strength ihspa in the TE and KE buffer, DNA
strands separated by heat denaturati 1 are kept apart
by 1ionic repulsion unless there is a covalent bond
between complementary strands to act as a nucleation

site for reannealing. This is illustrated for various

clc structures in Figure 5 (Chapter I).
L. Assay for S Factor Activity

The assay for S factor activity was 'a direct

application of clc DNA nmeasurements by the fluorescence_

assay. Poly[d(T-G)ed (C-A) ] was synthesized in the usual way

in the presence of 0.5 A260 tRNA and various concentrations

of S factor fractions. After 5 hours aliquots were assayed
for «clc DNA. A unit of S factor activity is defined as,
éausing a 50% reduction in clc poly[ d (T-G)ed (C-4) ] content
(Flintoff and P;etkau, 1974) . The relationship between the
amqunt of S factor.added and the reduction in the percent

clc DNA 1is not a simple one (Figure 18a, Chapter 1IV). The

curve must often be extrapolated to reach the .50% reduction

Mcated sample to that in the '

4

9"
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level. ;

[y

M. Protein Determinations

Protein concentrations were measured by absorbance at
280 nm or by a modified Biuret reaction (Lane and Mavrides,

1969) .

N. Dilution Buffers

The following dilution buffers were used: for DNA

polymerase, S factor, and DNase I, 0.3 mg/ml BSA - 50 amM
potassium phosphate (pH 7.4) - O.S.mM‘ﬁTT; for endonuciease
I, 0.25 M ammonium sulfate — 50 mM Tris-Cl1 (pH 7.5) - ~;
mg/ml BSA.

0. Molar Ektinction Coefficients of Defined DNAs

The following  extinction coefficients (nucleotide
equivalents) were used for determining DNA concentrations:
poly[d (A-T)ed (A~T) ], 6.7x103 {Inman and .Balduiﬁ, 196 2) ;
poly[d(T-G) «d (C-A) ], 6.5x103 (Wells et al. , 1970); and
9;103 for single strands of poly[dkT—G)] and poly[d (C-2) ]

(35% hyperchromicity on denaturation).

1

P. Batchwise Hydroxyapatite Analysis

Hydroxyapatite can be used to differentiate single- and
icnble-stranded DNA and therefore DNA wvhich 'is renaturable
(Berﬁardi, 1971) . A batchwise method was used to detect clc

DNA in natural DNAs copied im vitro . A sample of labelled
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DNA w;é added to a 1.5 ml mixture containing 85 mM potaésium
>phosphate (pH 6.8) - 0.2 A260 calf thynmus carfier DNA. The
mixture was heated in boiling water for 5 minutes and
quickly cooled on ice. An equal amount of pative calf thymus
DNA carrier . was added * (0.2 A260). One nl of 40%
hydroxyapatite suspension was added and wmixed. After 5
ﬁinutes the supernatant was dildted to 5 ml Qith 50 mM
potassium phosphate (pH 6.8) and removed. The hydroxyapatite

-—v"/
was extracted three times with 50 wmM potassium phosphate,

then with 0.10 M potassium phosphate until aliquots gounted
in Aquasol indicated that all unadsorbed material héd been
removed. Single-stranded DNA was eluted bf‘two extractions
with 0.16 M potassiumAphosphate; double-stranded DNA by two

extractions with 0.24 M‘potassium phosphate. The percentage

of total DNA in each fraction was determined by counting

v

~

aliquots in Aquasol.

Q. Formic Acid-Diphenylamine Degradation

Formic acid-diphenylamine hydrolysis was performed by
-the method of Burton (1967). Poly[{d(A-T)ed(A-T) ] at 1.0-1.7
A260 was incubated 13 hours at 30° with 2 volumes of 98% .
formic acid - 3% d;phenyléminé. Diphenylamine was reﬁoved by
3 extractions with 1“$3f%me of watef and 12 volumes of
ether. The free purine bases were removed by chromatography
on Dowex 5OWX—4 columns (0.5x8 cm). The free pyrimidine

nucleotides  wvere - eluted/,.sith water . and repeatedly

concentrated from water yield -a sample at neutral pH. For
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bacterial alkaline phosphatase treatmént the sample was made
50 mM in Tris-Cl (pH 8) and 5 mM in magnesium chloride.
Alkaline phosphatase was added to 38.5 ug/ml and the mixture

was incubated 6 hours at 37°, then subjected directly to

electrophoresis.

Electrophoresis was performéd using Whatman 3 MM paper
prewashed with 0.1 M sodiun citrate (pH 4.15) - 1 pM EDTA
and dried befofe use. The electropherogram was run with the
same buffer on! a u5 cm plate at 1500V for 1.5 hours at 220,
The positions of the resulting spots were determlned by
absorption of'lUV light. The 1labelled componeﬂts»_were
detected and measured by cutting the paper into 1.5x2 cn
strips\vwhich 'were soaked in 1 nl of water iﬁ scintillatién
vials at 659 f9ﬁ530:minutes._Ten ml of Aquasol was added to
each for \éduﬁging. This procedure eluted the labelleq
components from the paper and overcame fhe loss of counting

efficiency caused by the citrate in the usual toluene-based

scintillation fluid.
R. Temperature-Absorbance Profiles

Tm's were measure@ﬂggp a Gil?ord Spectrophotometer
(2400) with a Haake j??rculating heézer. .Solufions were
placed in stoppered one ml cuvettes. The composition'of‘ the
buffers varied and is indicated. where- they were useﬁ DNA

was added to an intial concentration of approx1mately 0.2

B260. The rate of . temperature increase was about 0,5-1.0
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degree/minute. The temperature and absorbance were displayed
on a chart recorder. The Tm was taken as the midpoint of the

¢

increase in absorbance. - ~

S. Ultracentifuqgation

(1) Preparative scale equilibriunm centrifugation -

Centrifugation was performed in a Beckman L2-65B

S

Ultracentrifuge, using new polyallome; tubes. The gradients

were fractionated by 1bwering a needie to the bottom of the

tube and pumping fractions with an LKB peristaltic pump at a
rate of 0.4 ml/minute. Densities were determined /Jrom
refractive index by comparison to a stan. 1 curve.

. / ,
(ii) Analjtical séale ultracentri.ugati®s
‘w\ ) . ) 9

Analytical ultradentrifugation was perfofmed in a

Bec "man Model E ultracentrifuge with OV optics. Tracimgs of

photoyraphs were gbtgined with a Joyce-Loebel

microdensitoyeter.

o

For equilibridﬁ'banding a cell having a 49, 12 mtheiﬂF“

g . cenierpiece and a -1° wedge window uas used. The solutionms

et

<Egnsisted of 0.2 A260 DNA - 1 mM EDTA - CsCl to the ¥ desired

e
e
v ,

e Yemedty, with 20 nH NaOH added for alkalinme gradients. The

solutmons were centrlfuged at 48,000 rpm for~ approx1mately

DNK’vvaﬁ eQulllbrlum was caldulated | bY‘:' the

:

isoconcegttation method (Vinqgrad,’ 1963) uSing the beta

houns aat 20° unleSSJotherwlse 1nd1cate&. ‘The den51ty of
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s

Molecular weights of DNAs were determined by velocity

sedimentation according to the method of $tudier (1965) . The

’ A}

cell used was a "Vinograd type 1 with a 49, 1. ~m Kel-F

centerpiece with quartz windows. The DNA sample ¢{/v ul at 2
. . // ) . .

' o5 A260) was layered onto the solvent at low speed, then

o ,

’¢E% centrifuged atf%h,G$Q3r§; and‘25°; éhofogé&%hs were taken at
8 miuute.iwtnrgﬁés. fﬁe sq&vent consisted of 1 M "NaCl -
O;OBS,VM disééiyﬁ\bhpsphate - 0.015 M monosodium phospha%e -
0.1 mM EDTAﬁ‘ﬁﬁhé.j for neutral runs; and 0.9 M NaCl - 0.1 M

- !4NaOH¢— 0,1_q;’EDTA for alkaline runs.uThe DNA sample was 1in

- o "

R
coefficient was calculated from the tracings of the

¢

photographs - and was converted to molecular veight using the

“équations of sStudier (1965). The equation .for alkaline

2

sedimentation has T ~~tly been shown to be valid :for

bolynucleotides of the lengths encountered ,in this work

(Hirose et al. , 1973).

-
—_— =2

T. Polyacrylamide Gel Electrophoresis

Polyacrylamide gels ' (0.5x6.5 cm) at 5% ‘and 10%
acrylamide were prepared according to the specifications

.given in  Canalco#. Chemical Formalations for Disc

b

Electrophoresis (1968). The gels were bufféred with 50 nmM.

- sodium phosphate (pH7i2) and containgd 0.1% sSDsS.

Tﬁe, protein solu{ions were used directly if their salt

. TR

o

0.2 "M _NaQH for alkaline sedimentatiom. The sedimentation



.52
content did not raise the final concentration in the sample
-above 50 mM. Otherwise they were dialyzed versus 5 oM sodium

phosphate (pH 7.2) and conce. trated by evaporation. The

3

samp’ consisted of 5-10 u *in =10 mM DTT.- 0.33% 5DS.

FL
SR
K 3

They were heated at 85° for 15 wminutes to denature th@hgik

proteins. Glycerol was added to 20% and the samples applied
to the gels by layering under the electrophoresis buffer

(0.1% DS - 50 mM sodium phosphate, pH 7.2) . The gels were

run at masgel for 1.5 +o 2 hours . The gels were removed

from the tubes and stained for 2 hours at 37° in 0.24%
Coomassie blue - 9.8% acetic acid - 45% methanol (Burgess,

1969). They were {?estained_in 7% acetic acid in a Canalco
. T2 ) ’

_horizontal destainer. The gels were then placed in fresh 7%
acetic acid and dincubated in the dark at 37° for 24 to 48
-hours before scanning. This reduced the = background

'essentially to zero. The gels were scanngd at 540 nm in a

Gilford spectrophBtoneter Mith a linear transport

attacﬁmenﬁ. s

A ‘plot of the log of the molecular weights of standard

proteins versus their fractional migration distanceSYYieLded

a standard'curve/from‘whiph molecular weighfs‘ of ﬁnknowns
can be determined (Sgapiro et al. , 1967). For molecular
weight determinations of S fagfor (Chapter IV) the standards
ﬁsed vere ovalbumen'(QS,OOO), ehymotrypsinogen A (26,000),
R17 2 protein (39,000), and R17 coat protein (13,750). The

R17 proteins were derived from whole bacteriophage 1lysed

4
[

;;; )

&
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during the protein denaturation step.

Tracfngs of gels were also used to determine the
percentage composition of various components by comparison

of the areas of the bands.



CHAPTER IIX

SYNTHESIﬁ OF DEFINED DNAS AND CLC DNA PRODUCTION

-w

I Introduction

During the in vitro copying of DNA polymers of defined
sequence by E. coli DNA polymerqsgAI(‘structures arise which
have covalent links between 'complementary sequences. Such
structures are referred to as clc DNA (Morgan- and Paetkau,
1972). The existence of such ¢lc DNA was first indicated by

the ‘"non-denaturability" of DNA copied in wvitro by DNA

polymerase (Schildkraut et al. , 1964). The DNA polymer,

poly[d(T¥G)-d(C~A)] was also seen to produce clc structures

when copied by DNA polymerase (Paetkau, 1969).

RN
.

The detection of clc sequences in the defined DNA

polymers, poly[ d(A-T)ed (A-T) ], poly[d(T-G) ed (C-a) ], and
poly[d (T~T-G) ed (C-A-A) ] by the ethidiunm bromide fluorescence
véssay and/or alkaline CsClvaensity gradient centrifugation
is 'deséribed in this chapter. A special pgoblem was
preseﬁféd by poly[d(T—TlG)-d(C—A¥A)] in that the a?ailable

tempiate‘ already contained clc sequences. In order to

demonstraié’the prqﬁuction'of clc DNA from non-clc templates
R :

I Al

it was ﬁgqesg;ry to genérate a non-clc template. A detailed
. . - ' B I e ’

study of the in vitro syn{hesiS'and detection of clc DNA has

YAy
. oA
2

54

~
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been reported (Coulter et al. , 1974).
IT Results
)

Unless otherwise indicated all polymers were copied and

\
isolated according to the methods described in Chapter II.

A. Production of <clc DNA 1in Chemically Defined DNA
Polymers

(1) Poly[d (A-T)ed (A-T) ]

The polymer poly[d(A-T) ed (A-T) ] consists of 100% clc
structures by definition (Chapter V, Table XI). It would be
predicted to undergo completely reversible denaturation and

/

this was always found to be the casewéﬂorgan and Paetkau,

1972). @ﬁo

““é}'

(ii) Poly[d(T-G)ed(C-A) ]
{

Separable—;tranded boly[d(T—G)OG(C—A)] waé copied in'.
the usual synthetic mixture with and without the addition of
9 ug/ml DIII r__(Chap*ter IT). After 5 hours the reaction was
stopped and the .products isolated by Agarose chfqmatography.l
Analytical equilibrium centrifugation in alkaline CsCl was
used t6 determine the presence or absence of clc DNA as
shown in Figure 7a;b. The §olymer preéared in the absence of
DIITI showed material at a density intermediate between that
of fhe poly[d (T-G) ] and poly[dC-A) ] strands (Figure 7b).

This is the clc product. The preduct prepared.-- in thé



FIGORE - 7. Analytical Alkalfine CsCl  Density Gradient
Centrifugation gofﬁ?oly{d(T—G)od(ngrﬁi Polymers were copied
from non-clc templates (a,b), or cl¢ templates (c,d), with
(a,d) or without (b,c) addition of DIII. After isolation the
polymers were centrifuged in alkaline CsCl as described in
Chapter II. Densities were calculated by the
isoconcentration method.

¥
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presence of DIII contained essentially no clc product. The
results of a similar experiment using a template already
containing clc structures are shown in Figure 7c,d. In this
case both products contained clc Structures. The nolecular
weights of the four polymers prepared above are given 1in
Table IIIa. The presence of nuclease activity in DIII was
indicated by the loier molecular weight of the products nade

1

Wwith DIII present.

In separate experiments the clc DNA content of the
'poly[d(T?G)Od(C—A)] products was reasured byvv th
fluorescence assay. The results, which are in agreement wi.

d’J/'M#3&53}&2?/g§5i¢fggiifg;;;m analyses, are shown in Table ITIb.
- It Qaé/ also shown that the copying of the
dggadeoxynucleotides oligo[d (T-G) ] and 0ligo[ dC-A) ] in the
agﬁtnce of DITII resulted in clc DNA production. The polymers

made in the absence of DIIT often show a percentage of «clc

above zero when nmeasureg by the fluorescence assay. This

background varies from one polymer preparation to another
and may represent 1low molecular weight clc DNA which is not
copied during subsequent synthesis in the presence of DIIX

.or S factor.

It has been shown (Coulter et al. , 1974) that during

the copying of non-cilc poly[d(T-G)Od(C-A)] by DNA polymerase
in the absenge of S factor clc DNA increases in parallel

with the increase in total DNA. Clc DN2 was detectable after

about twofold copying of,thedtemplate had occurred.



TABLE IIX

Characteristics of Polymers Copied fron

clc and Non-clc Templates

59

—_—________..____.....-——...__._._.._.__—_.__._........_.....____....———-—____-.._.—-‘

Molecular Weightst

DS

204,000
225,000

162,000

Nature of Template DIII Ss
non-clc + 62,000
- 116,000
clc + 66,000
- 100,000

191,000

lMolecularbueights determined by sedimentation velocity

ultracentrifugation (Chapter 1I1).
2Determined fron molecular weights.

b) Clc Content Measured by Ethidium Bromide Fluorescence

Template ' DIII

non—clc_pbly[d(T—G)-d(c—A)] 1

oliqo[d(T—G)] + oligo[d(C—A)] 2

IDITI at 9 ug/ml. Clc measured at 4 hours.

2DIITI at 18 ug/ml. Clc measured at,6 hours.
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(1ii) poly{d (r-T-G) ed (C—-A-1) ]

The polymer, poly[d(T-T-G)ed(C-A-A)] was copied and
isolated by the usual methods. The initial template and the
product both contained 30% clc sequences as measured by Jhe
fluorescence assay. Analytical eqﬁilibrium centrifugation of
the product in alkaline CsCl showed a broad band centered at
1.757 g/cm3 as shown in Figure 8. As with poly[d (T-G) ed (C-

-

A)), the .ethidium bromide fluorescence assay and alkaline

CsCl density gradient centrifugation Lo odlts agreeg
qualitatively. ’ '

N @ ’ ¥

B. Production of Non-clc Poly[d(T-T-G)ed (C-A-A) ]

(i) Separation of strands of poly{d(r~T~éL;g}€fi:A)]

The segregation of ioniZable‘lbgség/ in poly[d(T-T-
G)ed (C-a-A) ] and e;perience with o{ggr Aefined polymers
indicated that the‘poly[d(T-T-GL}/;nd poly[{ d(C-A-34) ] strands
should be separaﬁle in an alkdline CsCl density gradient. In
order to amplify the Jdifference in density between the two
strands BrdUTP was*incorporated as a heavy label. A sample

‘of poly[d( -G)»d (C-A-A) ] containing 30% clc DNA was copied

standard conditions using BrdUTP (1.8 wmM) with

in ‘he
[14C]4aCTP and a trace of (3H]TfP (0.2 uM) as 1labels. The
spécific activities of the labels were 1550 cpm/nmo;e and
1350 3H cpm/nmole‘deUTP respectively. The repiacement of
TTP by BrdUTP resulted in 40-50% in@}bition of synthesis.

1

The reaction mixture and the synthetic products were
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FIGURE 8. Analytical Alkaline CsCl Density Gradient
Centrifugation of Polyl d (T-T-G) ed (C-A-1) ] Containing clc
Sequences. The polymer was centrifuged as described in
Chapter II. Density was determined by the isoconcentration

method.
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shielded from the light. Synthesis was ﬁonitoreﬁ v the
ethidiunm bromidé fluorescence assay and was stopped &7 - 7
hours by addition of EDTA to 30 N and Sarkosyl 0.1%. The
product was isoli?qd and, then subjected to preparative

cesium sulfate equiflibrium centrifugation as shown in Figure

9.

Fractions 4 fo 7 and 22 to 24 inclﬁsive were pooled
separately, and neutralized, dialyzed and concentrated by
vacuum dialysis versus 5 mM TriS*Cl (pH 8)-0.1 mM EDTA. The
fré%%?pﬁé 1pooled were assumed to consist of [3H-
T]poiy[d(BrU—BrU—G)] and [I*C-C]poly[d(C—A-A)] respectively
on the basis of their.labelling~.The 3H-T label occurs with
low frequéncy in the Poly[ d (BrU-BrU-G) ] chain. There was 10~
20% cross-contamination of label between the separate
strands. The material banding at an intermediate density_ of
1.52 g/cn3 contained both radioactive labels and was assumed
-0 consist of [3H—T]poly[d(BrU—BrU—G)] covalently linked to

.

[14C-C)poly[d (C-A-A) ] i.e. clc DNA.

(i1) Synthesis of non-clc poly[d(T—T—G)Od(C—A-A)]

The separated strands of poly[d(BrU—QrU-G)-dkaA-A)]
were used to proﬁuce'a double—étranded non-clc polymer. The
strands, at 0.2 A260 in 5 mM Tris-Cl (pH 8)-0.1 oM EDTa,
were annealed by heating them in boiling water for 2 minutes
then sldwly cooling (45 minutes) to roonm temperatuge. The

. PO

annealed product was added to the usual DNA polyiierase

}’ .
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FIGURE“;élﬁ'ﬁréparative Alkaline Cesium Sulfate Density

Gradient Centrifugation of Poly[d(BrU-RrU-G)ed (C-a-2A) ].

Centrifugation was performed in the a Ti 50 rotor at 40,000
rpm for 65 hours at 20°. Fractions (0.2 nl) were purp=d from

the bottom. Aliquots were removed for 3atermining TCA-

insoluble cpm in restricted and open channels." Densities,
vere determined refractometrically. N

D
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j*reaction mixture containing DIXYI. The product was labelled

). with [l‘C]dCTP and [3B]dATP at specific activities of 1350
and 1180 cpm/nmole respectively. The extent of syntheSis vas
monitored by the fluorescence)assay, with the results shown
i #igure 10. The reaction was stopped at:v7 ~hours by the
additionp of EDTA'anﬂ Sarkosyl and the product was ieolated-

w ” Analytical equilibriun - centrifugation in‘ alkaliﬁ? cscl |
Jlshowed predominadtlyp separable—stranded material (Figdre
. e .

(iifﬁ Characterization of noniclc poly[d(T—T—C\-d(C—A—A)]

It was necessary to demonstrate that t: .ration’
“ v ¢ T N .

contained - only ,poly[d(T—T—G)Od(C—A—A)] becauSe "of. . the

N - v

\ ' : Lo

«problems to be discussed belou (qectlon D). $hree meg'ds
T were used i@ thlS characterization- k58

&

" . b : L
a) . Temperature absorbance profile. The Tm was obtained
- : : e

as deqcribed in Chaptef*%&ifIt was ‘69°/Vﬁn" 1710 ssc,

L ey L

_wiih r 35% h?perchromicity in agreement with the

. L . S
literature value (Wells et al. ., 1970).- "

b) . Fatio [recracTen SHjdare. " The ratio was

determined by counting a samplé of the polymer 1n~

Aquasol uging the restricted 51ngle 1sotope channels as
described in Chapter(II A sample of 31milarly labelled

polyl 4 (7- G)od(C A)] jas used for comparlson. Thec ratiob
6 ™

OL 14C-4C to 3H- -dA for poly[d(T—T-G)-d(C -A- A)] was half

that for ley[d(T G)-d(C A)], as expected.

o}

.

»



- %
=

L

-{‘\ .

‘PLGUPE‘ 10. " synthesis  of  Bolyf d(T:
‘4. Annealed -Strands of Poiy[q(BrU qu—

comparlson to a standard DNA.

a

hital

] .

iT-G) ed (C-A-2) ] '+ from
7] and Poly[d (C-a-1) ].
The aanealed stranﬂs “yere "diluted”s¥s/7 into? a synthesis
mixture with 0.5' ng/ml pancreatic DNase’I, 0.5 A260 tgNa,
and ,1/20 v/v:heated DIII. Synthesis was mon;torg&a'byfrthe
fludfescente ° assay, and converted to ¢A260 units by

om

- @,
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FIGURE 11. Analytlcal Csyl Den51ty Gradlent Centrafugatlon o
of Poly[d(T-T-G) S(C A-A) ] Synthesized from ‘Annealed Strands

Gof’ Poly[d(BrU BrU-G) ] and Poly[d(C-AxA) ]J. The polymer was
prepared in the presence of DIII a pecribed in ‘FiguTre "~ 10
and . centrlfuged ~in the usual wa ‘papte: II),., Densities
vere ¢ - ‘terminedqby the rsoconcentratln- method. The initial =~

degsi-

4

R ) .




C) . Transcrip.ion with ERNA polymerase. Transcription of

) poly[ d (T-71-C Od(C*A—A)] @(Chabter I1I) was performed

MUY

The results are

using vari .s combinations of rqgg.w

shown Pable 1Iv. Thege“ﬁaéf?‘ 1y[r(G) ] synthesis

when [1  GTP was the only nucleotide present. The
-~ . \‘)

* incorpoitatiou of [1+CirCTP was dependent on the

adpition of rATP but not rgTP or TUTP. sSimilarly the

v incorporation of [14CIJrUTP was stimulated by the

n

= . addition of CGTP but not rATP, or  rCTP (a2 variable

background “and a low level of total label 1ncorporated

L et

-account fom the apparent 1ncorporab10n in * the absence
of rGTP). The ratio of [l‘C]rCTPﬁ[l‘Q]r 'P incorporated

was 1/2.

D

%%B“il of . these prohedures conflrmed that " the \polymer

preparatlon was polybd(T T-G) »d (C- A A) J. The template - was

conled'iatf”av rate su§ficient to avoid co pylng template

material in DIIT. v S5

i

gV

o Ky '
~(1v) Ffteqﬁ of endonuclease I treatm%nt on clc structures
' ~
. in "y[‘d(T ~T- G)-d(C—A A) )
. et f F 4

~ o .
~ L)

(e

Part;ﬁl endonuglease I degnadatlon ¥as used 1in can
HER j

td

L4

attemptt to -’ decrease the amount of clc DNaA ln a- poly[d(BrU-

BrU G)-d(C A-13) ] polyme(- It-iyasA_expected _that double-

'strandeF cuts made fby thlS enzyme might release material

from the covalent. linkage. between compleméntary sequences.
L]

Tge' polymer' was prepared and isdlatea as before. The

T
v

<

s

:Aé
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T

2 “
TABLE IV ‘
Transé§¥ption of Poly[d(T—TiG)-d(C—A—A)] using

Various Combinations of "‘Ribonucleotides

Incorporation
in 30 Minutes

- ) ».. NDmoles /ml .
j;; _________________________ fg‘ _______ A

“¥0 T [14CirGTRPY L v 0
{14+®]rCTP2 0
g + TATP SR ST
+ TGTP ’ 0
‘ + ruTp ) 0
[1eC]ruTP3 . 1.7 t
: + TATP . 2.8
+ CGTP - 7.3
™ + rCTP Co) 2.2 -
: »
TTTT e GEgs T R it e et bb ,
1Specific activity, 1900 gpm/nmole. .-
{

2Specific activity, 26§00 Cpm/nmole. - | 4
3specific activity,‘ZOQQ cpm/nmole. v
. Sy

.



69

poly[d(érU—BrU—G)-d(C—A—A)J, at 2 A260, was incubated at 37°
in a reactdon mixture consisting of 67 uM fmie—cl ({pg 8) -
6.7 nM "magnesium chlor1dnt - 7 units/ml endonucleaee I.
Sampleq removed at various times were made 16 mM in EDTA,
heated in boiling water for 2 minutes, and then subjected to
preparatiﬁe alkaline ceeium sulfate density ér&diedf
centrifugation exactly as before. The dlstrlbutlon of TCA-
insoluble cpm was similar‘ to that geen in Flgurev 9:

v

Incubatlon with endnyuclea;e I decressed the .percentaqe-,of
g o
'materlal occﬁbrlng in the. Center band,ul e clc DNA from 50%

to 30%. This is to be expected if double-stranded cleavages

by the enzyme are“randob.‘fz éffect did not ;appear' to bhe

épecific %o the clc DNKhél'a'oall three}.qads were broadened

and there was 1oss of re>olutlon w1th'fhc1ea51ng 1ncubatlon

time. Partial endonuclease I digest . 2 of poly[d(TfT—G)-d(C—

A-A) ] increased the incidence of anomolous sequences in

=,

subsequgnt copying . (section D) and so was not used as a
w o

.freatment of templates prior to copying with DNA polymeraée,

-

. \ I o
‘C. Non-clc Poly[d (T~T-G)ed (C-A-%) ] as a Templite

Non-clc poly[.d (T-T-G) 4 (C~A-3) ] ‘was used as a cemplate

v

for subseqﬂénf copyin§ by DNA polymeérase in the usUalgf‘

, .
Q

reacfion mixture. In one case 100 pg/ml pancreafic DNase I:
20 ég/dl pgygﬁfied 'S 'facto; (fré&%é? polyfd(A—T)Qd(A—T)]
templatebactiviagi Chapter II),'and O:SAA26O tRNA were also
present. In. a second case only DNase I was added. The

ca

. . R S
synthesis was: moanitored by fluorescence. The reactions were
- : ) <

R Tn A
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stopped and the products isolatedv"then examined by

analyt1ca1 alkallne CsCl den51ty gradlent centrifugation as

: A ]
factor. showed two well- separated bdnds at densities of 1.671

g/cm3 and 1.803 g/cm3 (rlgure 12h9 The polymer prepared in

- K RO
the absenom.of S factor showed the two outer bands and a

baﬁd of intermedlate den31ty ‘at 1 742 g/cm3 (Flgure 12a)
The intermedﬁate "band represents clg'gbxﬁL) Fludrescence

3

meaﬁurements'“Showed r6%~tc1c content ‘for the polymer made

-‘ehown in Flgure 12. The polymer made in the presence of s.

R ;,\

tor, and 37% for: thexone made wlthout S factor. Thg

Ku 3y ’
nt.clc for; the foamer in thls case may be due to

LI v)

ecular ‘welght clc materlal wh‘;h is’ detected by the

v

flnorescence assay Hbut Hﬁot” by *alkallne l CsCl density

/»1 . )
. - N - ) » .
gradients. . Such material does» not  appear to Serve as a

template. Both polymers shoved Tan's vhich agreed lwirh the

J197O)

. "“: . '
D. Defined DNR Polymers as femplates for Further
.Yb -

o
“

Copying '

(1) Occurrence and detection of incorrec segquences

-

XErising durind copying of poly[d(T-G) ed (C-1) ]
. <, . ) b . "

The'copying of poly[ d(T-G)ed (C-4) ]'was usually accurate

N : . \
and presented no problems’ of fidelity unlesswrhigh
concentrations of crude S factor were present. Such

fractions contained sufficient poly[d(AiT)Od(A—T)] template

(see Chapters ®V and\ V) that poly[ d (A-T)ed (A-T) ] was
5 - I N

/\
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FIGURE 12. Analyﬁécal "Alkaline CsCl Density 3G}adient

Centrifugation .of Poly[d(T—T—G)od(C7A-A)].ﬁTPolymers were

prepared either with (b) or without {a) purified" S factor.

- The isplated polymers were centrifuged as wusual for 45

hours. Densities were »+ermined by the isoconcentration
method. The initial densiigiwas 1.742 g/cm3. |

“
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>
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produced along with poly[d(T—G)-d(C*A)]. T&e effect of
various concentrations ot crude S factor, on the product
composition during the copying of polyl d (T-G) ed (C-A) ] by DNa

polymerase will be described more fuilQXin‘Chapter Iv.

~

The production of poly[d (A-T)ed (a-T) ] during poly[d (T~

G)Od(C—A)].copying was readily detectable by two methods:

a). Ratio of [l*C]dCMP/[3H]TMP incorporated and percent

clc DNA in the product. The synthe51s of poly[d(a-

T) *d (A-T) ] along with poly[d(T G)-d(C—A)] resulted in a
/v/

decrease in the amount of . [t4C]dCcHP incorporated

relatlve to the amount of [3H]TMP with a concomitant

1ncrease in the percent clc DNA  measured by the

e ~

AN

fluorescence assay.
b).>;'Analytical  alkaline | CsCl- density gradient
centrdifugation. The formation of a distinct and usually
zery sharp band at a-density of 1.722 g/cn3 revealed
the presence ef contaminatipg polyfd(A-T)-d(A—T)]. Ti
poly[ d (T-G) ] and poly[dkC—A)] strands wvere well-

reaglved from,the poly[d (A- m\-d(A Ty ] at densities Gof

“!

1.825 ‘g/cm3 and 1.684 g/ém3 respectively (Wells and
. - R ; : :

. : i}

Blair, 1967). _ N

"

-

Y

\ o)
(ii) ®7fe- ireness o} poly(d(T-T-G)ed(C-a-2)] as a
templat- f-~: further synthesis
o ,

The copying of poly[{d(T-T- G)-d(C A-R) ] by DNA

polymerase was Compared to the copylng of poly[d(TtG)Od(C—

S

o

N

By
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A)]&éﬁ@ﬁb di fferent poly[ d(T-T-G) ed (C-A-1) ] templates were

used: A, which contained 3U% clc DNA, and B, which contained

159 clc DNA. B was prepared by copying A after endonuclease

I pretreatment. The composition® of both A and B were found
to be essentially 100% poly[d(T—T*G)Od(C—A—A)]. The results
are sgown in Figure 13. The ratios of [ tAC]dcMP/[ 34 JdAMP
incorporated were 1.69 for poly[d(T—G)-d(C-A)] and 0.82 and
0.83 for A and B respectively. There was eeéentially no lag

period for the poly[d(T—G)od(C—A)] template and

incorporation was linear for 7 hours. oOn the other hand,

0\ -

there was a lag beriod of 1 to 2 hours forﬁmplate A and 4

incorporation

LS,

t# 5  hours for ‘femplate B‘ﬁqifore
approached a linear‘rate;;The poi@f@*T ) ®d (C-1) ] appeared
,to be utilized as a template more effectlvely than poly[d4d(r-
T-G)ed (C-A- A)] Any manipulation of gme poly[d(T—T—G)-d(C—A—

A)] to reduce clc DNA, such as in producing B froa A,

further decreased its effectiveness.»iiﬁ'

9111) Occurrence and detection ~of incorrect sequences
. L .

arising during copying oftgoly[d(T—T—G)pd(C—A—A)]

N <

(A major problem in the productlon of non- clc poly[d(T—

.- T- G).d/C A-14) 1 vas thex introduction - of incorrect
o h

deoxynucleotide Sequences 1into the product. The- primary
. , 3

R % . -
source of these wrong sequences appeared to be the

oligodedxynucleotide templates found in DIII or s factor

preparations (Chapters IV and V). The addltlon of crude s

.- '
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< .
FIGURE 13. Comparison of Copying of Poly[d(TFégod(C-A)] and
Poly[d(T-T-G) ed(C-A~A) J. The polymers. were copied in the
usual way with 0.5 ng/ DNase I added to stimulate
synthesis. The products wefe labelled with [ APH]AATP and
[*4CJdCTRw at specific activities of 1180 dnd 1350 cpm/nnole
respectiyely. Synt@esis vas monitored by incorporation of
lﬁbe}. into TCA-“insoluble materia%..Counts are Jiveni~as, open
channel cpm. Squares, poly[d (T-G) «d (C-A) ]; circles,. /pgiymer*
A; triangles, polynmer B. : .
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factor fractions - resulted in extensive poly[d (A-T)ed (A~T) ]
synthesis which was detectable by the same npeans described
for poly[d(T-G)ed(C-a)]. The addition of DIIT resulted in
the production of mixtures of poly[d(T—T—G)-d(C-A—A)] and
either a poly[ d(T,G) ed(C,A) ] polymerp(that is a polymer with
random T and a6 residues in.' one strand and dA and 4c

residues in the other), or, a polypyrimidine-polypurine

polymer similar to polyfd (T-C)ed (G-4) j. ' This was

particularly a problem when the poly[d(T-T- G)ﬁd(c A-1) ] had

been partlally degraded with endonuclease I before use as'a

E& ‘gl}t .-

template Several methods were utilized to ’detect the

» i’
tr

presence of incorrect~sequences: ’ o o

B
" 3

a) . Transcription by RNA polymerase. This technlque was

used to detect 1ncorrect sequences and to establlsh the.

.nucleotide ratios in the template polymers. Sone

- . . [N

“typical results for authentic polymers and for- samples

contaminated by .polymers of incorrect sequences are

Pl shown 1in Table V. The stlmulatlon -of rCTP lncorporatlon

\

.by the addltlon of rurp as se;n for samples D and' E
(contamlnated samples) ‘was strongly indicative of the
occUrrenee of d@MP and dAMP residues " in the sape
strand. A slmllar _aréumentv'pan be made for rgTP ;nd
CATP. lranscription to‘poly[r(GTP)] when rGTP vas the
only jnucleotidgf present, such as for D also indicated

polypyrimidifeepolypurine DNA content {Paetxan et al. ,

1972) . The ratio of CCMP/rAMP incorporated Was a useful

\

indicator of anomalous fequences 1f it dittered gqreatly

»



76

TABLE v

.Detection of Incorrect Sequences by Transcription

&y w
———-'"_‘—‘_'"‘—‘-—‘—°_-—_"——__—T—f —————————————————— .
' Unlabelled Incolporation (nmoles/ml) - :

- [I*C]DNQP QPKTP ’ C1 D1 E1 F1, Gt
——-—_5{-—-——-&“’;‘)? ———————————————————————————————————————————— A ———
rCTE . 0 b .0 1.6 0 -
(2600_&§m/nmole) rATP ' 3.8-{ 9.6 0.8 6.5 - ..., )
| » rUTPp - 0 " 13.6 10.3..0 -
A TGTP 0 0.5 1.3 o, -
rGTP - 0 6.7 - o -
(2100 cpu/nngfe) cagp - 0 1.3 - - -
S A% CuTe 6.4 1.7. - - -
¥ rCTP 0 3.2 - - -
. . rUTpP ) - - N Y 1.3 -
(2000 dbm{nmole) I = - 1.3 e,
E LGTP R - 19.7 -
rCTE - - - 1.3 -
» i
__________ '————4—.———_——————“ ‘. : Q}‘V‘T_ “
LCMP/rAMP: OBS: Q.47 - 0.44 0.84 0.90
- EXP: . . 0.5 0.5 0.5 0.5 1.0
_.._________; ________ L_'________.._._: _____ A ——

Y[ a (-7~ G)-d(C—A A)T’copled from authentic poly[q(T-
T-G) ed (C=A-1) ]. )
oD: polyf[d(T- -G)-d(C A A)} T+ polypyrlmldlne-polypurlne‘
' contaminang. - i
E: poly[d(T T—G)-d(C A A)] + polypyrlmldlne-polypuriné
contaminant. ' ,
F: polyl d (T-T- G)-d(c a- 1) ] + polf[d(T,G)Od(C,A)]:
contaminant. T e
G: authentic poly[d(T—G)Od(L—A)].

& e
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frda ﬁhe expected value, as , for preparation F. This
ratio would not be expected to reveal incorrect
sequences if there were sufficient correct sequences
preSent " to ‘bermit transcription with rCTP and rATP

aloae (preparation E).

~b) . Alkaline CscCl density gradient centrifugation. As,

o . ol ‘
stated - earlievw %? £§egregatlon of lonlzable basgs into

)

Y };f-’

'Qexpect, that the ‘strands would be separable in alkaline

. 6.
P an gl

CsCl densit radients. Pol mer D" (contaminated vith
_ ity g 0Ly _

polypyrimidineopdlYpurine;- Table V),’ﬁespite‘having 2%

clc. DNA as mEasured by flyorescence, shoged only oae

vband in alkallne CsCl as seen in Flgure 1uq Polymer F
w1th 9% clc DNA did in fact show 2 bands (Flgure 1ub)y’

however, the densities were sinmilarp ﬂo those fot_

poly[d(T G) ] and poly[d(c A) ] (Wells and Blair, Q1967);

Alkallne CsC1l . den51ty gradlent centrifugation of

separable-stranded. poly[d@T T*G)-d(OEA=A)] was sHOga»in_-g'

Flgures 11 and 12b. . ,p‘¢'~ 1A‘f/',- )

cj. Temperature- absorbance proflle.'The Tm - pfevided 'a

sequences in poly[d (T~T- G)-d(C A-3) ] preparatlons. The'

Tm s of various polymers were determined in 1/10 SSC as
1"’"

descrlbed in Chapter II The results are shown in Table

¢

VI. Prebaratvou F -had a single sharp thermal lran51tlon

and appeared to .consist Nentirely of
.

poly[c(f,b)-d(c A)] Preparation H showed 2

e e N

convenlent 'ieansb _to .detect poly[d(T G)Od(C A)ﬂ-:

one‘strand of ;@?ly{d(T T— G)od(C A- A)] leads 'ohe to '
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™\

FIGURE 14, Analytical Alkaline CsCl Density Gradient
Centrifugation of Samples of Polymers Containing Incorrect
Sequences. The nolymers were prepared in the presence of
DIII and isolat.:d (a) preparation D, a product of poly[d (T-
T-G)ed (C-A-A) ] t zplate pre-treated with endonuclease I
before copying. (b) preparation P, a product of non-clc
poly[d (T-T-G)ed (C-A-3) ]. ‘ '
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v . TABLE VI
Thermal Transition Temperatures for Various
Poly(d (T-T-G) ed (C-A-A) ] Preparations

_________________________________ e b e e _
Polymer Preparation Tm (°C) % Hy%erchromicitf _
-poly[ d T-G) »d (C-14) ] 780 32%

C 1 70.509 37%

F o1 . 780 - 30%

H 2 700 8.6% 3
7890 : - 2u4%

T T T T T T T T T T e T T e e e e e e e = = e = e oy et e o — — —

1See Table V for designations of these preparations.

2This preparation appeared to be a mixture of
poly[d(T,G) «d (C,A) ] and poly[d(T-T-G) «d (C-A-1) ]. j

210é ﬁ

trarf

tal absorbance change over the two therma
itions represented 34% hyperchromicity.
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trans¥tions. On the basis of hyperchromi-—-ity, H was
.estimated to contain 75% poly[d(T,G)Od(C,A)1 sequences
and 25% authentic poly[d(T-T-C)ed(C-A-A) ]. Both P and H

were prepared by copying an ., authentic poly[d(T-T-

G) *d(C-A-1A) ] tenmplate.

Any polymer +Ppreparations suspecfed of containing

undesirable sequeﬁces vere 'tested,by*some or all of these

methods. All these methods as well as the dCHP/dAMP ratio

were used to characterize the non-clc poly[d(T-T-G)ed( -A-

. A)] prepared as described earlier, to prove rjés

authenticity.

The designation of the contaminant’ of som%aoﬁ the above
preparations as poly[d (T,G)ed(C,A) ] wvas made on the basis of
several criteria. The resemblance to poly[d(T-G) ~d (C-1A) ] was

indicated by the stimulation of [ 14C]JcCTP incorporation by

TATP during transcription, the rCMP/TCAMP ratio, which

approached 1, the sharp Tm at 78° and the banding of the

separate strands in alkaline CsCl density gradients at the

densities. expected for poly[d(T-G) ] and poly{d (C-1)]. No

evidence was obtained as" to the sequencs in each strand,

hence the designation . as a random copolyner,

poly[d(T,G) *d (C,A) ].

"
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IIT Discussion

Clc structures have been observed in three chemicélly
defined _polymeréf\\polyLd(A—T)od(A—T)] (a trivial case),
'poly[d(T—G)-d(C—,A)‘]\, and  poly[d(T-T-G)ed(C-A-A)]. Their
presence has been detected by two separate procedures: an
ethid{pm bromide f%uoreécehce assay for renaturable DNA and
alkaline CsCl density gradient centrifugation. Clc sequences
accumulate during the copying of non-clc poly[d(T-G) ed(C-A) ]
or poly[d(T—T—Gde(C—A—A)] by E. coli "DNA polymerase I
unless a sour-e of S factor, such as DIII, is present. The
copying., of DNA pplymers already containing clc sequences
~always leads to the production of more clc DNA ‘deépite the
adc:-ion of a source of S factor.‘For thisvreagon special

means were required to dbtain a non-clc poly[d(T-T-G) ed{(C-A-.

A)J. .

Clc DN2 production has been-observed in other ip vitro:

systems. M. uteus DNA polymerase produces clc poly[d(T-

G)ed (C-A) ] (Harwood and Wells, 1970). Schildkraut et al. y//
(1964) found non-denaturable and - branched structuyres ir
]

natural DNAs synthesized in vitro . By means  of the.

fluorescence assay it has been observed that the product of
: }

3

“ A%
ip vitro copying of E. coli DNA contains 100% clc DNA

Polypyrimidiheopolypurine DNAs such as poly[d(TjC-

C)Od(G—G—Ai], poly[ d (T-C) ed (G-A) ], ang poly[d (A) «d (T) ] have
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never been demonstrdtedﬁto céntain clc sequences (Coulter et
al. , 1974; Morgan et al. , 1974; wéils:and Rlair, 1967)
either by the fluorescence assay or' by CsCl | density
gradients. The .physicochemical propértiés,vinciuding x-ray
patterns, of the polypyrimidineogolypurine polymers indicate

that they are'structurally different from natural DNA (Wells

et al. , 1970). The structural differences may cause a

[

change 1in the copying mechanism reflected in the absence of

clc structures.

The two methods used here to detect clc sequences - the
ethidium bromide fluorescence assay and alkaline GCsel )
density gradients - do not necessarily yield the same

quahtitative results. The ifluorescehce assay will detect

|\ .
e

only material which has renatured and is therefore double-
s&fanded.b Any ﬁéxcéés' sinéie—stranded segments are not
included even t@ough they méy be covalently attached to\tﬁe
doubie—stranded region. Hdwever. such singlé—stranded
Asegments will be includéﬂ with the clc DNA in an alkaline

CsCl density gradient unless the segnents' are extensive
4 .

énough to shift _the dehsity“towards that of the single

<i:;v§trands. : - A 4 ; .
- - i . | w

~“Another means of‘aetecting clc DNA-in defined poly@égs.
is _by nearest neighbouf analysis. Polymers containing clc
DNA  have é signifiéant { {higher . percentage of "wrong"
nearest neighbours.to da (Coulter g; g;;', 1974) . Clc DNA

in natural DNAs may re’ ,detected - by the ethidium bronide

-
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fluorescence method or by hydroxyapatite chromatography.

‘The .use of poly[d(T-G)ed(C-A) ] and poly[d(T~T-G) ed (C-A-

A) ] as templates for further synthesis has been considered.

\

There are . few problems with poly[d(T-G)ed(C-A)].  With

1

‘poly[d(T—T—G);d(C—ALA)} there 1is a risk of introducing

. M ~ [
~anomalous sequences especially if correct copying . is

prdceeding’ slowly. This is in accordahce with the findings
of Wells et al. , (1967). The bincreased complexity of a
repeating tri- compared to a repeating dinucleotide wouid 5e
expécfed to decrease its effectifenessvgs a f@mplate. The
slippage mode (Chapter I) may play a smaller role in copying

the repeating trinucleotide. Other templates present as.
contaminants. df‘ components of the synthesis mixture, "as in
bIII of S factor, may fhen be copied as well as,. 5: more
effectively than, the desired teﬁpiate.'This would give rise
to the polypy:imidinerolypurine, poly[d(T,G)Od(C,A)i, ér

poly{ d(A-T)ed (A-T) ] poiymers that have been observed. - The

~solution to the problem was to wuse a highly purified s

factor, free of poly[ d(A-T) ed (A~-T) ] (Chapter II), féther

than DIII in the copying of non-clc poly{d(T-T-G)ed (C-A-R) ].

Although the problems with polyfatT—T—G)OG(C;A—A)l were
eventually overcome, the poor jieldsvof nén—clc templates
and their.inefficiency as tempiates for subsequentb?copying
elimiﬁates them as candidates for routine uses such as in

assays for S factor activity.

*



-\Eevéral structures are possible for clc DNA.
N,
Renaturafle - DNA copied from natural templates showed

extensive branching (Schildkraut et _g;i . 1964). Hairpin

structures occur in poly[d (A-T) ed (A-T) } (Scheffler et al. ,
1968) . The ratio (1:2) observed for single- to double-
stranded molecular weights (Table IIIa) makes such

structures unlikely for poly(d(T-G)ed(C-A)]. A branched

structure may exist for clc poly[d(T-G) ed (C-A) ].

Possible mechanisnms by which clc structures arise

~
involve eitheér the polyme}ase switching strands or doubling
back to copy the new strand. These mechanisms are

illustrated in Chapter IV (Figure 22).



CHAPTER IV

'PURIFICATION AND PROPERTIES 0F>S FACTOR

i

I Introduction ) ‘ .

1

Extracts of E. coli contain a protein factor which
prevents the accumulation of covalehtly linked complementary

(clc) strands durind the imn vitro «copying of poly[d (T-

G)ed (C-A) ] by E. coli DNA polymerase I. This protein was

fir ?J observed Paetkau, 1969) . in Fraction IV from an E..
#! _ E.

coli DN% polymerase,préparation (Richardson et al. , 1964b).

A similar activity-has also been found in DIIT (Coulter et
al. 1973), a fraction from an E. coli RNA polymerase
preparatibnv(Chapter I1). The protein has been designatéd
nse for "sepafability" (Coulter et al. , 1974).. The
pdrificétion from Fraction 4 and some of the propérties of
the S protein have been described (Flintoff, 1973; Flintoff
and . Paetkau, 1974).

A}

This chapter describes a modification of the previous

purification procedure, problenms associated with the

0

purification, and further chatfacterization of the protein.

85
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IT Results: Purification of S Factor
A. Purification Procedure

-Except for some minor modifications at the autolysis
s£ép( .the procedure up to Fraction 6 was essentially the
same as that described by yFlintoff and Piotkau; (19745 .
Therefore these steps’ are presented in outline only. The
buffers are given the same desién?tions, A-F, as in the
original metﬁod. All procedures Weée carried out at 0-u4°

~ A

unless specified otherwise. The assay for S factor activity

is described in Chapter ITI.

(1) Fraction‘S

Ay

Fraction 4 was prepared according to the DNA polymerase

purification_”of Richardson et al. (1964b) and included

e

grinding of éells, streptémycin precipitati?ﬁ, autolysis,
and ammonium Sulfate fractioﬁation. Fraction 5 was obtaiﬁed
from »Fraction 4 by chromatography on DEAE;celldiose
‘equilibrated with buffer A (6.2 M potassium phosphate {pH
_6.§) - 10 nM 2—mefcaptoetﬁ§nol —f1mM EDTA). ﬁi@h'.holecular
velght nuéleig\‘acidS«are adsorbed to ;uch a columﬂ bﬁt DNA

3

polymerase and S factor are not.



(ii) Fraction 6 » N o

.

P Ce

Praction 5 was chromatographed  on .7

_ - . : -Ji@* N W
remove- low molecular uelghtfnucleqmiqic mat&drial and salts

SN
X,

and then concentrated fivefoLg - by -dl¥fafiltration in an
o8 R
- A

Amicon cell (PM10 membrane).
An autolysis was then .used to break down the high
molecular weight complex with which S factor was associated. -

The concentrated material, still in buffer A, was warmed to
. . V
30°  and magnesium chloride was added to 4 mH. Rutolysis was

/
nonitored by the acid-solubilization of 0.5 A260 [ 1#C-dC,3H-
T]poly[d(T-G)OG(E—A)] (120,000 cpm/A260 unit) in an ‘aliquot
remo&ed-from the main portion of the maperial‘at the time of
magnesium addition and incubated under the same condiéions.
The degrddation of theilabelled DNA proceeded with ‘second
order kinetics. The autolysis was stopped by cooling when
extrapolatibg of a plot of the 1log of. the percentage of
undegraded _DNA versus time indicated there §hoﬁl§~be léss

than 1% remaining. The time required varikd between 120 and

180 minutes for different preparations.'

N

The : cocled sample was ceﬁbrifdéed 10 minutes at
10;000xg and applied by.gravity to:a G=75 Séphadex column
(2;5x95 cm)'equilibrated with buffer a. The elution profile

-is shown in Figure 15. S factor and a putative template “for
poly[d(AfT)-d(A—T)] were .eluted together at a partially

included 'position at 50% of the column volume. _ This
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PIGURE 15. G-75 sephadex Chromatography of S*Pactor Fraction
S. Autolyzed Fraction S5 (6 ml) was applied to a G-75
Sephadex col 'n 2.5x95 cm).equilibrated with buffer A. The
flow rate v s 5 ml/hour and 6.4 ol fractioans were
collected. S :cior and template activities were determined

in the usual way.

1
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position, relative to marker - proteins of ovalbumin anu
chymotrypsinogén A in a separate run, was thé same  as that
found by Flintéff and Paetkau (197@) and corfespénded'to a
molecular weight of 26,000 for % 'factor. The material
indicated - as Fraction 6A iu Figure 15 was uSea for some of
the studies degcribed in Chapter V bﬁt was not applicable
for S factor purification beﬁause of its high template
activity. The material designatedJas ?raction 6 -was pooled
(28 ml) -and desalted by exclusion from a G-25 Sephadex
column (2.5x38 cm) equilibrated with buffer B (10 n# Tris-Cl
(pH 8) - 0.1 mM EDTA{. The protein was lyophiliiéd to
dryness and dissolved in 2 ml of waterfﬁo yield Eraction b.
e :

4

‘
'

(iii) Fraction 7

" The wurea-LiCl treatment used to separate the S factor

from a poly[d (A-T)ed (A-T) ] template activity . (Flintoff and

4

Paetkau, 1974) was omitted for reasons to be discussed later

{section C).

(iv) Fraction 8

~“DEAE-cellulose chromatography was used to reduce the

nucféase content of Fraction 6. This procedure was similar

to tha% described by~ Flintoff -and Paetkau -(1974). The

elution profile for this column is shown in Pigure 16. S
, >
factor activity was eluted between 0.10 and 0.23 M NacCl.

Nuclease:aétivi%y appeared in two areas: with' unadsorbed

<
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DEAE-Cellulose Chromatography of Fraction 6.
Fraction 6 diluted with 4 ml buffer F 450 aM Tris-Cl
10% glycerol) was applied to a column (0. 5x7 cm)
with buffer F. The column was washed with 2.5
followed by a 30 =l 1linear gradient (15 al
buffer F, 0.03 M in NacCl; 15 ml buffer F, 0.45 M in NaCl) at
"a flow rate of 7.2 wml/hour. S factor and nonspe€ific
nuclease activity were assayed 1in - tRe usual way. Open
circles, A280; squares, S factor activity; open trlangles,
[ NaCl]; closed triangles, nuclegase activity. - -

-

FIGURE 16.
ml of
(pH 8)
equilibrated
mnl buffer F,

‘One .-
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. »

3
protein and betweeua 0.13 and 0.20 M NaCl. The second
nuéle;se peak was not resolved from S factor activity.
Fractions 'containing s factor ‘weref pooled (6.5 ml) and
desalted on a G-25 Sephadex column equilibrated with buffer
B. The excluded material was concentrated by lyophilization

and dissolved in 1 ml Of water to yield Fraction 8.

- A
4 » ¥

The use of a larger column (1x7 cm)'and gta ient (150
ml) permitted chromaWography of larger amounts 6f Fraction 6
at one tinme. Houe#er, the larger colunn resultedrin 30-40%
loss of S factor activity because ofispreading " out of the
activity over a gréater proportion of the.gradieni.
! . -
(v) Fraction 9

Residual nuclease activity was further reduced by

chromatog- .phy on DEAE-Sephadex A25. The elution profile 1is
. : — :
shown in Fiju-= 17. The main peak of S factor was eluted

between 0. inc¢ 0.15 M NaCl. There was a considerable amount
of spféading of S factor acitivity into the higﬁer salt
'range §f4the gradient; Nuclease actfvity was reduced but nof
eliminated. Fractions containing S factor were pooled (16
ml) and desalted on a G-25 Sephadex column (2.5x38 cm)
equilibrated with buffer . B. The excluded material _was

concentrated by lyophilization and redissolved ¥n 1 ml of

WF'\.'"‘

. . '. I
water to give Fraction 9. :
' -~

¢

F} .



FIGURE 17. DEAE-Sephadex Chromatography of Praction 8. Two
ml.of Fraction 8 were diluted with 8 ml buffer F and applied
by gravity to a DEAE-Sephadex column (1x5 cm)> equilibrated
with, buffer F. The column was washed with 10 ml buffer F
followed by a 100 ml linear gradient (50 ml buffer F, 0.05 M
in NacCl; 50 ml buffer F, 0.25 M in NaCl) at a flow rate of
12 ml/hour. S factor and nuclease activitﬁe%};ere assayed in
t he usual way. Open circle, A280; squares, S factor
activity; closed «circles, [NaCl]; triangles, nuclease
activity. .

€
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B.Characterization of S Factor Practions

This sectién summarizes Qarious characteristics of the
S faétor fractions. All "of the Qata‘ refer to t;e' same
preparation deséribed in' Table VII unless otheruise‘
indicated.

§ . -
(i) s factor activity

\

'A summary of +the yields of proéein and S factor
fo

activity r each fraction is shown in Table VII. The low

4

sa \
yield of S factor activity in Fraction 6 may not be real
since high levels of nuclease activity in Fractions 4 and 5
tend to ‘'mimic S factor activity as measured. by the

H

fluorescence assay.

Titration curves of;F;action 6,8, and 9 (Figuré' 18a)
show the effect ‘of' increasihg amounts of the various
fractions on\the percent clc DRNA fofmed during copying of
poly[d (T—-G) ed (C~A) }. The relationship between the amount of
S factor ad@ed and the reduction in clc DNA' is not a simple
one. The increase in the percent clc DNA at high levels of S
factor is dug to/the production of poly[d(A—T!od(A-T)] as
will be discussed below. Where this occurs, extrabolation
must be used fg calculate the number of units/gl_of S factor
activity (Chapter II). Fractions 4 and 5 do not genegally

shov_this-inflection. This iér}robably the result. of the

high nuclease activity which tends—to destroy boly[d(A-

I



TABLE VII

Purification of S Factor?t
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Total Total
- Protein Activity

Fraction (ng) (units)

4 Ammonium Sulfate 8002 60,000
5 DEAE-Cellulose I 480z 48,000
6 G-75 Sephadex 7.53 10,000
8 DEAE-Cellulose 1II 1.03> 10,000
9 DEAE-Sephadex 0.283 600

Specific
Activity
(units/mq)

80

16.7

16.7

1From 400 g E. coli cells.

2Determined by the Biuret method (Chapter
3petermined by. A280.

4Based on units present in Fraction 4.

!
\

\
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Practions 6, 8, and 9. Various dilutions of the fractions
/were assayed for S factor activity during poly[d (T-G)ed (C-
/ A) ] synthesis. (a) % clc DNA measured by ethidium bromide

fluorescence. {(b) [14C]JACMP/[3H ]TMP incorporated into TCA-

insoluble material and counted 1in restricted isotope

channels correcting for overlap. Circles, Fraction 6;

squares, Praction 8; triangles, Fraction 9. CS

/zIGURE 18. Titration Curves of S Factor Activity in

A
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T)ed (A-T) ] as it is made.
,
(ii) Template activity for poly[d(A-T)ed (A-T) ]
The presence of a template for poly[d (A~T) ed (A~T) ] in
Fractions 6 and 8 is suggésted by the increase in percent

. i
clc DNA (Figure 18a) and by-the decrease in the ratio of

incorporated [14C]ACMP/[3H]JTMP (Figure 18b) at cfitical
conéentratioqs of these f;actions. Fraction 9 did not show
these <changes so‘clearly but the rathe; high plateau value
‘for percent clc DNA may be due to production of 1low 'levéls
of poly(d (A-T)ed(A-T) ]J. A specific assay for poly[d(a-

T)ed (A-T) ] synthesis from Fraction 9 showed that  the

template was still present (Chapter V).

(1i1) Nuclease activity o

Tanle VI£I presents a summary of the nuclease
activities found in the various fractions. The tvo
substrate~ «2f gave approximately the same results in the
_absence) 3" ‘ Poly[d(A—T)oa(Q—T)]_ is slightly more
sensitive ¢ olytic attack than is.poly[d(T-G)-d(C4A)].
The nuclec. - ~.vity inhi’t :ed by tRNA was assumed to be
endonuclease L. * b’ s of -‘a= known effect of tRNA on
this nuc?’=zase | . 2. ., 7 52).

The high nuc.ec éci*ivity of Fraction 6 was likely

respepsible for the de. -ase . percent clc DNA at very high
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{

TABLE VIII

Nuclease Activities in

I3

S Factor Fractionl

L U U

t Inhibitable Nuc}eqse3

Nonspecific.  =-—---—-f-—-———-——-—-—-———m=oose
Nuclease? - Total Units__. ,
Fraction Total Units —-tRNA +tRNA ’\ifhibition
6 - 1200 560 L 53%
N . “
8 59.2 4 - - -
.9 23.0 16.4 15.1 8% -

1t Assays described in Chapter IT.
2poly[d (A-T)ed (A-T) ] substrate.

3poly[d (T-G)ed (C-A) ] substrate.
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concentrations of Fraction 6 (Figure " 18a). The nuclease
content was reduced by the DEAE-celluose and DEAE—Sephadex'
'chromatographies. One preparation of Fraction 9 showed no

nuclease activity measurable by the usual aSsaxs. This

preparation was used where indicated.

-

L . . 7
(1v) Protein ‘components of § faﬁtor fractions

The protein components, their molecular weights, aﬂd
approximate percentage of ¥he total composipibn vere
deterained by SbS gel R eléctroph»rééis using 10%
polyacrylamide gels (Chapter 11). Trahings of the gels for
Fractions 6, 8, and 9 are éeen in Figure 19. An analysigyof
the tracings in terms of the molecular weights of the
components and their percent of the total composition is

shown in Table IX.
L 1]

The molecular weight determined for S factor is in
agreement with that observed by Flintoff and Paetkau (1974).
Fraction 9 represents a highly purified S factor.

5
(v) Stability
Fractions 6 to 9 were stable for at least several

months when stored on ice. Nuclease activity in Fraction 6

decreases slightly with storage.

*



A

FIGURE 19. SDS Polyacrylamide Gel Electrophoresis of s
Factor ™ Fractions. SDS polyacrylanide (10%) gels were run,
stained with Coomassie Brilliant Blue, and traced as
described in Chapter II. (a) Fraction 6, 7.5  ug; (b)
Fraction 8, 5 ug; (c) Fraction 9, 3.5 ug. Further analysis
of the indicated components is shown in Table IX.

L
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, TABLE IX 1
L
Protein Components of S FactdOr Fractions

et o e e — o —— . —— A e = —_s ——— - - - — = . T ———— — ——— ——

. Molecular Percent of Total
Fraction " Components! Weight? Composition3
———————————— y —————_—-_—_--_—._—_-_———_—_————_-—_—_—‘_-__--__.__‘-_
-6 A 23,000-26,000 - 1212%
B 18,500 . 20£5%
S 11,5005 00 7045%
.8 A 26,000-29,000 7 9+2%
B : 19,500 | 1544%
5 - 11,500£1000 75+4%
9 s 10,000£1000 '8545%
9 S 950041000 9445%

1As indicated in Flgure 19.

2Determnined by comparison to standard proteins.
3Determined by comparison of areas under peaks in tracings.
*Tracing not shown. Nuclease-free preparation.
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C. Problems in Purification of S Factor {

o

As was indicated<in fhe previous section, S facﬁor is
associated with a putative template for_poly[d(A—Ti-d(A—T)].
This agrees with\ the findings of Flintoff and Paetkau
(1974). It will be & wn later (Chapter V) that the agent
responsible for the ;ﬁemplate activity appears to be an
oligodeoxynucleotide. Thé major diffi@ulty in the

purification of S factor is the removal of this template.

(i) Dehaturation with combinations of urea, LiCl, and

CsCl

. The removal of the template has been accomplished in a
limitéd.number of cases using a method adapted from Traub

and Nomura. (1968). Briefly, this method consisted of a 36

<

hour incubation of Fraction 6 at 0° in 4 M urea - 4 M LiCl -

6 mM 2-mercaptoethanol followed b chromatography on a G-50
Sephadex column equilibrated with buffer F (4 M ufea -4
Litl ~,10 mH‘Tris—Cl (pH 7.5) - 6 M 2-mercabtoethanol). The
excluded ﬁaterial, containing S factor, was. dialyzed 'to

remove the urea and LiCl. Téé resultant Fraction 7 no longer

. he / .
possessed +the template activity but had lost about 50% of

' N
its S fﬁFtor activity. This procedure wa;‘not effeective in

\

the present study except when performed twice on the 'same

matierial, in which case it was accompanied by a 90% loss of
4

S fact activity.
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Variations on this procedure were used in an atéempt to
improve its effectiveness. The use of the above condition%
with 30% CsCl present, 4 M urea alone or 4 M LiCl alone did

not achieve the removal of the template activity.

A urea-LiCl-CsCl density gradient was used 1in an
attempt: Fo effect a separation of S factor and the template
activity. Fraction 6 (700 ug) in 0.2 H Tris-Cl (pH 8) - 2 nM
EDTA was_ iﬁcubated for 42 hours at 0° with 4 'M urea - 4 M
LiClﬁ.Thig sample (O;M ml) was theJ‘layered onto 4.9 ml of a
solutionAof buffgr C containing 0.1 mM EDTA and 36.2 g%
CsCl. The initial density of the solution was 1.4 g/cm3
determined pycnometrically. The sample was centrifuged as
shown in Fiqure 20. Fractions from the gradient were tested
for S factor and poly[d(A-T)ed (A-T) ] template by’the usual
metnods. The two activities banded together at the top of
the gradient. In an identical separate experiment, two
markers, chymotrypsinogen A .(5 mg) and [3H-T]poly[d(A-
T)ed (A-T) ] (0.16 A260 units) banded separately (Figqure 20b).
The density difference Qetween protein at 1.4 g/cm3 (Weigle
et al. , 1959) and poly{d(A-T)ed (A-T) ] at 1.672 g/cm3 (Wells
and Blair, 1967) in neuﬁral CsC. sithout wurea and LiCl
indicated that protein‘énd DNA should separate unless they
are firmly aséociated._ This was found in the case of

- authentic high molecular weight poly[d (A-T)ed(A-T)] and

~

chymotrypsinogen A.:The/igﬂitibn of urea and LiCl was not
7

- . . - /
-sufficient to dissociate S factor and the template.
. e
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PIGURE 20. Urea-LiCl-CsCl Density Gradient Centrifugation.
Samples of PFraction 6 {a) and markers (b) were prepared as

given in the text and centrifuged in an SW 65L Ti rotor for
35 hours at 50,000 rpm at 5°. Fractions (0.2 ml) were pumped
from the bottoms of the tubes. {(a) . Fraction 6: circles,
template activity; triangles, S factor activity given as a
decrease in percent clc compared to. a control with no S
factor.  (b) markers; triangles, TCA-insoluble ' [ 3H-
T )Jpoly[d (A~T) «d (A-T) );  circles, A280 of chymotrypsinogen A.
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(11) SDS or Sarkosyl treatment
¥

Both SbS and Sarkosyl tend to disrupt nucleic acid-
protein associations and are used routinely for this purpose
in the isolatiqon of DNA polymers after polymerase-mediated

synthesis.

Two samples of Fraction 5 were\diluted 9 mng/ml of
protein in buffer G (20 mM,Tris-Cl (pi 7.5) - 10 oM 2-
mercaptoethanol - 1 mM EDTA). Samples 1 and 2 were made 3%
in SDS and Sarkosyl respectively. Both samples were
incubated at 37° for 10 minutes, then applied to G-25
Sephadex columns (0.9x16 cm) equilibrated with buffer G. The
excluded fractions were tested for S factor and template
activities with the results sHown in Table X. There was
approximately 60% recovery of S factor in the excluded
matefial‘ for both samples. The kemplate activity and S

[y

factor remained associated.

(iii) Phenol extraction

Phenol has been a useful tool in the extraction of
nucleic acids (Kirby, 1968) without being destructive to

small proteins (Rushizky et al. , 1963).

Three samples, each containing 30 mg/ml Fraction 5 in
buffer G were treated with combinations of phenol and SDS.
Sample 3 had no SDS added. Samples 4 and 5 were made 1% in

SDS and heated 10 minutes at 37° and 80° respectively. Each
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Extraction of Poly[d(A-T)ed(A-T) ] from S Factor

Dilution
into Assay

Template S

Activity! Activityz2

Factor
% Recovery

L e M e e T e s s e S . —— —— - Y —— ————— — —— —— ——— . b im . - — ——— — ———— . _& = " = —— - - — —

~ 2
(Sarkosyl)

3
{phenol)

4
(phenol +
SDS, 379)

5
(phenol +
SDs, 809)

Fraction 5
(Untreated)

1,500
1,170,000

1,/500
1,300

1,/500
1/1000

1/500
1,/1000

1,500
1,/1000

1/500
1,10,000

242 3
207 s

167 s

210 s

11 60%

!Incorporation of [ 3H]TMP in nmoles/ml.
2Decrease in percent clc DNA compared to
3Incorporation during 7 hours.
*Incorporation during 2 hours.
SIncorporation during 6 hours.

L4

11> 60%
2 ) <10%
9 30%
9 30%
6 -
controi.
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sample was extracted twice with one volume of phenol
saturated with bhuffer G. The combined phenol phases were
extracted with one volume of buffer G. The phenolic material
was then lyophilized wuntil no more phenol odoar was
detectable. Each sample was dissolved in OfS ml of water and
applied to G6-25 Sephadex columns (0.9x16 cm) equilibrated
with buffer G. The excluded material from each column was
lyophilized, dissolved in 0.2 ml water, and tested for s
factor and template activities. The results are shown in
Table X. There was about 30% recovery of S factor activity
for samples 4 and 5. A large amount of material from sample
3 ‘ was lost in an insoluble precipitate formea after
lyqphilization.of the phenol extract. S factor and template

- - 0 3 - - /
activities remained associated in all cases.

(iv) Enzymatic degradation of template activity

.

The template activity was , not susceptiple“to
nucleolytic degradation by endogeﬁous nucleaces, exonuclease
NIII, or a combination of pancreatic DNase I and venon
phosphodiesterase unless the accompanying proteins were
first denatured. This will ,be discussed more fully in

Chapter V.

These results show  that S factor and the-oligo[ d (A-
T)ed (A-T) ] template are not readily separable by

nondestructive denaturing conditions without extensive



1oss§s of S factor. For this reason. the removal of the
template was not performed and purification to Fractions 8
and 9 was done omitting Fraction 7. With Fraction 9, the
interferenéé with S fabtor assays by poly[d(AjT)Od(A—T)]
production could be decreased by sufficient | dilutioﬁ.
However, as will .be shown in Chapter V, the template is

still present.

III Results: Properties of S Factor

‘A. Effect Of S Factor on clc DNA Production in vitro

(1) Copying of chemically defined DNA polyﬁers

The prevention of accumulation of clc struétures during
the copying of poly[d(T-G)Od(C—A)J forms the basis of‘ the
?éssay for s factor and ~was its initial defining
characteristic. Poly{d(T-G)ed (C-A) ] made in the absence of S
factor normally has about 25% clc DNA as measuréd by the
fluorescence assay. The addition of S factor reduces the
percent clc DNA (Figure 18). The product >ponmer has
.separable strands. A similar effect has been observed for
poly[d(T—G—G)OdkC—A-A)] (Chapter III, Figure 12). The

‘difference between clc and ron-clc polymers is seen clearly

in alkaline CsCl density gradients.

S factor is unable to remove covalent links once they
have formed either when it is added after copying of

poly[{d(T-G)ed (C-A) ] has begun or upon incubation with clc
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poly[d (T-G)ed (C-A) ] (Flintoff and Paetkau, 1974) .

(ii) Copying of bactefiophage PM2 DNA

PM2° RFII DNA was copied under the conditions described
in Chapter II. One synthesis mixture contained no § factor
and the other contained 1 ug/ml Fréction 9 (nuclease free).
The products were labelled with [14C]4CTP (1415 cpn/nmole)
throughout synthesis. At 3.5 hours (1.5 rounds of capying)
[3H]TTP was added to give. a specific activity of 12,000
cpn/nmole TTP. The synthesis was stopped‘at 6 hours by the
addition of EDTA to 25 mM and cooling. The products were
Vexémined by three different means: :

a). Ethidium bromide’ fluorescence. Aliquots removed at

intervals during the copying wére diluted into 3 ml of

"KE buffer for the fluorescedqe assay (Cﬁépter II). The
results given in Pigure 21 show that S factor did not
entirely prevent clc DNA production. In the early
stages of the synthesis, the percent clc DNA was very

high and then decreéséd to a plateau level. of 60%

(Figure 21a). Non-clc DNA increased stea@ily after one

round of copying in the presence.of S factor (Figure

21b) . Without S factor, the production of non-clc DNA
'was much less. S factor stimulated synthesis by 75%.

b) . Batchwise hydroxyapatite analysis. - Hydroxyépatite

chromatography was performed as described in Chapter

II. Samples were divided in half and one half was



11

60} © o o 0o -
L
s 40 -
20 | s
Ob_ L 1 1 1 L
0 1 2 3 4 5
- ROUNDS OF COPYING |
O .
Z T T T 1
5%* -1
L5 / -
BZI 10 'o__.-—-/ | -
gg gg 0.5 ///// D———J—""D ) -
C) ' C)DIh--de--E"—tr’—’— 1 ] 1
o 0 1 2 3 2 5

ROUNDS OF COPYING

RFII DNA. PM2 DNA was copied in the presence and absence of
S factor as described in Chapter II. The fluorescence assay
in the KE buffer system was used to monitor total and clc
DNA production. The results are.expressed as percent clc DNA
versus rounds of copying (a), and rounds of copying noa-clc
DNA production versus rounds of copying total DNA (b).
Circles, with S factor; squares, without S factor.

\



112

sonicated (5x%_ seconds on optimal setting) and
denatured by heating at 95° for '5 minutes then quickly
cooled - in ice . before adding the hydroxyapatite.
Sonication would be expected to decrease the proportion
of single—strandedlmaterial attached to double-stranded
DNA. After denatu;ation only clc DNA will renature and
" behave as double-stranded DNA on the hydroxyapatite.
) After each extraction aliquots from the supern&tants
were-added tb Aquasbl and counted in restricted isotope
éhannvls. Synthesis in the presence of S factor
increased the percentage of single strands (i.e. non-
clc DNA) 1in 3H-labelled material from 6;3% to 28% and
in '4C-labelled material from 8.9% to 25.3%. Sonication
incréased the proportion of single strands slightly.
The proportion of 14c-labelled single-stranded material
was similar 1to that for 3H-labelled material after
synthesis in the presence of 5 factor, suggesting that
the decreased renatdrability vas not due to a gemneral
nuclease effect. If tﬁis wefe the mechanism, then the
14C-labelled DNA, which was exposed to S factor longer,
would have haé a greater proportion of single-stranded
DNA than the 3H-labelled material. /

c). Alkaline sucrose seﬁimentation. Samples from 6
hou;s of synthes;s were m?de 17 mM in NaOH and layered
onto 5%-20% sucrose gradients containing 0.1 M Naél -

10 nM EDTA - 0.10 M NaOH. The gradients vwere

centrifuged in an SW 65L Ti rotor at 60,000 rpm for 3.5

A
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hours at 5°. The DNA synthesized in the presence of S
factor appeared to be of slightly lower molecular
‘weight thaﬁ that made without S factor. Thgre Jas no
separation of 3H7~and 14c-labelled material.
These results"indiéate tﬁat s factor had an effect on the
structure of the synthesized DNA. The results of the

-

fluorescence assay and the hydroxyapatite an¢” vsis suggest

that clc DNA production was reduced. The decrea . »lecular
weight of the product made in the presence of S  «.. - méy
be due to a 1low level of nuclease activity . wvo. L as
synthesis of‘short fragments along the displaced 5°' . ~r.nd
(see Discussiq?, Figure 23); The similarity din = ¢

proportion of 3H- and 14C-lapelled material seen in the
hydroxyapatite analysis and the co-sedimentation of 3H- and
14C-labelled DNA suggest that the effect of S factor is
specific and cannot be attributed to a general nuclease

effect.
B. Proteolytic Effect of S Factor on DNA Polymerase

Limited proteolysis of DNA polymerase I produces the
76,000 mwmolecular weight component which retains polymerase

activity (Brutlag et al. , 1969). S factor's activity

ot

therefore might be effected through some proteolytic
alteration of the DNA polymeraSe. To tést this; possibility,
~DNA  polymerase (70 ug/ml) fas incubated with 10 ug/ml S
factor (Praction 9) or S factor plus the 4 d4NTPs (1.2 nN
each) and/or 0.2 2260 poly[d (T-G)ed (C-A) ]. Potassium

-
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phosphate, DTT,‘and magnesium chlqride were used as in a
normal synthesis mixture for poly[ d(T-G)ed(C-A) ]. After two
hours at 37° the reaction was stopped by the addition of
EDTA - to 20 mM. .The samples ve;é then subjected . to
/71ectrophorésis on SDS polyacrylamide (5%) ‘gels for 1.5
hours. The ‘major protein bands seen were the 109,000 and
76,000 molecular weight components of DNA polymerase
'(Chapter IT) and S factor where it was added..In all cases,
the ratio of 76,000,/109,000 mqterial was within 0.03 of the

* value obtained without S factor treatment (0.10). The ratio
of the migration distance of the 109,000 component to that
’>/of S factor itself or to that of the 76,000 component varied.
les§ than 2%. Thése results suggested that there was neither
an alteration in the molecular weight of the*’ 109,000

i .

cdmponent of DNA polymerase nor any specific conversion of

the 109,000 component to the 76,000 component.
C. Effect of s Factor on Repair of Single-Stranded DNA

DNA polymerase I may take part in repair in vivo
{(Chapter TI). Thé effect of S factor on reédir was therefore
tested using poly[d(T-G) ] and poly[d(C-A) ] templates ahd the
decadeoxynucleotides oligofd (C-3) ] and oligo[d(é—G)]
respectively as primers. The reaction mixture for repair
synthesis consisted of 70 mM potassiur phgsphate (pH 7.4) -
10 mM magnesium chloride - 2 mM DTT - 0.12wmu each of TTP
and 4GTP or 4CTP and dATP - 20 nmoles/ml template (poly[d(C-

A)1 or poly[d(T-G)] - 140 units/ml DNA pélymerase. The

O
PR
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mixture was incubated at 15°. Repair synthesis was measured
by the incorporation of [3H]dCTP or [ 3IH]TTP at specific
activities of 6225 and 7100 cpm/nmole respectively. The
incorporation reached a plateau at 0.4- to 0.5-fold copying
in 30 minutes. The krepair synthesisv uéing S factor gt‘
concentrations of 4, 2, 1, or 0 ug/ml varied less than 10%

in rate and extent.
|

D. Binding of .S Factor to Poly[ d (A-T)ed (A-T) ]

'

The firm as§ociation bétween S factor and poly[d(a-
T)-d(A—T)j suggested' that‘ binding Aofi S factér to ‘high
molecular weight poly[d (A-T)ed (A-T) ] might be demonstr;ble.
Three methods were used as indicators of binding:

a) . Protection from exonuclease III‘action.‘fhe acid-

solub%ization of poly[d(A-T)ed(A-T) ] by exénucl;;se III

. . A
vas compared - in the presence and absence of ;g> factor

(Fraction 9). S factor was present agjconcentrations
: &

-
-

giving 3 to 12 protein molecules per molecule of DNA.
The presence of S factor did not decrease the rate 6r
extent of degradatipn of the polytd(A—T)-d(A—T)] by
exonuclease III.
b) . Ethidium bromidé binding. The amount of ethidium
bromide that can binq to DNA may be decreased bx’ the
‘prior 'binding of proteihs to the DNA. Poly[ d (A-T) ed (A~
T) ] was 1incubated at room temperature in 30 ni
potassium phosphate (pH 7.4) ﬁith a 1- to 10-fold molar

excess of S facto (Fraction 9). Variations included:
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addition of magnesium chloride to 4 wmM and/or DNA
"polymerase to 35‘ug/m1; extending the incubation time
to 12 hours; or replacing poly[d(A?T)Od(A—T)] with E.
coli DNA. Samples were added to 3 ﬁl of TEE buffer and
?he fluoresgsnce %gasured within 10 minutes. The .
resultant fluorescence varied 1less than 5% fron é
control with no S factor.
C€) . Agarose chtomatography. Tritium-labelled poly[ad (a-
T) od (A-T) ] (0.08 A260 units) and 20 ug S factor
(Fraction 9) were incubated together in a 200 ul
reaction mixture consisting of 0.15 M Tris-C1l (pH 8) -
1 mM EDTA. A parallel sample contained no DNA. After 1
hour at 49, the samples were applied to 15M Agarose
columns (0.9x30 cm) equilibrated with pﬁffef B.
Fractions were 1 ml. The excluded material was detected
by the radioactivity of the poly[d(A-T) ed (A=T) ]; the
included material by absorbance of an ATP marker - The
included and excluded fractions were pdoled separately
and lyobhilized to dryness. The samples were taken up
in 0.5 ml of water and dialyzed against 5 mM sodiun
phosphéte (pH 7;2{ at 4o, The dialyzed sample were
concentrated by evaporation and subjected to SDS
electrophoresis’on 10% polyacrylamide gels (Chapter
IT). Por both samples S factor was found only in. the
included material. It did not co-chromatograph with the
poly[d (A=) d (A-T) J. -

Binding was not detectable by any of these methods.

w
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j | |
/ S factor has been purified to an essentially
homogeneous prot9{;7\\Fraction 9. Tt has a moleculgr weight
of 9500-12,000 on SDS gel electrbphoresis and an apparent
molecular weight Tf 24,000-26,000 on G;75 Sephadex..These
values agree v ' th thosé reported 'by Flintoff and Paetkaq
(197&). It has been suggested that the protein may consist
of a dimer of identical subunifs. The protein has ‘a template
for poly[d (A-T)ed (A-T) ] gound>VO it. It does not .appear to
b‘!ind to high molecular ueight .poly[d(A-—T)Od(A-T) ]« s factor
__does not have a proteolytic effect on DNA polymerase nor
does it stimulate repair synthesis by DNA polymerase. S
factor does, however, reduce or prevent clc DNA production
during copying of the DNA polymers poly[d(f-G)Od(C—A)] and
poly[d (T-T-G) «d (C-A-A) ]. It abpears to have a similar effect

during in vitro copying of PM2 DNA.

ThereAare a number of problems which complicate the
purification. One of .these is the laék of 'a simple
relationship between the amount of S factor present and the
decreaseAin the percent'clc DNA. This introduces a degree of
subjectivity into aq/es£imation of activity. fhe éresence of -
nuclease activity and a ‘template for poly[d(A—T)ode—T)]
also make these @alcu]Qtions more difficult. Nuclease
activity can mimic:S factor,» and poly[d(A*T)OG(A?T)] copyiﬁg’

can increase clc DNA. . \
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The S factor activity measured in Fractions 4 and 5
should be cofhsidered as only approximate values ‘because of
the high Ylevels of nuclease activity. Fraction 6 is more
amenable to assay. The absolute yield of S factor activity
in Fraction‘ 6 1is gimilar to that reported by Flintoff and
Paetkau (1974). The addition of tRNA to the assay systenm
increases the accuracy of the assay by inhibiging
endonuclease I ‘(Lehman et al. , 1962). It was shown in Table
VIII that the nuclease activity in PFraction 6 is 53%
inhibitable by tRNA. It should be noted that endonuclease I
does nof mimic the effect of 5§ factor wvhen the synthesis

products are examined by alkaline CsCl density gradients

(Coulter et al. , 1974).

The‘templaté for poly[d(A-T) ed (A-T) ] bound to S factor
masks +the effectiveness of high concentrations of S factor.
The titration curves in Figure 18 show - that the
concentration of S factor necessary to obtain a low level of
clc DNA 1is very critical. The elimination of the template
proved to be unpractical. The lack of success with' phenol
extraction and urea-LiCl or detergent denaturation followed
by colunmn chromatogiaphy could be explained on the basis of
the template's» size, causing it to béuexcluded along with
the p;otein. The two would presumably then reassociate. That
size alone is not the only contribufing fagﬁor is indicated
by co-banding of S factor and the template ih{a urea-LiCl-

CsCl density gradient. The procedure decribed by Flintoff -
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and Paetkau ¢1°784) (chromatography iﬁ 4 M LiCl - 4 M urea)
was successful in some cases and there are several possible
rteasons for its lack of general effectiveness. The size of
the template may vary from one preparation to another
depending on the degree of autolysis. The procedure was
effective only when it was accompanied by extensive losses
of s factor activity‘ so there may be a selection for S

factor molecules which are free of template.

-

S factor and the template actisities co-chromatograph
at a partially included position on G-75 Sephadex following
aﬁ autolysis at the Fraction 5 stage. Without the autolysis,
the S factor 1is completely excluded along with DNA
polymerase (Flintﬁff and Paetkau, 1974) . The autolysis is
dependent on the prior removal of low ﬁolecular weight
components Q}\F—ZS Sephadex chromatography and the addition
of magnesium. The chapge in the apparent molecular veight of

the S factor during

the autoiysis is assumed to be due to

partial degradation by endogéhous nucleases of the DNA

fragments to which the prbtein is bound. It might be argued

.
that the molecular weight change‘is in the S protein itself.
This cannot be ruled out but it ;§/un;ikely for two reasons:
the " autolysis is Adependenf/ on Bagnesium wﬂich ié
_éharaéferistic of nucleolytic not proteolytic deg-addtion;
and SDS gel electrophoggsfgﬁﬁéf Fractions & and 5 showéd
‘proteins vith molecular weights ip_ the .9000-13,000 range,

Pa—

one of which could be S factar.

«
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The association of S factor with a  template for
. 1]
poly[d (A-T) ed (A-T) ] suggests an affinity for such sequences.
This may be related to the actual binding sites for the

protein on template DNA during copying. The lack. of

o

observable binding to high molecular weight poly[d(ﬁ—T)OG(A-‘
T) ] may be a function of the size of the polymer. Binding to
the ends of the polymer may not be detectable at the highér
ratio of internal to terminal éesidues found in high
mplééular weight polyiers compareq with s@onter polymers.

S factor does not stimulate repair synthesis nor does
it behave as a protease towards DNA polymeraée, S factor is
distinguishable from other 1low molecular weight proteins
such as the single-stranded DNA binding protein observed by

- Sigal et al. , (1972) on the basis of its molecular Heiéht
in SDS gels aqd its failure to cause hyperchromicity of TG
DNA (Flintoff and Paetkau, i97u).'It does not affect the
transcription of T4 DNA (Flintoff and Paetkau, 1974) as éoes

a protein of similar low molecular weight (Cukier-Kahn et

al. , 1972).

The only known function of S factor is its blocking of

DNA. It has been suggested that clc DNA may arise if the

polymerase switches strands (Schildkraut et al. ,1964) or
doubles back to copy the newly .madeAkstrand (Harwood and

Wells, 1970): It has been suggested that S factor acts by
f3 .
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binding to the displaced strand to prevent switching or
doubling back (Flintoff and Paetkau, 1974). These mechanisns

are shown in Figure 22.

It might also be postulated that S factor is the .
“knife" 6f Guild's (1968) ‘"knife and fork" model of
replication. Such a mechanism for S factor cannot be
distinqguished at present from the one shown in Figure 22a. A
nucleolytic action at the growing fork would likely require
a highly specific combinati~~ of template, primer, and

polymerase existing only at the replicative site.

Natural DNAs have been used as substrates_for S factor.
The copying of E. <coli DNA in the presence of S factor
results in a decrease in the percentage of clc structures
(Flintoff and Paetkau, 1974). PM2 . DNA (RFII) provides a
template in'which strand switching plays a major role in the
net-fold synthesis in vitro (Masamune and Richardson, 1971).
S factor reduced but did not completely prevent clc DNA
production. A consideration of Masamune and Richardson's .
(1971) model of in iiggg copying of PM2 DNA nmay helpf to
explain this (Figure 23). The equilibration betwveen tﬁe
various structures permits net-fold copying of the template.

The equilibrium between Ia and Ib would be expectedA%n the

early stages when the displaced 5'-end is short. Both Ia and

~

Iib could give rise to clc structures. In Ib a short region
of intrastrand complementarity at the 3'-end may permit

hydrogen bonding as was seen in Figure 4. If S factor does
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3 " clc

clc:

’PIGURE 22. Models for clc DNA Production and the Action of S
Factor.” DNA polymerase may (a) switch strands or (b) double

back.
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non-clc | cle

A =DNA POLYMERASE

FIGURE 23. Clc DNA Production during PM2 DNA Synthesis in
vitro . ’ '
}
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not recognize structures such as Ib then clc DNA may be
produced through an alternate means. In vivo the equilibrium

between Ia and Ib would be blocked by initiation on the

diSplacéd 5'-strand.

[y

" The above model for S factor with circular DNAs could
be tested using circular poly[ d (T-G) ed (C-R) ]. The
.equilibrium between structureé Ia and Ib would still occur,
however, lack of any intrastrand complementarity would
ﬁrevent IIc from arising by copYing. Clc strﬁctures should
arise only via IIb. If S factér blocks IIb production, then
ITa will be the product. The nature of the.clc Structures
could be tested not onlf by fluorescence but, as with linear
polymers, by alkaline csCl density gradient centrifugation
if the complementar¥~sequences vere differentially labelled.
It is possible to prepare circular poly[d(T-G)ed (C-A) ] using
linéar polymers and polynucleotide ligdse‘ (Paetkau and

Khorana, 1971). The main . problem is one of yield.

As stated in Chapter I, the scarcity of évidence’ for
clc structures from in vivo replication is not suprising in
view of "their potential letﬁality. However, it may ’be
possible to find conditional lethal nutants for the S factor
function. if such a mutant were available, the effects on E.
coli DNA or bacteriophage DNAs miaght prove interestimng. It
has been suggested (Flintoff, 1973) that one of the

uncharacterized ts dna loci, for instance the dna C (D) locus

wvhose product has 'a molecular weight of 25,000, may be
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responsible for S factor. The properties of these @utants,
particularly dna D, are under investigation to see if they
tend to accumulate clc sequences in yvivo under the non-

permissive conditions. |

3

It has also been suggested (Flintoff, 1973) that E.
coli cells made permeable to antibodies with toluené‘ and
Triton X-100 (Moses, 1972) might be used to stddy the
effects of inactivation of S 'by a specific antibody:
Applicafion of such-a system to an E. coli strain carrying
thebpolymerase I dependent’circuiar plasmid colicin E1 may
result in structures resembling those seen for PM2 DNA
cop;ed in vitro particularly since this colicin uses

polymerase I for its DNA replication.

Bacteriophage or plasmid DNAs are especially useful
because their small size makes them amenable to study in: an

undamaged form by electrqQn microscopy.
' €3

<



CHABTER V

I Introduction

Purified DNA polymerase I from E. coli synthesizes the

copolymér, poly[d (A-T)ed (A-T) ] and the homopolymer,
poly[d(G) ed(C) ] in apparently de novo reactions (Schachman
et al. , 1960; Kornberg et al. , 1964; Burd and Wells, 1970;
Raddinq gi al. , 1962). The characteristics of such
syntheses ére the absence of an exogenous templgte, a long
lag period varying. froﬁxr 2 to 8  hours, aﬂd the rapid
synthesis of polymers containingﬁ?nly either dAMP and THMP in
equal‘ amounts, or dGMP and dCMP respectively. These
~copying of undetected small oligodeoxynucleotides associated
“with the polymerase. The kinetics of sYntthiS of each
polymer may be nearly exponential at early gfmes and are
typical of autocatalytic feactions-beginning with very small

[

templates (Radding and Kormberg, 1962).

-

The presence of an apparent template aétivity for
poly[d (A-T)ed (A-T)] associated ' with S factor preparations
has recently been reported (Flintoff and Paetkau, 1974). 1In

addition, it has been observed that there is an apparent

126
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template for polypyrimidineepolypurine DNA in the crude

fraction, DIII (Morgan et al. , 1974).

The existence of such templates provides one possible
source for the apparently de novo reactions. The partial
characterization of the template in DIII fractions and the

complete characterization of the template associated with S

factor are the topics of this chapter.

II Results: Template Activity in DIII

Unless otherwise stated the conditions for all
synthetic reactions were those déscribed for defined DNAs in
Chapter II, with all four dNTPs present in equal p ions
and no tBNA added. DIII is a by-product of a prepar. .vn of
RNA polymerase 'by the method of Chamberlin and(éerg (1962)

J

(Chapter II).
A. Nucleic Acid Content of DITI

DIIT had an absorbance of 10 A260 and an A260/A280
ratio of 1.0 before  it was subjected to any treatment.
Incubation with 0.1% SDS for 10 minutes at 509 followed by
centrifugation reduced the. absorbance to 3.0 A260 and
incregéed the A260/A28O ratio to 1.4. Comparison to a

standard sample of DNA in the fluorescence assay suggested a

double-stranded DNA coptent of 0.03-0.07 A260.
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B. Preparation of Oligonucleotide Fragments from DIII

.

High moleculér weight nmaterial was removed from DIII
<

ppeparations by dhrématography of 1 ml samples of DIII on
158 Agarose columns (1x30 cm) equilibrated with 5 mM Tris-Cl
(pH .8) ~ 0.1 mM EDTA. A typical elution profile is shown in
Figure 24. Fraction 19, with an A260/A280 ratio of 1.4, was
used as a source of template activity. This wmaterial was
found | to contain oligodeoxynucleotide fragments. The

///proportion of material in the included and excluded regions

y varied with different preparations of DIII.

C. Amplification of the Oligodeoxynucleotide Fragments

-~

by Copying

Fraction 19 was added to a standard synthesis mixture
to a final «concentration of 0.03 A266. Th% p;oduct vaé
labelled with [3H]TTP. Synthesis was monitored by the
fluorescence assay. The rééults for copying fraction 19 as
well as another sample of similarly prepared material are
shown in Figure 25. The fraction 19 template showed a 4 hour
lag period followed by rapid synthesis. The other template
showed a lag period of less than one hour. The product of
the fraction 19 template will be réferred to as Polymer A;
the product of the other template as Polymer B. The
synthesis was stoéped‘ and the products isolated after.s
hours for Polymer R and 5 hours for Polymer B. A third

polymer, Polymer C, was produce. from a third DIII



129

06 | —

ABSORBANCE

o © © O O
O — N W A . O
N
®
o

. CadaCnbdenad? | 1

g

|
12
FRACTION NUMBER

O
§ N
0 ]

FIGURE 24. Agarose Chromatography (15M) of DIII.

chromatographed -on a 158  Agarose column
equilibrated with 5 mM Tris-Cl (pH 8) - 0.1 nnM

"DIII was
(1x30 cn)
EDTA. The

column was rurM at room temperature by gravity with a flow

rate of 7.6 ml/hour. Fractions were 1.9 ml. Open

A26"; closed circles, A280.

circles,
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FIGURE 25. Copying of Oligodeoxynucleotide Fragments from
DIII. Oligodeoxynucleotide  fragments were added to a
synthesis nmixture containing equal proportions. of all 4
ANTPs. The synthesis was monitored by comparison to a
standard DNA in the fluorescence assay. The products were
.isolated by 15M Agarose chromatography and are designated
Polymer A (fraction 19 template, squares) and Polymer B
(circles). The initial concentration of template source was
“ 0.03 for Polymer A and 0.05 A260 for Polymer B.
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preparation. Its kinetics of synthesis were similar to those

~of Polymer A. Other amplification rcactions showed

considerable variation in the synthesis kinetics and ratios

of [14Cc ]dCcHMP/{ 3H]TMP incorporated.

D. Properties of the JIsolated Products of the
Amplification Reaction

(1) Molecular weight

Polymer A had a single-stranded molecular weight of
110,000 and a double-stranded molecular weight of 676,000
determined by alkaline and neutral sedimentation velocities
respectively (Chapter II). This suggested a high molecular

weight DNA product having several single-stranded nicks.

(ii) Clc DNRA content

The <c¢lc DNA content of each isolated\ polymer was
determine v fluorescence with the results: Polymer A, 41%;

Polymer B, 30%, Polymer C, 29%.

(iii) Buoyant density

The buoyant density of Polymer A was determined by
anal, tical neutral CsCl density gradienf centrifugation
(Chapter iI). The polymer, in 1low salt, was heated in
boiling water then quickly cooled before centrifugation. The
buoyént density, determined by the isoconcentration nethod,

was 1.810 -g/cm3. This is similar to the density of
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poly[dGedC ], 1.794 g/cm3 (Erikson and Szybalski, 1964).

(iv) TMP content

4 .

Polymer,£ A was labelled with ([3H]TTP during 1its
synthesis but thg isolated product contained very little
label. It was estimated that less than 5% of the residues

were TNMP.

(v) Témplate for poly[{r(G)] synthesis and poly[ r(C) ]
I

synthesis

All three polymers ﬁere tested for transcription by RNA
polymerase to poly[:(G)] ‘and poly[r(C) ] (Chapter II). The
results are shown in Pigure 26. Polymers A and B had similar
kinetics of poly[r(G)j synthesis, that is a rapid initial
-rate followed by a slower rate. Both polymers also showed
poly{r(C)] synthesis. Polymer C was also transcribed to
polylr(G) ] but the kinetics showed a slow initial rété
follwed by a rapid rate. Polymer C gave very little
poly[r(C) ] transcription. There was essentially no
poly[r(A)] or poly[r(U)] transcription for any of.the three
polymers. The templates usgd to produce Polymers A, B, and C

were not themselves detectably transcribed.

The kinetics of transcription to poly[r(G) ] ‘for

[}

Polymers A and B were typical of a. polymer havihg pdly[d(C)]

tracts (Paetkau et al. , 1972). Extensive transcription to

'
/
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Figure 26. Transcription of Polymers A, B, and C to
Poly[r(G)] and Poly[r(C)]. Polymers A, B, and C wvere
transcribed by RNA polymerase with [14C] CTP or [14C]GTP as
the only nucleotides present (Chapter II). Synthesis was
mon¥tored by incorporation of 1label into TCA-insoluble .
material. Solid 1lines, poly[r(G) ] synthesis; broken lines,
poly[r(C) ] synthesis. Circles, Polymer A; squares,> Polymer
B; triangles, Polymer C. ) : W :

‘ 4
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poly[r(C) ] suggested "poly[d(G) ] tracts. The kinetics of
polylr(G) ] synthesis for Polymer C are those to be expected

for a template containing T and dC residues in one strand.

'Polymers such as poly[d (T-C)ed (G-A) ] and poly[ d (T-T-C) =4 (G-

A-A) ] are transcribed in this way (Paeth .u et al. , 1972).

_—— o=

I1I1 Results:'Template Activity Associated with S Factor

5 factor fractions were prepared as described in

‘Chapter IV. Unless otherwise stated, all-synthetic reactions

wvere performed as described in Chapter II for poly( d (A-

T)ed (A-T) ] with tRNA present where indicated.
A. DNA Content of S Factor Fraction 6A : :

The presence of DNA in Fractiop 6 or 6A was not
detectable by measuring A260. By using the ethidium broride
fluorescence assay it was found that Fractlon 6A contained

approx1mately 0.002 A260 DNA (0 38 ng DNA/ug proteln).

|

B. DNA Polymeraée Content of Fraction 6

Varlous concentratlons of Practlon 6 were tested in the
usual synthetlc reactlon without added DNA polymerase.
Fraction 6 containéd~no DﬁA pblymerizing activity, either in
the - > of added template or in the presence of ad

au - 1y[d(A-T)ed (A-T) ] templaﬁe.
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C. Template Activity in S Factor Fractions

(1) Co-purification with 'S factor

The profile of the chromatography of Fraction 5 on G-75
Sephadex is shown in Figure 15 (Chapter IV). DNA polymerase-
dependent.template,activity co-chromatographed vith_s factor
in a partially included position. The divisién of this
material into Fractioms 6 ahd 6A was discussed 1in, Chapter
IV.

(ii) Template activity for apbarent poly[d (A-T)ed (A-T) ]

synthesis

Polymers containing only AAMP =nd TMP were synthesized
with DNA ©polymerase using either Fraction 6 or authentic
poly[d (A-1r)ed (A-T) ] as a template. The results are shouwn 1in
.Fiéure 27. With authentic poly[d(A-T) ed (A-T) ] template the
lag period was less than one hogg. Adding a high level of
Fraction 6 resulted in a short laq period of 1 to 2 mggrs
followed by rapid synthesis and subsequent degradation of
the product. The lower concentration of Fraction 6 gave a‘
slower rate of synthesis reaching a greater extent bbefore
degradation ensued. The étimulation* of synthesis and ;ﬁeﬂ
rapid degradation of the product ias"likely due to  the
nuclease aEtivity of Fraction 6 of which about half was tRNA
inhibitable endonqplease I (Table VII, Chapter IV). The
addition of tRNA at“ 0.5 A260 to the synthetic:  reaction |

resulted in more extensive synthesis‘at the higher Fraction
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PIGURE 27. Copying of Poly[d(A-T)sd (A-T) ] and Templates in S
Factor. Synthesis was followed by incorporation of [3H]TTP
into TCA-insoluble material. Templates were ‘‘provided by
either (a) authentic PPLly[ d (A-T)*d (A-T) ]J: open symbols, 0.2
A260 and closed symbols, 0.01 A260; or (b) S factor Fraction.
6: open symbols, 11.5 ug/ml and closed symbols, 0.58 ug/ml.
Circles, no tRNA; squares, 0.5 A260 tRNA.
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6 concentration andf a longer lag period at the lower
Fraction 6 concentration. It had littlg effect on the
copying of the authentic poly[d}@;g)td(A—T)]. ¢

A comparison was made between the kinetics of copying
the template in Fraction 6 and authentic poly{d (A-T)ed (A-
T) J,» and the apparently de novo synthesis which occurs with
no. added . temp;ates. The results are seen in Figure 283~
Synthesis did eventually occur in the absence of exogenous
template, but addition of Fraction 6 reducéd the lag period
from 16 hours to 1 to 2 hours. In ali spbsequent experiments
repqgtéd here there was no apparently gemplate independgnt

synthesis during the time course under observation.

D. Characterization of the DNA Polymerase Product, of

the S Factor Template

(i) Nucleotide composition of the product
3

The template present with S factor was copied with DNA

'polymerase in the presence of various combinations of dNTPs.

The results are shown in Table XI. The only dNTPs which
appeared to be reguired or incorporated Qere‘dATP and TTP.
Synthesis did occur when all four dNTEs were pr@sent but no
incorporation of [ 14CJ]dCTP was detectable.

8
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FIGURE 28. Comparison of Synthesis Using Exogenous Templates
and an Apparently de novo Reaction. Synthesls was monitored
by the incorporation of [3H]TTP in the standard reaction
with tRNA present in all cases. Templates were added as
follows: circles, 0.1 A260 poly[d(A-T)ed (A-T) ]; squares, 2.9
ug/ml Fraction 6; open ttriangles, 0.58 ug/ml Fraction 6;
closed triangles, none.
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Nucleotide Compgsition of Product
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iNMP Incorporation DNAZ 3
- a (nmoles/ml) 2 Synthesis
Conditionst? [ 38]TMP [ 14C]dACHP (nnoles/ml)
[3H]TTP, AATP 0 - 04
0.2 A260 : 97 - -
poly[d (A~T) ed (A-T) ] .
+[ 3g]JTTP, AATP
Fraction 6 (20 ug/ml)
+[ 3H]TTP, AATP 33 .- 66
+[ 3H]JTTP, [14C]ldCTP,
dATP, dGTP 29 0 60
+{ 3H]TTP 0 i - 0
+[ 34]TTP, dCTP 0 - 0
+[3H])TTP, d4GTP 0 - 0
+[ t4cjdcTP, TTP,
dcTp, dATP - 0 60
———————————————————————————————— o e e s e > > o - o —  ———— = —— -
o 1al11 conditions included DNA polymerase at the

concentrations. All dNTPs were at 0.2 mM.
2711 values were measured at 2 hours.
3Values determined. by fluorescence assay.
4No synthesis pccurred during 6 hours.
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(ii) Physical characteristics of the product
A

/ The product was compared to authentic pol}[d(A—T)Od(A—
/T)] in terms éf its physical characteristics. Four methods
were used:
a) . Buoyant density: The buoyant densities in CsCl were\
compared for the products copied from the Fraction 5
tenmplate and from authentic pbdbly[d (A-T)ed (A-T) ] under
the. usuwal conditions with 0.5 A260 present. The
‘prbducts were labelled with4[14C]JTTP and (3H]dATP. The
extent of s#nthesis was determined by thé fluorescence
method. The reaction was stopped after 3.5 hours for
the authentic poly[d(A;T)id(A—T)] teﬁplate and 6.5
-hours for: the Fraction 5 template. The resulting
material was added -di;ectly to neutral and alkaline
CsC1 solutioﬁs and cenérifuged as indicated in Bigure
29. There was no separation of 3H- and 1’C—iabels
either inxalkaline or neutral gradients. The buoyant
~densities of the broduct made. from the Fraction 5
template correspon..d to those seen for the authentic
poly[ d (A-T) ed (A-T) ] template in both gradients. The
sharpness of the bands seen in the gradients suggested
that the material was of high molecular weight. Another
exgeriment in which'tRNA was.ab§ent resulted in a broad
.band of material from the Fraction 5 template. This

band centered at the density of the authentic poly[ad (A-

T) «d (A-T) ] in both alkaline and neutral gradients.



PIGURE 29. CsCl Density Gradient Centrifugation of Poly[d (A=
T)ed (A-T) ] and the Product of the Fraction 5 Template. The
polymers were synthesized using 4 ug/ml Fraction 5 or 0.01
A260 authentic poly([d (A-T)ed (A-T) ] as templates. The neutral
CsCl solutions contained 20 mM Tris-Cl (pH 8) - 1 mM EDTA
and CsCl to a density of 1.658 g/cm3. The alkaline solutions
‘contained 50 mM NaOH - 1 mM EDTA and CsCl to a density of
1.725 g/cm3. The solutions were centrifuged in a fixed ‘angle
Ti 50 rotor at 38,000 rpm for 88 hours at 20°. Fractions of
0.2 ml were pumped from the bottoms of the  tubes. Aliquots
of 50 ul were removed from each fraction to determine TCA-
insoluble cpm. Densities were determined refractometrically.
Polymer copied from the Fraction 5 template: (a) neutral,
(c) alkaline gradients; polymer copied from authentic
poly(d (A-T)ed (A-T) ]: (b) neutral, {d) alkaline gradients.
The arrows indicate the buoyant densities expected for
poly[d(A) ¢(T)] (Wells and Blair, 1967). Circles, total acid
insoluble cpm; squares, buoyant density; triangles, ratio of
[ 14C JTMP/[ 3H ]AAMP. s
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b) . Temperature-absorbancé profiles. The Tmn's were
compared for the products of the Fraction 6 template
and the authentic poly([d (A-T)ed(A-T) ] temélate. ?he two
products were prepared in the wusual way with tRNA
present and were isolated after 4.5 hour of synthesis.
For one polymer the template was 0.01 A260 of authentic

other 0.6 ug/ml of

Tm of 63;;%ﬁd a total of 50% hyperchromicity.

c). ilolecular weight. The molecular weight of a sample
of the Fraction 6 producu prepared aboﬁe vas determined
by dlkaliﬁe and neutral sedimentation velocityu(Chapter
II). The product had single- and double-stranded
moleculaf weights of 98,000 and 138,000 respectively.
This indicated a double-stranded product probably
having "hairpin" structures.

d). Clc DNA content. The perceéntage of clc DNA was 90-
100% for products- of the Ftiction 6 template and
authentic .poly[d(A—T)-d(A—T)]. This is to be.expected
for a compietely self-complementary polynucleotide like

polyl d (A-T)*d(A-T) ] (Morgan and Paetkau, 1972)

These results taken together suggested that the product
of the template in S factor fr§ctions was a high molecular

weight product which was physically indistinquishable fron
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authentic pol y[d (A-T)ed (A~T) ).

(iii) Nearest neighbour analysis of the product

«

Samples of the same polymers used for the T
deteriinations were subjected to formic acid¥diphenylamine
depurination and degradation, followed by paper
electrophoresis (Chapter 1II). Half of each deggadéd sample
Qas treated with bacterial alkaline phophatase.hfhe,results,
shown in Figure 30.were the same for both polymers. Without
alkaline phosphdtase treatment, essentially all.- the labelled
material migrated to the position expected for 3',5'-
thymidine diphosphate. Partial digestioca with alkaline
phosphatase converted all the labelled material to a mixture

of thymidine and thymidine monophosphate. If the product of

the Fraction 6 template had contained random sequences of T

~and dA, the degradation would have yielded fragments of

0ligo[d (T) ] bearing 5'- and 3'-phosphoryl groups. Such
fragments would not miérate as thymidine‘diphosphates before
alkaline phosphatase  treatment nor as thymidine and
thyﬁidine monophosphate after paftia; phosphatase treatment.
These results confirmed that the product of the Fraction 6

template was a strictly alternating copolymer -of dA and T.

E. Characterization of the Template in S Factor

FPractions

(i) Sstability in alkali and pronase
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FIGURE 30. Electrophoresis of Depurinated and 'Degraded
Poly[d (A-T)ed (A-T)] and the Product of the Fraction 6

Template. Depurination, degradation, alkaline phosphatase
treatment, and electrophoresis (Chapter II) were performed
on (a) 0.17 A260 units of authentic poly[{ d (A-T)ed (A-T) ] and
(b) 0.10 A260 wunits of the product of the Fraction 6
template. Samples were subjected to paper electrophoresis
with 0.1 M sodium citrate (pH 4.15) - 1 oM EDTA buffer at
1500 V. for 1.5 hours at 22°. The 1labelled components vwere
located. .as described in Chapter II. The migration positions
of unlabelted marker compounds are indicated. Circles, no.
alkaline phosphatase treatmeat; triangles, partial alkaline
‘phosphatase digestion.-
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degradation of the product.
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A sample containing 40-50 ug/ml Fraction 5° profein in
buffer H (20 mM Tris-Cl (pH 8) 1 nmHM EDTA ) was made 0.3 N in
KOH and 1ncubated at 37° for 19 hours. Aliquots were removed
at various times during the incubation, neutralized with
acetié acid, then boiled for 2 minutes. The aliquots were
added ' to the usual synthesis mixtures. The extenf of
synthesis was determinéd by incorporation of [3H]TTP. The
results are shown in Figure 31. Under the conditions of
alkali treatment used here, RNA should have been. hydrolyzed
and protein denatured. The inactivation - of proteins was
evident in the change in the kinetics'yf synthesis - the lag
perlod 1ncreased presumably because of the destruction of
egdpgeépps nucleases. However, the template for poly[d(A~
T)?ERX-fj] synthesis persisted. In a separate experiment 1t

was shown that the synthesized material was 95-100% clc DNA.

A sample containing 40-590 ug/ml Fraction 5 protein and

]

1, mg{hl_pronase was incubated at 40° for 4 hours. The sample

was ihen boiled for 3 minutes. Templaté activity was tested
in the usual way and monitored by incorporation‘of [ 34 ]JTTP. -
The reéults are shown in Figure 32. Template activity was
still 'present after the pronase treatment. The destruction
of nucleases was agaig eyident from the extended lag phase,

the greater extent of synthesis, and the absence of rapid

b))

The resistance of the template activity to. alkaline
hydrolysis and pronase digestion spgges@?d that it resides

.

P
N
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PIGORE 31. Effect of Alkaline Hydrolysis on the Fraction 5
~ Template. Alkaline hydrolysis wvas performed as indicated in
‘the +#ext. Neutralized and boiled aligpots were diluted 1/10
~rinto a synthesis mixture containing [3H]TTP. The numbers in
.. parentheses represent the hours of expdosure to alkali before
" the aliquot was removed for synthesis-testing.
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PIGURE 32.Effect of Pronase on the - Fraction- - 5 Tenmplate.
Fraction 5 was imcubated with. pronase and then tested for
template act1v1ty in the usual way. Closed symbol, untreated
Prattion 5 at -25 ug/ml. Open symbols,  pronase-treated
Fraction S5 diluted (1710, circles; 1/50,-squares) into the

- synthesis mixture.
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in an oligodeoxynucleotide.

(ii) Effect of ni -leases on the template .
. L "R
R
The persisteuce of the polf[d(A—T)OG(Aqﬁﬁ*kfiemplate

activity in S- factor fractions after magnesium-dependent

autolyses (Chapters II and IV) suggested a vresistance to

endogenous nucleases. To test this further, a sampl&@»&
. 'V.J t

containing 30-35 mg/ml Fracfion 5 was subjected to the
second autolysis  but forla'longer,périod of time. Samples

taken at various times during the autolysis were’ boiled for
&

3 miné&es then tested for template activity in the usu#hl
i .

way. The results are shown in Table XIt. Exogenoﬁs pdﬂy[dgk—
r . . 4

T)ed (A-T) ] at  0.15 A260 in a parallel sample was rendered

more than 90% acid-soluble bf 5 hours. However, the template

in Fraction 5 was not significantly altered.
[ 48

*The effects on the femplate of various exogenous
. - ) 3 ‘
nucleases were tested: '

LN
. I3
“

a) . Exonuclease ITI. A sample containiang 1.6 mg/ml

Fraction 6, 50-100 ﬁqitS/ml exonuclease III "and 4 mM

magnesium chloride was incubated at 30° for 3 hours.

. Aliguots taken .at various times were boiled for. 3

minutes .and tested for template activity. The results

are shown in Table XII. Exogenous [3H-T]poly[d (A-

T) ed (A-T) ] at 0.25 A260 in a parallel sample was

degradéd more than 90% in 0.25 hours. The template
‘ ’ . . : B .
»activiﬁi,of Fraction 6 was essentially unchanged.

o

Vo

RS

,(MT.:
q._\

=
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TABLE XII v

Nuclease Sensitivity of the Poly[d(A-T)ed (A-T) ] Template \

T e = e e — - — — . — e - ——— ————— T —— —— T — —— ——— —— ——— — o —— . i —————

Lag
Template - Treatment Time
Nuclease -Source Time (hr) Synthesisi (hr)
Endogenous Fraction 5 0 50.0 2
(autolysis) (1,10) 2 1.5 39.2 2
3.0 45.3 2
5.0 36.2 2
Exonuclease 1II Praction 6 0 "33.5 1
(1/10) 0.75 28,3 2
2.0 31.8 2
3.5 31.0 2
, . , :
DNase I Fraction 6 3.0 40.2 -<1
N ' (1/10) ’
DNase I + venon Fraction 6 3.0 35.2 + <1
phosphodiesterase (1/10) . '
‘Nonebé Fraction 6 3.0 39.1 + <1
: (1/10) R %
DNase 1 + venom Praction 6A 3.0 0 s >8
phosrhodiesterase (1/10) '
(after alkali) #
None® ™ Praction 6A 3.0 40.3 s 3-4
(after alkali) (1/10)
2 “.\i;?: (9N
l1Incorporation of dNMp (nmoles/ml). L
2pilution of treated sample into synthe51s mlxture. E@%
3Incorporation at 6 hours. : v
sIncorporation at 4 hours. . ‘ @

SIncorporation at 8 hours. :
6Samples were treated exactly as the parallel nuclease-
treated sample except for the addition of nuclease.
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b). DNgse I and venon phosphodiesterase}lFraction 6 at
2 mg/hl bf protein was incubated at 37° with 5 af
magnesium chloride and 5 22/ml pancrea£ic DNase I-or 5
_ug/ml-DNase I plué 50 ug/ml ﬁenom phosphodiesterase. In
the latter case, an equiValenf amqunt of éresﬁ venon

phosphodiesterase was added at 1.5 hours. After 3

hours, EDTA was added to 10 mM and the samples wvere

Sria o 4
RRGC W

boiled for 2"j%§%ufgs before adding to the stqudard
syhthesis mixture. A parallel sample to which no
nucleases had been added was also tested. The results
are shown in Table XII, In.a separate experiment it/was
determined that 0.25 A260 [3H-T Jpoly[d(A-T)ed (A-T) ] was
degraded to 90% in 2 houxs by the DNase I alone at the

above concentratio while the DNase I - venom

ak

phosphodiesterase combination resulted in more than 90%
degradation in 0.25 hours. There was, howqur, little

alteration in the template activity of Fractibn 6.

The resistance of the template activity to nucleolytic
attack suggested that it was protected, perhaps by binding

to proteins such as S factor. Therefore alkali pretreatment

. was used to dehature the protein before nuclease “treatment.

LA sampié of Fraction 6A containing 260 ug/ml of protein in

[

"H Was made 0.3 N in KOH and incubated for 17 hours at
? PR :
37°. The sémple was neutralized and adjusted to pH 8 With

acetic acid. ‘Qgclease treatment was then performed exactly
. a

as before with DNase I and venon phosphodiestetase. A



152

parallel alkali-treated sample had no nuclease added. The
reactions were stopped by the addtion of EDTA to 10 mM.. and
boiling for 2 minutes before testing for poly[d (A-T) ed (A-T) ]
synthesis. The results are shown in Table XII. The nuclease-
treated material showed no incdrporation during 8 hours of
incubation. A similar result was obtained when nucleases
wefe removed before the synthesis test by extraction with
0.5 volumes of chloroform:isoamyl alcohol (24:1). The
denaturation of protein by the KOH treatment appeared to

render the Fraction 6A template susceptible to nucleolytic

attack.

- .
Taken together these results indicate that thé template
is an oligodeokynucleotide which i1s sensitive to nuclease

action only after the removal of protecting proteins.
F. Association of the Holy[d (A-T)ed (A-T) ] Template with

S Factor \\“

.
S factor activity and the" template‘ activity co-
chromatograph on G-75 Sephadex and remain associated even in
- 'urea—Licl—CsCl density gradient (Figures 15, 20; Chapter
7iV). The template activity of FFaction 9 (0.28 g@w
protein/ml), consisting of at least 90% S factor (Chapter
IV), was compared to tHat of Fraction 6 (2.9 ug protein/ml).
Synthesis was monitored by the incorporation of [ 3HJTTP. The
incorporation’ after 8 hours was 225 nmoles tﬁtal dNMP for

Fraction 9 and 280 nmoles total dNMP for the Fraction 6
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tenplate. These results suggested that the template was

R Y

-

strongly associated with S factor itself.
G. Poly[d (A-T)ed (A-T) ] Template Activity in Natural DNA

The capacity of natural DNAs to serve as templates for
poly[d(A—T)Od(A—T)] synthesis was tested in the usual way
with tRNA present. Templates were provided by native and
denatured E. coli , T7, and calf thymus DNAs at 0.1 A260.
The templates K were denatured by boiling for 2 minutes
followed By rapid cooling in ice. In all cases there was no
decrease in. the 1lag period seen with the DNA polymerase

alone, 1i.e., theﬁe DNAs had no template activity for

3
Bt

poly[d(A—T)-d(Affiﬁ‘syn{heSiS.

v

IV Discussion

The ,Crude fraction, DIII has been found to contain
apparent templates fo; the DNA polymerase-mediated synthesis
of | DNA polymers‘ ;esembling poly[d (G) ed (C) ] or
poiypyrimidineOpolypurines. Evidence for this conclusion
"~ about their composition comes from the buoyant density of
one such polymer in neutral CsCl but -especially from.the
transcription to poly{r(G) ] by BPNA polymerase. This reaction
is known to occur in the presence of DNAs having ;nly dCMP
or dCMP and THMP residues in“one strand (Paetkau et al. ,

1972). The kinetics of the reaction reflect the frequency of

TMP residues. The tranécription to poly[r(C)] is -indicative

‘\\
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of dGMP tracts.

The template 1in S factor preparation has been more
completely characterized. The template itself is stable to-
alkali and prbnase. It is sensitive to nucleolytic attack
‘but only after deproteiniza{ion. The template therefore
appears to be an oligqodeoxynucleotide. It is very firmly
bound to S factor and has probably been pteserved through
this association. The product copied from this template ié
indistinguishable from authentic poly[d (A-T)ed (A-T) ] in its
physical propertiés and nucleotide séquence. The sequénce
was confirmed by nearest neighbour analysis usingi a formic

acid-diphenylamine degradation.

The apparently de novo synthesis of poly[d(A-T)ed(A-T) ]
or poly[d(G)ed{(C)] has been assuméd to require no ' ‘'plate
(Schachman et al. , 1960; Radding et al. , 1962; Kornberg et
al. , 1964; Burd and Wells, 1970). Models ¥8r the de novo
production of high molecrlar weight polymers have usually
involved, as a‘first step, the random or specific synthesis
of 6ligomers which ‘are favoureg as templates. {(Kornberg et

al. , 1964; Bhrd and Wells, 1970). The high molecular weight

polymer is then generated through copying the oligomers by
the reiterative mechanism or the staggered mechanism (Fiiure
é, Chapter I). Burd and Wells (1970) observed that the M.
luteus polymerase also performed a de novo synthesis
producing a mixture of poly[.d (A-T) ed (A-T) ] and

poly[d(A)yd(T) J. The proportion of each polymer in the

A
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mixture depended on the precise reaction conditions.

The apparently de novo synthesis could be due to
copying of DNA fragments associated with the polymerase. It
1s significant that highly purified E. coli DNA polymerase
does not produce poly[d(G)fd(C)] de novo (Burd and Wells,
1970) . Octanucleqtides of oligo[d(A-T)]ﬂ will serve as
templates for poly[d(A-T)ed(A-T)] synthesis after a lag
period (Kornberg et al. , 1964). Small numbers of very short
fragments could readily serve as templatés but might escape
detection unless amplified by copying. The templates in the

DIII and s factor fractions may represent such fragments.

The origin of these templates is diffi it to assess
directly. R poly[d(A-T)ed (A-T) ] template capacity of bulk E.

coli DNA wvas undetectable, confirming the result of Kornberg

et al. (1964) . The value determined for the DNA content of

Fraction 6A can be used to obtain a minimum estimate of 3
segmepts of 8 or more dAMP and TMP residues per E. coli cell
assuming éomplete recovery. A similar estimate for pE¥IT may
be at least tenfold higher. These estimates aré well within
the range of the numbers that could arise by random
assprtment of the bases. A high affinity'of certain DNA
metabolizing proteins for the oligomers could result in the
selecfion and preservation of particular seqﬁénces during
the isolation of the proteins. The template for poly[d (A-
T)*d (A-T) ] may be associated with DNA polymerase as well as

hbeing bound and protected by S factor. The DIII fraction
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comes from an RNA polymerase preparation. Considering the
correlation between polypfrimidine-polypufine DNA segments
and RNA transcription (Chapter I), it is possible that the
DIII templates at one time were assoclated with RNA
polymerase. The irreproducibility of the product composition
may reflect the actual composition of the fragménts or .a
random favouring of one sort of template by the DNA
polymerase. The association of «certain proteins with
specific sequences in DNA may be an indication of preferred

i

binding sites for the proteins.

~ Obviously many questions about these templates are left
open. The template activity in DIII requires complete
characéerization' with respect Fo the nature of the
template(s) and the compositio;‘ of its products. It is'
unusual that polypyimidineepolypurine DNA or poly[d(G)OG(C)]
should have clc DNA content. (Chapter III). Nearest neighbour
analyses with [qlpha4329]dNTPs may clarify this. It may be
possible to angl§ze the DIII for oligopyrimidine DNA by

fractionating for . 2 and composition on DEAE-cellulose

columns (Cerny et al. , 1968).

The stabiiity of the association between the poly[d(A-
T)Od(A—T)] template aftd S factor raises the possibility,
however unlikely, of a covalenﬁ linkage. One way to test
~this would be .to heat the complex in Sarkosyl then
ceﬁtﬂquge in- a CsCl density gradient. The DNA would be

detegtable by its template activity and the protein by its
N &

A3

i3

o

% . !

%

™~

»
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SDS gel electrophoresis pattern or its activity. If the bond

is covalent, the DNA and protein would band together.

Binding of high molecwlar weight poly[{d (A—-T)ed (A-T) ] by
S factor was not demonstrable (Chapter IV). This may be
largely a problemn gf the size of t%e poly[ d (A-T) ed (A-T) ].
Binding of oligo[ d (A-T) ] bfﬁs ta-tor might be tested using
labelled oligo[d (A-T)] of defined size. If bound the
oligomer should co-chronatograph with S factor of G-75 or G-
100 Sephadex and be protected from nucleases. The op’ mal
size for binding may give an indication of the size of the

template as isolated wit'. 5 factor. The binding of

oligo{d (A-T)] by other DNA me . unv0lizing protight also
@ g

i o . 1
be tested in-'this way.
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CHAPTER VI

SUMMARY AND DISCUSSION

Clc DNA accumu%ates in the defined DNAs poly[d(T-

G)ed (C-A) ] and poly[ d(T-T-G)ed (C-A-3) ] synthesized in vitro

'in the absence of S factor activity. Clc structures are

detectable by an ethidium bromide assay specific for double-

stranded DNA and by alkaline Csu equilibrium
centrifugation. A non-clc poly[(d’' T-G)ed{(C-A- ;] has been
prepared from a clc polymer by opyi.u tlhe unlinked

complementary strands after th:ir physical separation from

cl. strands in an alkaline cesium sulfate dedé;ty gradient.

The introduction of incorrect Sequences intdv polymers
prepared in the presence of crude S factog fracfions or DIIIX
is a problenm especially with poly[d(T—T—G)-d(C—A—A)] sinée
it is copied less efficiently than poly[d(T-G)ed(C-A)]. S
factor fractions may result in - poly[d(A-T)ed(A-T) ]
synthesis; DIII in- polypyrﬁmidineopolypuripe DNA or.
poly[d(T,G)ed (C,A) ] synthesis. Methods that have been used

for the detection of anomalous sequences include

+ transcription by RNA polymerase, density gradient

centrifugation, Tm, and deoxynucleotide ratios. Incorrect

'sequences are best avoided by the use of highly purified-

158
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components in the synthesis mixture.

r

S

A protein, S factor, has been purified which reduces

the production of clc sequences during the in vitro copying

of the defined DNAs poly[d(T-G)ed (C-A® snd  poly[d(T-T-

G)ed (C-A-A) ) and the natural DNA E% .FII. Clc DNA is
thought to arise either by the pol}r ise switching strands
to copy the dibdplaced strand (Schildkraut et al. , 1964) or
its turﬁing around to copy the newly made strand (Harwood
and Wellsg, 1970). It has been suggested that S factof acts
by binding to the displaCed\'strand to prevent strand
sWwitching or reversal by the polymerase (Flintoff and
Paetkau, 1974). These models are illustrated in Figure 23
(Chapter IV). In the case of thé circular DNA, PM2 RFII, the-
reduction in clc DNA is neither immediate nor complete. A
f

model has been proposed as a 'possible explanation .of S

factor's action on PM2 DNA (Figure 23,VChaPter Iv).

S factor Jdoes not affec§ repair synthésis of Single-
stranded DNA nor does it have a broteolytic effect on DNA
polymerase. The S protein has a molecular weight of 9500-
12,000 on SDS gel electrophoresis and an apparent molecular

weight of 24,000-26,000 on G-75 Sephadex.

The purification of S faqfor is complicated by its

‘association with a template for poly[d(A—T)od(A—T)]f The

template is not eliminated by mild denatuting conditions. It

appears to be firmly bound to S factor. Binding of high
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molecular weight poly[d(A-T)ed (A-T) ] by S factor was :not

detectable. ‘ g

Fractions used as sources of S factor contain ates
for the synthesis of unusual DNAs. DIII contains templatev
dctivities for polymers resembling polypyripidineepolypurine
DhA Oor poly[ d(G)ed (C) ]. S iactor fractions contain a
template - for synthesi; of a DNA which was identified as
poly[d(A-T) ed (A-T) ] by physical .and chemical means. The
templafe, stable to alkali and pronase, is an
oligodeoxynucleotide and appears to be bound to and
.Qrotected by S factor. It is sensitive to nucieolytic attack

only after deproteinization.

-

Defined DNAs have beej used\extensively in this work.
Their DNA-1like properties and chemically defined sequences
maké them useful model substrates for!DNA‘polymerase and
other DNA metabolizing proteins. However, it_is\necessary to

be aware of some Of the problenms sociated with their

polymerase-mediated synthesis - in particalar, the

aécumulation of incorrect sequences sometimes to the almost
cémplete exclusion of the prdpét"srguenées. Nearest
neighbour analysis would be the.légét ambiguous single test
for sequence; Combinations ;f several of the othefi

techniques described here (Chapter III) are: necessary to

-

«
A |

characterize the polymers.

. X4
The  defined  DNa, poly(d(T-G) ed(C-A) ], "has been \g:

"



.especially”useful‘aé a Substrate for S factor. However, S

’

‘factor's activity is not limited to defined DNAs. It is also

4

effective gith> natural DNAs" fronm E. coli (Fllntoff and

‘Paetkau, 1974) and PM2. There is little evidence that ﬁcld

o

structures are ptoduced in replicating DNA 1Q vivo (Chapter

I). The potent1al lethallty of per51stemt clc: DNA - suggests

that wthepe is some spec1flc mechanism’ elther to remove clc
structures or to prevent *hem from forming. The observation

tﬁat, without S factor,'fhe4ig vitro copying of natural DNAS
from B. §g§£i;i§L“kT7,>§; coli (Schildkraut et ‘al. ,‘156&;
Eoultef et al.. , 1974), and PN2 le
DNA fndica{es“hn inaoﬁplete &Econs n ‘of *thé in ;;go

replication mechanism. The connéction ‘betweem S factor!'s

actioniin -vitro and the absence ofsvclc DNA'MD vivo is -‘an
: . - e o - v O E

.4

"... o A L N .‘0 5:’, - T X
obvxous' one . but - as yet'there is no evidence %hat S factor‘

S J

.qerves thlS functlon in v1vo .:It is suggg;ted in Chapter IV

o B

that cells permeabLéﬁxto"antlbodles mlght be useful for:

determlnlng th%Q in vivo qunqgion of S factorr*This might

-
.
T

"also beé tested in a concenttated bacterial 1lysate on

cellophane membrane discs (Schaller et al. , 1972). -

¢

The occurrence .of . template aétivities in DIII and S-

factor fractions has been of interest’ in. light of their

association vigh 'pNA metabolizing .prdieins .and * their

e - . . N

. possible role'oas’ templates for . the apparently de novo

p

.

.reactions of DNA polymerase. The unusual sequences of these

templates and .their préservation suggests there has been a

- } oo

";.

rapidly renaturable

,_
=
=
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'recoustltutlon of the 1H\

)

. 162

selection for them perhaps through their association with.

{ t"}

spec1f1c protelns. There 1is evigdence that ,Some proteins’

recagnl?e specific sequences in DNA. For example, dA-T rich
: e -
»DNA e 'involved in binding of the lactose repressor and

- RNA p@lymerase (Lin and Riggs, 1970; Heyden et al. , 1972;

-

LeTalaer . and Jeanteur, 197T; Jone& and Berg,  1966).

ypyrimidine tracts ‘are correlated with the asymmetry of
O B o

transcription (Summérs and. Szybalskif 1968- Champoux and

Hogness'$ 1972) The seleéﬁqoﬁ and preseﬁvatlon of | the "

\y ’ f ,‘\_- bl

teﬁblates in S factor and DIII ﬁ&y nefhect ‘Such recognltlon.

Wy ‘ B @ ”Hﬁﬁyg : i
. - © o~ : ‘ '-.-f{f‘ . .

The use of in vitrgfgynthesizing systems d4s models for

T
PR

- "D'NA replication is 1ntended to pbov;@e,some clues to the

mechanlsms of repllcatlon in v1vo . Thesgw clues are often
”:. B .9 h. . i
found in the nature of the,qpmponents requ1red to approach a

vgvo system. In. the ppesent vork a

==

]

N

prote1n3\has ibeén stuglédf whose %ddltlon - to synthes1s

» mdxtures .results in DNAs that resemblgﬁDﬁA p)oduced 1n vivo

in terms of the phy51cal separablllty of the complementary
3 ~

strands. The unusual templates -found assgc1ated wlth the DNA

N
\ » »

metabollzlng grotelns may repfeseng-lsolaxed binding s1tes';

»r

for these protelns. There 1s no evidence as to the exact in-

5 K e —

—_——

vivo ‘significance- of 'clc- DNA, § factor, or the small

‘templates. Hawever, a search for sucgﬂ evidence provides a

-direction for future work in this area.

Py
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