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ABSTRACT

The transcription of DNA containing different proportions of
BrdUrd was studied, in order to elucidate the mechanism of 5-Bromodeoxyuridine
(BrdUrd) Inhibition of cel) differentiation. BrdUrd, an analogue of
thymidine, is known e e incorporated into replicating DNA of dividing
cells, Although eucaryotic cells continue dividing in the presence of
low concentrations of BrdUrd their differentiation is reversbbly blocked.
It ts proposed that differentiation, but not cell division, is dependent
on the presence of poly(dT) sequences in the ENA, These regions would
become poly(8rdl) regions during replication in the presence of BrdUTP.
Such areas may not he cfficiently transcribed by RNA polymerase. However,
isotated BrdUrd units may not affect RNA polymerase action.

An invitro system was devised where the synthesis of DNA by E. coli

(or M. tysodelktlcus} DNA polymerase was successfully coupled to the

transcription of the product DNA by E. coll RNA polymerase in the same

reaction tube, i.e. DNAI-px'Imers —> DNA' =—~—>  RNA where DNAi-prlmer
was either the copolymer (dA-dT) or (dA-BrdU). The ONA product (DNA')

of the first reaction was poly(dA-dT) or poly(dA-BrdU) or o velated
polymer containing varying propertions of thymidine and bromodeoxyuridine.
For the synthesis of the latter copolymar the pyrimidine substrate dTTP
was decreased {n the DNA polymerase reaclion mixcures and replaced by

a corresponding Increase of BrdUTP. The RMA product was always poly(A-U),
DNA synthesls and RNA synthesis were determined by measuring the
Incorporation of ¢ and % 1abolled substrate nucleotides into acid

precipilable materlal. The results !}lustrated that the magnitude of

RNA synthesis is inverwely proportlonal to the BrdUrd Input into the




Abstract (contd.)

DNA synthesis reaction and hence presumsbly to the RNA synthesis
reaction, Experiments wore carried out which demonstrated that any
possible Interference by the components of the DNA polymerase reaction
on the RNA polymerase reaction were negliglzble. The ability of the
synthesized DNA to prime RNA polymerase appears therefore to decrease
as 1ts BrdUrd concentration increases.

The BrdUTP required for the synthesis of DNA' was synthesized with o
yield of 15.5% by direct bromination of dUTP and subsequent purification
by chromatography, |t was demonstrated using a calfl thymus DNA
polymerase assay system that BruUTP can replace 6TTP in the synthesls
of DNA with an efficiency around 30%.

A brief study was made of the unprimed synthesis of poly(dA~dT) and
poly{dA-BrdU} with the intention of coupling the reaction to a system
of transcription. However, unprimed synthesis of these polymers
appeared to be quantitatively varisble and Inconsistent.

It was concluded that BrdUrd does ifnhibit RNA synthesis (n this
in vitro system while DNA synthesis |s unaffected. It is suggested that
a possible site of action of Brdird inhlbition of differentiation is
at the level of RNA synthesis at critical sites along ~ » genome and

that these sites contalh ofigothym{d¢ine residues of thymidine clusters.
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1. INTRODUCT I ON

1.1 Polynucleotide synthesis

The DNA of 1iving cells contains the genetic Information which
defines the characteristics of the organism .md Tts progeny. These
characteristics are basically related to the protein type synthesized
indirectly from a DNA template via its messenger RNA.

Thus,@/\ Transeription . npys ILAnstation . ,ooiefy (pavidson 1972).

Replication
This process encompasses synthesis of the DNA, transcription of this
DNA to & mRNA, which s then translated into protein.

In the process of repiication the DNA in the cell is replicated
resuiting In the production of a double cepy of the genetic Information
each of which is subsequently passed on to a progeny cell at the
conclusion of mitosis. The process of transcription involves the
formatlon of mRNA, and other RNA, on a DNA template. This mRNA in turn
becomes the template on which proteins are synthesized. [t is widely
held that the synthesis of a specific group of proteins is character-
Ustic of a particular state of cell differentiation. .

The analogue of thymidine, 5-bromodeoxyuridine, is Incorporated
Into the DNA of dividing celts, In the presence of bromodeoxyuridine
cell differcntiation has been shown to be blocked In a number of
eucaryotic systems, with subsequent inhibitlon of synthesls of specific

proteins of the differentlating system (W1t and Anderson, 1972).




differentiation, but not cell division, Is in some way

. wt on the presence of small clusters of thymidine then these
sequences of thymidine would become dense regions of bromodeoxyuridine
after analogue substitution during DNA synthesis.  Such bromodeoxy-
uridine rich areas of the DNA may create a “steric hindrance’ for the
transcribing RNA polymerase and thus derange transcription of RNA,
This thesis set out to examine the plausibility of the latter hypothesis.

An in vitro system of polynucleotide synthesis is used in this work
to test this hypothesis. The system uses UNA polymerase I to synthesize
DNA, followed by RNA transcription of the DNA product into RNA by RNA
polymerase. This DNA product of the initial reactlon will contain
different proportions of isromodeoxyuridine depending on the relative
concentrations of precursor nucleoside 5'-triphosphates (Section 4.3},
In this way the transcriptional efficlency of DNA, containing increasing
amounts of Bremodecxyuridine, can be measured.

1.1.1 _DNA and RNA - their basic structure

DNA ts a high molecular weight polymer of deoxyribonucleoside-5'~
monophosphate units, These units consist of a deoxyribose sugar,
phosphoric acld group ano elther a purine or pyrimidine base. The bases
which most commonly occur in DNA are the pyrimidine bases cytosine and
thymine and the purine bases adénine and guanine. The DNA molecule
usually consists of two polynuclectide strands of complementary structure
(except in some vlruses, Davidson, 1972).  The lwo strands, which are of
opposite polariLy, are held together by hydrogen bonds .etween palrs of
complementary purine and pyrimidine bases. Adenine i, .iways bonded to
thymine and ghanine Lo cytosine (Watson & Crick 1953 a and b). A diagram-
maticrepresentation of the structure of ONA Is shown in Fig, | and the

structural and H-bonding relationships of the bases !s shown 1n Fig. 2.




In RNA, as opposed to DMA, the sugar moeity is of the ribose form
and thymine Is replaced by the closely related pyrimidine uracil, which
similarly pairs with adenine (Davidson, 1964), Ifowever, unlike DNA,
tt exists as single polynucleotide strands. The siructures of the
ribose sugar and uracil are shown in Fig. 3.

Due to its base sequence and complementarity DNA may serve as a
template, l.e. primer during the processes of replication and transcription.
Thus ONA primer, as a single or double stranded DNA molecule or polydeoxy-
nucleotide, is required in the synthesis of new strands of DNA or RNA
{except in unprimed synthesis, Section 1.5}. The nucleotides of the new
ONA or RNA are aligned by complementary base-pairing with those in the pre-
existing strands. Therefore, the nature and sequence of the nucleotides
In the new strand are determined by those In the primer DNA (Smellfe, 1965},

Bessman (1963) and Hurwitz et al. {1961) showed that the base ratios in a

variety of DNA and RNA products respectively were very similar to the base

ratios of their respective primers.

1.1.2  DNA polymsrase and DNA replication

DNA polymerase, an enzyme resnonsiivle for DNA synthesis has been

isolated and purified from a varlc anealian systens.  These include
ascites tumour cells, normal and . ag rat liver, several hepatomes,
calf thymus, mouse leuksemic cells, .. wurchin embryos and KB human cells

{pavidson 1972, and Goulian 1971). liowever, cven the most highly purified
samples of soluble mammalian DNA polymerases {Greenc and Korn 1970) have
not been as extensively purified as those of microorganisms.

tt has been shown that the primary ln vivo role of the most highty

purified bacteria) DNA polymerase, otherwise known as the Kornberg enzyme
or DNA polymerase T, is not replicative synthesis but one of repair
synthesis (Becker & Hurwitz, 1971). Kornberg and Gefter (1971) and

Gefter et al, (1971) have dewonstrated the existence of membrane




Elgure 1.
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Possibility of
hydrogen bonding

ta adenine

Uracil

Hoilyc /O\nu
Y

o
W\ [/
o ot

Ribose

Flgure 3. The structures of Uraclii and
rtvose. (Watson 19A3)




assocliated replicases, namely DNA polymerase LT and ITI, which are
more tikely to be responsible for 1o vivo DNA synthasls. Soluble DNA
polymerase I is readily avaflable for fn vitro studies of ONA replication
and has been used by numerous workers.

For most of this study the easily obtainable and purifled bacterial

enzymes have been used. DNA polymerase has been isolated from micro-

organisms since 1956 when the enzyme from Eschel a coli was first

extracted by Kornberg et al. (1956). An In vitro system was devised by

these workers to study the synthesis of DNA (Lehman et al. 1358). It has

been shown that the Incubation requirements For DNA synthesis are basic-
ally the same regardless of the source of the enzyme. These requirements
which are contained In a buffered solution are outlined In the formula
shown in Figure 4(a).

The DNA polymerase I used in these studies has been purified several

theusand Fold from Micrococcus lysodeikticus (Zimmerman 1966)  and

E, coil [Richardson et al. 1964). These preparations are homogeneous by

criteria of sedimentation chromatography and starch gel electrophoresis.
However, even the most highly purified preparations stil) contain exo~
nuclease If, an activity which appears to be an Intrinsic part of the
moleculc. As #hi nuclease exhibits fts optimal activity at pH 9.0 and
hydrolyses DNA al a slow rate in the neutral range in which polymerase

activity is optimal, 1ts activity Is negligible in in vitro studies

(Richardson et al. 1964). Exonuclease appears to be an essentia

property of all DNA synthesizing enzymes since purified Bacilius subtills
DNA polymerase shows no significanl exonuclease actlvity in vitro

{Okazakl and Kornberg 1964).



1.1.3  RNA polymerase and transcripiion
DNA-dependent RNA polymerase, the enzyme of transcription, has

been isolated from several sources since 1960. These are rat liver
nuclel {Wels and Gladstone, 1953), mouse ascites tumours (Smellle, 1965),

E, coli (Hurwitz et a]. 1961), and M. lysodeikiicus (Nuksmoto et s1.1964).

As in the case of DNA polymerase, the most highly purified preparations
have ° e from bacterlal sources.

T, - aracteristics of mammalian RNA polymerase extracted and
purlfied From rat liver nucle! appears Lo be essentially Lhe same as that
of the enzyme Isolated from bacterial species in most of its basic

properties, in in viiro synthesis. It has an absolute requirement for a

DNA-primer which determines the overall base composition and sequence of
the RNA, the four ribonucleoside 5'-triphosphates ATP, GTP, CTP and UTP,

and a divalant cation, preferably MnZ*

which can only in part be replaced
by Mgzl", and an optimum activity at pB 7.9. Heat denatured DNA is trans~
eribed more efficiently, suggesting that the enzyme lacks a factor respons~
ible for efficient ulitization of helical DNA (Seifart 1970).  However,
tietle is known about the subunlt structure of mammalian enzyme whereas
that of E. coll has heen well characterised (Burgess 1971).

In this investigatlon E. coli RNA polymerase was used for all tran-

scription studies. The E._coll ANA polymerase molecules as described

by Burgess ot al. (1969) and Burgess (1971), is a multi-subunit enzyme

made up of the following polypeptide chains, one 8' subunit, one 8 subunit,
two t sybunits and a sigma () subunlt.  This holoenzyme can be separated
Into two functional parts; a core enzymc (u7B R'}, which can synthesize
RNA but lacks the abltlty o speclfically initlale syhthesis, and a

sigma tactor {u) which aclts catalytically Lo allow the cfflelent inltiation

of RNA synthes{s at speclflc sites,  Poly(dA-dT) can be read in absence

s ——




of o factor (8erg et al. 1971). In addition to the sigma factor there

are other transcription factors which have a pronounced effect on the
transcription reaction, but as they do not bind tightly te the core
enzyme they are lost durlng purification. The absence of necessary
factors creates difficultles In the evaluation of the mechanism of in
wivo transcription as compared to the in vitro reaction.

These difficulties are principally involved in the correct in vive
lnitiation and termination events. For example, using phage X DNA as

primer in such an In vi

ra system together with RNA polymerase holo-~
enzyme, results in the synthesis of heterogeneous RNA quite unlike
phage specific RNA synthesized in phage infected cells. However, the
addition of rho factor, which is responsible for correct chaln termin-
atfon, results In the synthests only of the two phage spec(fic RNA
species found in vivo (Davidsen 1972).  Also in In vitro, E. col

RNA polymerase transcribes double heitcal ONA primer asymmetrically
which appears to be characteristic of transcription in vivo (Burgess
et al. 1969).

The genera) reaclion Tor RNA synthesis in vilro may be represented

by the Formula shown In Figure 4(b). It can be seen that the genera®

reaction s similar to that of DNA synthesis as outiined in Figure 4(a).




Figure 4 In vitro reactions of (a) DNA repllcation and

(a)

{b)

(b) transcription

ONA + n dATP

(primer) w dTTP Ho2*
ONA + L{n}PPi
n dGTFP DNA polymerase

n P
DNA + nATP
(primer)  n UTP a2t

RNA + 4 (n)PP(
n GTP RNA polymerase

n TP

lucubation is generally at 37°C



1.2 Bromadeoxyuridine

1.2.1  The structure of bromodeoxyuridine and irs

incorporation into ONA

BrdUrd is an analogue of thymidine which when incorporated int»
the DNA permits the continuation of DNA synthesis. It can enter the
DNA precursor pool of organisms and cells dividing in culture, after
conversion to the nucleotlde form by thymidine kinase and other
kinases along the thymidylic acid pathway (Szybalski, 1962}. The
BrdUrd molecule Incorporated into the DNA may be represented by the
model shown In Fig. 5{a).

In BrdUrd the methy) group of the 5 carbon position of the
pyrinidine ring Is replaced by bromine. Hanawalt (1967}, suggested
that the ease of incorporation of BrdUrd into the DNA s probably
reflected In the similarity between the van de Waais radii of the
two groups as shown In Fig. 5(b). However, the greater electro-
negativity of the Br atom alters the electron distribution of the
pyrimtdine ring. This may give rise to the conversion of the
pyrimidine ring from jts normal keto state to the enol state which
in turn results in a palring with guanine lnstead of adenine (Hanawalt,
1967).  This has been shown in bacteris to result in an Increase in the

mutation rate (Freese 1963).  However, Trautner gt al. (1962) dewon-

strated that the Incorporatfon of guanine instead of adenine only
occurred at 8 frequency of one per 2,000 to 25,000 nucleotides poty-
merized. Incorperation of the halagen inte the DNA of phages,
bacteria and human cetis grown in vitro, resutts In a sensitizatfon
to radlatfon and light {Szybalskl, 1962},

Although halogenation of DNA allows continued cell multiplicatfon
the physlcochemical properties of the molecule are a'tered,  Sub~

stitution of bromine for the methyl group of thymine affecrs the
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stabiiity of Lhe copolymer {dA-BrdU) balh in relation to pH and
temperature. It also results in an increase in the density of the
DNA.  loman and Baldwin {1962) showed that halogenation of the molecule

results in an increased melting temperature {Tm). The difference in

Tm observed between narmal ana BrdUrd-iabelled ONA was accentuated in
the case of the (dA-BrdU} copolymer as compared to the (dA-dT) copoly.-v.
As described by inman and Baldwin (1962), this increase in Tm may
possibly he explained by a net increase in hydrogen bond strength
resuiting From the inductive effect of bromine In withdrawing electrons
from the pyrimidine ring.  The hydrogen bond invalving the 6 Keto

aroup of Brdird should be weakened while the one involving the N-1

should be strengthened {Inman and Baldwin 1362). Thus a requirement for
an increase in energy to unwind the DNA helix could possibly result and

so interfere with the catalytic function of the polymerase enzymes.

1.2.2  The effect of bromodeoxyuridine on He La cells,

It has been suggested that the inhibitory action of BrdUrd on
differentiation s a result of its incorporation into the DNA {sce
Section 1).  Studies of BrdUrd action on the inhibition of He La cell
growth affords a possible ¢lue to the slgﬁt of Brdlrd action at this
Tevel. He La cells are a tissue culture line of human carcinoms of
the cervix. They are one of the first eucaryolic systems used for the
study of the effects of thymidine replacement by BrdUrd (Hakala 1959,

Eldinoff et _al. 1959, Cheong gt al. 1960, and Littlefield and Gould

1960} .

When BrdUrd is incorporated Into the DNA of le La cells in place
of thymidlne, there is lirtle effect on the First replication cycle of
the cells.  The second cycle is inhibited to a degree dependent on the
concentration of Brdlrd employed in the culture medium. At least one

cell division must take place before cell growth Is affected. [t also

appears that BrdUrd is toxic to cells buk this s dependent on the
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concentration of BrdUrd used. Simon (1963) found that in the presence

of 20 pg/ml BrdUrd the first division of He La cells was not delayed.

Subsequent divisions were however, delayed. Only a small proportion

of the cells capable of growing in the presence of BrdUrd (but contalining y

BrdUrd in their DNA) arose. These cells grow more slowly than normal

ones. At concenlrations up to 80 lig/m! most of the cells can divide

once and many undergo a second division. AL concentrations below R

20 ug/m! an increasing proportion can adapt to the analogue and divide

Indefinitely. Kajiwara ond Mueller {1964) used 2,5, 5.0 and 10 ug/mi

of BrdUrd. They found that the ratios of the generation Lime for the

BrdUrd-treated cultures to the control cultures between the first and

third days were 1.h4, 1.62 and 2.40, respectively. )
Toliver and Simon (1967) demonstrated that the BrdUrd effect was

reversible when BrdU-d was removed from the system. This suggests that

{t {s not mutagenic in nature. They found that the BrdUrd-tolerant

He La cells grew Indefinitely but al a slower rate due te an increase in

the § perfed of their cell cycle. When transferred to a Brdurd free

medium the cells returned to s normal growth rate. Berkowitz et al.

(1968) illustrated that although cells treated with BrdUrd + Fdurd

{which Tnhlbits endogenous thymidine synthesis) can only divide once,

their DNA does replicate at least twice to possibly four cycles of

replication,  Simon (1963) found that BrdUrd + FdUrd treated cells

incorporated only siightly more BrdUrd than cells grown in BrdUrd

alone.  According to Toliver gt al. {1968} thls slight difference in

incorporation appeared to bo important since [t was paratielled by the

Tnability of the cclis to divide. These results suggested that there

was a smali Fraction of sites on the DNA molecule with an absolute

requirement For thymine, Under conditions where a small amount of

thymidine competes with a great deal of BrdUrd for Incorporation Into




the DNA, Simon {1963} found the thymidine unusually effective In
replacing the Brdbrd in a He La cell system.

Toliver et al. (1968) hydrotysed ONA from BrdUrd and FdUrd
treated He La cells to pyrimidine oligonucleotides, and separated the
oligonucleotides chromatographically, An unexpected radloactive peak
appeared between the di- and trinucleotide peaks in the pyrimidine
oligonucteotide prafile of DNA From cells grown for more than one
generation in BrdUrd alone, but not from cantrol He La cells. Although
they do not resolve the biological slignificance of this peak, these
authors suggest that the peak material might be assocleted with the
control of elther ONA synthesis or cell division, or with both processes.
Taylor {1966) suggested that the initiation reglon of teplicons is
composed of DNA rich in dA-dT pairs in which most of the dA Is In one
strand and the dT is in the complementary strand. This interpretation
was based on the results of studies of bremodeoxyuridine substitution
in Vicla faba bean roots grown in solutions containing the analogue
(Haut and Taylor 1967).

Thus there s preliminary evidence that the existence of thymidine
clusters may play an lmportant role In explaining how Brdurd inhibjts
division, Furthermore if division Is coupled to differentiation, then
BrdUrd would in turn block differentiation. It fs partly from this

observation that thae pruposa! for thls investigation was formulated.

1.2.3  The effecl of bromodeoxyuridine on differentiation

in their revlew, Wilt and Anderson (1372), eite numerous experimental
obgervations which show that when BrdUrd |s incorporaled Irl|to the DNA of
dividing eucaryotic cells, cell multipiication continuves but the
differentiation of these cells is blocked. [n all these studies this

inhibltion was found to be reverstble. When the cells were remor



From the BrdUrd and allowed to grow recovery of differentiation took
place. This ts evidence that the effect of BrdUrd is not mutagenic
in nature.

Although for phages and bacteria BrdUrd is a potent mutag n, the
mutagenic effect s a rare occurrence. For example Freese (1959)
produced 1% Ty, phage mutants in the presence of "Oug/m) of BrdUrd.

As the inhibitory effect of BrdUrd on the differentiation of developing
cells Is virtually 100% and reversible Miura and Wilt(1971) and Mayne

et al. (1971) conclude that the effect of BrdUrd Is not a result of
mutation. This reversibility of the BrdUrd block has been demonstrated

in numerous systems such as myoblasts {(Stockdale et a) 1964} chrondrocytes
{Abbott and Holtzer 1968a), TAT synthes!s in rat hepatoma celis

(Stellwagen and Tomkins 1971a) and, exocrine pancress cells {Walther

et al. 1974).

stahl et al. {1961) showed that when BrdUrd treated bacterfa were
exposed to near visible light, there was an Increase In the abiiity of
Brdird to cause mutagen..ls. This does mul appear to be the case in
rat hepatoma calls where Stellwagen and Tomkins (1971a) have shown that
maintenance of these cells in the dark had no effect on the inhibition
of cell specific proteins by BrdUrd. It has thercfore been concluded
that the inhlbltory effect of BrdUrd is not a result of mutagenesis.

The effect of 8BrdUrd on cell differentiation does not appear to be
related to Tts effect on the cells. Toxiclty due to BrdUrd appears to
be apparent only at high concentrations {above 20 pg/mi) of BrdUsd in
the cuiture medium, The toxicity of BrdUed in cultured cel} lines,
such as He La cells, was outlined in the previous sectlon. With
myogenic cells (Bishoff and Holtzer 1970) and chondrocytes (Lasher and

Cahp 1969) there Is definite growth Inhibition akt high concentrations



of BrdUrd.,  However al Jow concentrations {3na/ml), whern cell production
is not Interfered with, cell differentiation is inhibited. Thus it must
be emphasized that the toxic effects observed at high concentrations of
BrdUrd are not responsible for the inhibition of differentiation of
these cells.

Examples are given below to ilfustrate in more detail the various
aspects of the Inhibitory action of BrdUrd on differentiation.

i.  Myogenesis

As an Introduction to the phenomenon of BrdUrd inhibition of
differentiation the effect of Brdlrd on Myogenesis is presented in
detait. This was one of the first systems in which the effect of
8rdird was well defined,

Stockdale et al. (1964) and Bischoff and Holtzer (1970} cultured

presumptive myoblasts From chick muscle. These replicating cells

stop dividing by the fourth or Fifth day and give rise to pastmitotic
mononucleated myoblasts. These cells synthesize myosin and actin

and fuse with other myogenic cells to form multinueleated myotubes.

If myogenic cells are exposed Lo BrdUrd during their division stages they
do not diffarentiate Into muscle cells. Instead of fusing the cells
move away from each other and it has not been possible to demonstrate

the formation of contractile protein. Stockdale gt al. (1964) using

cagsium chloride, density gradient centrifugation, demonsirated that
8rdird is Incorporated into the DNA.  Furthermore, it was shown that
the inhibition of differentiation was not due to an inhibition of DNA
synthesis (Scockdale gt al. 196k). IF cells are exposed to Brdird
after division ceases the cells are unaffected and differentiation
proceeds.  Thus BrdUrd can only inhiblt protiferating cells from
differentiating, and virtually all these cells incorporate BrdUrd

Into thelr DNA (Coleman et al. 1969). However the bromouracil need




not be (ncarporated into both strands of the DNA helix to cause
Inhibition of differentiation, as daughter cells with bromouraci) in only
ane strand do not differentiate (Bischoff and Holtzer 1970).

More specifically, BrdUrd appears to repress protein synthesis which
is specific to and characteristic of the particular type of cytod|fferent~
fation. For example, Coleman and Coleman (1968) examined the effect of
8rdUrd on myosin synthesis. In the normal untreated ceits after the
period of cell fusion myosin [ncreases preferentially with respect to the
increase of total protein. In Brdlird inhibited cultures no myosin was
detected.

It has been mentfoned (page 17) that the inhibitory effect of BrdUrd
on many differentiating systems is not permanent and can be reversed. It
can also be specifically and competitively inhibited by thymidine. Cells
cultured in BrdUrd and in an excess of thymidine are indistinguishable

from untreated cells (Stockdale gt al. 1964},  5-Fluorodeoxyuridine

(Fdurd) inhibits the enzyme thymidylate synthetase and therefore inhibits
DNA synthesis when endogenous thymidine Is used up.  This inhibition by
FdUrd may be prevented by adding BrdUrd or thymidine exogenously. This
is additiona! evidence that BrdlUrd can replace thymldline In its
incorporation during DNA synthesit (Bischoff and Holtzer, 1970}.

In addition, Coleman gt al. (1369) and Bischoff and Holtzer (1970)
shewed that other halogenated derivatives such as S-chiorodeoxyuridine
and 5-fododeoxyurldine could mimic the effect of BrdUrd in blocking the
differention of myoblasts. These are alse analogues of TdR, which are
known to enter DNA specifically as th,mline replacements and as such
mimic the effect of Brdrd, This lends further evidence for DNA as the

possible site of Brdtrd action.
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To summarise, Myogenesis Is a system In which ONA synthesis and
diviston stops before differentiation begins. (Bischoff & Holtzer 19703,
From the studies of BrdyUrd inhibition it appears that the cells are
partially determined prior to the terminal division which precedes

histological expression of differentiation.

It Erythropolesis

The effect of BedUrd inhibition has been studied in an embryonic

erythropoietic system. Here heomoglobin (Wb} is formed while cell
division continues. This is in contrast to myogenesis where cel
division stops prior to dlfferentiation. Mlura and Wilt (1971)
showed that the presumptive blood island tissue of the blastoderm,
cultured at the primitive streak stage, failed to synthesize haemo-
globin in the presence of BrdUrd, At later stages of development,
however, 8rdUrd treatment had no effect an haemoglobin production,
It is of Interest that these workers aleo demonstrated with the use
of autoradiographic technigques that at bolh the BrdUrd sensitive and
insensitive stages all the erythroblast precursor cells incorporate
Bralrd into their DNA.

Fablan and Wilt (1973) have demonstrated in erythropolatic cells
that, during recovery from BrdUrd treatment, the previously incorporated
8rdUrd in the DNA Is diluted out by Further repllcation during the
recovery phase whe. the block on differentiation is reversed,

Weintraub et al. (1972) employed an In vive system in which BrdUrd

s Introduced into the chick eggs. They showed that there Is a
transitlon in the erythropoletic linzage befora which the ability to
inltlate synthesis of Hb is prevented by BrdUrd, and afler which the
continued synthesis of Hb {s unaffected. Thls demonstrates that BrdUrd

tnhibition of Hb production occurs In vivo as well as In vitro.
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The evidence of BrdUrd action on myogenesis and erythropolesis is
consistent with the possibility that BrdUrd Tnterferes with an event in

transcription resulting in o dersngement of RWA synthesis, {(See botvom pg. 24).

tii The effect of BrdUrd on cleaving eggs

in the development of Echinoderm eggs Mazia and Gontcharoff (1964)
found a different type of Brdurd effect. Incorporation of Brdlrd into
the replicating sand doliar egg prevented subsequent blastula farmation.
Closer examinstion showed that the mitotic behaviour of the treated
eggs was highly abnormal.  Nuclear bridges formed between daughter
blastoderms.  Not only were abnormal blastula and lethal gastrula formed,
but BrdUrd also affectod the production of echlnochrome pigments in the
sea urchin embrye.  However after the 16 cell stoge of development
BrdUrd has no effect on echinochrome production {(fontchasroff and Mazia
1967).  This insensiltivity to Brdyrd substitution zfter a later cel)
stage may br compared with the effect of BrdUrd substltution Into the
DNA during erythropolesis.  In both examples even though BrdUrd is
incorporated into the DNA the cells become Insensitive to fts abillty

to inhiblc spectfic proteln production

iv. The effect of BrdUrd on an established differentiated s .te.

The studies of myogenesis and erythropolesis descrlbed above
suggest that Brdurd fnhibits the Inltiation of programmes resuliing in
the differentiation of these cells. The examples glven below will
t1lustrate that BrdUrd can reversibly suppress the espression of a
diffaerentiated state which hus alrecady been attalned (Wilt and
Andersor 1972) .

Postmitotic chondrocytes are surrounded by a metachromatic matrix
into which they deposit newly synthesized chondroitin sulphate. When
postmltotlc cells are liberated from the!r matrix and cultured as single

cells they are induced to enter the mitotic cycle. The daughter cells

~x
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form multicellular volonles which deposit the matrix and synthesize
chondroitin~A-sulphate. However, chondrocyles [iberated from vertebral
cartilage of chick embryo do not deposit matrix or synthesize

chondroi tin-4-suiphate when cultured in BrdUrd. ({Lasher and Cahn 1969,
Abhot and Holtzer 196Ba and b}. 1t should be noted that these cells
have recommenced division and that BrdUrd has beer lncorporated into the

new DNA {Anderson et al. 1970). it is )ikely that BrdUrd Incorporation

has pravented the formation of the cell specific product, chondroltin
sulphate. The possibility that the incorporation of BrdUrd into DNA s

anly a concomitant event and not the causal event cannot be axcluded,

This inhibition of cartilage development by BrdUrd has afso been demonstrated
by Abbot et al. (1972) using organ cultures of chick embryo somites, and

by Mayne gt_al. (1973) and Coleman et_al. (1970) using mature dividing

chondrocytes .

There are other examples of differentiated cells which can be
prevented from synthesizing their cel} specific products by BrdUrd
treatment. These inciude Fibroblast cells from chick amnion which synthesize
hyaluronic acid and chandroltin suiphate {Bischoff and Holtzer 1968,

Bischoff 1971 and Hayne gt al. 1371), hybrid mamma)ian cells in culture

which synthesize hyaluronic acid {Koyama and Ono 1971, and pigment
producing mouse melanvma cells (Silagl and Bruce 1970 and Wrathal gt al.
1973). The common fealkure of these examples Is that for eFfectlve Brdlrd
inkibition cel) division must also be taking place. This observation
correlates with Ardird inhibition of erythropolesis and myagenesis
where cell division procecds Lhe establishment of the differentiated
state. Thls suggests Lhat BrdUrd may have a similar mode of action in
all these sysloms.

The example of pigment producing mouse melanoma cells quoted above
is of particular Interast because of the very low fevels (-3ug/ml) of
BrdUrd required to suppress the Formation of plgnent. (81lagl and

Bruce 1970, and Wrathal et a1, 1973}, At these low concentrations the

rate of growth Is not affected but the cells grow without pigment and
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grow in flattened monolayers. This is in contrast te the normal
dark clones of melanoma cells which form in normat medium,  With
the suppression of pigmentation these workers also found an independ-
ent suppression of tumourigenicity, These two effects are not
dependent on each other as suppression of malignaicy in amelanotic

melanoma cells is also apparent.

v. TJhe effect of BrdUrd on specific proteins characteristle
of the differentiated state.

The Inhibitory effect of Brdlrd on cell specific protelns has
been partly discussed in relation te myosin synthesis and haemoglobin
synthests in section 1.2.3, points {i) and (ii} respectively. Other
examples relating to the Inhibitery effect of Brdlrd on call specific
protein synthesis are dealt with below.

Holthausen gt al. {1969} studied the effect of BrdUrd on the leve!
of enzymes characteristic of the extracellular pulysaccharide matrix
of cultured vertebral chondrocytes. There are three enzyme systems
essentlal for the production of this matiix whilh is a protein~
polysaccharide complex. These enzymes are UDP-glucose dehydrogenase,
UpP-N-acetyl-D-glucosamine-l-epimerase and sulphokinase. The
inhibition of differentiation by BrdUrd coincides with a progressive
deciine in the activity of these enzymes, In contrast acid phosphatase,
cytochrome oxlduse and hexokinase Yevels were the same for both Brdurd
treated cells and untreated cells.  This suggests that the speciflc
protelns of a differentiated condltion are inkibitud by BrdUrd in
contrast to the protelns required for gemeral cell function. Another
example to [1lustrate thls {5 presented below.

Stellwagen and Tomkins (197ta and b} treated an established line of
rat hepatoma cultures with Brdl. J. Unkreated rst hepatoma cells

synthesize the liver specific sterold Inductble enzymu, tyrosine amino-

-




transferase (TAT). These cells when grown in BrdlUrd synthesize TAT

at a reduced level of anly 20% of the untreated cells, Stellwagen

and Tomkins {1972a) correlated the decrease in the activity of TAT with
the amount of Brdlird incorporated into the DNA, which was dependent on
the concentration of Brdird added to the medium.

Enzymes such as malate dehydrogenase, ac® + phosphatase and alanine
amino transferase, which arc not liver speci ¢ proteins, were unaifccted.
These workers confirmed that the Inhibltory effect of BrdUrd is accompanied
by its incorporation Into the DNA. They eiso confirmed that the inhlbltory
effect of BrdUrd is reversible, and can be prevented by the addition of
thymidine to the culture medium.

The interpretation of tl+ above studies is complicated by ihe
incomplete knowledge of the turnover rates of these enzymes and their
RNA messengers. While Stellwagen and Tomkins {1971b) present some
information about enzyme half~lives, more detailed study of these aspects
is required for a Full understanding of this aspect of BrdUrd action.

Wrathall et al. (1973) studied the effecls of Brdlrd suppression
of pigmentation at the level of tyrosinase activity and melanosome
formation. The suppression of pigmentation can be related to a loss
of tyrosinase activity and melanosome formation.

In addition, it should be noted that abnormal proteins have not
been found in in vivo studies {Wilt and Anderson 1972). Immunologleal
tests on Brdlird treated hepatoma cultures do not praduce altered
protelns (Stellwagen and Tomkins 1971a and b), nor do pancteas treated

celis tested by zone electrophoresis {Walther et al. 1974). This suggests

that the effect of BrdUrd s not due to the synthesis of improper RNA
molecules, but a block in the effective process of transcription, perhaps
at the DNA location which controls whether or not a second DNA locetion
synthesizes RNA required for the protein synthesis of a dlfferentiated state
(8ricten and Davidson 1969, also Section 1.3 page 27, paragraph 3 this
thesis).




vi. |s RMA synthesis affected during the inhibition of
differentiation by BrdUrd?

fn addition to the studies on the effect of BrdUrd on specialized
proteins as described above, many Investigators have studied the levels
of ONA and RNA in these BrdUrd affected cells.

Steliwzegen and Tomkins (197ta) found only & 10% decrease in the rates
of synthesis of ribosomal, soluble and herctogeneous nuclear RNA's in rat
hepatoms cells affected by BrdUrd.,  They failed to detect a particular
BrdUrd sensitive ciass of RNA's from cells grown in BrdUrd by fractien-
ating radioactively labelled RNA on polyacrylsmide gels. This may have
been due to the fact that the mRNA was a minor portion of some larger
fraction.

Mayne et al. {1971) measured the total DNA content and the RNA:DNA

and protein:DNA raltios of fibroblast cells grown in BrdUrd {5ug/mi}.

Mo significant depression of total DNA content was observed. The RNA:DNA
ratio was siightly reduced, and similar but more marked depressions were
observed in the protein:DNA ratios, compared with untreated cells. As
their study encompassed the overall synthesis of proteln and RNA in these
cells it is unknown whether the reduction was due to a specific fraction.
However studies are presented below which are related to speclfic classes
of RHA.

The synthesis of mammary gland secretions affords a system in which
BrdUrd inhibition of specific proteins con be studied at the level of
transcription.  Proliferating mammary epitheliol cells can be Induced to
synthesize caseln and a-lactalbumin.  This synthesis of specific proteins
s preceded by an incresse in the rate of synthesls ol specific classes of
RNA {455 and 325 preribosomal RNA, heteragencous DNA like RNA of the
nucleus and transfer RNAY, Furthermore, there {s a concomitant increase
in polysomes wlth the initiation of casein synthesis. This has been

interpreted as the translation of new casein mRNA on cytoplasmic polysomes.
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Although the synthesis of caseln and a-lactalbumin was inhibited by
Brdurd incorporation into the DNA, the specific classes of RNA were
not shown to be affected in their experimental system. However, there was
a marked reduction in the polysomes and there is some decrease in the total

number of ribosomes {Turkington et al. 1971},

Kotzin and Baker (1972) found that the addition of BrdUrd to a
culture of developing gastrula stage sea urchin embryos caused a
reduction in the rate of incorporation of (*W}-urldine into new RHA.
They alse found that an 8-155 nuclear DNA, walch was the precursor of
15-608 DNA, was prevented In the 8rdUrd inhibited gastrulae from
becoming part of the higher molecular weight DNA.  They interpreted
this as meaning that the BrdUrd in DNA prevented the processing of the
15-608 ONA from the 8-155 DNA precursors. Furthermore, DNA-RNA hybrid-
ization assays indlcated that gastruia stage 20-605 nuc)ear DNA had
greater sequence homology for (®H) RNA of the same stage. This hybrid-
ization was not found in BrdUrd exposed embryes. This example supports
the view that BrdUrd incorporation into DNA, does effect the synthesis

of =pecific RNA species in the developing sea urchin embryo.

1.3 Evidence for thymidine rich areas ‘» JNA

It was proposed carlier in this work that the Inhibitory effect of
BrdUrd is due to the replacement ¢ thymidine by BrdUrd In thymidine rich
areas of the DNA, Do such thymidine clusters exist?

Using the Formic acid-diphenylamine reaction of Burton and Petersen

(1960}, Toliver et al. (1968) demonstrated the presence of pyrimidine

clusters in He La cell DNA.
The presence of repetitive DNA was found fn species of higher

arganisms (Britten and kohne 1968). They examined various species of




27.

plants, protozoa, invertebrates and vertebrates. The actual sequence
of these nucleotides Is unknown, but it is possible that there are many
homopolymer and copolymer types within the DNA.  An example of the
copolymar type of repeated nucleotide sequence is found in the satellite
from crab DNA (Suecka 1961), and from Yeast and Droscphila DNA (Guille
and Quetier 1973). lhe crab satel!ite ONA consists of an alternating
sequence of adenine and thymine units. in the same context Szybalski
et al. (1966) found pyrimidine rich clusters, such as cytesine and
quanine paired sequences, in the DNA from 2 variety of organisms.

in the DNA co RNA transcription process the dC rich sequence rather
than the dB rich sequence in the DNA |s the transcribed strand, and
~tmilarly with dT and dA rich sequences, dT is preferentially transcribed,
This asSyfgtry of copying the pyrimidine rich strand has been demonstrated

by Morgan (1970) using synthetic DNA polymers and E. coli DNA dependent

RNA polymerase.

Assuming that thymidine rich sequences do exist, could these areas
af repeated nuclestide sequence be sites of regulation For gene expression?
Specific nuclectide sequences have been proposed to be sitas of contro}
and Initiation in the regulation of gene expression (Britten and Davidson
1969},  They and other workers have established that the genome of higher
cell types contain large fractions of repetitive nucleotide sequences.
Consequently they propoesed o theoretical mwode] of gene regulation In
which muitipie controlling elements are used for requlating Lhe action
of genes.  Contral Lo thelr theory is that these controlling elements
are transcribed regions of the genome. Thay proposed that these RNA
products act ab the level of controlling mRNA synthesis for specific
proteins,

At the initial stages of this investigation the Findings of Darnel)

gt al. (1971) appeared to be relevant to the hypothesis proposed in this




work.  They demonstrated the existence of poly A sequences in mRNA.
This observatlion initially Inferred the transcription of poly dT
sequences in DNA. However subsequent work (Wilt 1973) demonstrated that
the poly A residues were added to the 3' end of the mRNA post trans-
criptionally.  This precludes the participation of poly dT residues
in the DNA In both fnitiation and synthasis of these poly A reglons
in mRNA.  Additionally ingram gt al. (1974} demonstrated that
tahibition of erythropelesis by Brdird did not block polyadenylation
of mRNA.

1t can therefore be concluded that the existence of thymidine
rich areas in the DNA is probable, The possibillity alsc arises
that these areas may be involved in gene regulation.

1.4 Binding of the Lac repressor of £. coll to operator

analogues.

Lin and Rlggs (1971) have shown that lac repressor protein in

E. coll binds to pely{dA-dT). They have also shown that repressor

protein binds very wuch more strangly to poly{dA-BrdU) than to poly(dA-dT}.

The dissociation constant of the repressor protein - poly(dA-dT) complex
is ten times greater than that of rcpressor protein - poly{dA-Brdu)
complex {Lin and Riggs 1972).  Although this }s a baclerial system

the evidence presented in thelr work demonstrates that poly{dA-dT)
residues play an Important role 1n the contro! of gene expression,
Possibly those sequences may also control gene expression in the differ-
entlated state. If this {s the case BrdUrd substitution of poly(dA-dT}
rich areas might resull In the Inhibition of Initfation of specific

protein synthesis due to non-relcase of the repressor.
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1.5 The in yitro synthesis of synthetic poly(dA-dT)
and fts_analogue poly(dA-Brdu)

As the practical aim of this investigation is to study the trans-
cription of the Brdurd-containing DNA polymers, a discussion of the In
vitro synthesis of thesc polymers by DNA polymerase is of importance.
The synthetic polymer of {dA-dT) was used as a first approach to examine
2 double stranded DNA of high thymidine density. As well as being =

polymer which 1s known to be transcribed (Chimberlin et al. 1963);

TdR can be completely substituted for by BrdUrd to form poly(dA-Brdl)

during replication (Inman and Baldwin 1962). Evidence for the replication

of these polymers and the transcription of poly{dA-dT) to poly(A-U) in a .
DNA polymerase and RNA polymerase system respectively, is described

beiow.

Schachman et al. (1960} have shown that in the absence of a ONA

primer and in the presence of dATP and dTTP in an in vitro E. coll DNA

polymerase system a polymer of dAMP and dTMP s formed. This synthesis

takes place after a long lag perlod. The polymer was found to contain -

equal proportions of dAMP and dTMP ard these were in strictly alternating
sequence.  Furthermore, the polymer was a double helical, hydregen bonded

macromolecule (MW2-8 % 10%), thus of the same configuration as natural

DNA.  In the synthesis of poly{dA-dT) the lag period is abolished 1 the
polymer synthesized in the unprimed reactlon fs subsequently used as primer.
This substantiates that the polymer ts poly({dA-dT).

The mechanism by which the poly(dA-dT) is synthesized Initially in
an unprimed system has not yet been elucidated, Setlow et al. (1972)

separated and compaved Lhe enzymalic action of Lhe two distinct enzymes N

of DNA poiymerase T (sce section 1.1.2).  They found that only the Intact
enzyme can catalyse de_povo synthesis of poly({dA-dT).
Radding and Kornberg (1962) Investigated the kinetics of unprimed

synthesis of poly(dA-dT}. They coserved that after 58 of the reaction




hee ocurred the size of the poly{dA-dT) molecules formed were the same
as those produced st the end oF the reaction. Therefore the process is
not a progressive lengthening of the polymer throughout the course of
synthesis,  The macromolecules formed during the lag perfod are
replicated as In the synthesis of DNA by ONA polymerase.

The polymer s synthesized within the first 20% of the lag period
and the Further time course of synthesis follows from the autocatalytic
veplication of {dA-dT) primer. Radding and Kornberg (1962) hypothesize
that the polymer s started by a number of random combinations of nucleo-
tides, catalyzsed by the enzyme, and that some nucleotide product possessling
a slmple and highly regular structure Ts then favoured for further growth.
Ordered polymerization continues until the molecule reaches a size sult-
able For priming. Upon §ts replication by ONA polymerase each of the
daughter molecules then becomes a template for Further replication in
semi{~conservative fashion. Woke and Baldwin (1962) confirmed that the
semi-conservative system of replication apptied for primed poly(dA-dT)
synthesis. Thus the synthesis of poly (dA-dT) is amalogous to that of
in vive DNA synthesfs fn that they are Loth semi-conservative (Meselson
and Stahl 1958} .

Inman and Baldwin {1962) have successfully propared the poly(dA-8rdu)
analogue of poly(dA-dT), using an unprimed or poly(dA~dT) primed DNA
polymerase reaction, where dTTP is replaced by BrdUTP.  The base sequence
in the poly{dA-BrdU} product has also been shown to be alternating by

Trautner et al. (1962). When cither of the copolymers of (dA-dT) or

(dA-BrdU) are used as primers, synthesls begins promptly.  Poly(dA-dT)
will serve as primer for poly{dA-Brdl) synthesis and vice versa, Wake
and Baldwin (1962). Bessman ot at. (1958) and Ckazaki and Kornberg {1964)
have shown that BrduTP can substltute for dTTP In an In vitro system primed

hy calf thymus DNA.




Using poly{dA=dT} as primer in a system of Lranscription containing
E. coll RNA polymerase ATP and UTP, a polymer containing AMP and UMP of

alternating sequences can be synthesized, Chamberlin et al. {1963} and

Chamber1in {1967).
Thus it can be concluded that the poly(dA-dT) system of replication
and transcription was a satisfactory initial choice for the in vitro

study of the transcription potential of polymers containing BrdUrd,

1.6 A possible mechanism by which bromodeoxyuridine inhibits
cell different

The inhibition of specialized protein synthesls by BrdUrd appears to
be dependent on the {ncorporation of the analogue inta the DNA (Stellwagen
and Tomkins 1971a). At least one ONA synthetic cycle Is a prerequisite
for the inhibitory effect of BrdUrd on differentiation. This has been
demonstrated by the exampies presented in section 1.2.3. This reiterates
that the mode of acLion of BrdUrd (nhibition of differentiation requires
8rdU»d incorporation into DNA. A proposal pertaining to the nature of a
DNA-1inked mechanism of BrdUrd inhibition should also incorporate the fact
that the inhibition is specific to proteins characteristic of a different-
fated state (sce seclion 1.2.3).

It has been mentioned proviously (see section 1.4) that poly(dA-dT)
and poly(dA-BrdU} bind to bacterial proteln lac repressor molucules. In a

.slmilar Fashion the protein RNA palymerase may have a greater affinity for
poly (dA=Brdy) than 11 has for poly{dA-dT).

Further ovidence indicating that RNA polymerase tramscriptlon 1s not
as effective In the presence of BrdUrd-containing DNA may be galned from
the In vivo studies of dJones and Dove {1972).  They have found an
tnhibition of the Lranscription rate of XA coli phages in which thymidine
is completely or partially substituted by BrdUrd.  Substituted DNA was

about seven times less effective than normal DNA as a primer for A mRNA



In vive. The authors concluded that inbibition of mRNA synthesis was
due to elther Ineffective binding of RNA polymerase to the Brdurd
substituted DNA or to the inability of the BrdUrd substltuted DNA ta
unwind.

Stellwagen and Tomkins {1971b) suggest that Brdurd in DNA "Inhibits
the transcription of only certain genes into mRNA', MHere it Is proposed
that these genes, which are probably rich in thymidine (possibly thymidine
sequences) are Involved directly or indirectly via a control loop with It
specific protein synthesis. These thymidine sequences may exist in the
inltiation reglons or specific arcas of the gene (see section 1.3.).

Tollver et al. (1968) on the basis of their studtes (see section 1.2.2}

suggested that thymidine rich material may be associated with the contro}
of ONA synthesis. Stmilarly such regions may also play an important
role in transcription. |f these were specific in mRNA production
related to differentiation, inhibition by BrdUrd might result. B8ritten
and Davidson (1969) proposed that there are regulatary clements
adjacent to structural genes. |f these were rich in thynidine sequences i
their substitution by BrdUrd might result in an inhibltion of their
regulatory function. As proteins required for general cell function may
not he affected by BrcUrd incorporation into the DNA, the initiation of
thelr mRNA synthesis may be due to sites not rich in thymidine and
consequently insensitive to BrdUrd substitution.

1t is proposed that BrdUrd 1s Incorporated into regulatory elements
of the DNA which Initiate the synthesls of specialised proteins character-
istlc of the differentiated state. These may be specifically sensitive
to thymidine substitution by BrdUrd or they may be thymidine rich sites.
ft §s this latter theory that witl be tested in the {n vitro Ltechnique,

of synthesls of DNA and RNA, designed for this Investigation.




1.7 Alm of this investigation

The aim of this investigation was to test the hypothesis that
BrdUrd inhibition of diffeiuntiation acts specifically at the level of
transcription of DNA into RNA. )t was decided to approach this problem
at a basic molecular level by synthestzing BNA molecules with differing
amounts of BrdUrd and measuring the ability of RNA polymerase to

transcribe these molecules. To this end the In vitro DNA polymerase

and RNA polymerase systems described and evaluated In the subsequent

sections of this thesis are used.

i
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2. __METHODS AND MATER1ALS

2.1 Eazymes

2.1.1  DNA polymerasc
A. MNierococcus fysodelkticu. ONA poiymerase I was obtained from
Miles-Seravac Research Division, Miles Labora*toriss, [1linols, U.5.A.
The activity was specified as 80 units/mg protetn. This enzyme was
isolated according to the method of Zimmerman (1966}, !t was supp)ied
dissolved in 0.15M potassium phosphate buffer pB 6.8, 0.01M ETSH and
was stored at -20°C.

B. Two preparations of Escherichia coll MRE 600 DNA polymerase 1

were obtained from Boehringer Mannheim, Germany. The activities were
specified as 1970 and 2741 units/mg protein respectively. These
preparations correspond to approximately step VII of the enzyme

Isolation of Jovin et al. (1968). They were supplied In 50% glycerol

at a pH of about 6.0 and were stored at -20°C.

An enzyme unit is defined as the amount of enzyme required to
convert 10 nuoles of isotoplcally labelled deoxyribonucleoside
Bl~rriphosphate ipto acld-Insoluble material In the presence of
poly(dA-dT) primer in 30 minutes at 37°C., Both K. jysodeikticus and
€. coli LNA polymerase preparations were diluted .« 0.05M Tris-HC1
buffer pH 7.5, 0.01M ETSH, | mg/mi BSA.  They were used within 15
minutes of dilution.

C. CalF thymus gland ONA polymerase from calf thymus gland was
prepared using the method of Shepherd and Kelr {1966} with slight
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modi flcations. €alf thymus gland was chopped into sma'l pieces and
suspended In 12 volumes of 0.25M sucrose, 0.001M EDTA, 0.005M ETSH.
The suspension was then homogenized at low specd .n a Polter-Elvehjeim
homogenizer.  Microscopic examination with the stain, 1% W/V crystal
violet in citric acid, was used to check that cellular disruption had
been achieved with winimal nuciear breakdown, The preparation was
then made 0,01M with respect to potassium phosphate buffer pH 7.5 and
0.15M with respect to KC1, by the additfon of 6.54 potassium phosphate
buffer and solid KCT respeciively.  The homogenate was then centri-
fuged at 105,000g in a Spinco Mode! L. for 60 minutes. The super-
natant fraction was the calf thymus DNA polymerase preparation used

In this study, t was used within on2 hour of preparation. The
proteln cuncentration of the enzymatically-active suparnatant fraction
vas determined by the method of Lowry gt al. (1951}.

2.1.2  ._polymerase

Escherichla coli B RMA polymerase was purchased from Miles-Seravac

Research Divisfon. The activity was specified as 294 units/mg protein.
This enzyme was prepared according Lo the method of Burgess (1969},

The specifications were those of a puriffed solution of RNA polymerase
containing 'Sigma' factor and essentlally Free of poivmuclectide
phosphorylase, DNA polymerase, RNAase and ONAase.

The enzyme was supplied In 50% glycero) in enzyme diluent 2™ was
stored at -20°C,  Yhe enzymo diluent was §.0tH Tris-HCl buffer pH 7.9,
0.01H MQC\Z, G.0TM KC1, 0.1mM dichiothreilol, 0.1mM EDTA.  This
selution was used to prepare ihe appropriale RNA polymerase concen~
trations.  The diluted preparalions were used within 15 minutes. One

unit of RNA polymerase activity s defined as the amount of ehzyme

catalyzing the Incoiporation of { amole of [sotopleally labelled

ribonizleoside 5'-monophosphate into acld-Insoluble material in the




pracence of calf thymus DNA primer in 10 minutes at 37°C.

2.2 DNA primers
2.2.1  Calf thymus_DNA

The sodium salt of polywarized calf thymus DNA was purchased from
Sigma Chemical Company, Missouri, U.S.A.

The DNA wos dissolved in distilled water at a coscentration of
2 mg/ml by stirring overnight at 4°C. It was denatured by heating
for 10 minutes in boiling water and by rapidly cooling in ice.

2.2.2 PD!X(dA'dT)

Poly(dA-dT) was obtained from the Sigma Chemical Company as the
sodium salt of & high molecular welght double stranded copolymer.
This copolymer consisted of alternating deoxyadenylic acid and
deoxythymidylic acid residues. The copolymer was dissolved in
distilled water at a concentration of 100 £, units/0.5 ml and was
stored at -20°C,

1t vas used as primer in the DNA polymerase and RNA polymerase
assays with further dilution 2s required.

The UV absorption spectrum of Poly(dA-dT) was measured and is

shown in Figure 6, The approximation that  mg of polydeoxynucleotide

: equivalent to 20 Eygq Units was used throughout this work.
Ore: ynit of Poly(dA~dT) is defined as that amount which will yield
an 5260 of 1.0 In 1,0 m of water (3 em )ight path).
2.2.3  Poly(dA-Brdy)

Poly{dA-BrdU) was obtained, from General Biochemicals, Chagrin
Fails, thio, U.S.A., as a double strandud polymer consisting of
alterraring deoxyadenyiiec acid and G-Bromadeoxyuridylic acid residues
in botk srrands. It was prepared according to the method of Inman and
Baldwir (1962). The absorption maximum of this Is 266.5mm and the

spectrum is shown tn Figure 6.
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The polymer was supplied in 0.01M Tris-HCI buffer pH 7.9 and was
stored at -4°C.  {t was used as required without further dilution.
One unit of poly(dA-Brdil} is defined as that amount which will yietd

an Eyeq of 1.0 fn 1.0 mi of water (1 um light path).

2.3 MNucleotides

2.3.1  Mugleoside 5'-triphosphales

wraeil.
The deoxyribonucleoside 5'-triphosphates of uridine, thymine,

adenine, guanine and cytosine and the ribonucleoside 5'~triphosphates
of adenine and eéidine were obtained from the Signa Chemical Company.

S~Bromodeoxyuridine 5'~triphosphate was prepared inftially by the
suthor and later was purchased from Boehringer<Mannheim as the
tritithium salt.

2.3.2  Isotopically labelled nucieoside 5’-triohosphates i

The following labelied nucleoside 5'-triphosphates were purchased
from the Radiochemical Lantre, Buckinghamshirc, Engldnd.

Deoxyadenos ine-8-2H-5~tri phosphate ammonium salt TRK 347

Deoxycy tdinan5~>He5'= triphosphate ammonium salt TRK 352

Deoxythymiding=ncthyl=3H-5 "« Lr i phosghate ammanium sait TRK 42k

Adanosine-8- 19651 ntriphosphote sodium salt CFA 126,

Deoxythymidinc-l-‘bc~5’-triphasphato tetralithlum sate NEC 4h2 i
was obtalned From New England Nuclear, Bosion, Hass. U.S.A. R

2.3.3  Preparation of 5-Bromodeoxyuridine 5'~triphosphate

5-Bromodeoxyuridine 5'-triphosphale was prepared by direcct
brominatinn of deoxyuridine triphosphate.

Markham with others (Bessman et al., 1958) had prepared BrdUTP
from dCTP by brominutii., followed by deamination.  Markham {1971)
recormended to the author the usn of JUTP in order tn eliminate the

deamination of BrdCTP. A method was rtiployed based on a procedure deseribed
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by ikeharaaad Uesugi (1969} and recommended to the author by Kornberg
and Russell {1971). This method involved the use of saturated
bromine water to brominate the dUTP at pH 4.0,  The product was then
purified by column chromatography using DEAE sephadex (HCDB_) and
eluting with triethylammonium bicarbonate.  BrdUTP was purified by
this method but a low yield was obtained.  After corresponding with
Grunberg-Manage and Springer (1971) their method of direct bromination
of dUTP was used with slight modifications. This preparation could
be compieted within two days.  Simifar methods have been described by
Chamberlin and Serg (1964) and Ritey and Paul (1971)

The reaction for the divect bromination of dUTP Is showr below:

ar

';/ N o ®
¢C\N/CH

H]

0
P -P~p - Sugar
dUTP + BrduTe

ethod )

0.2Zmmole (12p1) of sure bromine was added to 0.lmmole of dUTP
dissolved in 0.5 ml of formamide, This mixture was allowed to stand
at 24°C for two hours. The sampie was cooled to 09C In an ice both
and then rapidly neutralized with 3 mi of 0.18 Tris at 0°C to
approximately pH 7.0,  MNeutralization was checked with pH indicator
paper. Excess bromine was then extracted trom the preparation with
ether until] the ather layer was no longer discolourcd by bromine.
Four 3 ml washes with ether were requited.

To ensure that complete copversion of dUTP to BrdUTP had taken

place 1n) samples of the mixture were temoved at varfous time Intervals

e e p—



and diluted in distilled water for spectrophotometric wnalyses.

All subsequent procedures were carried out at 4°C.  The ether
extracted preparation was then subjected Lo column chromatagraphy in
order to separate the various brominated and non-brominated nucleotide
products of the reaction.

Dowex Bio Rad anfon (€17) exchange resin A G 1 x 4%, 200-400 mesh
was used for this purpose. The dimensions of the column were
4.5 cm x 0.5 cw dlameter.  The resin was prepared for use by serial
washes with 0.1M NaOH, water to pH 6.0, and 0.14 HC1.  After the final
HC1 wash the resin was washed with water until the pH of the effluent
was approximately 6.0. The column was packed and equilibrated with
0.01M HC} until ready for use.

The BrdUTP preparation was then applied o the column and eluted
with a lithium chloride gradient consisting of the fcllowing:

Mixing vessel : 100 ml 0,014 HCI

Reservoir + 100 m) 0.01M HCI, 1M LiCl.

Buring elution the column was connected to the LKB Uvicord continuous
Flow system to monitor UV asbsorption. A constant flow rate of 1 ml/min
was maintained using a LKB Varioperpex peristaltic pump. This was
followed by a fraction collector and fractions of 10 ml were collected.

The gradient alution pattern is shown in Figure 7.  Four distinct
peaks were observed which were labelled a, b, ¢ and d.  Each fraction
was examined between the wave-lengths of 230 to 3h0nm.  Spectra of
some of the component fractions in peake a, b, ¢ and d are shown in
Figure 8.  Bromodeoxyuridine nucleotides absarb maximally at 279rm
whercas uridine nucleutides absorb maximally at 260mm.  This
difference in absorption maxima was taken as a criterion of conversion

to the bromo species.



36

L]

50

Tube nomber

Bowex chromotagraphy of the BrdUIP preparation




Extinction

s g

et
230 2hn

Lime 8

s . s i
250 sut 270 280 290 3ae
Wavelenally nm
Woabvarpthon wprctea ol seae ol Lhe romponent

fractions in pwaks a, b, o, and d of Figure 7.




From Figure 8 v can be scen that fractions taken lrom peaks a,
b and ¢ exhibit distinct maxima at 279nm whereas peak d does not have
an absorption maximum at this wavelength, it was concluded that
peaks a, b and c contain brominated uridine nucleosides and peak d
does not.  Therefore peak a contained the BrdUMP, peak b BrdUDP and
peak ¢ BrdUTP because of the increasing magnitude of the negative
charges on each nucleotide. This Is a typlcal pattern of elution for
a mixture of nucleoside mono, d1 and triphosphates From an anion
exchange coluian (Smith and Khorana 1958). On this basis fractions
10, 11, 12 and 13 were considered to be pure BrduTP.  All four
fractions were combined, neutralized with tributylamine and Tyophylized.
The LICI was subsequently removed by washing five times with 1 mi
portions of a 1:1 ethanol-acetone mixture.  The BrdUTP remalned
undissolved during this procedure, AFter the Final ethanol-acetone
wash the preparaiion was washed with ether and was allowed to evaporate
to dryness. The product was then dissolved in 1 ml of disti)led water
and Sul of this sample was dituted in 3 ml of distilled water. The
extinction of 1 ml of this solutlon was determined at 279.5nm and was

found to be 0.22, The E of the total BrdUTP preparation was then

279.5
calculated and was found to be 132.  The molar extinclion coefflicient
(s} of BrdUTP was taken as 8500 (Kornberq and Russel 1971),  Therefore
the molarity (5) of BrauTP was calculated as 15.5umole/1 ml.  Since
the Initial amount of dUTP used was O.lmiole the yield of BrdUTP was
15.5%
The spectrophotometric properties of the dUTP reactant and the

BrdUTP product are compornd with results from other laboratories. As
shown in Table | dUTP has been successtully converted to BrdUTP during

the above procedure.
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Table 1. Spectral properties of dUTP and Brdlip

Spectral pH 1-2 pH 12
properties
1 2 3 ) 2 L3
A Max  JUTP 262 262.5
BrduTP 279 278 280 279 278 276
E %2% dUTP 8.72 0.74
BrduTt? 8.62 0.5¢ 0.59
280
£ 260 quTe 0.45 0,42
BrauTe .77 1.86 1.9t 1.77 1.61 1.35

Columns headed 1-4 correspond to the key below:

1. Be sman et al. {1958)

2. Kornberg and Russel (1971}
3. Riley and Paul (1971)

4. Present results

An addicional chack on the purity of the BrdUTP was performed using
thin layer ulectrophoresis, HMerck T.L.C. plates coated with Silica
Ge! 7254 were spotted with 10ug samgles of dU1P and the prepared BrdUTP
(In 1011 and 1n] respectively). The plates were run in 0.05M borate
buffer pH 9.4 at 700 volts for 90 minutes, and finally dried in a warm
oven. The nucleotidas were located by absorption of ultraviolet 1lght.
Both the GUTP and BrdUTP preparation appoated as distinet spots, showing
homogenelty of both molecular spacies. The BrdUTP prapsration had
moved slightly Further than the dUTP.  This result supports the con-

clusion that the dUTP has been converted to BrdUTP since halogenated
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nucleotides migrate further than their non-halogenated counterparts
in a borate buffer of pH 9 (Smith 1969).  The above procedure was
adapted From the method described by Dunn and Smith (1954). The
calf thymus DNA polymerase assay system was used to demonstrate
that the product BrdUTP could replace dTTP In DNA synthesls. See
Section 3.2,

2.4 Additional materials

Crystallised Bovine Serum Albumin (BSA) was obtained from Armour
Pharmaceutical Company, Eastbourne, England.

PPO and FO'OP were vhtained from Packard Instrument Company,
i1linois, U.S.A.

2.5 Enzyme assays

DNA polymerase and RNA polymerase activities were determined by
measuring the amount of radicactive deoxyribonucleoside or
ribonucieoside 5'-triphosphate incorporated into palymer DNA or RNA
raspectively. These assay systems were based on a method originatly
developed by Bollum (1959). In this investigation all enzyme assays
were performed in either duplicate or triplicate.

2.5.1  incubation conditions

The incubation conditions varied according (o the requirements of
each enzyme and the requirements of sr.cific experiments. The most
frequently used Incubation conditions will be described below and
departure from these, for spectfic purposes, will be described
togelher with the results.  The reaction mixture conslsted of 3 basic
components; & special mixture (SM), a nucleatide mintare (NM} and an
enzyme preparation. When these components were combined in the
appropriate proportiens the optimal conditions for the enzyne assay

were attained.
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The SH consisted of Tris-HC] buffer, relevant ions, sulphydryl agent
and primer DNA.
The nucleotide mixture contained the appropriate nucleoside 5'~triphos=
phates one of which was radioactively labelled. This procedure wil
be described in detall for the assay of calf thymus DNA polymerase.
For the microbial DNA polymerase and RNA polymerase assay the standard
conditions only will be described.
A, Calf thymus DNA Polymerase

The standard assay conditions for calf thymus DNA polymerase are
described in Table 2, and are based on the system of Shepherd and Keir
(1966) .  The detailed composition of Lhe SH and HM For 10 enzyme assays

are shown In Table 3.

Table 2. Standard assay conditions for calf Lhymus DNA polymerase

Tris=HC1 buffer pH 7.5 20mM

[ 60mM

EDTA 0.l

Hgtt, kit

ETSH St

€atf thymus DNA (heat denatured) 5019

dATR, dTTP, dGTP 0.204 of cach

and (H)dCTP of speciflc

sctivity 2 x 165 copum. fumole
Cait thymus enzyme fraction 1531 of pretein
Total assay volume 0.25 ml

Temperature 37%
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Table 3. Composition of the SM and MM for the standard Calf thymus

DNA polymerase assay

Special Mixture (SM)

per assay Stock  m) of ftock Soln.
Components 0.25 ml Soln.  per 10 assays
Tris-HCI pH 7.5 Sumoles 0.24 0.25
[ 15umotes 1.08 0.15
EDTA 0.1ymoles 0.1 0.01
MgCl, lymole 0.54 0.02
ETSH 1,25um0les 0.54 0.025
Calf Thymus DNA primer 50my 5 mg/ml 0.30
H,0 (dist) 0.247
1.0 Total volume
Nucleotide Mixture (M)
per assay Stock  ml of Stock Soln.
Compones ., 0.25 ml Soin.  per 10 assays
dATP S0nmoles S 0.1
dGTP 500001 es Bt a1
TP 50nmoles 5k 0.1
3y dote S50nmolas St 0.1
Hy0 (dist.) 0.1

r.5 Total voi.




Table 3 {Cont.)

The composttion of the incubation mixture is described below:

mi

HZU 0.05

M 0.1

NM s

Enzyme

extract 0.05
Total volume 0.25

The components were added {n the order shown above to 10 ml canica
centrifuge tubes or 3 ml test tubes. After the addition of the
enzyme the tubes were cupped and immediately Incubated In a shaking
water bath at 37°C.  After fncubation the reaction was terminated
by freezing in a dry ice-acetone mixture. The contro) tubes were

nnt Tncubated but directly Frozen in a dry lce-acetone mixture.

B M. lysodeikticus and E. coli DNA polymerase

The standard assay conditions for M. fysodelkticus and E. coll
are described in Table 4 and are based on the incubation mixture used
by Zimmerman ((966). The use of Tris-HC] buffer at pH 7.9 was based
on the optimum va,ues given by Zimmerman.  This pH was used instead
of the usual pH of 7.h, so that the conditions could be maintained
for the sequential DNA and RNA assavs described (n Section 2.5.1 D.
The control tubes were not incubaled bub directly frozen in a dry

fee=acetone mixture.
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Table 4. Standard assay conditions for M. lysodeikticus and

E._coll DNA polymers <s

Tris=HCi buffer pH 7.9
MgEl,

ETSH

Poly(dA-dT)

dATI;, dTTP and or BrduTP
DNA polymerase

Total volume

Temperature

The isotoplically labelled nucleotidus -

(GH)AATP of specific activity
(H)dTTP of speciflc activity

p’
(Mc)aTTP of specific activity

66.7aM

3.3m4

1. 0mh

0.1 units

0.3mM of each

0.02-5 units

0.25-0.3 ml
37°%

¢ in these assays were:
6-8 % 107 C.p. o punoie
6-7 x 105 c.p.m./pmole  and

17-20 x 10% c.p.m./umole
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€ E.coli RNA poly.arase

The standard assay conditions for £. coll RNA polymerase are
described in Table 5. These conditions were modified from those
used by Lill er a). {1970). The control tubes were not incubated

but directly frozen in a dry jce-acetone mixture.

Jable 5. Standard assay conditions for E, coll RNA polymerase
Tris-KC1 Buffer pH 7.9 50mH

Mg, 8mM

Hac1, 204

Poly{dA=dT) or Poly{AA-Brdv) 0.2 units

ute, ("MC)ATP of specific activity

2% 198 ¢.p.m./umole 0,64 of each
RNA poiymerase 0.3 units

Total assay volume 0.25 ml
Temperatuce 7%

b RWA polymerzse assay preceded by DNA polymerase action

This experimental technlque was developed to study the abitity of
RNA polymerase to form Poly(A~U) on DNA templates containing varying
amounts of BrdUTP.  DNA polymerase action was lollawed by sequentisl
RNA polymerase action In the same incubation Lube.  Thus after DNA
polymerase actlon the requirements for RNA polymerase were added to
the reaction mixture to study the tramscription of the DNA pofymerase

products.



The standard DNA polymerase incubation conditions are described
in Table 6. The incubation period was for 180 minutes, 10 mi

conical centrifluge tubes were used to reduce evaporation josses.

Jable 6. Standard assay conditions for DNA polymerase actlion

Tris-HC! buffer pH 7.9 80mM

HgCl, 2.5mh

ETSH 1.05mM
Poly(dA-dT) or Poly{dA-Brdu} 0.1-0.2 units
dATP 0. 5mM

dTTP and or BrdUTP 0.5mM total
DNA polymerase 5=5.3 units
Total assay volume 0.2 mt
Temperature 37°C

These conditlons were modified stightly compared with those
described in Table 4 in order to approach more closely the require-
ments for the subsequent RNA polymerase Incubation,

After the DNA polymerase Incubatiun 1.7umoles MgCIz, 0.6umoles
Mnclz, 160ymales UTP, 160umoles (MD)ATP and 0,413 units of RNA
polymerasc were added to the reaction mixture in a total voli of
0.1 ml to Fulfil the requirements for RNA polymerase action. This
yielded the RNA polymerase incubation conditions described tn Table 7.

Because of the complexity of the procedures used In chis assay the
detailed composition of e DNA polymerase {ncubatlon mixture and RNA

polymerase additions are described in Table 8 and Table 9 respectively.



Table 7.  Standard assay conditions for RNA polymerase when |

preceded by DNA polymerase action

Tris-HC] buffer pH 7.9 53mM. [
Hott, 8.17mM ;
MhCIZ 2.08mM ,
ETSH 0.7mM ‘
utp, ("MCIATP specific activity of

2 x 1()6 <.p.m./unole . 0.53mM :
RNA polymerase 0.413 units
Total assay volume 0.3 ml

Temperature 37%




Table 8. Composition of

Speclal Mixture (SM)

53.

the SH and NM for the DNA polymerase assay

per assay Stock ml of Stock Soln.
Componen ts 6.2 ml Soln.  per 10 assays
Tris-HC1 pH 7.9 16umoles 0. kM 0.2
Mgcl, 0.7umoles 0.05H N3
ETSH 0.2ipmoles 0.0154  n.th
Poly{dA-dT) or (dA-BrdU) 0.1-0.2 untLs 0.14
NZO {dIst.) 0.12
1,60 Total
Nucleatide Mixbire per assay
per assay Stock ml of Stock Seln.
Components 0.2 ml Soln.  per assay
dATP 100nmoles L.omd  0.025
dTTP and/or BrduTP as required 5,0mM as required

Hy0 (dist.)

total 100nmoles

tetal 0.02 ml

0.805

0,05 total/assay

Lomposttion of the compieted ingubatlon mixture

sH
NM

ONA polymerase

Voiume (ml}

6.20 total
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TJable 9. Additions For RNA polymerase activlty

. per assay ml of stock soln,
Components (Addi tion) Stock Soin, per 10 assays
Mgty 1. 7ymoles 0.34H 0.05
MnCl, 0. 6umoles 0. 1254 0.05

0.1 Total volume

Nucteotide Mixture

mi of stock soln.

Components per assay Stock Sein. per 10 assays
ute 160umoles LT 0.4 .
(Me) are 160umotes 1. 0.

0.8 Total volume

Composition of the completed incubatlon mixtur.

Votume (ml)

Hgtl, + HnCl, 0.0
Nucleo! de Mixture 0.08
RNA polymerase 0.01

0.1 ml Total

2.5.2  Anolyticsl technigues

Polynucteotide synthesls was estimated by detormining the
Tncorporation of an isotopleally tabelfed nucleoside 5% -monophosphate
from its triphosphate Form Into acld-insoluble products accerding to

the method of Bolltum (1959), with stight modifications.




The frozen assay mixtures were tha-ed and 0.07 ml of BSA (2 mg/ml
in water} were added to cach tube as co-precipitant. Aliquots of
8.05 ml were taken from esch tube and pipetted onto discs of
Whatman {2.5 cm diameter) GF/C glass fibre paper. Duplicate discs
were prepared for each assay rube. Each disc was inmediately
plunged Into a beaker of cold 5% (W/V) TCA.  This resulted in
precipitation of fabelled polynucluatide and protein onto the disc.
There is no e :hange of labelled product among dises in this system
and consequently many discs may be processed together in this way.

A volume of 20 m} 5% TCA was provided fo- cach disc, After a minimum
precipitation time of 5 minutes the TCA was decanted and replaced
wlth fresh cald 5% TUA.  This procedure was repeated flve times.
Residual TCA from the last wash was removed by successive washes in
absolute aleohe! and ether. The discs were then replaced
individually in potassium Free glass vials and vacuum dessifated to
remove residual water, To cach vial 10 ml of cold scintililation
fluid was then added. The scintillation fluld was made up of 4g of
PPO and 0.1g of POPOP per |itre of toluene. The vials were then
counted In a Packard Tri-Carb Liquld Scintitlation Spectrometer
{mode! 3320). Each vial was counted for Lhree periods of 10 minutes
for (“'C) and 3 periods of 20 minutes for (3|t),

The speciFic radiooctivity of the substrate nucleoside §'~
triphosphate used in cach assay was determined as follows:

8.1 ml of appropriately diluted radioactive subsirale was pipetted
onto two discs which were dried and counted togathur with the
experimental samples in cach assay. Al .o a blank dise containing no
additions was occaslonally subjected to the TCA wash.  Such discs did

not exhibit counts higher thar background. This demonstrates that



there was very tittle absorption vi unincorporated labelled nucleotide
on to the discs during preparation.

Buplicate discs were taken from each assay tube and each assay
was performed either in triplicate or duplicale. Therefnre a
maximum of 6 discs or a minlmum of 4 discs were counted for each
assay. These results were averaged to determine the polymer product,
This average was expressed as counts/minute/assay (c.p.m./assay), and
was converted to nmotes of isotoplcally labelled nucicoside 5'-mono~

phosphate incorporated inte acld insoluble product per assay.



3. RESULTS

3.1 Assays of DNA polymerase and RNA polymerase

The initial work was zarried out to establish valld standard assay
conditions for the bacterial polymerases vsed. These conditions
were used throughout the study except where otherwise specified. It
should be noted that the bacterial polymerases were initially assayed
to ensure that they werc of the activity and concentration specified
by the manufacturers and that they had retalined activity during
transportation.

The calf thymus DNA polymerase was used to estabiish that the BrdUTP
prepared in this siudy (see Section 2.3.3) was incorporated into acld-
insoluble polvdeoxynuciectide In a DNA polymerase catalyzed reastion,
as described in Section 3.2.  The reason for using calf thymus extract
in order to check BrdUrd incorporation was due to this iaboratory's
experience with the assay of this enzyme.

30,1 DMA polymerase from calf thymus glo.

The preparatlon of the soluble fraction containing DNA polymerase
was described in Section 2.1.1 €. The incubatlon conditions were as
described in Section 2.5.1 A Table 2. The time course of calf thymus
DNA polymeiase . - "ivity is shown In Figure 9 which indicates that
the assay syste. . lincar over an Incubatlon period of 0 to 60
minutes. A 30 and 60 minute incubation perioa wa; chosen For the

axperiment with thls enzyme.
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Time Conrse of OWA polymerase activity of coll thymus extract.
The camponents of Lhe reaction mixlure were made up as
doscribed In Section 2,5.8 A% Tables 2 and 3.

Thee peact fon mixture contained fn 0.2% ml, S, 0,204 cach of
dATe, date, d1Te and (I)ACTR, and 153ug proteln of calf
thymus ecnzyme fraction.

The wpocific radioactivily of the (H)dCID was 2.2 x 183
Cofsats S e,

tngubation was carried out at 377,

The Fesul s are an overage of Lwo assays each aml The conlrol

tube s ool ficoabated.




3.1.2  DNA polymerase from M. jysodeikilsus

The r-lationship between the concentration of enzyme and the

Synthests of polydeaxynucleotide

The enzyme concentrations were chosen to establish the levels at
which the amount of product was proportiona’ Lo enzyme concentration.
As shown In Figure 10, the tinearity between product formed and
enzyme concentration was in the region 0,08 to 0.h units of enzyme.
Specimen za)gulation

An examp®e of the calculation of nmoles of Tsotopically labelted
rucleotide fncorporatlon :nto acid-insoluble product per assay per
30 minutes (i.e. nmoles/assay) fs . 'own below.

In this particular assay 0.21 units of DNA polymerase was used
per 0,35 ml final volume of reaction mixture. Two samples of 0,05 ml
viere taken for analysis and each sanrple was read three times for

10 minutes.

Counts per 10 min, 6276 + (507 + 6308 + 6176 + 6215 + 6329
37811

Average counts per T0 mln, To6302

Counts per min. {c.p.m.) ©630.2

c.p.m. of the control 79.5

Thus the corrocted c.pam, - 550.7

c.p.m. per assay ¢ 3850.9 {i.e. corrccted copam. x 7)

The specilic radloacLivity of the (”'C)d'l“ﬂ’ substrate aucleotide was

19066 c.pom. /rmole

Lty mmoles of (Me)diup Incorporated por assay per 30 min
3854.9/19066
0.20
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The relalionship between the cancentration of M, lysodelkticus
DHA polymorase and <he synthesis of polydvoxynue feolide
The components of the reaclion mixture fn 0.3 ») were as
deseribod In Seetion 2.5,1 8 Table h and contained SH
Nl inire poly [dA=dT), 0.3nh cach of dATP and (I"C)dTTe and
enzyme a5 shown

i
The o iTie radioactvity of (Te)a1T was 19 x 103
Gopan, Zmual e,

Incubation was carriod out at 37°C for 30 minutes

The conttal Lube contabned no cozyme,
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The radicactivity incorporated in the poly{dA-dT}-primed asssy was
corrected to glve the total nucleotide incorporation by multiplying
by 2.

Thus 0.21 units of DNA polymerase activity caused the
incorperation of 0.40 amoles of total nucleotide into the acid
insoluble product during 30 minutes of incubation,

According to the definition of unlt activity and the specifica~
tions of Miles Laboratories 1 unit of enzyme should cause the
incorporation of 10 nmoles of total nucleotide in 34 minutes.

The above calculation shows that 5.2 units were in Fact required
for the incorporation of 10 nmoles of total nucleotide. This
discrepancy will be considered in Section 4,

These results indicate that 5 units of enzyme per assay were
adequate to catalyze the formation of significant quantities of
labelled product, This amount of enzyme was routlnely used for the
synthesis of polydeoxynucieotides in systems descrlbed later

{Section 3.3).

The refstionship between the concentration of DNA-primer and the

activity of ¥ \Zsodcikt\cus DNA polymerase

To estimate the minimum concentration of primer required for
maximum deoxynucleotide incorporation M. lysodeikticus DNA polymerase
was assayed in the presence of Increasing concentrations of
poly(dA~dT)=primer.  From Figure |1 1t can be seen that product
formation reachus a plateau between 0.1 and 0.5 units of poly{dA=dT).
Therefore, 0.1-0.2 units of poly(dA-dT)-primer was closen for atl

assays of this study except those of Section 3.3.5.
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The couponents af the peaction mixture Tn 0.3 ml were @
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deseribed Tn Section 2,5.1 8 Table § and contalned SH,
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3.1.3  DNA polymerase from E. coli

The relationship between the concentration of E. coli DNA
polymerase and the synthesis of polydeoxynucleotide was studied using
an enzyme preparation with a specified activity of 2741 units/mg
protein.  As shown In Figure 12, linearity between product fe.med
and enzyme concentration was in the region 0.02 to 0.75 units of
enzyme

The activity of this enzyme preparation more closely approached
the specifications of its suppliers than did that of the
H. lysodeikticus preparation. However, the levels of activity of both
preparations were very similar. Consequently 5 units of enzyme were
routinely used (Section 3.3).

3.1.4 RNA polymerase from E. coli

A time course of E. coli RNA polymerase activity is shown in
Figure 13. An average of these results gave an Incorporation of
0.89 nmole of {'"C)ANP incorparated in 10 minutes using
poly(dA-dT)=primer, this is equivalent to approximately 742 units/mg
protein.  The manufacturer specified an activity of 294 units/mg
protein.

As Miles Laboratories used calf thymus DNA-primer while 1n this
case poly(dA~dT)-primer was used, the resu! he directly
compared.  However, if Lhis difference fs t. account the
higher enzyme aciivity obtained Is within the expected magnitude when
total nucleotide incerporation s calculaled. As 9.3 units of enzyme
per assay was found Lo be sdequate to catalyze Lhe formation of
signiticant quantities ol tabelled product, this amount of ecnzyme was

routinely used in RNA polymerasc assays.
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Elgure 12: The relationship between Lhe concentration of E. coll DNA
polymerace and the synthesis ol polydeoxynucteatide,
The compenents of the reaction wixiure in 0.3 ml wore as
describod i Section 2.5.1 8 lable &, and contained St, 0.1

4
ity of pely(dA=dT), 0.3u cach of dATP and ('0)dTTe, and
enzyme as shown,
. ;

e apreifle radionetivity of (%6)d1TP was 20 x 103
copam/umle,
Incubit Ton was cort led oot ot 377C for 30 minutes.

The rantrol Luhe contained no ehzywe




Figure 13:
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Thwe course of E, coll RNA pulymerase activity

The compononls of Uhe Feaction mixture wore as described
In Seciton 2.5.1 € Table 5, and contabned In 0,25 wi SH
0.2 unl s of pelyldA=dT), 0.6inH cach of UTP and { 'cIATP
and 0.3 untts of onzyme,

The aperific radioactivity of (MOATE was 1.3 x 103
cpam, fomole.

Incubat fon was carried oot at 37°C for the indicated tine
Intorvals.

Each poinl op the curve is a mean of 2 ossays,

The control tube was nol fheubated.
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3.2 Ihe incerperation of BrdUNP into DNA using call thymus

DNA polymerase and _call thymus ONA priwer

CalF thymus DNA pelymerase was assayed using calf thymus DNA as
primer and the four deoxynucleoside 5'-triphosphate substrates,
4ATP, d6TP, dTTP and (3K)ICTP.  In same assays BrdUTP was substituted
either in part or totally for dTTP, to investigate the ability of
BrdyMP Lo be incorporated into the DNA product. The BrdUTP used, was
that prepared by the author as described in Section 2.3.3.  The
results are shown In Table 10. It can be seen that in this calf
thymus system BrdUTP can effectively substitute For dTTP.  When both
dTT® and BrdUTP are omitted from the reaction mixture It can be seen
that the incorporation of deoxynucieotide into DNA product drops to
51-54% of the complete assay. Vhen dTTP is totally substituted For,
by BrdUTP the Incorporation is 86-92% of the complete assay (i.e.
100% dT7P). [n this study Pt has thus been assumed that within

5-10% BrdUTP and dTTP are equivalent in in vitro ONA synthesis.

Jable 10.  Substitution of BrdUTP for dTTP in the calf thymus

DNA polymerase reaction

(Cidenp Tncorporated % of 100% dTTP
Relstive proportions of

(nmoles/mg protein) value
BrdUTP and d1TP in (he
reaction mixture 30 min, 60 min. 30 min. 60 min.
100% 4TTP 3.13 7.20 100 100
50%  dTTP/50% BrduTh 2.90 7.01 93 97
100% BrduTP 2.69 6.59 86 92

dTTP, BrdUTP omitted 1.61 3.04 51 5




Table 10 : Continued

The components of the reaction mixture were made up as described
in Section 2.5.1 A Tables 2 and 3, except where dTTP was replaced
by BrdUTP as listed above.

The reaction mixture contained in 0.25 mb, SH, 50ug heat
denatured calf thymus DNA, 0.2mM each of dATP, dGTP, dTTP {and or BraUTP)
and (3H)dCTP and 153ug protein of calf thymus enzyme fraction,
Incubation was carried out at 37°C for 3¢ or 60 minutes as Indicated.

The speci fic radinactivity of the (SH)CTP was 2.7 x 107
c.pum./nmole.

The values are & mean of two assays. The control tubes for each
assay type were not fncubated but frozen in a dry ice-acetone mixture

3.3 The effect of DNA-primers containing bromodeoxyuridine .

on poly(A-U) synthesis
The followlng in vitro system was devised in order to study the
abi1ity of DNA=primers containing BrdUrd to be transcribed to poly{A-U).
The DNA primers were synthesized In an in vitro DNA polymerase
catalysed reaction, and subsequently Lranscribed by RNA polymerase.
These two reactions were sequentially carried out In the same test tube.
This process was devised to eliminate the prucedure of First {solating
the products of ONA synthesis and then subjecting them to transcriptlon.
Addicionally, the high cost of the amfcrobial enzymes used in this study
necessitated the use of minimal quantitles of materials and hence the
devalepment of the above system.  The method used 1s described in
detail below.
3.3.1 The synthesis and Lranseription of DNA ina
sequentlal system
The following reactlions were designed to synthesize DNA polymers

for use as primers in an In vitro RNA polymerase system
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Poly(dA-dT), poly(dA-BrdU) and related polymers containing vary=
ing proportions of thymidine and bromodeoxyuridine were synthesized in
an in vitro DNA polymerasve system,  The DNA polymers were then used
as primers for the synthesis of poly(A-U}. The ability of RNA
polymerase to form paly(A-U) on primers containing varying amounls of
BrdUTP was thus studied.  The system used Ts described schemalically
in Fioure 14.

The first of the reaction (Figure 14(a}} represents the
synthesis of a var: . or DNA iolymers From a poly(dA-dT)-prizer in the
presence of DNA polyme) ~se, and substrates dATP, dTTP and or BrdUTP.
in such a syslem the ratio of the dTTP : BedUTP in the polymer synthesized
is determined by the ratio of dTTP : BrdUTP in the incubation medium.
The second part of the reaction (Figure t4(b}), which was contfnued
In_the same incubation tube after the necessary RNA polymerase reaction
additions, consisted of the transcription of the DNA product, of the
flyst reaction, to poly(A-U),

The reactions descrihed above and in Figure 14 will be referred to
as the sequuntial system or Dlm‘-prlmer ——(f)—> DNA! _(i)__> RNA.
Additionally to distinguish the primer of reaction (a) from that of (b)
the furmer is also defined as the initial DNA-primer.

There seawed to the authar to be three possible inherent complica-
tlons in the DNA' - RNA reaction of the scquential system. Con-
sequently preliminary examination of both reactions of the sequential
system individually and in sequence was undertaken fnoan attempt to
establlsh acceptable assay condliions.  Only then could the effect of
DNA primers, with varying bromodeoxyuridine content,on poly{A-U)
synthesls be studied In the scquentlal system, The difflcufties

fnherent in this system are out)ined below.
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Figure 1h. A sequential system lor Lhe synthesis of DNA poiymers and

their subsequent transeription to Poly(A-l)

(a} Poly(dA-dT) + x% BrduTP + {100 - x)% dTTP + daTP

Mgt DNA polymerase

(2,50 MgCt,) {180 min. at 379}
v

(b) Poly(dA-dT) or poly(dA-BrdU} or a substituted variation

He?t v wn?t RNA polymerase + UTP + (19C)ATP

(8.2mH MgC1, + 2.TwM MnC1,) (30 min. at 37%)
v

("46)poty(a-u)

Reaction {a) is the process of ONA synthesis and
reaction (b) represents the transcription of DNA-primers to poly{A-U)

(b)

foe. pA-primer @) gy RNA.  This has been defined

as the sequential sysiom when 1t occurs In the same incubatlon tube.
DNA ~primer represanls the infcial primer used in resction (a) and
DNA' represents the DNA product of this reaction which 1s also used
to prime the subsequent reaction \b). RNA s the product of reaction
{b) and is always poly(A-U).

x% In reaction (a) represents the amount of BrdUTP fn the reaction
mixture added In place of d¥TP, so that the total of BréUTP + dTTP is
always 100% of Lhe pyrimidine deoxynucleotide added to (he reaction

mixture,




Firstly, the inftial DNA-primer of reaction {a) is always
available for priming in the subsequent transcription reaction.

fe. otnepriner o~ o oonn bl g

This ONA;-primer may thus mask the ability of the ONA products (DNA')
to be transcribed to poly(A-U} in the reaction (b). The effect of this
inftial ONA ~primer was minimized by syntheslzing in reactlon {a) a
much greater amount of DNA' product than was originally present as
the Initial DNA-primer. Thus the intention was to dilute out the
effect of the ONA;-primer.  Ses relevanl experiment described in
Section 3.3,2(1).

An attempt was also mad: to use the system without the addition
of an initial DNA-primer, f.=. to utilize an unprimed ONA polymerase
reaction.  However, due to inconsistzn:ies found in the rate of
synthesis of DNA in an unprimed system, this ldea was abandoned. See

relevart experiments described in Section 3.3.2{5)} and (6},

Secondly, It scemed possible that free deoxyrucleotides not
incorporated into product DNA (DNA') in reaction (a) might Interfere
with RHA polymerase action in reaction (b}. Thus initially condi-~
tlons vere designed to mintmize a possible excess of free
deoxyribonucleotides in Lhe RNA polymerase reaction. However, the
results of an assay described in Section 3.3.2({4) Indicated that
deoxynucleotides do not compete with ribonucleotides in the RNA
polymerase reaction.

Thirdly, th: BNA' primer For RNA polymerasc synthesis In reaction

{6) s also a substrate primer for the DNA polymersse of reaction {a).

Therefore to exclude possibie competition Far DNA! product between

RNA polymerase and DNA polymerase during reactlon (b} the activity of




DNA polymerase must be eliminated af.ur the synthesis of product DNA'.
Fortunately this problem did not arise, probably because of
fnactivation of DNA polymerase on addition of the extra Mg>* and of
the Mn?* required for RNA polymerase actlvity. See the relevant
experiments In Section 3.3.2{(2}.

3.3.2  Assay conditions vequired For the sequential

DNA polymerase and RNA polymerase reactlons

{1) The effect of increasing incubation times

on Jeoxynucleotide incorporation

The synthesis of DHA in a DNA polymerase reaction primed with
poly(dA-dT) was followed over a lfong incubatton perfod.  The aim
of this experiment was to find an incubation period where the amount of
product DNA formed wa= in great excess of the initial DNA-primer.
The deoxynucleotide substrates were dATP and (3H)dTTP.  The incor-
poration rf (3H)d1'MP into the product poly(dA~dT) was measurud, The
results are shown in Teble {! and Figure 15.  The total amount of
nucleotide incorporated into product appears to be higher than total
input of nucleoside 5'-triphosphate. This witl be discussed in
Section 4, It can be seen thal the assay system is linear for
approximately six hours, From these results an incubation time of 180
minutes gave a total nucieotide incorporation of 758mmoles {per 0.9 ml
assay) which was calcutated to be equivalent to approximately 300pg of
of poly(dA-dT) product. The Inftlal amount of poly(dA=dT)-primer
used tn Lthis Incubation mixture was approximately 1519,  Therefore,
there was a 20-Fold Increase In poly (JA=dT) product aver primer In
3 hours,

An Incubation perlod of 180 minutes was sclected for the DNA poly=-

merase reaction of the sequential system, as a 20=old vxcess of poly(dA=dT)
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Tabie 11. The rate of synthesis of poly(dA-dT)

tncubatlon (3H)aTHP incorporated
time (min.} {nmo) es/assay)

30 50

60 98

20 160

180 379

360 796

1200 {overnight)

The components of the reaction mixture In 0.9 ml were 60umoles
Tris-HCl buffer pH 7.9, 3umoles Mg(ﬁ\2

0.9umoles ETSH, 600 nmoles each of dATP and (3H)ATTP,

0.3 units of poly{dA-dT), 16 units of M. lysodeiktizus DNA
polymerase.

(PH)ATTP had & specific radicactivity of 695 c.p.m./nmole.
Incubation was carried out at 37°C.

At the stated time intervals two samples of 501l were removed for
analysis, The discs were alr blown to dryness and kept at 4°C
untif all the samples had been taken. The contro! samples were

taken before Incubation wos started,
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Figure 15. The rate of synthesls of poly (dA=dT).

For legend see Table 11.
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product (i.e. DNA') over DNA~primer (i.e. DNAi‘prlmer) was considered
to be of sufficient magnitude to minimise the effect of the DNA[~pr|mer
in the subsequent synthesis of RNA.  Thus the fncorporation of
ribonucieotides in the RNA polymerase reactivn would be mainly due to
the priming of the DNA product snd not that of the Initial DNA-primer.
Another feature of Lhis combination of substrate concentration

and incubation time was that there was almost total incorporatfon of
deoxynucleoside 5'-iriphosphate substrate. Consequently the amount
“of free deoxynucleotides present in the subsequent RNA polymerase
reacticn was also minimized.

{2) A preliminary study of the DNA and RNA synthetic

reactions: Complete sequential reaction and

isuin:ed ONA-polymerase and jsolated RNA polymerase

reactions

Assays were designed to study the sequentia)l reaction (i.e.
DNAi‘primer - DNA' > RNA) and the isolated DNA polymerase reaction
{i.e. DNA -primer » DNA') and Isclated RNA polymerase reaction
(i.e. DNA-primer & RNA).

For tne sequential system {(Figure 14} the fncorporation of
(Me)amp Into ANA was measurcd.  DNA polymersse was Incubated in a
buffer solution containing ETSH and Mg2* for 180 minutes, with
poly(dA~dT)-primer and the substrates dATP and dTTP, for the purpose
of synthesizing DNA poTymers (DNA'}.  Afcer the completion of this
180 minute incubation the requirements for RNA synthesis were added.
These were an addiLional Ho®* and #0%* solation, ('c)ate and vTP
nucleotide mixture and finally RNA polymerase.  The major primer for
RNA polymerase thus helng the synthesized DNA {DNA').  For the
isolated DNA polymerase reaction, the reaction was terminated after

the 180 minute incubation and (3W)JTHP Incorporation Into the DNA




product measured. The isclated RNA polymerase reaction mixture con-

sisted of a buffer solution containing #g®* and HnZ*, ETSH anc the

nucteotide mixture containing ('C)ATP and UTP, Poly (dA-dT) and RNA poly-

merase. All components were prasent at Lhe same concentration as {n the

sequential system.  ('C)AMP tncorporation into RNA was thus measured.
Initially in the sequential system the reaction mixturc was

heated at 45°C for 60 minutes, immediatety after completion of the 180

minute DNA polymerase Incubation, to terminate DNA polymerase action

prior to the addition of the requirements for the RNA polymerase assay.

According to Richardson gt al. (1964) there is a decifne in DNR

polymerase activity from 100% ro 40% within 12 minutes at an incubation
temperature of 45%°C. It was Found in Lhe sequential system that

* and 02t required Tor the ANA polymerase assay

addition of the Mg?
caused the formation of a fine precipitate. This precipitate was
assumed to be the DNA polymerase proteln.  Further enzymic action of
the DNA polymerase was thus curtailed. This was confirmed by the
experiment described in Section 3.3.5.

The results are shown in Table 12, From these resuits it can be
seen that che mean values of {'“C)AMP Incorporation into RNA of 7.2 and
6.8 nmoles/assay respectively for the sequential reaction alone and far
the sequential reaction with Intermediary heating at 45°C for 60
minutes, are similar,  Thus after completion of this experiment it
was evident that probably due te the formation of the precipltate,
heating of the ONA polymerase reaction mixiure was no longer necessary
The Incorporation of 2.9 and 3.5 nmoles/assay (assay () of the
sequential system have been lgnored as they appear Lo be alypically jow.

The obscrvation that the Incorporation of (Mg)anp for the

isolated DNA\I'm‘Imcl' » RNA reaction {s lower than that For the scquential




system indicates that the rate of synthesis is higher in the
sequential system. This is possibly due either to the [ncrease of
primer concentration (i.e. DNA') or structural differences between
the initial DNA-primer and DMA' product  {sce Section 4).

As is shown From the isolated DNA polymerase reaction the in-
corporation of approxlimately 200 nwies deoxynucteotides s total and
exhausts substrate nuclesside §'-triphosphates supplied to the system.
This is equivalent to approximately an 8-fold Increase of primer (ONA')
for the sequential reaction over that in the isolated
DNA-primer » RNA assay.  In this case the ONA,-primor poly(dA-dT)
concentration was of 0.2 units {approximately 24 nmoles}. In the
previous assay where a 20-Fold increase was observed (Sectlion 3.3.2)
6.1 units of inftial primer was used. This discrepancy can be
accounted for by the Fact that both 0.1 and 0.2 units of poly(dA=-dT)
saturate the assay conditions used {see Figure 11).

The only other variables {besides primer concentratfon) in the
RNA potymerase assays of Lho two systems Is the presence of small free
amounts of unincorporated deoxynucleotides and the jnactivated
DNA polymerase fn the sequential system.  However, the presence of
deoxynucicotides in a comnicte RNA polymerase assay appears not to
atFect the incorporution eof (“‘l;).‘.MP into RNA.  This was iliustrated
lr; an experfment fn which o fui.f comptement of deoxynucleotides was
present, sce this Section (h). In conclusion it appears that a
valld sequential syslem of o DHA polymerase reaction followed by an
RNA polymerase assay has been drveloped which obvlates first having to

Isolate Lhe DNA product (DNA'Y which primes For the RNA synthesis.

2
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Table 12.  The DNA and RHA polymerase rcactions: Sequential and |solated.
1 :
Assay Type ('7c} AMP incorporated
{rmolos/assay) into RNA
Assay Assay Mean
Tube 1 Tube 2
Sequential :
ONA, ~primer ~—» DNA!—~RNA 2.9, 3.5 7.97, 6.45 7.21
{of assay
2 only)
Sequential :
DNA; =pr fmer —> ONA'—> RNR
but DNA polymerase reaction .
followed by an incubation )
of 45°/60 min. prior to
the RNA polymerase assay. 6.3, 8.2 6.8, 5.7 6.8

Sequential Control ¢
DNA; ~primer —> DNA'—>RNA

0.6, 0.58 0.53, 6.56 0.57

Isolated :
DNA=primer ~> ANA
Isolated Contral :

2.4, 2.4 2.1 17 2.2
0.31, 0.28 0.31, 0.3z 0.31

(34) dTHP Tncorporated

Assay Type
{nmole/assay) into DNA
Assay Assay Mean
Tube 1 Tube 2
Isolated @
DNA-primer —> DNA nho, 2.0 108.9 112.9 109.5
Isolated Control 1,26 0.98 .17, 1.09 1,13

For legond see following page.
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Legend to Table 12.

The components of the reaction mixtures were made up as described in
Sectlon 2.5.1 D Tables 6, 7, 8 and 9.

The components for the reaction mixtures containing DNA polymerase
were in 0.2 m! and contained SH, 0.2 units of poly(dA-aT), and
0.5nM each of dATP and dTTP {or (*W)dTTP}, and 5.3 units of

M. lysodeikticus DHNA polymerase.

Incubation was carried out at 379C for 180 minutes.

The components for the reaction mixtures containing RNA polymerase
were in 0.3 ml and contalned $M, 0.2 units of poly(dA~dT), 0.53nM
each of UTP and {**C}ATP, and 0.413 units of E. coll RNA
polymerase.

The assay conditions for the sequential reaction were jnitially
those of the DNA polymerase resction

Final RNA polymerase assay conditions were obtalned on the addition
of & Hig™ and 4n®" solutian, 0.53mM each of UTP and {M4C)ATP and

2,413 units of E. coll RNA polymerase.

Incubation was carried out at 37°C for 30 minutes.
The specific radioactivities of ('*C)ATP and (*H)dTTP were 1527

and 762 c¢.p.m./nmole respectively, Controls were not Incubated.

=
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(3) Does the precipitate formed after the DNA polymerase

reaction affect the analysis of Lhe t RNA

polymerase assay in the sequentis| system?

After addition of MgZ* and Mn* required for the RWA polymerase
reaction in the sequential system a precipitate formed (sce this
Section (2}). In order o fnvestigale whelher this precipitate
affected the analysis of aliquots, taken for measurement of (‘c)aMp
incorporation into RNA, the following experiment was performed on
sample. taken From experiments described in Table 19 and 14{2).

After addition of BSA and mixing at the end of the incubation period
two 0.05 ml samples of each assay were taken for analysis in the usual
fashion., The remainder of the reoction mixture was centrifuged at
1000g For § minutes in o table model centrifuge at 4°C. A sediment
was only observed in the samples containing ONA polymcrase and the RNA
polymerase additions. After centrifugation two 0.05ml supernatant ssmples
were taken for snalysis from each assasy. The results are shown In
Table 13. it can be seen that the results obtained from centrifuged
and non-centrifuged samples were indistinguishable. Therefore It

was concluded that the precipltate did not interfere with the sampling
of aliquots of rcactien mixture onto the discs.

(4) The effect of she poly(dA-dT)-primer and

deoxynucleotides on poly(A-U) synthesis

in_the sequential system

These experiments were carried out In order to answer three
questions:
{a}) To what extent does the poly{dA=dT)=primer wsed in the
ONA,-primer »  DNA' . reaction contribute to the synthasis of RNAT

f.e. UNHI-nl‘fn\\zl' > DNA' o+ RHA
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Table 13. A camparison of { 'C}ANP incorporation inlo the RNA
product of the sequentlal system, before and after

centrifugation of the incubated reaction mixture.

Relative proportions of

4TTP and BrdUTP in the (c)amp incorporated
reaction mixture {mmotes/assay)
(poly{dA-dT).primed)

Samples Samples
% dTTP % BrdUTP taken after taken before
centrifugation centrilugation
top - 5.69 5.66
75 25 .10 3.2h
50 50 3.65 3.53
25 75 2,54 2.67
¢ i00 2,12 2.42
* 100 - 2.82 3.10
% 100 - 8.35 822

* No DNA polymerase {taken From Table 14, Experiment (2)}.
#& Control was not incubated.
All other values were taken from Table 19.
The components of the reaction mixtures were as described in the

correspanding Tables 1%(2) and 19, and the text, Section 3.3.2{3).
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(b) Do deoxynucieotides present in the reaction mixture during the
transcription of ONA'-primer to RNA competitively Interfere with
the incorporation of ribooucleotides into RNA?

(¢} Can the sequential system be utilized without an initial
DNA=primer? i.c. by forming ONA praduct (DNA') for transcription
tn an unprimed system (no primer - DNA' - RNA.)

In arder to answer the above questlons, the sequential system of
DNA polymerase and RNA polymerase reactions containing all the
reaction mixture components were [ncubsted simultanecusly with similsr
reactions which lacked either DNA polymerase or inftial primer.
Reactions were also performed in which BrdUTP replaced dTTP as
substrate.

The results of this study arc shown in Table th and are discussed
in sequence below. The complete reactlen system consisted of the
poly (dA-dT) -primed DNA polymerase reactlon followed by the RNA polymerase
additions and synthesis of pely(A-U). (”‘C)I\MP Incorporstion into
poly(A-U) was measured.

Assay Lype (1)  The results of experiment (1) and (2} are of the

standard reaction mixtures containing all the components of the

sequential system.  These values are the means of Lhe figures quoled
for each tube in Tables 17 and (9 rcspectiveiy.

Assay type {11) OMA polymerase was the only component eliminated From

the snquential system.  As thore {s no polydeoxynucieollde synthesis

in the absence of DNA polymerese (Table 15}, the ribonucleotide

Incorperated into ANA product was due onty to that directed by the

tnitfal 0.1 unit of poly(@A=dT)=primer. A full comploment of

deoxynucicotides was Lhus present during poly(A-U) synthesis, [t can

be seen from the results that the ribonucleotids incorporation is



similar to although siightly higher than an average RNA polymerase
assay in the sequential system. Compare with Tabie 12, where
2.2 mwoles of ('C)AMP ware incorporated Into RNA. 1L can therefore
be concluded that the presence of deoxynucleotides apprar not to
appreciably interfere with the DNA* - RNA reaction.
Assay type (I1i) As poly{dA-dT) was elimirated From the DNA
polymerase reaction of the sequential system, the reaction was thus
unprimads  Therefore, only unprimed synthesls of poly(dA=dT) couid
take place. Howeve , poly(dA-dT) was added to the subsequent
reaction for DNA' - RNA.  Thus poly{A-U) synthesis was due to
teanscription on unprimed poly(dA-dT) (ODNA') and the 0.1 units of
poly(dA-dT) added for the RNA polymerase assay only. The results
show that for Experiment (2) there appears to be no difference in
the nucleutide incorporation. However, in experiment (1) the incor-
poration is much higher and similar to that of assay type (i}, Thls
gave rise to the query - Is the amount of unprimed synthesis constant
in this system?  (See page 85)
Assay type {iv) In this sequential system no poly{dA=dT) primer was
addei at all, thus the primer for poly(A-U) synthesis was only derived
from that formed during unprimed synthesis of poly(dA-dT).  The
results Indfcate that therc was sufficlent unprimed polymer formed for
poly{A-U) synthesis to occur.

1t seems apparent from theso preliminary studies of unprimed ONA
synthests In the sequential reactions, that further lnvestigation of
this phenomenon in the sequential system was necessary.  These

experiments are described In the following two sections.




Table k.

The effect of the initial primer on poly{A-l} synthesis

(Micramp tacorporated

Aesay Assay conditions
Type (nnoles/ussay)
Experiment (1)  Experiment (2)
(1) a. Complete dTTP 5.79, 5.85 6.02, 5.29
b. Contral 0,45, 0.42 .22, 0.21
{11}  Minus DNA polymerase 2.85, 2.91 3.0z, 3.19
(111)  Minus poly(dA-dT) as 5.06, 5.05 2,83, 2.96
altial primer in the
ONA polymerase reaction
mixture, but added with
RNA polymerase additions
- 1.64, 1.5k

(iv)

Minus poly{dA-dT)

For legend see following page.
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Legend to Table 14

Al} values were subtracted from the mean of the control values shown
in assay type ({) b. The control tubcs were not incubated.

The resuits are a mean value of 2 samples each.

The components of the reaction mixtures for experi ants (1) and (2)
were made up as described in Section 2.5.1 D, Tables 6, 7, 8 and 9.
The DNA polymerase reaction mixture sontained £.2 ml 54, 0.1 unit of
poly(dA-dT), 0.5mM each of dATP and dTTP, and 5.7 units

af M. lysodelkeicus DNA polymerase for experiment (1) and

5.3 units of E. coli DNA polymerase ‘or exporiment (2},

For assay types (1) and {I11) the pyrimidine nucleotide was dTTP only.
Incubation was carried out at 37°C For 180 mins.

For the subsequent RNA polymerase reaction the followling components
were added to give « Final volume of 0.3 ml, Hg>* and Mn®¥ solutlon,

0,537 each of UTP and ('

C)ATP and 0,413 unit ¢7 E. coll RNA
polymerase.

tncubation was carried out at 37°C for 30 minutes.

The speci Fic radinactivity of the {''C)AMP for experiment (1} and 2}

ware 1710 and 1878 «.p.m./nmoles respectively,



(5) Primed and unprimed synthesis of the copolymers

{dA-dT) and (gA-Brdl) in a 180 minute DNA

polymerase reaction

DNA polymerase assays were designed to investigate the possibility
of synthesizing poly(dA~dT}, poly(dA-Brdy) and substltuted variations
of these poiymers in an unprimed system for subsequent use as primers
in poly(A-U) synthesis. Ocoxynucleotide incorparation in a primed
systen was compared with 1hatL of an unprimed system for a 180 winute
incubation. The reaction for the primed synthesis of DNA was of the
DNA;=primer » ONA' type and for the unprimed synthesis DNA[-‘prImer vias
excluded.  In both cases the Incorporation of (3H)dAHP Into the DNA
product was measured. The results are shown in Table 5. From
these results it can be seen that the deoxynucleotide Incorporation
in & primed reaction is slmost the same within an experiment whether
the pyrimidine nucleotide is dTTP or BrdUTP,  The priming abiiity of
poly{dA-BrdU) appears to be greater than that of (dA~dT), and this
observation will be discussed in Section . in the unprimed assays
the incorporatlon is Inconsistent within an assay type, and, between
assay types contalning aither dTTP or BedUTP.

{6} Time course of unprimed poly(dA-dT) and poly(dA-Brdy) *

syothasls over 180 minutes DNA polymerase incubatioh

In order to investigate the lag perfod and course of synthesis of

the (dA-dT) and (dA-BrdU} copolymers in a DNA polymerase reactlon,
the synthesis of the polymers was {~lTowed over the 180 minute
incubation perfod.  In order to investigale the limlts of unprimed
synthesls in the system In most cases o lowet cotcentration
of DNA polymerase was employed Lhan was used In previeus

experiments. The results are shown in Table 16 and




Figure 16.  Four assays were performed and are denoted (a), (b},
(c} and (d). [t shoutd be noted that the assay volumes were increased
four-fold over those of the previous experiments to allow frequent
time sampiing. it can be seen that there is very little unprimed
syrthesis within the First 30 minutes of incubation. This lag appexrs
to be independent of L'e amount of ONA polymerase added to the reaction
mixture within the range of 8-20 units/assay. The lag is also
Independent of whether the pyrimidine nucleotide is dTTP or BrdUTP.
Radding and Kornberg (1962), have defined the lag pericd as the
time required for 103 utilization of the substrate. In these assays
it corresponds to the synthesis of 80 nmoles of poly(dA-dT) or
(dA-BrdU). 1t Is apparent that the lag period of these assays Is not
consistent. See Figure 16 and Table 16. Because of this variability
unprimed synthesis of DNA was not used for the study of poly(A-U)

synthesis in the sequential reaction system.
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Table 15. Primed and unprimed synthesis of the copolymers (dA-dT)

and (dA-Brdu)

! Pyrimidine (3H)dAMP thcorporated
Primer Nucleotide (nmoles/assay)
0.1 unit 100% Experiment (1) Experiment (2)
Assay tubes Assay tobes
1 2 3 ) 2 3
Poly (dA-dT) aTTP 83.2 83.5 5h.h 55.6
BrduTP 88.5 67.5 63.4  69.0
# 4TTP - 0.48
Poly (dA-BrdU) dTre - 75.2  73.2
e 4TTP - 0.64
BrduTP - 9.2  85.3
v BrdUTP - 0.66
No primer Listd 3.4 87 8 6.3 8.5
BrduTe 67.4 2.2 6.6 224 0.2%
i TP 0.6

% control no DNA polymerase
# gontro} ho incubation

The results are a mean value of two samples for each assay tube and
have been subtracted From thelr respective control values which are
each a mean of i samples,  The components of the reaciion mixtures
were made v As described in Sectfon 2.5.1 D, Table 6, and
contalned fn 0.2 ml, SH, 0.1 units poly {dA=dT) or (JA=BrdU}, O.5mH
each of (ail)dATP and dTIP (and or Brdu7P) and 5 units of E. coli
DNA potymerase,  The spect(ic radioactivities of the (JH)dATP for
Experiment (1} and (2) were 783 and 682 c.p.m./mwle respectively,
tncubation was carried out at 37°C for 180 minutes.



Table 16. A comparison of primed and unprimed synthesis of

(da-d7) and {dA-Brd) copolymers

Time (Guydaup incorporated (nmoles/assay)
(min) fa) ) («) 9)
15 d - - 17
30 4 0.9 3 3
ks - - - 50
60 15 6.0 20 63
7 - - - 90
20 43 16 78 13
105 - - - 135
120 75 £l 137 153
135 9 7 166 159
150 HI 45 192 185
165 121 55 222 195
180 147 65 252 223
Lag period e, 9 4 70 1)

Experiment {a), (b) and {¢) were unprimed

Experiment (d) was primed with 0.4 units of poly(da=dT)

The reaction mixtures contained in 0.8 ml
6hynoles Tris-HC1 buffer pH 7.9
2.8umoles of MgCl,

0.8humoles of ETSH

466 nmoles of 4TTP In (a), (c) and {d)
400 nmoles of BrdUTP in (b)

400 nmoles of (H)ARTP with a specific activity of 650 c.p.m./nmole
E._coli ONA polymerase 8.3 units {n {a) and (b) and 20 units in (c)

and 7.9 units in (d),

0,05 m! of cach assay was taken out aL the indicated time inlervals

for analyses as described In Table 11,

* Lag period defined as the time required for 10% utilization of the
substrate, corresponding to an incorporation of 40 nmoles of

(3H)dAMP /as say
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3.3.3  Poly(dA-dT) and poly{dA-BrdU) synthesis and

their transcription Lo poly(A-U} in the

reactirns D‘U\I“pr(mel‘ > DNAY > RNA

The object of this experiment was to determine the ability of
poly (dA=dT) and poly(dA-Brdu} to be transcribed ta paly{A-U) in an RNA
polymerase reaction of Lhe sequenclial system,

The reaction mixtures of the sequential system were described in
Section 2.5.1 D and also In Section 3.3.2(2) and Figure 14.

The initial UNA-primer of the DNA polymerase reaction was elther
purchased poly(dA-dT) or poly{dA-BrdU), The pyrimidine substrate was
either dTTP or BrdUTP and the purine substrate, dATP.  Thus the DNA
product was a polymer of alternating adenine and thymidine or
bromodeoxyuridine units {Schachman gt al. 1960, Inman and Baldwin,
1962).

From the results shown Iy Table 17 It can be seen that poly{dA-Brdy
is consistiintly less able to prime RNA polymerase action as efficiently
as poly(dA-dT). In later cxperiments the wpolymers (dA-dT) and
(dA-BrdU) were also transcribed in an isalaled RNA pelymerase assay,
Sec Section 3.4,

3.3.4  The effuct of DNA=primers contalning varying awounts

of br tdine on poly(A-U) synthesis

The aim of these experiments was Lo study the abiiity of DNA con-
talning lIncreasing amounts of bromodeoxyuridine to prime poly(A~U)
synthesis.  The design of the assays was described in Section 3.3.1
and Figure 14, and consfsted of a sequential system of reactions,
ONA~primer -» DNA' » RNA.  The fnftial DNA primer (ONA,primer) was
elther the copolymer of (dA-dT) ot {dA-Brdb). The pyrimldine sub~

strate dTTP was decreased In the DNA polymerase reaction mixtures and

i
|
i
i
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Table 17.  Poly(dA=dT) and poly(dA-BrdU) synthesis and their
transcription to poly{A-u)

Inltial Pyrimidine ("c)anp incorporated
Primer Nucleatide (nmoles/assay)
Assay tube Assay tube Standard
(8.1 units) {100%) 1 4 Hean 1 Clation
paly{dA-dT) dre 5.45, 6.13  6.43, 5.27 b.82  0.52
BrduTe 5.22, h.7h  hby, 583 .80 0.33
Poly(dA-rdU)  dTTP 8.h3 7.12  7.14, 7.78  7.63  0.67
BrduTre 4,81, 5.93 5.0, 5.61  5.35  0.57
Poly(dA-dT) 4TTP 0.45, 0.45  0.39, 0.4h 0.4 0,00
{Controi}

All values were subtracted Irom the mean of the contro} values shown
in the last line. The control tubes were not incubated.

The companents of the reaction mixtures were made up as described in
Section 2.5.1 D Tables 6, 7, 8 ond 9.  The ONA polymerase reaction
mixture contalned in 0.2 ml, $4, 0.1 unit of poly(dA~dT) or
poly(dA-Brdy) (batch Hm), 0.5mH each of dATP and dTTP (or BrdUTP) and

5.7 units of H. lysodeikticus DNA poiymerase. The BrdUTP used was

that prepared by he author,  Incubation was carried out at 37°C for

180 minutes.  For the subsequent RNA polymerase reactlon the Followling

components were added to glve @ Tinal volume of 0.3 ml;  Ng** and 2

solution, 0.53mM each of UTP and (MC)/\TI’ and 0,413 unlt of E. coll

RNA potymerase.
incubation was carried oul at 37°C for 30 minutes.

(lll

The specific radioactivity of Lhe CIATP was 1710 c.p.m,/nmole,
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replaced by a corresponding increase of its analogue BrdUTP.  The
relative proportions of dTTP and BrdUTP are shown in the Tables 18-21,
Thus In each DNA polymerase reaction the product DNA' contalined dTMP
and BrdUMP alternating with dAMP in proportion to the relatlve
concentrations of substrate dTTP and BrdUTP.  These polymers contain=-
ing increasing amounts of BrdUMP were tested for their ability to
transcribe to poly(A-U), as described in the previous experiment.

Several closely related experiments were ~1reled out and the
results individually shown in Tables 18, 19, 20 and 2} and
Figures 17, 18, 19 and 20, and compared in Table 22, The reaction
mixtures of the experiments were made up as described in Section 2.5.1 D.
Siight variations existed in the concentrations of DNA,—prlmer and
ONA potymerase added to the experiments described in Tables 1821,
These variations are listed in Table 22. One important modification
is shown in Table 20 where an experiment using only 2.0 units of
polymecrase is reported. This particular experiment was an attempt to
minimize any possible effect of unprimed DHA synthesis.

From the results it can be scen that there is a relative decrease
In the ability of the synthesized DNA to prime RNA polymcrase as its
bromodeaxyurldine concentration increases.  The decrease appears to
be sharpest between 0 and 25% bromination of the DNA primer.  See
Figures 17-20.

3.3.5 A study of the scguential system using a reduced

DNA_polymerase reaction perlod
The transcription of DNA=primers conlalning Tncreasing amounts of
bromedeoxyuridine was lnvestigated as described tn U previeus
Section 3.3.4, but with a DNA polymerase Ineubation period of 30
mimites, n place of the previously used 180 minute Incubation

period of the DNI\I-prhmvr » DNA! reaclion,



Tables 18-21. The transcription of DNA-primers contalning

increasing amotnts of bromodeaxyuridine

Jable 18

Relatlve proportions
of dTTP and BrdUTP in

(1‘0

C}AHP incorporated

the reaction mixlure (nmoies/assay
{paly(dA=dT)-primed)
N Standard
% dTTP % grduTp Assay 1 Assay 2 Hean L on
100 - b.77, W69 .96, W19 W65 0.33
75 25 3.57, 3.58 3.9k, 3.67 3.69 0.17
50 50 3.14, 3.07 3.78, 3.68 3.2 0,36
5 75 3.20, 2.82 3.37, 2.88  3.07 0.26
- 100 2.64, 2.45 3.3, 2,44 2.7 0.41
#100 - 0.k2, 0.38  0.38, 0.3%  0.38 0
Table 19
Relative pro-
R portions of
anittal 4TTP and (Mc)ap Incorpors ted
0.1 units Brd\JT}? in the {nmoles/assay)
reaction
mixture
b “ . Standard
aTTP  peaure  PSRAY 1 Assay 2 Mean oo
poly(dA-dT) 100 - 5.83, 6.20 5.23, 5,34 5.66 0.44
75 25 3.28, 3.36 3.21, 3.10 3.24 0.0
50 50 3.05, 2,95 k.47, 3.65 3.53  0.70
25 75 2.92, 2.51 2.55, 2.68 2.67  0.20
- ton 2.23, 2.h6 2,57, 2,01 2.42 0,14
# 100 - 0.22, 0,22 0.22, 0,20 0.22
Poly(dA-BrdU) 10D - 5.32, 5.39 5.43, 6.84 6.00  0.99
- 190 0.68, 0.92 3.53, 3.30 2.3 k.07

* Contro!
For legend sco Page 96,
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Jable 20

Relative propor~
tions of dTTP
and BrdUTP in

the reaction (Meiap tacorporated

(nmoies/assay)

mixture
{poly (dA=dT}~
prined)
4
3 TP 5 BrduTh  Assay | Assey 2 Rssay 3 Meam peoneald
100 <53 50 dgh, Wb b6, 039 45 0.3

75 285 4.86, h.61 4.12, 3.72 4.22, A.3h L3 0.43

50 50 3.53, A.11 3,55, 3.55 3.55, 3.16 3.55 0.3
5 75 3.01, 3.0 2.90, 2,75 3.46, 2.79 3.07  0.30
- 100 3.10, 3.08 2.89, 2.75 2.9, 3.27 3.00 0.17

%100 - 0.33, 0.33 0.30, 0.36 - T o

w - 109 9.29, 0.34 0.33, 0.3t - -

Table 21

Relative propor-
tions of dTTP

eml BrduTP in ("ic)mp incorporated

tf!e reaction (nmolesAssay)

mixture

(poly (dA-Brdu)~

primed)

T 4TTP % BruTh  Assay | Assay 2 Assay 3 hoan peoneetd
100 - 6.68, 7.03 4.7, 4.32 5.92, 5.68 5.7 1.06
75 25 4.82, 5.05 5.08, 4.43 - - 4.85 a.3
50 50 k.66, 4.25 4.7, 447 - - 446 0.17
25 75 3,69, h.th 4.80, k.28 - - .22 a.hb
- 100 2.66, b5 hoo6, 3061 .3z, W87 W0 0.77

#1600 - 0.28, 0,27 - - S

L4 100 0.29, 0.23 e - - -

% Control

For legend sce Page 96,
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Table 22,  Cowparisan of the wean values taken fram Tables 17-20 of
the Lranscription of ONA-primers containing increasing

amounts of bromodeoxyuridine

<11|

Relative proportions C)AHP incorporated (nioles/assay)

of dTTP and BrdUTP

in the reactlon mixture Mean valtucs of results shown In Tables
% drTR % BrdUTP 18 18 19 t7 17 20 21
100 - k.65 5.66 6,06 5.82 7.635 4.75 5.7
5 25 3.70 3.2k - - 4.31 4.85
50 50 3.2 3.53 - - 3.55 b.h§
25 75 3.07 2.67 - - - 3.07 422
~ 106 2.70 2.h2 2,13 4.80 5.35 3.00 4.00

Variable components
the reaction mixture

.nits of poly{da-dT) 0.2 0.1 0.1 0.1
Unlts of poly(da-Brdu) 0.1 0.1 0.1

Unitsof M, lysodeiklicus
ONA polymerase 5.7 5.7 5.7
Units of E. call
ONA polymerase 5.3 5.3 5.3 2.0

Source of BrduTP pre= pre- pre- pre- pre-  purt pure
pared pared pared pared pared chased chased

Specifle radioactiviy 2060 1878 1878 1710 1710 17 1120
of the (MMe)aTe
{c.p.m./nmoie}

For fegend sce Page 96,
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Legene to Tables 18-22 and Figures 17-20

Y .nseription of DNA-primers containing Increasing amounts of
hromodeoxyuridine.

All the values were sublracted from ihe mean control value shown in
the last line of each table. The control tubes were not Incubated.
The components »f the reaction mixtures were made up as described in
Section 2.5.1 D Tables 6, 7, 8 and §, except for the variations
listed in Table 22.

The DNA polymerase reaction mixture contafned in €.2 m}; SM,

0.5mM each of dATP and dTTP (and or BrdUTP), 0.2 units of poly(dA-dT)
were used in Table 18, 0.1 units in Tables 17, 19, 20, 0.1 units of

poly(dA-BraU) were used in Tables 17, 19, and 21, 5.7 units of

_lysodeikticus DNA polymerase or 5.3 units of E. coli DNA polymerase
¢ .opt for 2.0 units of E. coll DNA polymerase in that of Table 21.
incubation was carried ~ut at 37°C for 180 minutes. For the
subsequent RNA polymcrase reaction the foilowing components were added
o givv o Final valune of 0.3 ml; a Hg® and Mn®* colution, 0.53m

cach -1 41 and {'¥C)ATP and 0.413 unlt of E. colf RNA polymerase.

inzuba: fon was carried out at 37°C for 30 minutes.
The spe:itic radioactivity of the ('"C)ATP used For vach experiment

s listed \n Tante 22, 3s well as the source of the BrdUTP used,
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tigure 17 (eorresponds 1o Table 18)
\.\F
] ] L 1.
20 4o 60 80 100
i
5\
I\ Figure 18 (eorresponds to Table 19)
—
-
1 L 1 1 1.
20 hy 60 80 100
% MU bn the reaction mixture
Tot trgemd aoe Page 96,
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Liguie 19 {carresponds to lable 20)

(corresponds Lo Table 21)

1 1
20 ho &0 80 100
% BedtP i the reaction mixture

For deqeml sne page 96,



A preliminai y cxamination of the system was necessary to study
the effoct of various primer concentrations and incubation periods
on the synthesis of the DNA polymers In the DNA, =primer - DNA'
reaction.  The DNA-primer was poly(dA-dT) and the {ncorporation of
(H)dAMP Into poly(dA-dT) product was measured. The results are
shown in Table 23 and Figure 21, ft can be seen that there Is an
Increase in deoxynucleotide incorporation with increasing primer
concentratin untit 0.05 units when synthesis fevels of f.  When 0.02
units of poly{dA~dT)-primer was used for & thirty minvte incubation
pariod 22.4 nmoles of poly{dA-dT} were synthesized.  This represents
an approximate 3-fold increase of product over primer, which is of
similar magnitude to that obtained in experiments using the 180
minute DMA polymerase reaction period. The following experiment was
carried out using these incubation conditions.

A 'double label' analysis of the sequential system,

DNA,“primer ~ DNA' + RNA
In this analysis of the sequential system, the ONA synthesized
(DNA') was isotopically labelled with H and the poly(A-U) transcription

We,  The results are shown in Tables 24a

product was labelied with
and b, The assays are similar Lo those described in the preceding

Section 3.3.4 For the DNA polymerase reaction, using only 0.02 units

of poly{dA-dT) and an Incubation time of 30 minutes. The

deoxynucleotide concentrations were reduced Lo 20 nmoles/assay to

approach exhaustiton of deoxynuclvolide substrates ¢fter 30 minutes.

The subsequent DNA' » RNA reaction was nol altcred. Besides the

sequential DNA polymerase and RNA polymcrase assays scparate DNA .
polymerase and RMA polymerase assays were performed as controls

for the above system.
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Tabie 23. The effect of increasing primer concentrations and

incubation periods on the synthests of poly{(dA-dT)

Poly (dA=dT) =primer (HYJANP Tncorporated
(unit) (nmoles/assay) in
30 min. 60 min.
0.02 .2 3.2
9.05 16.3 41,7
0.1 19.5 43.0
0 0.3 1.6

The components of the reaction mixtures were as described in
Section 2.5.1 D Table 6 and contained in 0.2 m!, SH, 0-0.1 unit of
poly{dA-dT) a5 shown, 0.5mH each of dTTP and (PH)JATP and 5 unlts of

E. coli DNA polymerase.

The specific radioactivity of the (3H)JATP was 440 c.p.m./nmole.
Incubation was carried out at 37°C.

The contrel tube was not incubated and ne primer was added.
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60 min.

U]

10 wio.

! 1
02 oh 06 .08 0.1

Poly(dA=dT) concontration (unit)
The ¢ ffoct of incecasing primer concentrations and
incubation periods on the synthesis of poly(dA-dT)

(cartesponds (o Table 23},

|
i
!
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The Incorporation of deoxynucleotide in the separate DNA
polymerase assay DNA]‘prlmer - DNA' was the same as that for the DNA
polymerase reaction of the sequential system. This conflirms that
the action of DNA polymerase was climinated during the RNA polymerase
Incubation period. The rate of synthesis of ONA polymer (DNA') 1s
Independent of the pyrimidine nucleolide whether it be dTTP, its
analogue, or a mixture of both, secc Table 2ha,

From Table 23b 1t can be seen that the amount of poly{A=U)
synthesized in the separate assay is substanilally less Lhan Lhat
synthesized in the sequential system. The decrease in poly({A-U)
synthests with [ncreasing bromodeoxyuridine lncorparation into the
DNA' 1s not as marked as In the previous experiments. See Figure 22.
The inconsistancy in these results will be d scussed fn Section h.

3.4  Iranscription of poly{dA-dT) and poly(dA-8rdu

The avallability of a commercial preparation of the analogue of
poly(dA-dT}, poly{dA-Brd) wade it possible to measure directly
the priming ability < f - U) to prime RNA polvmerase
actlon.  Thus poly{dA 1y{dA-BrdU) were used as primers for
poty(A-U) synlhesis in an isolaled RNA polymerase incubatica mixture,
The results are shown in Table 25.  The components of the reaction
mixture For {a}, (b} and (d} differ sitghtly fFrom these of (c), (e) and
(F).  The former group contalned the assay mixture used in the
original RNA polymerase assay Sectlon 3.1.h while the latter contained
the assay mixture adapied for use in the sequential systen However,

this dlfference did not effect the resulis.
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Another important difference among these experiments was the fact
that 2 different preparations of poly{(dA~BrdU), both purchased from
General Biochemicals, were used. These are described in the legend
of Table 25. It is apparent that batch MHJ exhibits considerably
lower ability Lo prime RNA polymerase than does poly(dA-dT) while
batch My exhibits a priming capacity similar to that of poly(dA-dT).

These conflicting cbsarvations will be discussed in Section 4,
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Table 24 (a) and (b). A double label analysis of the sequentia
system
Table 24 (a) The synthesis of DNA polymers

Relative proportions 3

of dTTP and 8rdUTP in {*H)dAMP incotporated
the reaction mi- Lure {nmoles/assay)
{poly{dA=aT)~primed

% dTTP % BrduTP Assay 1 Assay 2 Means
100 - 11.92, 1h.46 13.83, 12.80 13.27
75 25 14,03, 12,62 13.80, 12.99 13.37
50 50 13.13, 12.75 12,95, 11.82 12,67
25 75 11.87, 13.38 - - 11.63
- 100 9.35, 13.82 12.89, 11.39 11.87
k100 - 1.0, 0.75 9.66, 0.79 0.89
#% 100 - 13.33, 10.62 11.32, 11.87 11.89
* Control

“k DNA polymerase assay only

For legend sec Paje 107.
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Table 2k {b)  The synthesis of poly{A-U}

Relative proportions m

of dTTP and BrduTP in ("HC)AMP incorporated
the reaction mixture (nmoles/assay
{poly (dA=dT) =primed

% dTTP % BroUTP  Assay 1 nssay 2 tean  plandard
100 - 2.30, 2.63  2.54, 2.37 247 0.4
75 25 2,40 2.29 2.47, 2.63 2.45 0.1k
50 56 2.5t, 2.37  2.43, 2.19 2.38 0.1%
28 75 243, 215 - - s 0
- 100 1,93, 2.95 2.65, 2.33 2.h6 0.43

£ 100 - 0.1k, 0.10 0.10, 0.12 0.12 0

w100 - 1,20, 105 1.6, 1.36 1.22 0

* fontrol

#% RNA polymerase assay only

Far legend see Page 107.
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1 L L ) 1
20 by 40 80 100
% BrdUTP in the reaction mixture
Figuee 22 The synthesis of poly(A-U) from primers

containing increasing amounts of BrdUrd,
(corresponds to Table 2hb)

For legend see page 107.
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Legend to Table 24{a) and (b) and Figure 22

A doubie iabel analysis of the sequential system,

The components of the reattion mixlures were made up as described in

Section 2.5.1 D Tables 6, 7, 8 and 9.

{a) The components for the tsolated and sequential reaction mixtures
containing DNA polymerase were in 0.2 ml and contained SM, 0.02
units of poly{dA-dT), 0.imM each of (PH)SATP and dTTP (and or
8rdUTP) and 5 unils of E. coll ONA polymerase.

Incubation was carried out al 37°C for 30 minutes.

(b

The components for the renction mixtures containing RNA polymerase
were in 0.3 ml and contained M, 0.02 units of poly(dA=dT) 0.53m

each of UTP and (“'C)ATP and 0.48 units of E. coll RNA poiymerase.

The assay conditlons for the sequential reaction were initially
those of the DNA polymerase reactlion.

Final RNA polymerase assay condltions were obtained on the

addition of a Mg?* and Hn?* solution, 0.53nM each of UTP and

(Mic)ATP and 0.48 unfts of £, coli RNA polymerase.

tncubation was carrled out at 37°C for 30 minutes.

The specific radisactivities of (B}I)dAMP and (“'C)AMP were

577 and 1.2 x 102 c.p.m./nmole respectivaly.

The control Lubes were not incubated.,  The mean value of these
controls we: 1 subiracted From the results given for each assay

tube.




108
Table 25. Comparison of the priming ability of the copolymers
(dA-dT) and (dA-BrdU) in transcription
" ("e)ame
o imer (M¢)anp incorporated incorporated
in 30 min. (nmoles/assay) in 15 min.
(nmoles/assey}
at ot 4" ot ™ a* bt

Poly (dA-dT) .46 0.73 Lt 0.6t 214 0.77 0.66

Poly(dA-Brdl)  0.02  0.85 1. 0.72 229 0.0 0.02

&

+ Results an average of 2 assays each

* Results an average of 3 assays each

The components of the reaction mixtures for {a), (b}, (d) were as
described in Section 2.1.5 C Table 5, and contained in ¢.25 ml, SH,
0.2 units of poly(dA=dT) ar poly(dA-BrdU), 0.6UmM each of UTP and
("c)ATP, and 0.3 units of RNA polymerase for (a) and ib) and 0.k unit
for (d).
The componesits of the reaction mixtures for (c), (c) and {f) were as
described in Section 2.5.7 D Table 7 and contained tn 0.3 m), SM
0.2 units of pulyldA=dT) o pnly(dA-BrdU), 0.53mM each of UTP and
(Me)ATP and 0.41 units of RNA polymerase for (c).
0.43 units for {e) and 0.5 units for {f).
As different preparations of poly(dA=BrdU} were used these are
listed: (a) and (b) batch MID

(e}, (1), Le), (1), batch My
The ("H¢)ATP had a specific activity of 1.6-1.9 x 10% c.p.m./nmale.

ncubation was carried out at 37°C.
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DISCUSSION

The evidencu presented in this study was the result of an attempt
to elucidate the mode of inhibition of cell differentiation by BrdUrd,
On the assumption that this BrdUrd effect is a consequence of its

incorporation into the ONA, it was suggested that differentiation, as

opposed to cell division, Is dependent on the presence of polydeoxythymidine

clusters in the DNA. This svagests that polydeoxybromggine regions which
during replication are derived from polydeoxythymidine regions may not be
capable of directing Lranscription through RNA polymerase*. DNA polymers
with scatterad BrdUrd un?¢s however may not apprecisbly effect the
transcription process, As the proportion of Brdurd in the DNA is
increased It is suggested that Vis ability Lo prime RNA transcription
decreases,

An in_vitro system was designed to test this hypothusis. HRA
polymerase reactions, which synthesized DNA polymers varying in Brdurd
content, were coupled to RNA polymerase transcribing systems. On
subsequent incubation the amount of poly (A-U) synthesis was measured,
This sequential system was descrlbed in Section 3.3 and was represented
by the following reaction: DNA;-primer ﬁ—r PNA! —Lﬂ'—P RNA. Using
poly (dA-dT} as the OMA -primer n reaction (a} poilymers were Formed
containing increasing wounts of bromodeoxyuridine with correspondingly
decreasing amomts of (hywidine (Soctfon 8.3). In this cxperivental
design the fully substituted polymer wos poly(dA-BrdU). These polymers

were then transcribed usling RNA polymerase In reaction (b).

# Poly(dT) sequences + be sltes of control and inftiation In the
regulation of gene « .. ¢ssion required for the differantiated state,
See page 27 ond 32.
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The main interpretation of the results of this investigation, Is
that BrdUrd incorporation into the DNA does decrease the efficiency of
RNA synthesis. When poly(A-U) synthesis Is directed by a poly(dA-BrdU)
primer the decrease in ('"C)AMP incorparation inta an acid Insoluble
product is hetween 20 to 60%,

(n the Following sections of this discussion the results, and the

in_vitro system of analysis used to obtain them are critlcally examined.

4.1 Nucleotide polymerase assay systems

The assay conditions used for both the M. lysodeikticus DNA poly-
merase and E. coli DNA polymerase were derfved from the Tris-HCi buffer
system used by Zimmerman (1966}, These conditions were the same as
those routinely used by Miles Laboratories for the assay of M. [ysodeik-
ticus DNA polymerase. The results in Figures 10 and 12 on the activity
of these snzymes Indicated a loss of 50-65% of the activity specified by
the manufacturers. The assay conditions differed from those of the

manufacturers only In the case of the E, coll DNA polymerase supplied

by Boehringer-Mannheim Laboratories who used a phosphate buffer system.
A possible explanation for these low figures was loss of activity during
transport.  However, the enzymes were supplied by air and the packaging
usually contained some dry {ce on arrival.

Accarding to Richardson et al. (1964) the radicactivity rendered

insoluble In a poly{dA-dT)-primed reaction, Is proportional to the amount
of E. coli cnzymn added in the range 0,02 to 0.2 units. However Figure 10
shows that for M, lysodeiktlcus lincarity betwoen product formed and enzyme
concentration was In the range of ©.08 Lo 0.04 units and figure 12 shows

[tresylty in the range 0.02 to .75 units for E. coll enzyme.




",

Therefore, in cffect, the enzyme concentration used for most assays
was approximately 1 to 2 units and not 5 units as specified by the
manufacturer (see section 3.1.2.).  This however, does not affect the
results and conclusions of this work as it is a comparative study. The
concentration of DNA polymerase routinely used remained constant through-
out except when other vonditions were required for specific purposes.

The results in Figure 15 where there is no loss of product during
the 400 to 1200 minute incubation period shows that the M. lysodeikticus
DNA polymerase {s free of DNAase activity. No similar studies were
performed on the £. coll enzyme.

in Tables 11 and 12 It can be seen that the final deoxynucleotide
incorporation often appears to be higher than the amount of deoxynucleo-~
tides initially available in the DNA polymerase reaction, This may be
explalned in terms of an error in the determination of the specific
radioactivity of the labelled substrate deoxyribonucieoside 5'-triphos=
phate resulting in low counts. However, as this is a comparative study
under constant assay conditions this problem is of Iittle consequence.

The bacterial DNA polymerase assays were designed to determine
primarily the degree of polydeoxynucicotide synthesis under defined
conditions and not the activity of the enzyme per se. Thus optimal
enzyme assay conditions were nat of prime importance. The main aim
was to produce different ONA species for use as primers in the coupled
RNA synthesizing system (sce Section 3.3).

The RNA polymerase enzyme sssays were used to test the ability of
the enzyme to transcribe the DNA products of the DNA polymerasa reactions.
The assay conditions For bevh reactions were chosen to Ffacilitate the
coupting of the RNA polymerase reaction to the preceding ODNA polymerase
system,  |L was only because of the higher lonic requirements of RNA
polynerase for Mg’* and HnZ* that these reactlons could be coupled, see

Section 4.4,
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4.2 The efficiency of bromodeoxyuridine substitution for

thymidine 'uring DNA replication

In order to check that the BrdUTP prepared for this study could
substitute for dTTP during the synthesis of DNA, the experiment using
calf thymus DNA polymerase and calf thymus DNA as primer was performed
as described in Section 3.2 and Table 10,

From these results it appears that BrdUTP can replace dTTP in the
synthesls of DNA with an efficiency around 90%.  This is comparable
with the results of othsr workers who used bacterial DNA polymerases
with calf thymus ONA as primer. Bessman et al. (1958) found a 97%
substitution using E. coli DNA polymerase. Okazaki and Kornberg (1964)
observed a 95% BrdUMP replacement with B. subtilis DNA polymerase and

a 93% replacement with the E. coli enzyme.

When both dTTP and BidUTP were omltted from the reaction mixture,
leaving only the other three deoxynucleotides, & 5l-54% incorporation
of (PH)dCHP was observed (Table 10).  This canfirms that all four
deoxynucleoside 5'-triphosphates are required for maximum enzyme activity.
It also demonstrates that the BrdUTP synthesized during this work can

substitute effectively for dTTP in an in_vitro ONA polymerase reaction.

4.3 The synthesis of DNA polymers consisting of JAMP
alterpating with elther dTHP or BrdUMP

Poly{dA=dT) ~primed, poly{da=BrdU)-primed and unprimed DNA polymerase
reactions always yield DNA products in which dAMP alternates wlith
dTHP (BrdUMP) , sce scetion 1.5.

AddTttonal evidence relating to the alternating nature of these
polymers was obtalned from the DNA polymerase assays In which substrate
concentratlons were limlting, f.e. In those assays In which total substrate

Incorporation was achieved., For example in the last experiment described
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in Table 12, where the incorporation of (H)dTHP was Followed, 100% of
the pyrimidine substrate was Incorporated into product DNA, while in
some of the experiments described in Table 15 (®H)dAMP incorporation
was followed, 80-100% of the purine cubstrate was incorporated into DNA,
Thus it can be concluded From this evidence that in this system there is
pproximately equal incorporation of purine and pyrimidine nucleotides
Into product DNA.  This supports the contention that these DNA products
consist of alternating sequences of dAWP and dTMP (BrdUMP).

Furthermore, from the experiments described in Table 15 it can be
seen that the degree of incorporation of (*M)daMP Is Independent of the
nature of the pyrimidine substrate, dTTP or BrduTe.

These considerations concerning the nature of the product of the DNA
polymerase reaction were substantiated in the double label experiment
described in Section3, Table 24b.  The magnitude of ONA synthesis s
equivalent regardiess of the proportions of dTTP and BrdUTP in the
reaction mixture, within a reasonabie margfn of error.

However, this cannot be unequivocally establlshed without performing
nuclectide sequenca analysis. Nevertheless, it would seem reasonable
from the above ovidence that the fnput of dTTP with respect to BrdUTP
determines the relative proportions of dTMP and 8cdUMP in the DNA primer
for the RNA polymerasa reaction.

Another gspect of these results s that poly{dA-Brdl) appears to be
a slightly more efficient primer thon poly(dA-dT), sce Table 15. One
possibility Is thot this Is due to structura] varlation, In the commercially
supplied polymers tor example poly(dA-BrdU) may have been of lower molecular
welght and consequently may have had more free 3' OH groups per unit
amount of polymerase. DNA polymerase is well known te be stimulated

by these groups {Davidsop 1972), This is a possible explanation for the

SN



114,

greater priming capacity of poly{(dA-BrdU). Unfortunately for reasons of
quantity and cost 1¢ was not possible to structurally characterise the
commercially supplied poly(dA-BrdlU) and compare it with the structure of
the poly(dA-dT) preparations,

it should also be noted that there is considerable variation between
experiments of a similar kind, such as those described in Table 15 and 22.
However, goad agreement s Found between duplicate assays withln an
experiment as seen in Table 15. This discrepancy between experiments
is difficult to explain but presumably is largely due to varfations which
result from dealing with rather labile enzymes. Therefore despite this
problem it would seem valid on the basts of the results presented to draw

the conclusions made above.

4.4 RNA polymerase activity in the sequential system and
in_the isclated RNA synthesls systen

In this section the tlvity of RNA polymerase, In the sequential
system DNA!'primer »DNA' + RNA and the lsolate! reaction DNA =+ RNA, is
discussed.

The results presented in Section 3.3.2 and Table 14(11) 1)lustrate
that the presence of DNA polymerasc and excess deoxynucleoside 5'-triphos-
phates in reaction (b) of the sequential system, do not signiflcantly
effect the activity of RNA polymerase, This observation is supported

by Berg gt al. (1965). They have shown that RNA synthesis primed by

calf thymus DNA Is unaffected by the presence of DNA polymerase and the
four deoxynucicoside 5'-triphosphates.

1t was only possible to couple the DNA polymerase and RNA polymerase
reactions because RNA polymerase exhibits higher divalent cation
requirements. According to Zimmcrman (1966), the activlty of DNA

polymerase drops considerably with an Increase in Mg2+ conranrration to
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1072 and an increase in MnZ* concentratior te 1073, The divalent
cation requirements of RNA polymerase ase upproximately EO.ZM for MgH
and 2 x 10774 for Mn®*. At such high cation concentrations the activity
of DMNA polymerase should be negligible. This was substantiated by the
double label experiment described in Sectfon 3.3.5, Table 24a, No
increase in DNA synthesis took piace after the addition of the require-
ments for the RNA polymerase reaction and a further 30 minute Incubation
period, despite thr presence of substrate deoxynucleoside 5'-triphosphates
during that time. Furthermore, as reported in the results Sectlon 3.3.2

+ N
and an jon requirements

a precipitate formad on the additlon of the Mg®
for the RNA polymerase reaction. This precipitate probably contained
inactivated DNA polymerase.

The activity of RNA polymerase primed by poly{dA-dT) in the lsolated
RNA polymerase rcaction was reasonably constant from experiment to
experiment as shown In Tables 12, 14 (ii), 25, and Figure 13. 1t was
frequently In the range of 1.0-3.0 nmoles ('"C)AMP incorporated per
30 minutes,

However, when RNA poiymerase activity was followed {n the sequential
system Lhere was an apparent increase in enzyme activity, for example
in Tables 12, th, 17-21 (*“C)AMP incorporation in the range 4.0-7.0 nmoles
per 30 mlnutes was obtained. The isolated RNA polymerase system is
primed by 0.1-0.2 unlts of poly(dA-dT) while the sequential system Is
primed by 6.1-0.2 units of poly(dA-dT) initia) priwer plus DNA' product
synthesized during Lhe RNA potymerase incubation.  Thus the incroase o
RNA product {n the sequenLial system may be attributed to the avallability

of & targer quantity of primer.
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h.5 The role of the Initial prime: *n the synihesjs of

RNA in the sequential system

The sequential system was ¢ iveloped to test the ability of the DNA'-
product to direct poly(A-U) synthesis. A problem inherent in this system
was the possible vole played by the initial DNA primer of the DNA poly-
merase reaction in priming the subsequent RNs polymerase reaction. (n
most experiments the nucleotide content of the initial primer differed
from that of the DNA' product. Thus It was of critical Importance to
ensure that It did not significantly contribute to the synthesis of RNA.

The DNA polymerase reaction (a} was therefore designed to produce a
great excess of product DNA' over initial primer, By this means the
influence of the Initial primer on RNA synthests was minimized, An
excess of product DNA over inftial primer DNA In the range 8-20 fold was
achieved by the use of long incubation pericds or minimall initial DNA
primer concentrations In the DNA polymerase reaction., These results
are shown in Tables 11, 12 and 23,

Another approach was to attempt to completely eliminate the initial
DNA primer by the use of an unprimed DNA polymerase reaction, [.e.
no primer + DNA’ -+ RNA. 1t {5 well estabiishod Lhat micrablal DA
polymerases are capable of syntheslzing polydeoxynuclectide in the absence

of DNA primer (Schachman et al. 1960).  Preliminary experiments described

in Table 14{iv) indicated Lhat Lthls might be a valid approach. However,
subsequent experiments described In Table 15 demonstrated that the
quantity of DNA product In unprimed reactions were varfable.  As shown
in Table 15 there Is no consistency In .- duct synthesized even between
two duplicate assays Jncubated For the s+ rlod.

This supports the observations of Radding and Kornberg (1962) In thal
the synthesis of polymers in an unprimed syst m ia Inftiated by a number
of enzyme catalyzed random syntheses of phosphodliester bonds.  When a

product able to prime polymer synthesis 1s Formed rapid increase in

reactlon rate is abserved.
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Another Feature of the unprimed reaction shown in Figure 16 and
Table 9 is that poly(dA-dT) [5 more readily formed than poly(dA-8rdU),
Thus Tt was conciuded that unprimed DNA synthesis couid not be employed in
this Investigation.

A further attempt to reduce the Influence of the inftial-primer
in reaction {b) was made by using poly(dA-BrdU) as the initial ONA-

primer. This aspect is discussed In the Section 4.7.

4.6 The effect of DNA-primers containing bromodeoxyuridine

on_poly{A-U) synthesis.

In the previous scctions it was shown Lhat the DNA polymers which

are formed [n reaction (a) of the sequential system and transcribed in

reaction (b} consist of dTHP and or BrduMP alternating with dAMP. 1t

was also shown that the proportions of dTMP and BrdUMP in the DNA'
product depends on the propertions of their respective deoxynucleoside
5'~triphosphates 1n the DNA polymerase reaction mixture. In addition
1t has been demonstrated that the amount of DNA' product formed is
eonstant for all assays within an experiment.

The hypothesis underiying this work was that these ONA products
would then prime RNA polymerase to a degree which was Inverse’
proportional to thelir 8rdUrd content. From the result . 17-21 i
and thelr corresponding figures, Figure 17 to Figure 20, and table 2kb
(Flgure 22) 1t is apparent that when the mean values of each table are
compared there 15 an obvious decrease in the incorporalion of (14C)ANP
into RNA praduct, - hoe BrdUNP content of Lhe DRA' primer Increases,
The only exception. ¢ the mean values of the 50% JTTP : 50% BrduTP

assay of Table 19 and the 100% BrdUTP assay of 24b.  Since these two

exceptions were individual assays within 8 experiments, totalling 26
assays involving variations {n BrdUMP comtent «7 the primer of trans-

cription, tt is valid to conclude that they arc slypical results.




To compensate for scatter among lhe results of the duplicate assays
of gach experiment the standard deviation for each of the 4 sample discs
was calculated. In Figures 17-20 and 22 each mean (*“C}AMP Incorporation
value with its standard deviation is plotted against the % BrdUTP content
of the reaction mixture. This presents the resulls In a more graphic
form. The trend to decrease In {}*C)AMP incorporation Is again apparent.

In Table 26 the mean values of Table 22 are expressed as a
% of their respective 100% dTTF value. In all cases this s the value
of maximum poly(A-U) synthesis. From this table it is apparent that the
% decrease is not consistant from one experiment to another. Therefore,
the experiments summarized in the above table show some varfation. The
amount of (**C)AMP incormoration varies between assays of the same type
in different experiments. For exampls the 75% dTTP i 25% BrdUTP
experiments under headings 18 and 19 show 20% and 43% reduction In ('"C)AMP
incorporation.  However, the duplicate assays within an experiment cen be
favourably compared as shown In Tables 17-21 and 2&b, in addition slmitar
degrees of poly(A-U) synthesis are obscrved whether poly(dA-dT) or poly
(A-BrdU) were used in different experfments.  For example, in the (GOX
BrdUTP experiments under headlngs 19 the poly(dA-dT}-prined reaction
exhibits 57% reduction in activity while the poly(dA-BrdU)-primed resction
exhibits 64% reduction In activity. This Is further support for the
conclusion that the fnittat DNA primer does not contribute significantly
to the RNA synthesis reactfon.

Varfations between experiments cannot cosity be correlated with
varlations in the componenls of the reacLion mixtures From experiment to
experiment.  As shown In the comparative Table 26 the variations are not

related to the use of M. lysodelkiicus DNA polym.asc or . coli DNA

polymarase. This observation might be expected as these two bacterfal

DNA polymerases are essenkially similar fn their ln vitro properties

(zZimnorman 1960},  Furthermore, It Is alsa nol possible to relate these
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Tabie 26 Comparisan of Lhe mean values of Table 22, of the trans-
cription of ONA-primers containing fincreasing amounts of
bromodeoxyuridine, axpressed as a & of thelr respective
100% dTT® value.

Relative propor-

tions of dTTP (**champ incorporsted (nmoles/assay)
and BrddTP in
the reaction
mixture Mean values of results shown In Tables

% dT7P % BrdUTP 17 17 18 19 19 20 21 2hb

100 - 100 100 106 12 100 100 100 100
75 25 - - 80 57 - 91 85 99
59 50 - - 7h 7 - 75 78 96
25 75 - - 66 47 - 65 73 87
- 100 83 70 58 “3 16 63 70 ?

Variable com=
porents of the
DNA polymerase
reaction
mixturn

Units of
poly{da-dT} [A] 6.2 0.1 0.1 0.02

Unlis of .l 0.1 0.1
poly{(da-Brdu)
Batch uzed Mo N0 Ml .

Unit of
M. Tysodeikticus
WA polymerase™ 5.7 5.7 5.7

Unlt of [, coll
BNA polymerase 5.3 5.3 5.3 .0 5.0
Source of fre~  Prev Pre- Pra-  Pres

BrduTP pared pared parad pared pared TUrchased
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variations in (*"C)AMP incorporation between experiments with the use of
either the BrdUTP prepared by the author or the purchased BrdUTP.

Another possibility which may account for the variatlon in (**C)AwP
incorporation between experiments Is the probability of variation in the
amount of DNA synthesis in the Initial reaction. This point is 1llust-
rated in Table 15 in the poly(dA-dT)-primed DNA palymerase reaction,
£xperiment (1) yielded 83 nmoles {°H) dAMP Incorporated per assay while
experiment (2) y elded 55 nmoles per assay for identical assay conditions.
To clarify this point completely double label experiments which fellow the
synthesis of both DNA and RNA in the sequential system are necessary.
Most of these variations were observed using 5 units of DNA polymerase/
0.2ml.  Takle 16 shows that unprimed synthesis Is considerably reduced
when 2 units of DNA polymerase/0.2ml are used. Therefore in the DNA
poiymerase reaction of the sequential system of Table 21 two units of
enzyme were used ta minimize the possible contribution of unprimed
synthesis of PNA' product. However the variation in quantity of RNA
synthesized in relation to the BrdUrd content of the DNA product, appeared
to be Independ§nt whetl. v 5 units or 2 units of DNA polymerase/0.2ml
were used, Thie reduction In DNA pelymerase concentration does not
appeat to affect the DNA polymerase reacltion, nor does it affect the
succeeding RNA polymerase reaction.

At this point it should be noted that all of these differences in
reaction components between experiments pertain to the flrst reaction
of the sequential system. The conditions of the RNA polymerase
incubation remained conslant throughout the study. However, it scems
probable that the variations between experiments, which were performed
on different days, are probably due to the lablle nature of these poly-

nucleotide synthesizing enzymes.  This has been discussed previousiy.
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Therefore, it would seem that the DNA polymerase reaction of the
sequential system does exhibit variabitity between experiments. How-
ever, in view of the constant trend within most of the above experiments,
it does seem valid to conclude that as the BrdUrd content of the DNA'
product increases it becomes a less efficlent primer for the RNA poly-

merase reaction.

4.7 Priming capacity of Poly{dA-BrdU) in

replication and transcription

The ability of poly(dA=dT) and poly(dA-BrdU) to direct the synthesis
of poly(A-U) by RNA polymerase was investigated at the outset of these
studies.  The resuits of the first of these assays performed indicated
that poly{dA-BrdU) was Incapablie of directing priming for poly(A-U)
synthesis. These results are shows in Table 25 columns a and b. in
addition it can be seen from the experiments described in Table 15
experiment (2) that poly(dA-erdu) is an efficient primer for DNA synthesis.
1t 3 unlikely that this Tacorporation of {*H)dAWP is due to unprimed
synthesis as the results for the latter are much lower.

Sased on these results It was assumed that poly(dA-Brdl) would make
an excellent inittal primer in the sequential system. In such a situation
using poly(dA-Brdu) as initial primer in Lhe sequential system there could
be no contribution by Initlal primer to the RNA synthesis reaction. There
would be no doubt as to which primer was eventually responsibie for the
synthesis of poly(A-U).  The experiments shown In Tables 17 were thus
performed and repeated in Table 19.  For the 100% BrdUTP contalning
reaction mixture primed by poly(dA-BrdU) a zero Incorporation of ('*c)AMP
was expected, however, as Is apparent From these tabies this did not
occur.  The batch (M10) of poly(dA-Brdu) used in all the experiments

mentioned above was the first purchased. A sccond batch (Mh) was then
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receive wseribed (n an isolated RMA polymerase reaction. As can
be see: . Tabie 25 columns ¢, d, e and f there is no difference In the
ability of this copolymer of {dA-BrdU) or that of (dA~dT) to prime for
poly({A-U) synthesis. Batch Mb also appeared to be an efficient primer
in DNA synthesis and was used for the assavs of Table 2.  The conflicting
results In the abillty of the two batches to support poly{A-U} synthesis
in an RNA polymerase catalysed reaction cannot easily be explained. The
assays were repeated to ensure that no experimental error had been made.
Both batches of poly(dA-3rdl) were examined through the wavelength of 230
to 300 nm. For both preparations the absorption spectra were as shown
tn Figure 6, with an absorption maximum of 266,5 am.

it has been suggested In section 4.8 that an RNA polymer.se- (dA-Brdy)-
{1"C)ATP-UMP complex is formed. This complex would result in a measure-
ment of {1*C) AMP incorporatlon indistinguishable from that of (*C)-
poly{A-1'), thus giving a false impression of poly(A-U) synthesis. However,
no explanation For the differences in the priming ability of the two

purchase batches of poly{dA-BrdU) can be found

4.8 RNA polymerase and Lranscription

[t was concluded in section 4.6 that the presence of BrdUrd in a DNA
primer does appear to decrease the efficiency of the primer during trans-
cfiption. This poses the question as to what the mechanism of this
inhibition could be.  According to Burgess 1971, Taylor 1966, Maitra gt
al. 1966 and Bautz 1967, transcription may be iniifated at a  ~imidine vich
site. With relation to Lhis investigation this pyrimidine rici site {1f
thymidine) could become a BrdUrd rvich site during DNA synthesis. The flrst
stages of transcription which Ilnvelve the inleractlon of RNA polymerase
with the DNA primer might thus be modified, as a result of tha presence

of BrdUrd in the DNA, in iime with the hypothesis presented In this thesis.
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The initiation of transcription has been envisaged by Burgess {1971}
to take place In six stages (see Figure 23).

The following discussion relates these six stages to the results
of this investigation in an attempt to elfucidate the mechanism of Brdurd
inhibition.  The DNA primer under consideration would have been synthes=
fzed in this work In the presence of Brdird, therefore all thymidine units
are considered to have been replaced by BrdUrd, It is proposed that the
irhibitory effect of 8rdUrd operates at the stages of strand separation
and catalytic complex formation (i.e. at stages three and four).

The first stage involves the binding of free RNA polymerase to a
doubie stranded DNA in a non-specific and readily reversible fashion.
This stage would not be affected by the presence of Brdlfrd. However
during the next siage the enzyme locates a specific binding site, possibly
pyrimidine clusters (Sheldrick and Szybalski 1967) which would therefore
be made up of BrdUrd clusters, The presence of BrdUrd could then effect
the third stage during which strand separation occurs. Strand separation
normally occurs with the formation of a highly stable complex of RNA poly-

merase bound to the specific site on the single strand of DNA to be

transcribed. This stage requires the s’ mi. of RNA polymerase.
The nature of the effect which dA in double stranded DNA
may have on strand separation is pow cons . For strand separation

to take place In stage three an lncresse (n energy way be required to
split the Increased strength of the dA-BrdU hydrogen bond (see section
1.2.1 and Inan acd Baldwin 1962).  Such Tsalated bands may only result
in a slowing down of strand seperation and thus transcriprion.  Clusters
of the dA-Brdy bond might then be expecled Lo resull in Lotal inhibilion
of strand separation.  The results of this Investigation using an alter-
nating sequence of dA-BrdU bonds in the DNA primer (i.c. In which dA

alternstes with BrdU in the nucleotide sequence) indicate that the
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Figure 23. The six stages which may ocsur
during the initiation of
transcription (Burgess 1971).

Stage 1.  Free enzyme binds to douwble-stranded DNA In a nonspecific
and readily reversible fashion. This binding is prevented by
inhibitors of PNA binding such as high ionic strength, RNA, and
heparin, and does nok require sigma.

Stage 2. The enzyme locates a specific binding site, perhaps a
pyrimidine ciuster. This step may not requlry sigma,

Stage 3. Strand separation occurs with the formation of a highly
stable specific complex at the inftiation site. Temperatures above
about 159C are required to reach this stage, which is very stable at
379C and very low ionic strength, and much less stable at lower
temperatures or higher fonic strength. This stage may form in the
presence of rifampicin and appears o require sigma.

Stage 4. A change in the enzyme :curs, resulting in the formation
of the rifampicin-resistant preiniy ation complex. This stage is
not very stable and decays back to stage 3 in the presence of
rifempicin and back to stage | or to free enzyme in the presence of
heparin. This stage may be stabilized by sigma.

Stage 5. The 5'-terminal nucleotide triphosphate, almost always a
purine, binds to tne enzyme.

Stage 6.  The second nucleotide triphosphate binds allowing the
formation of the first phosphodiester bond in the next stage, that of
RNA chain initiation.
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inhibltion is not total. However it can resull in a 60% decrease of the
normal rate of transcription (see table in section 4.6). However since
this type of decrease was observed [t does not eliminate the possibility
that homopolymeric BrdUrd clusters could entirely prevent strand
separation. In addition, due to the increased electronegativity of
bramine (Hanawalt 1737} the bond between the evzyme and pyrimidine nucieo-
tide may be so strengthened so as to retard stage four. Stage four
normally consists of a change in the enzyme which may be stabillzed by
sigma. The Inhibition of stage Four may thus result In an Inability
of the RNA polymerase DNA complex to undergo the enzyme change indicated.
Burgess (1969) observed a positively charged binding site (n the
RNA polymerase molecule during purification. In addition, the site of
DNA binding on RNA polymerase appears ta invelve posilively charged
regions {Burgess 1971). Either of these two effects mav reduce the
transcription rate or they may be cumulative. The subsequent stages

resulting in translocation would then not occur.

4.9 A discusslon of possible ortifactual problems of

the scquentlal systom,

The formation during RNA synthesis of an Enzyme- (da-Brdu)-('"c)
ATP-UMP complex:

This work has shown thst Increasing amounts of BrdUrd In the
sequential system (nhibfE RNA pofymerase activity. It could he argued
that complete roplacement of thymidine with BrdUrd might totally inhibit
RNA synthesis. However Table 26 shows that the maximum inhibition of
RNA synthesis cbscrved was 74%,  However, Tor reasons discussed below,
the true lavels of RNA synthesis in completely BrdUrd substituted DNA

primed systems might have been lower than observed In this work.
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These reasons rclate Lo the mode) of Burgess (1971} which postulates
the formation of an Enzyme-(dA-dT) complex during stage four of his scheme
(see Figure 23). Krakow and Fronk (1963) have proposed that the inltiat-
ing purine of stage five binds Lo the product terminus site on the RNA
polymerase molecule forming an Enzyme-(dA-dT)-purine complex. The
second nucleoide triphosphate then binds at the substrate site with a
subsequent polymerization step followed by pyrophosphorolysis (stage 6).
Translocatinn then takes place as RNA polymersse moves onto the next site.

Their studies Invoived the use of a system similar to that created

for this investigation. Using Azolcbocter RNA polymerase preparations,

containing sigma factor, they studied pyrophosphate exchange during thz
synthesis of poly(A-U) directed by poly{dA-dT). According to their
mode! the sigma subunit binds to the product site of the catalytic unit
and is displaced as the r(A-U) synthesized moves by a series of trans-
location steps through the product site. Releasc of the sigma subunit
in the poly{dA-dT)-dirccted system requires r{A-U) synthesis. [t is
proposed that under the present experimental conditions an Enzyme-
(dA-Brdu) - {**C) ATP-UP complex forms. This complex, belng more stsble
than a (dA-dT) one, retards translocation where Isolated 8rdl units
exist and accentuates Lhis effect where they become more cuncentrated

in the DNA primer. IF this theory Is correct why do the present results,
for a 100% substitution of BrdUrd in the primer, not tend towards a zero
synthesis of poly{A-U}?7.  One possibility is that the Enzyme-(dA-Brdu)-
(Y9C)ATP-UMP complex {s introducing extranvous counts in the measurements
of {M"C)poly{A-U) synthesis, This Enzyme complex may be considered the
product of Brdyrd [nhibition,  bue to the nature of this experimental
deslgn this praduct 1s belng measured with any ("Clpoly(A-U)  that may

have been synthesized.
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The RNA polymerase- (dA=8rdU)-('*CIATP-UNP complex Forms, trans-

location does not take place, and a polydeoxynucleotide complex
containing (**C)ATP is precipitated onto the discs in the sample being
measured.  Thus there would be an accumulative measurement of the (''c)
ATP complex and any ('“Clpoly{A-U) product which may have Formed.
Thus paly{dA-BrdU} would not be able to direct the synthes!s of poly(A-u).
In the sequential system used in this work, fully substituted poly{dA-dT)
i.e. poly{dA-BrdU), sti)) supported some synthesis of poly(A-U). 1In terms
of the hypothesis just presented this may be accounted for by ('*C)ATP

attached in acid precipitable form to the templote enzyme compiex.

Another possible explanation for the residual RNA synthesis in the
totally Brdyrd substituted DNA primed system (s the synthesls of homo~
polymers.

This may result in an overestimation of RNA synthesis by a non-poly
(A-U) precipitable product, The synthesls of {'*Clpoly(A) or (!*C)-poly
(A) .poly(¥)  is unllkety under the conditions used For this study, but

the possibility camnot be fgnored. According to Smith gt al. (1967)

unprimed syathesls of puly{n..pedy{U) has been known to Interfers with in

vitro systems using E. coll RNA polymerase. However, this is under

conditions of high enzyme concentration (20 units) and & three hour lag
period,  Krakow (1968) has demonstrated that significant amounts of
nuclentide {ncorporation can be measured after a 3¢ minute lag perfod
using 0.6 mM cach of YTP and ATP.  Although Lhis concentration of
nucieotide was used in these studies  they used a much higher concentration

of enzyme.

i
1
|
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Another possibility which cannot be excluded is the presence of

Poly{A} polymerasc and polynuclectide phesphorylase (Smilh et _al. 1967)

in the commercial enzyme preparations used in this study

These are possibilities which cannot be entirely excluded. vHowever,
considering the small amount of enzymes used in these assays and the
relatively short Incubation period for RNA palymerase, the effect of

any of the abova would probably be negliolvle.

b0 Sume. g

1. 't has bsen demuustrated that a DNA polymerase reaction can be
coupled successfully with an RNA polymerase reaction in an In vitro
system as follows, i.e. DNA =primer — DNA' -— RNA {Figure 14.)
The rate of synthesis of DNA is independent of the type of
pyrimidine nucieotide whether it be QTTP, {ts analogue or a mixture
of both,

2. In the above system the magnitude of RNA synthesis is inversely
proportional to the BrdUrd input into the ONA synthesis reaction,
and hence presumably to the BrdUrd content of the DNA template
{ONA') of the RNA synthesis reaction. Therefore, there is strong
evidence to indlcate that BrdUrd inhiblts RNA synthesis In this
system, while DNA synthesis is unaffected.

3. 5~Bromedeoxyuridine 5'-triphosphate was prepared by dlrect.
bromination of deoxyuridine triphosphate. The yield was 15.5%.

[N Using a calf thymus DNA polymerase assay system it was demonstrated
that BrdUTP can replace dTTP in the synthesis of ONA wlth an
efflelency around 90%.

5. The quantity of poly(dA=dT) and poly (dA-8rdU} synthesized in an

unpelmed | DNA polymerase assay sysiom was found to be

virfable, Conslstency was not found in product DNA synthesized

even between duplicate assoys incubsted for the same period.
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The main findings of this work {Points 1. and 2.) correlate well
with the results of In vivo studies of the effect of BrdUrd on cell
dlfferenttation and cell division, (see Introduction}. These in vivo
studles have shown that differentiation s arrested at low concentrations
of Brdurd while cell division proceeds in an apparently normal Tashion.
Therefore, it would seem valld to conclude that a possible site of action
of 8rdUrd inhibition of differentiation is at the level of RNA synthesis
at critical sites along the genome. |t would seem possible that these
sites contain olligothymidine residues or chymidine clusters. [f this
ts Lae case then these sites may be involved in directing RNA synthesis
into particular pathways of differentiation. When these site are
substituted with Brdird the direction of RNA synthesis Into these

differentiation pathways would be bilocked.

The potential of the scquential system and

suggestions for future work

In the sequential system DNA polymers cen be syntheslzed and
transcribed without their previous Isolation.

The sequential sysktem Is In some ways more similar to the in vive
synthests of DNA and RNA synthesis In the nucleus than the separate
in vitro systems for ONA synthesis and RNA synthesis used in most studies
incorporating these reactions.

Betler defined optimal enzyme assay conditions are required for
the sequential system. 1t would also be appropriate to Investigate 1F
excess BrdUTP affects the actlvity of RNA polymerase. Better
characterization of the DNA polymers {DNA') synthesized would he

facilitaled by the use of radivacstively labelicd BrdUTP.
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Any future experiments using this sequential system should take
into account the possible Formation of an Enzyme-(dA-BrdU)-ATP-UNP
complex, Theuse of (Y-32P)ATP as a control For the labeiling of the
complex would enable & distinction te be made between the measurement of
the poly(A-U) product and the product of BrdUrd Inhibition, i.e. the
complex. The dissociation of this complex may be facilitated by
incressing the temperature to above 37°C after the normal Incubation
period has been compieled. The cowplex may also be digested by enzyme
digestion of the prolein ™A polymerase).

A study of the tran. .iption of a homopolymer of BrdU units should
also be made before concluslve evidence in support of the hypothesis of
this investigation van be obtatned. Such a polymer could possibiy be
synthesized from a homopolymer of poly(da).

Many kinetic experiments could be devised which might result in
interasting comparisons between the two major polynucleotide syntheslzing
enzymes, nomeiy DNA polymerase and RNA polymerase. For example a
comparative study of the binding constants of these enzymes for SrdUrd

substituted DNA templates could be underlaken,




DNA
RNA

DNA polymerase

RNA polymerase

dA

dr

TdR
Brdurd
Fdurd
dATE
Liats
d6TP
dCTP
duTP
HrdUuTP
BrdUDP
Brdump
BrdCTP
poly(dA-dT)

poly{dA-BrdU)
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ABBREVEATIONS.

deoxyribanuclelc acld

ribonucieic acld

Deoxyribonucleoside triphosphate:

DNA deoxynuclectidyl transferase
Ribonucleoside triphosphate : RNA nucleotidyl
transferase {DNA-dependant RNA pelymerase
2*'-deoxyribosyladenine
2'~deoxyr ibosy ! thymine (thymidine
thymidine

5 -Bromo 2'-deoxyribosyluridine

5 ~Fiuoro 2'-deoxyribosyluridine
2*~deoxyadenosine 5'-triphospir-te
2'-deaxythymidine 5'-triphosphate

24 yguanosine 5'~tr!

2*-deoxycytidine 5'~triphosphate
2% -deoxyuridine 5'-triphusphate
5 -Bromo 2'~deoxyuridine 5'-triphosphate
5 =Bromo 2'-deoxyuridine 5'~d|phosphate

5 ~Bromo 2'-deoxyuridine 5'-monophosphate
5 =Bromo 2'-deoxyeytidine 5'-triphosphate
Assoclated alternating copolymers of

2! ~deoxyribosyladenine and
2'-droxyr i bosy 1 thyminc
poly(dA~dT} . poly (dT-dA)

Assoclated alternating copolymers of
2'~deoxyribosyladenine and 5'-Bromo 2'-
deoxyr fbosyturidine

poly(dA-BrdU) .poly (BrdU=-dA}

ek AR




ATP
ute
poly(A-U)

polylA

poty(t)

poty(A} .poly (U}
Tris

ETSH

EDTA

854

TCA

PPO

PoPOP
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Adenosine §'-triphosphate

Uridine 5'~tiiphosphate

Associated alternating copolymers of adenine
and uridine

roly (A~U) .poty (U-A)

Simple homopolymer of adenine

Simple homopolymer of uridine

Associated paly{A} and poly{U)
2~amino-2-hydroxynethylpropane 1,3-diol
2-mercaptoethanol
Ethylenediaminetetra-acetate

Bovine serum albumin

trichioroacetic acid

2,5'diphenyloxazole

dimethy) POPOP-1,h-bis~2- (h-methy|-5-phenyloxa~

zolyl)-benzene
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