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SUMMARY

1) A synthetic medlum is described in which Halobacterium

cutirubrum grows as well as in complex media.-

2) The cells, when grown in the synthetlc medlum, incorporate
exogenous thymidine linearly for periods of at least 3 hours.
Similar results are obtained whether the cells are grown in

the.oresence or absence of thymidine, so that toe_uétake does

notfdepend upon an inducible permease. The intracellular‘pools

“of intermediates between'thymidine‘and DNA are small &nd fixed.

3) Thymidine incorporation ceases after degradation of the ~

nucleoside  to thymine by a constitutive thymidine phosph;rylase-
Thyﬁine is"only incorporated in the presence of a deoxyribose
-donor.

4) Nucleotldes added to thegnwmh medium are rapidly dephospho-
rylated prior to entry lnto the cell. .

5) H. cutlrubrum NRC 34001 does not perform dark repalr of DNA

elther after u.v, irradiation or durlng normal growth. Cultures
lrradlated w1th_u.v. are readily photoreactivated but do not
recover viability in the dark. No increase'in the rate of DﬁA
eyntﬁesie is observed in the surviving oells after u.v. irra-
diation. At early times duting normal semi-conservative repli-
cation newly incorporated thymidine is found only in the hybrid

DNA.
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S \6) Tha kinetics of the labelling of the thymidine nucleotide,‘“

f;poola and DNA ‘in H. cutirubrum by I?é] -thymidine and of the

"passage of radioactivity from prelabelled pools into DNA show k-

N\

'“‘that dTTP is the precursor of DNA blosyntheSLS. Since dark

) .:repair blosyntheSLS of DNA does not occur in these cells, it

[y

. is concluded that ANTP's are the lmmediate precursors of rdpli—

.

_cation in vivo. L ' "

-

7) It 1ssm;psuxl that these organisms would be useful.fog;ébq

study of photo:eactlvatlon and DNA replication. ‘;
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ABBREVIATIONS

The following abbreviations .are used in the text;

| DNA

‘RNA .-
AMP, CMP, GMP,
: UME; and dTMP
dTDP, and.ADP
dTTP, and ATP
RNase |
DNase
Pi
wv.
t.1l.c.

PEI

Temperature

-

thin layer chromatography

© deoxyribonucleic acid

ribonucleic acid
adenylic,. cytidylic, guanylic, :
uridylic, and thymidylic acids

_ thymidine and adenosine diphosphates:

thymidine and adenosine triphosphates
ribonuclease

deoxyribonuclease

' inorgahic orﬁhophosphate

ultraviolet

polyethyleneimine

is expressed as aegféés‘Ceisius ﬁhroughbut' 

and is indicated only by the symbol ©
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_ INTRODUCTION

1l.1. General‘Rémarks.'~

. The discovery of the ﬁuélgib ééidslwas a result of the
investigations of Miescher ( David;on, 1972 ). Both Qeoxy- .
ribonucleic“aéid (DNA) and ribonucleic“acid (RNA) are
constituents 'of plant{‘animal, and bacterial cells, and of
viruses; DNA is éonfined to the nucleus, while RNA is fOuﬁd
also in cytoplasm. Moreover, experiments indicated that

within the interphase nucleus and during mitosis, DNA was

‘aéparently located in the chromdsomes { Davidson, 1972 ).’

The significance of the latter observation was greatly .
enhanced by the transformation ekperiments Oon pneumococci.

| Griffith ( 1928 ) observed that the pathogenicity of
pneumococci is caused by the nature of.thé capsular poiy-
S$ccharide‘of these bacteria. 'Smboth' glisteniﬁg colonies
are formed on solid media by the pathogenic bacteria, and
'rough'! colonies‘ére formed by the ndn—péthdgenic type as
these had lost their ability to form encapsulated cells.

When heat-killed pathogenic pneumococci were injected into

. mice along with the living non-pathogeniq;variant, the mice

died, suggesting that the pathogenic variant caused trans-

formation of the non-pathogenic type.

1

The work of Avery, MacLeod‘,. and McCarty ( 1944 )

.
J ¢

-identified the transforming principle as DNA. DNA extracted -«

from encapBulated 'smooth' strains of pneugiéoccus could,




on addition to the culture medium, cause transformation of
unencapsﬁlated 'rough' cells into the smooth encapsulated

type. These smooth cells could propagaté indefinitély in tﬁe
'same.fofm prdducing more DNA with the same_capabilities. The
pﬁéumocoqcal DNA had induced the property of Capsule synthesis,
and the.pathdgeﬁic variant so formed could initiate its own
reduplicétion.‘ These two functions were previously assgciated-
with the gene. It has since bgen established that DNA is |
indeed the heréditary mbleculéi‘iﬁntaininé the genetic
information of the cell in its payticular base sequence

( Hotchkiss, 1955 ). .

The importance of the preservation of the intact DNA
molecule from generation to generation cannot be over-
emphasised. It is thus not surprising to find that most
cells are capable of both repair and -replication of DNA, so
that the genetic information it contains can be correctly
maintained. The replication of DNA has been the subject
‘0of a vast amoun£ of research, but a clear picture of the
reblicaﬁing machinery has not yet emerged. This proces;'is
very complex and some of the factors that are involved will
be discussed in section 1.2. N

The DﬁA_molegule is the oniy miﬂéomblecule that can be
correctly repaired by the cell. Repair mgchanisms have |
been identified that correct damage to DNA- caused by u.v:

irradiation, chemical ( mutagenic ) agents, X-rays. The

i



. l.2.a., - <f R : ' t | o : 3

effecte-of u.v. 1rradiation have been known eiﬁoe 1928

( Stent )}, but it was nqt until the 1960'3 that the nature T

of the lesion was 1dentified { section 1.3 )

e Bacteria contain oniy one chromosome and so offer a

| Smele system for studying DNA hiosynthesis' both repair
'syntheSLS and _replication. However, since both dark repair
-and repllcatlon occur 1n most bacteria commonly utilised, a
system 1ack1ng repair could provide an understandlng of

rep11c§$1on without the complications of repair. Such a

system wpuld greatly simplify the studies on DNA replication.

l1.2. DNA Replication. -

1.2,a. Structure of DNA and semi-conservative replication.

The monomeric units of the DNA molecu;e are
nucleotides, whichlare made up of three components : 1) a
purine or a pyrimidine base, 2) a S5-carbon sugar, deoxyribose,
3) a phosphate esterified to carbon 5 of the sugar. The purine
bases are adenine and guanine; the pyrimioine bases are
cytosine and thymine. 1In some DNA molecules the bases are
modified; the modification involves either methylation or
glﬁcosylation. The nucleotides are arranged as a long un--
branched polymer, formed by a phosphodlester linkage between
‘the 5'-phosphate of one nucleotide and the 3'—hydroxyl of
the sugar of the next. Two right handed helical chains are

' ocoiled around the same axis, with the bases on.the inside and

.o
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the phosphate 'oh the. outside. The coiling of the two chalns

is such that they cannot be separated except by unwxnding.

The two chains are of opposite polarity in the sense that the

't internuc1eotide linkage in one strand is 5° —9' 3, and the %
‘?other is 3"—} 5'. Hydrogen bonds as well as base stacking
;forces hold the two helical chains together ( Davidson, 1972 ).

| Only specific base pairs are bonded together, namely
.éaenine witg thymine, and guanine with cytosine ( Watson' &

| Ctick, 1953 ). This equivalence of adenine with thymine,

and guanine with cytosine, w&s first noted By Chargaff ( 1951 ),
and is of utmost importance to the formation of the DNA double |
helix. Modified bases can alsao enter into base pair formétion,

provided that they can form hydrogen bonds with their partner.
The sequence on any one chaiﬁ is not restricted, but it |
determines the sequence of bases gh the other strand. The k\\\
complementary feature of the chain can be recpgnised as
important in preserving the hereditary information stored in

the molecule ( Watson & Crick, 1953 )J

-

The structure elucidated by Watson and Crick is the ﬁ
structure, and is a‘relatively open structure that exists in
solutions of low ionic strength. The A structare, found at
high ionic strengths ( Tunis & Hear:%; 1968“) is also a
_xright handed helix,‘but in this case the bases are tilted.

Interest lies in the A structure because it is the structure

of the double stranded RNA, or DNA-RNA hybrids in-solution;
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the latter may play a role“In initiation of DNA replication.

Despite the stability of the double helix, the DNA

mclecule is not rigid; but it undergoss internal deformation.

?Tritium exchange expeniments ( Hanson, 1971 ), show that

small segments of thefdouble'helix can swing apart and -

protrudg into the external medium, dependlng on the enV1ronment

,,,a,--

of the DNA molecule. The double helical secondary structure

KN . 1

can be further constraxned to glve rise to the tertiary

‘structure such as the. super—coxled or open cycllc molecules.

Not all naturally occurlng DNA is dcuble—stnanded. slngle

stranded DNA dccurs 1s some v1ruses. In these cases the

first step in repllcatlon involves the convers1on of 51ng1e

stranded DNA to double stranded DNA.

The complementary feature of the double helix‘x( for
every adenine there is a thymine, and for every guanine a
cytosine ), immediately suggests a mechanism for self-

duplication, where the two chains come apart and each chain

acts as a templéte for the formation of a new complementary

chain. Two new pairs of chains are formed and the sequence
of the parent molecule are duplicaigd exactly ( Watson &
Crick, 1953b ). ThlS mechanlsm, referred to as : semi-

conservative replication,was demonstrated for Escherichia coli,

both by caesium chloride density gradient centrifugation
( Meselson & Stahl, 1958 ), and autoradiography ( cairns,

1963 ), and is now generally acceptedcas the method by which



1.2.b. D ‘ . 6

_ N ‘ . |
the" whole DNA molecule is reproduced Replication should

lbe distinguished from repair synthesis. In repair ( section 1.3
only a. portion of ths DNA strand is reproduced, but the .-
i,complemsnta:y‘feature of DNA is also important.

Since.it was established that DNA replication is

emi-consarvative, several basic concepts have been put

i'fforwarduto explaln the mechanism of the process, but the

_"mdetails of the replication are not yet clearly understood. :

"fOn the basis of what is known, it can be said that DNA

"n;w.replication must involve the separation of the two strands

. 'd( section 1.2.b ). In viral and bacterial chromosomes, re-

L-Spllcatlon starts at a unique point and proceeds by the addltion

of nucleotide monomers in a 5' - 3' direction. It is also
fbelieved that repllcation is discontinuous( section 1.2.e )
iand.that these short pieces are formed as an extension of

" an RNA fragment ( section 1.2.f ). Finally all'gsps are

. sealed and two new DNA molecugss are formed.h If synthesis
does occur in short pieces during rsplication,it is not
unreasonable to assume that some of the factors that influence

the orocéss will influence the repair process ( -section 1.3 ).

1.2.b. The unwinding of the double helix.
' Ever sinceﬂit wag proposed that the DNA molecule is
made up of two,right‘handéd helices coiled around the same

axis and that they separate during replication, the mech-

L
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A
anism of the unwinding of‘thé two strands has been soﬁgﬁt.
The - two strands have to be separated without rotation of the
whole molecule through a 1arge number of turns.

Levinthal and Crane ( 1956 ) showed that unwinding a
fDNA molecule of 4 X 107 daltons over a period of 100 secs.,
,wonld increase the energy required for reéplication by 0.18%.
This energy could be made available f;om the polymerisation
process and the driving force for replication.-would then be
‘at the replicating fork. | e

A sécoud ﬁodel arose from the'finding that the bacterial
chromosome is circular while replicating ( Cairns, 1963 ).
The point of httaéhment of the parent and daughter molecules,
where replication begins and ends, could be the site of an
active unwinding mechanism. This swivel, the nature of which
was nevé?lexplicit, could result from alteréate action of
~endonuclease and ligase which could respectively break and
rejoin the molecules ( Cairns & Davern, 1970 ).

" More recently the isolation of certain proteins, the
‘;ﬁnwinding proteins, that appear to work in conjunction with
]fhé polymerase, supports the postuléte that the double helix
musf unwind.pridr to replication. These proteins, T4 gene 32

( Alberts & ﬁrey, 1970 ), M13 gene 5 ( Cey & Knippers, 1972 ),
and E.coli unwinding proteing_(‘sigal et al., 1972}, bind
- 8ingle stranded DNA and causé denaturation in the region to

” ’

be replicated. The E.coli unwinding protein stimulates the

—t
e
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activity of DNA poIYmerase II in vitro, but the. phy51ological

"i.role of thiﬁ polymerase is not clear. E coli unwinding

l.2.c. The direction of replication.

protein haa been recognised as a factor in the in vitro

synthesis of repllcatlve phages ( section 1.2.g9 },- in which

; they stimulate the 1n1t1at10n of repllcatlon.

~
¥

Y

It has beenh known for some time that the réplica%}op
of the chromosome does not occur in a random manner, but“
réthe;JStéftéifrqm_é éiveﬂ péint and proceeds in either one
or two directions. The autoradiogréphic experiménts.of Cairns-
( 1963 ) demonstrated that the replicating g.ggli chromosome
was circular, and interpretation of the differential‘gréin
densities led to the notion that replication starts at one
point - the orlgln - and proceeds “in one direction. This
p01n£;of view was further substantlated by the genetic

experlments on E. coll Hfr { Nagata, 1963 ) ‘and Bacillus

subtilis ( Yoshikawa & Suecka, 1963 ). Subsequent studies

N,

have shown that replication is not unidirectional in these
ba?teria, but.is 5idirectional.

* The possidlity of bidirectional replication in E.coli
was first proposed bf Caro and Berg ( 1968 )} from inter-
pretation of gene dosage data. Several other investigators
( Masters & Broda, 1971; Mckenna & Masters, 1972; Hohlfield &

Vielmetter, 1973 ), using autoradiography, genetic analysis,

o
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Bf_labelling‘with 5-bromouracil followed Sy analysis of the
‘néﬁly synthesized ;trand; showed that repIication is indéed
bidirectional for E. coii. Wake ( 1973.) and Hara and
Yoshlkawa ( 1973 ) also demonstrated bidirectional re-
plication for B.subtilis using autoradiographic and genétié_
analysis. Replication was also shown to belbidirectional

" in eukaryotes : complex mammalian chromosomes ( Huﬁerman &
Tsai, 1973 ),-Drosophi;a ( Kriegstein & Hogness, 19f4 e
and énimal'virus SvV40 ( Danna & Nathanst 1972 ).

-

While it appears that replication is bidirectional for

pProkaryotes and eukaryofes, this is not true far all chromosomes.

The work of ciuat-:toraj and ‘Inman ( 1973 ) on phage 186 DNA .
and Lovett et al.  ( 1974 ) on plasmid ColEl DNA showed that

.these chromosomes replicate unidirecﬁionally. On the other

hand A phage replicates bidirectionally ( Inman & Schnos, 1970 ).

: i
The difference in the mode of replication of these phages

is not believed to be host controlled since'the B.coli host
was the same in both studies. | ‘ e Ry

It appears then that for prokaryotes and eukaryoteé
replication is indeed usually bidirectibnal. In prokaryotes
there is one origin but several replication forks, while in
eukaryotes many origins are located at different posmtlons

along the chromosome.'_”x"

2

-
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1.2 d. The 5‘ -3 ¥ direction.and models of in vivo replication

The enzymes ‘isolated so far that catalyse the synthesis

‘fof DNA) \add the nucleotide monomers in the 5' - 3' direction

( section 1.4 ). These enzymes, DNA polymerase I, II and III,

:sﬁ&re two basic features ( Kornberg, 1974‘5 : they cafalyse

‘the phosphodlester bridge formed between the 5'-phosphate

groupfof the incoming deoxynucleotlde and the 3'-hydroxyl of
the growxng end of the DNA prlmer Chaln, and the nucleotlde

selection is by a base pair matchlng to a t\ﬁplate chain.

'The 1atter characterxstlc is in agreement with seml-conservatlve

"replication of the DNA duplex. If these enzymes are irldeed

the enzymes of replication, two questions conc;jning DNA

S . .
- replication arise :

1) since growfh is in a 5' -» 3'.di£ection, how can re-

blication of two antiparalIE{?Etrands take place? B

2) since none of the three polymerases isolated so far can r
initiate DNA efnthesis, how does this occur in viva?
'A,secend,type Of'DNA‘polfmerase that is capable of.
directly'a&%ing‘nucleotide precursors.te the 5'—terminus;
would, Sf_gép:se, explain the'QrGWth of both chains in the
5¢ -> 3" direction. However,_extensive-searches for this
enzgme.havegéroved uﬁeuccessful ( Mitra & Kernberg, 1966‘){

" The 'knife and fork' model put forward ( éuild, 1968;

‘Kornberg, 1969; 'Richardson,-lgﬁé j to explain the actionm-

of DNA polymerase I in vivo, suggests that the inert duplex
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fidb#eposome is first nicked,epossibly at aJSPeEific site,and
reéiicétie; then'proceedslby covalent extensioe at the 3'-

o hydroxyl end. .The 5'-end of the molecule is either further
jdegraded or maybe peeled off. Replication then proeeeds for
féé;; dlstance and switches to the complementary strand as
tem?late to‘formaifggks The fork ls-cleaved by an endonuclease.
'A repetltlon of thls process leads to small pieces of DNA

3-"1n the reglon of‘the repllcatlng fork, which are then sealed

e:by ligase actlon. Although such pieces have been isolated

\3;( sectlon 1 2. e ), thls model falters because no 'fork' that

,has not been nicked by endonuclease action has been detected l

o

‘iffsq{fer_(:nreesler, 1975 ). 1In this model the‘prlmer is phe

i'nieﬁed DNA strand, and the need to initiate synthesis of a
neW'etrand in giﬁg. does not arise. |

The presence of single stranded regions, if only\£ransient1y,

at the replicating ferk has been put forwerd to‘explain the
replication of bothestrends in the 5; -» 3! direction.
These single stranded‘reéiqns have been observed for A phage
(*Inmen & Schnos, 1971 ), and T7 chromosomes ( Wolfson.& .
Dressler, ;972 ). It is épggested that DNA eynthesis involves .
the difect elongation pf'one daughter strand in the growing
point. This elongation iS‘accompanied by the unwinding of

- the parental double helix to expose a region of single strand

DNA which is then converted to the duplex state by a dis-

continuous mechanism involving DNA fragments.
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A vakiation of the replicating fork model is the rolling
circle model put forward for ¢x174, a nick in one strand
serves as the starting point for the covaleﬂi extension of
the_B'—hydroxyl terminus. & Gilbert & Dressler, 1968 ). As
répiication proceeds t?e 5'-end of the strand is displaced
as a growing length éf siAglewstrand and anchored in some
manner. Iﬁ ﬁhis model, the parental molecule serves as primer
for initiation.

The Djioop { Berk F Clayton, 19f4; Grossman et al.. 1973'),
. as a model of replication of mitothondrial DNA is yet apother-“‘
solution to the problem. In this model, the super coiled
dupléx circle ié‘transiently relieved so that a new strand
can be initiated at a fixed point, using a complementary strand
as template. The template strand balloons out as the D-loop,’
and at a later stage synthesis is initiated on the displaced
sihgle strand. ?rogress of replicatidn thus involves a
stagge;ed copying of the strands, each in a unidirectipnal
manner. |

s
/

l1.2.e. Discontinuous synthesis of DNA.

When E. Coll cells are pulse labelled with l;ﬁ] deoxy-
thymidinep the label is found 1n_nascent short chains of DNA
‘ aé.determined by the sedimentation constant. If the pulse
labelling is followed by a chase of unlabelled thyﬁidine,

then the radioactivity is recovered in the large molecular
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fraction ( Sakabe & Okazaki, 1966 ). |
- A similar result is obtained with T4 DNA ( Okazaki et al.,"
.1968 ). These results led Okazaki*( 1968 ) to propose the
tmodel of diecontlnuous synthesxs for DNA in which short
stretohes of DNA are synthe51zed at the repllcatlng polnx -

‘and subsequently conneoted to the older portlon of growxng

- . strands by the formatn.on of . phoephod:.ester 11nkages. . The -

- enzyme responsxble for 301n1ng these short chains 1s poly-"
;nucleotlde 11gase and when thermosen51t1ve ligase mutants
are tested at the non—permlssive temperature these short'
chains eécumulete ( Sugimoto et al., 1968).

Wherher both stiands replicate via short segments, or
synthesis is discontinuous on only one strand and continuous
on the other, is still not resolved. ,Sugimoto et al. ( 1968b ),
have shown that s}nthesis is discontinuous on both strands,
since all the nascent DNA found in short chains anneal to an
equal extent on both the template strands. The direction of
growth of these short chains was determined by measuring the
kinetics of release of 3&] and 1“C] label after exonucleo-
lytic degradation, and the resulﬁe are consistent nith‘
growth in the 5' -3 3' direction along both ?emplate strands
~-( Okazaki et al., 1969 ). These fragments (_Okazakl fragments
or pieggsﬁ) have been found'in viral, bacterial, and'animal
systeﬁe. The size of the fragments in bacterial systems is

1000-2000 nucleotides and the sedimentation rate is 10s.
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The p0531bility that the Okazaki fragments are the products
of nuclease action on newly synthesized DNA has been raised:
kay Werner ( l971a). He showed that uSing [H]—thymine results
~(‘in the appearance of label in the large DNA and that 435]
5thymidine is 1ncorporated into the Okazaki pieces and ‘
concluded that these Okazaki pieces are possible repair
fragments rather than replication fragments. . .

~The pOSSlbllltY that these fragments are not produced

to repair breaks by, endonuoleolytic action was tested for

T4 DNA by Iwatsuki and Okazaki ( 1970 ) When chloramphenicol
is added at an early time after infection, synthe51s of T4
phage induced endonuclease is inhibited. Under these
conditions, nascent short chains accumulate in ligase
deficient mutants implying that the pieces are not products
of long DNA strands.
The in vitro experiments of Olivera and Bonhoeffer

1972 } showed that DNA synthesis involved two classes of
;;Q pieces both of which accumulate in the presence of '
nicotinamide mononucleotide ( NMN ), an inhibitor of DNA
ligase;‘ Since these two classes of pieces, long and short,
are complementary {( Hermann et al., 1972 } it is suggested
that they are copied from both strands of DNA, and could
represent either a difference in the rate of joining of
“nascent fragments or cdntinuous synthesis on onehstrand and

discontinuous synthesie on the other.



PN

The above suggestion is snppcrted by the pulse labelling‘

-experiments of Iyer and Lark ( 1970 ) in E.coli .8train 15 T :i

only half of the nascent ‘pulse label was found in DNA frag- L

. ments; the electron microscopic evmdence of Wblfson and

Dressler (1972); and the experiments of Louarn and Bird (1974)

"for the newly synthesized DNA in §.coll lysogenic for phage A:

Their results indicated that synthesis is discontinuous on the
3t -> 5'strand , for both pol a* and the pol A straln { tﬁe pol

A locus ccdes for DNA polymerase I ) and contlnqus in the

5':—} 3' strand for the pol A mutant. In the pol A “strain,

~ however, discont%nuous synthesis occurs'in both strands, though

less frequently in the 5' -» 3 strand. Jacobson and Lark (1973)
also observed two classes of short DNA chains in ‘E. EQli' one is
the c1a351ca1 Okazakl piece; the other does not behave 1ike a
repllcation intermediate but has a similar size range as ere
Okazaki pieee. Unlike the Okazaki fragment, these pieces do
not accumulate when ligase action is inhibited. It appears

then that DNA synthesis may_be discontinuous, but not always

on both strands.

1.2.f. 1Initiation of DNA synthesis.

As mentioned i section 1.2.4. none of the polymerases
isolated so far can initiate DNA synthesis. An important dis-
tinction must be made between the origin and initiation of the

overall process of replication, located at the fork, and the—



initlation of the DNA chain. Very 11ttle is known about the
"factors that create the origin and set the replication in :

fmotlop. However, the 1nitiation.of DNA synthesis has received
 much attention and it ié'helieved to involve RNA syhthésis.
| While Ehe DNA polymerase can only extend primer%bhains,
~ RNA polymerase is capable of recognizing a specific DNA se-
quence and of initiating RNA synthesis. As early as 1961, 1t
was reported ( Maaloe and Hanawalt, 1961; Hanawalt et al.,
1961 ) that proteln and/or RNA synthes;s was necessafy to ini-
tiate,f but notto malntaln DNA synthesis. 1In 1972, Lark identi-
fied the dna G locus in E.coli, the gene product of which ini-
tiates synthesis of shért DNA chains. This produét has recently
been described as an RNA polymerage ( Zechel et al., 1975). Tﬁ;
- RNA synthesis has been implicated in the replication of DNA |
. of E.coli ( Lark, 1972; Sugino et al., 1972 ); B.subtilis
t Sarkar, 1975 ){ the bacteriophages A ( Dove et al., 1971 ), -
M13 ( Brutlag et al., 1971 ), ¢X174 ( Schekman et al., 1972 ),
the mitochondria of Hela cells ( Grossman et al., i973 ), and
mouse cells ( Hunter & Francke, 1973 ), and polyoma virus
( Magnusson et al., 1973 ). |

The RNA is linked to the nascent DNA or short Okazaki

pieces (.Spginq et gl.; 1972 ), and the size of the RNA is es-
timated at 50 - 100 nucleotides ( Hirose et al. , 1973 ). ‘The:
RNA-DNA link is a 3'-»5' phosphodiester. : bond | Keller, 1972;
Sugiﬁo,&éOkazaki, 1973 ), that can ﬁ; removed by wibonuclease H,

b
*
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an-enzyﬁe that specifically‘degrades‘RNA-ﬁybridieed to DNA;
The RNA is located at the 5'-end { Keller, 1972- Hirose
‘et al., 1973; Relchard et al., 1974 ) and it is proposed
:that the specific deoxynucleotlde involved in the linkage
is dCMP ( Hirose et al., 1973 ). o
It has been suggested that RNA prlmlng of.DNA syntheSLS
Joccurs to prevent the pOSSlbllltY of error when initiation
'hegins on an open stretch of DNA. .These errors are caused

*because the absence of adjacent bases that provide for w = w

interactions produce more wobble. -Since the RNA fragment

ﬂ'iSAexcised and the gap filled by a tepair—like process, any

miematched'base pair can be corrected ( Dressler, 1975 ).

l.2.g9. In vitro replication.systems.

-

The molecular mechanisms involved in DNA replication
are very complex. The construction of an in vitro replicating
system has preven to be a very difficult task, since more |
than the polymerisation step is ievélved} Not only are
several proteins operating together, but,they.must also.
interact with a fragile template. In vitro replicationq
studies have utilised cells rendered pe;meable to nucleo—
tide precursors by toluene;l( Moses & Richardson, 1970 ),
sucrose ( Wickner & Hurwitz, 1972 ), partial lysates such

as the cellophane disc lysate ( Smith et al., 1970 ), and

membrane complexes ( Knippers & Sterling, 1970 }, but a

LY
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ﬁ‘purified. They are the DNA polymerases ( section 1.4. ), DNA

compiete understanding of the biochemistry of replicetien

requires a soluble enzyme system.A

Some of the enzymes involved in DNA synthesis have been

’ligase ( sectlon 1.2.e. ) and DNA unwinding proteins ( section

S l.2.b. ). Other protelns involved in DNA replication have been

" identified, only in so far as they ake products of a'gehe 1ocue,-

from studies utilizing temperature sensitive mutants. These

mﬁtahts-Sustain DNA replication at'the“pefmissive"temperature,
but are deficient under a "restrictive" temperature._ A soluble
extract from.g,ggié developed to perfofm the first stage of re-
plication of the singie-stranded phages have been described.

These phages M13 ( Schekman et al., 1974 ) and ¢X174 ( SChekman

‘et al., 1975 ) are tiny viruses whose chromosomes contain only

8 - 10 genes. -The first step in their replication involves the
conversioﬁ,of single stranded DNA to duplex DNA or RF II. “The
enéyme requirements for the reconstituted reactions are given
in table 1.1. ‘

The in vitro reconseruction of an E.coli replication sys-
tem has also been described ( Kornberé et al., 1974 )using a
DNA free soluble system ( Wickner et al., 1972 ). and the folded
chromosome or nucleotide as template ( Stonington & Pettijoh;,
1971 ). These folded chromosomes ha;e bheen isolated.as a

compact structure containing small amounts of RNA and protein,

and their solutions have low viscosities. Kornberg EE gl;(1974)
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. ,ﬁere able to thdiﬁ semi-conservative sfntﬁesis of. DNA in thig
.901ub1e sfstem.‘ The neﬁly-sfnthesised”DNA remainé associated )
with the folded.chromogomé but oﬁ é@eatment with alkali is re-,
leased as small DNA frégments; |

_ Thus it can be said that DNA repllcatlon 1nvolves the in-
teraction of several proteins with a DNA template. It odgtrs
by extepsxon of a primer. The need fér an RNA polymerase in '
the'soluble.enzyme system would suggest that RNA may be tﬁe

- primer, but a elearer picture of the process is still needed.

-

1.3. Repaii- of DNA

1.3.a. Introductlon
}

As mentioned in sectlon 1.1., the maintenance of tﬁe
correct base sequence in the DNA molecules is important since
this seqﬁence car:ies.the information required for the survival
of the specieé;. Thus in addition to DNA replication, most
organisms are'tapable of repairing DNA. The coﬁpleméntary
nature of the‘gtténds permits retriéval of the genetic informa-
tion when one strand is damaged. Damage to DNA can occur'from ‘
u.v. light, X-rays, and chemical (mutagenic) agents such ag the
alkylating agents which modify bases. Some mutagenic agents
such as'tﬁe nitrégenrmustards produce guanine-guanine crosslinks.

| The damage to DNA by u.v. light causes dimerization AE
pyrimidine bases adjacent to each other. These dimers are not

‘the only photoproducts of u.v. irradiation on DNA, but they

¢
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- are the best understood of DNA’'lesions. The rate of dimer -.

’ fofmatioh seems. to be dependent on the serrounding basee. Of
‘the three possible types/of pyrlmldlne dimers, the thymlne—
thymine dimer is most readlly formed- consequently thymine
rich DNA is sen51t1ve to u.v. irradiation. The adjacent thymihe

- residues are joined through their respective 5 and 6 carbons
in a cyclobutane ring and can no\longer form hydregen bonds
w1th adenines in-the opp051ng strand._,The secondary structure
in that region is consequently dlstorted and unless the‘dimer
is removed repllcatlon and transcription are prevented or dis-
turbed

g Bacterla have at least thnee repair systems for handllng
base damage like the thymlne-thymlne dimer. Present insight
into these systems has been derived mainly from studies. on u.v.
induced lesions in E.coli. The repair systems are:

(1) Photoreactivation: a light-dependent enzyme cata;yses
the jin situ reversal of pyrimidine dimer to pyrimidine monomers.

- The phr éene controls the productian of the photoreactivating

enzyme.

(2) -Excision repair: the damaged portion of the DNA mo-
lecule is excieed and a'new piece is synthesized, inserteg,
and the strand tesealed. Thie‘form of repair is controlled by
the uvr gene.

(3) Post replication repair: when new DNA is synthesized

‘using a dimer containing duplex as the template, the newly’

L KERRRER , /”' ‘Q
Lt LY
et Ty,
ot . LRI
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synthesized strand coﬁtains gaps. In bacteria these gaps are

filled by exchanges between sister duplexes and the recombina=~
tional genes élay a role in this repair proeess. (
Both excision repair and post replication repair are gene-J

rally referred to as dark repair.

1.3.b. 'Photoreactivation

=
T

The photoreactivation process‘ié.sPecific for repair

| of pyrimidine dimers : “thymine, cytosine and uracil dimers

T

are all monqmeriéed ( Setlow et al., 1965 ). In this process,

a specific photbreactivating enzyme or photolyase'interacts

w1th the dimer containing region of DNA-in situ.and, when

ﬁlrradlated with 300 nm - 500 nm llght, cleaves the dimer

7

*to regenerate the, original pyrlmldlnes thus restorlng
-blqlogxcalract1v1ty of the DNA ( Rupert, 1963 ). This

form of repair is virtually error free ( Witkin, 1968 ).

The photoreactiﬁation process is complicated by

indirect'photoreactivation. The latter is not enzyme dependent

v v

and is believed to be an indirect repair process. The reaction
seems to depend on (1) wavelength, (2) dose, (3) dose rate
of reactivating radiation, and (4) temperature ( Jagger & «

Stafford, 1965 ).

4:-\

Although the photoreactivating enzyme has been identified
A

in a varlety of bacterlal fungal, and eukaryotlc sources

.{ Cook & McGrath, 1967 ), attempts to study ;he,detailed

-
.
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1

Vmechanlsm of actlon of the ‘enzyme have been hampered by the

._small number of ‘enzyme molecules present in the cells.j Only

”Thamogeneity from yeast, ( Boatwrlght et gl., 1975 ),

N

7l{frecent1y has the enzyme been purified to electrophoretlc

L

:‘Streptomyces griseus, ( Eker &‘Fichpihgert8¢hepman, 1975 1},

'; §.co11, ( Sutherland et al., 1973"}. ' The action spectra of

the”enzymes appear to be dependent upon the sgﬁree of the

enzyme, for example, it is 360 nm - 385 nm in yeast and

. E.coli, and 435 nm for §.griseus. It has been postulated

( Eker & Fichtinger-Schepman, 1975 ) that the enzyme utilizes
light at these wavelengths through the mediation ofa chroﬁo—
phore or cofactor,but'the nature of thie is’ not clear. This
could be compared to the ro;e of chlofophyll in photosynthesis.
Until recent}y, the enzyme had not been found in

pldcental mammals such as man.. However, Sutherland . (1974).

has recently isolatedaﬁhe enzyme from human .leukocytes. The
.enzyme ﬁas also been isoiated from murine and human fibroblasts
{ Sutherlang et al., 1974 ). The specificity of the enzyme :
for pyrimidine dimers enables, its use as a diagnostic toelz
if u.v.- induced damage is photoreactable, pyrimidine dimers
are probably the major cause of damage. Since u.v. light-

causes skin cancer in humans, which in the extreme case of

‘xeroderma pigmentosum ( a rare disease in which affected

_individuala developrmaliéhant growth 'in the regions of

skin exposed to sﬁnlight\)‘leads to death, the role of dimers
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-in the induction .of such cancers in ‘man can be evaluated Ekne
xeroderma pigmentosum-cells contain low 1evels of the photo-

€react1vating enzyme ( Sutherland et al., 1975 ).

)

1.3.c. ‘Bxcision repair.

The excision of pyrimidine dimers from the DNA is
5.

i

an 1mportant mechanlsm for cellular repair of ultrav1olet
damage. - The overall picture of excision that emerges from

studies in E.coli and Micrococcus luteus indicates a multi-.

process. First the u.v. endonuclease detects the: site of

the lesion and makes an incision near the pyrlmldlne dimer.

"

Further degradatlon byhan exonuclease, removes the lesion

"W1th1n a short ollgonucleotlde, and the gap resultlng is

repalred by a DNA polymerase using the intact complementary

~strand as a template for repllcatlon. The 3'-end of the

,'n}cked strand serves as the primer for the poi&merase action.

This step is sxmllar to repllcatlon but it is not yet known

whether or not the enzyme utlllsed for both repllcatlon and

"repalr are the same. Finally the newly synthes1zed piece

is JOlned to the main strand of the DNA by a llgase, thereby
restoring a normal DNA strand

Excision repair seems'to be an aconrate, error free'sfstem
of repair ( Witkin, 1968 ). Unlike photoreactivation, it is
not specific for u.v. daﬁage. The u.v. endonuclease froﬁ.

E.coli and M.luteus act on DNA containing other types of
- T I s :

i



damage such\as.thosé produced by nitrogen and sulphur

L.mustards, mitomyciﬁ C; psoralen ( Howard-Flanders, 1973 );

These alkylating égeﬁts causé inter=-, as well as intra-

strand_ctoss links which are released from the DNA in wild

typé bacOia but‘not in excision defective mutants ( Lawley & |

Brookes,_1965 f. ‘ | | | S
This syste@kis prevalenﬁ—iﬁyggokaryotes and eukarvotes.

- In plants ( Wolff & C;eéver, 19f3') and_some placental animals

( Trosko et al., 1965‘), it is present to'a limited extent.

'Until iedently it was suggested that excision repair was

vgenerallf‘absent from plants, but Howland (1975) recently

repofted that wild carroé.brotoplasts<are capable of

carrying out dark repair." Mice, hémstérs and other rodents,

can perfo;m-éxc;sion repalr only to a limited extent, if.

at all ( Hanawalt;.1975 ). -Ir;adidted cells are capable

of making high molecular weight DNA: Since.these aniPals

are also unable to photoreactivate the u.v. lesions, it is  °

believed that tﬁeyihave aeve;oped‘an efficient means ofy\

byéassing diﬁeré so that’ekpision or photoreactivation is

" ‘not necessafy { Pajnter, 1974 ). There is evidence ts

suggest. that the enzymes of excision repair found in

bgcteria are also pfeseﬁt in humans { Cleaver, 1970). Some

xéroderma pigméntosum ce;}s‘are‘deficient in excision repair

( Cleaver, 1968 ). 3 _ . .
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l1.3.4. Post replication repair.* . :

When DNA is'synthésiked after u.v. i:radiatipn bf
exéiéion defective mutants, it hasllower molecular weight
than that syhtheéized by unirradiated cells, suggesting
that synthesis is intérrupted by the dimers and resumed again
‘ béyond the dimers ( Rupp & Howérd-Flanders, 1968 ). ,This
results in gaps along the newlyp synthesized strands.

Oné éroblem that arises with this model is how and
where'replication resumes after it has been blocked by a
éimer. éince.DNk synthesis is not initiated‘by DNA poly-
meraée but .requires a primer, possibly RNA ( sectioﬂ‘l.z.f.),
it is pogsibie thaﬁ synthesis is resumed at the next primer
site ( Hanawalt, 1975 ). The gap size has been estimated °
to bé about 3 x 105 daltons, similar to the replication
uhits of discontinuous syntheéis. This suggests that the
polymerase is omitting a whole Okazaki fragment when the
template contains a dimer, ( Setlow & Setlow, 1872 ).

The missing base sequence cah be reconstrud%ed by
recombinational or posﬁ-&eplication repair ( Rupp et gl.,
1971 ) in bacteria. The possib%? ways in which these-gaps
are filled in bacteria are : 7’h\

1) exchanée of pre-existing:DNA without ég novo repair synthésis
2) . exchange of pre-existiﬂg DNA with de Eggg'repai; syn;he;is.
. It has been suggestéd thatoccasiohal errors in gap filling

can give rise to u.v. mutagenesis and this repair'systemﬂis

v
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error prone, ( witkin, 1968 ). 1In bacteria it is believed

e e

that recombinational repair is important for tolerance to u.v. -

llght, since recomb1nationa1 enzymes appear to be needed for
the - full normal radlatlon resistance of cells.

In mammalian systems, it is suggested that the gaps
are filled by de noveo SynthESlS ( Lehman, 1972a ) implying
'that recomblnathnal events do not always occur. The
‘possibility that gaps do not occur in mammals has been
raised by Painter (1974), who could not detect them in his
studies with Hel.a cells. However they have been reported in
mouse L celle ( Fujiwara, 1925 ), human cells ( Buhl & Regan,
1974 ), and hamster cel;s { Meyn & Huamphrey, 1971 ). Since
“the 1esion responsible for the gaps in the mammalian sfstems
is photoreactivable, it is believed tha® it is the pyrimidine
dimer that is blocking the synthesis { Buhl et al., 1974 ).
If these gaps are equivalent in size to the Okazaki fragment,
then it is not unreasonable that the mechanism of normal

chain elongation could be applied here. \

l.4. DNA polymerases.

Repair, replication an@ recombination are the three
processes involving DNA that'occur in the living cell. Both
ekcision repair .and replication invelve:the de novo synthesis
of DNA. Three enzymes, DNA polyﬁerase I, II, and III, have

been isolated from E.coli ( Kornberg, 1974 ) and B.gubtilis

. . . . . 4 - J
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('0££0.519135)L(that are capable of synfhesizing DNA. Only

mf_wfhgﬁmxthguggcbii-DNA‘p61ymerases will be discussed in this section.

e ey e

' A\hotablé‘fééﬁgre of these enzymes is their abilify to

>

: ‘Vbuild3ér NA chain with remarkable accuracy according to
f«: - the speéificatigns-of the template. It is possible that .
' these ;hree-enzYmes may have a special role in either

réplicaﬁién or repair or in both of these processes.
The reaction catalysed bf a DNA polymerase is :.
(dm'v'rpl)n # ANTP ===#=3  (aNMP) ., + PR,
and it represents the p?lymerisation reaction of both repair
and replication. In this reaction a phosphodiester bond is
formed between the 3'-hydroxyl grbup_pf the growing DNA
- chain called. the primer, and the 5'—pﬁ55phate of the incoming
deoxynucleoside 5'-triphosphate. None of the polymerases .
isolated so far can initiate DNA synthesis, however, they all require a
_ primé}. In replication,it is suggested that RNA is utilised
aipthe primer fiséction 1.2.f ), while in repair the 3'-end
of the damaged DNA strahd serves as the primer. The overall
direction of chain grdwth by the polymerases is in the
5' =» 3! direction, and they éo not add nucleotides in the
3' -> 5' direction. Varioﬁs models have been put forward
to explain how two anti:QArallel strands replicate simult-
aneously in the DNA molecule ( section 1.2.4 ).
| The incoming deoxynucleotide is selected‘by base pair

matching to a DNA chain called the template. The gicoli'and
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T4DNA polymerases=do not extend chains in which the 3'-terminal
. nﬁcieotide is ﬁét paired with the templa;e. One of the |
_actiVities of the DNA polymerases, the 3 -}‘ 5¢ exonuélease
activity ( see below ), excises any'mismatched bases and
thereby serves a correc£ive'function ( Brutlag & Kornberg,
1972 ) that gquarantees éhe'accuraté base pair.matching.

| When DNA polymerase I was first isolatéd f Lehman et gl.,'
1958 }, it ﬁas believed to be the énzyme of replication? How-:
ever the isolation of polAIl mutants ( mutants that contain ibw
levels of polymerase I activity ) by delLucia and Cairﬁs.(19693
suggested that this enzyme was not solely responsible for

" chromosome replication. - These mutants grow normally but

appear to be deéfective in their capacity to repair DNA i '
damaged by u.v. irradiation and drugs like methylmalonYli
sulphonate. Thislsuggests that the enzyme may'have a role

in repair.

The reduced levels of polymerase I in the mutants made
possible the isolation of polymerase II ( Knippers, 1970;
Kornberg & Gefter, 1970 } and polymerase III ( Gefter et al.,
1971 ). a1l ﬁhree polymerases require the presénce of all
four déoxyﬁucleoside triphosphates, Mg® ', and a DNA template
and primer. Responses to temperature,'ionic strength, pH,
.huffer ions, detergents, sulfhydryl and other chemical
agents, vary among the polymerases and serve to distinguish

between E.coli polymerases I, II, and III ( Kornberg, 1974 ).

Y]
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Table 1.2.-summarieee some of the‘properties of the three DNA
polymerases from E.coli. ‘

' The properties of DNA polymerase I have been'studied

qguite extensively. The‘enzyme is a simple polypeptide chain

"of molecular weight 109,000, and has the follow1ng actlvitles :

L ST O N

EEELRS

l)u 5' -) 3' growth of the DNA chain; 2) hydroly51s of a

DNA chain.frqm 3'-CH end; 3) hydrolysis of the DNA chain

‘from the Sf—end;‘4)' pyrophosphorolysis of a DNA chain from

the 3'=-end; 5) exéhange of inorganic pyrophosphate. There

appear to be at least five major binding sites in the active

ceﬁtre of the molecule : 1) DNA template site, 2) DNA

primer‘site, 3) 3'-OH DNA primer terminus site, 4) deoxy-
nucleotide triphosphate binding site and 5) site of the
5' -» 3¢ exonuclease activity,

Limited proteolysis of DNA polymerase I produces a small

' fragment ( molecular weight 36,000 daltons ), that retalns

L

only the 5' -> 3' exonucleolytic activity ( Setlow & Kornberg,
1972 ). The large fragment ( molecular weight 76,000 daltons )
contains‘the polymerase~and the 3' -» 5' exonuclease
activities. These two fragments show no meaeurable affinity
for each other,‘but the activity of the whole enzyme is '
restored when a mixture of the large and small fragﬁents are
used. This suggests that the single polypeptide chain contains
two separate active sites. It has been shown ( Lehman & Chien,

1973 ) that this 5' -> 3' exonuclease activity persists in
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the polA mutants isolated byAdéiuéia and Cairns (1969).

While polymerase I ( Kornberg, 1969 ) and III'havg all five
activities ( Li#ingston & Richaidson, 1975 ), thel5‘ -3 3!
exonucleolytlc act1v1ty has not been fgg;d in polymerase ‘II.
Polymerase III appears to have at least two subunits, the
molecular weights of which are not certain. Wickner et al.,
(1973} claim they are eéch 905000, while Livingston'and
Richardson (1975) claim they are 140,000 and 40,000
' féspectively. | .

Polymerése I is very important in excision repair
( Glickﬁan, 1974 ); and in its absence polymerase III can be
~-used ( Youngs & Sﬁith, 1973 ). The role of polymerase II in’
repair is not very clear, though it can carry out repair
in the absence of both polymerases I and III ( Tait et al.,
1974; Masker et al., 1973').. The evidence thus indicates
that all three enzymeg have a role in repair. The isolation
of thermosensitive dna E ( the géne locus of polymerase III )
. mutants, ‘that '‘fail to replicate their DNA at 42° Gefter gﬁ al.,
1 1971') led to the suggestion that polymérase IIT is indis-
pensible for replication. The rate of nucleotide addition
by DNA polymerase III is twenty times faster than polymérase I,
and the total activiﬁy of this enzyme per cell can account
for the rate of DNA_replicatioh;“ The soluble enzymeA
é§§tems described_reéently ( sgction 1.2.g ) also require

a polymerase III holoenzyme in replication.




K. e

‘The isolation of a thermosensitive pol I mutant, .‘~

. conditionally lethal at ‘the elevated temperature ( Ollvera &
Bonhoeffer, 1974; Konrad & Lehman, 1974 ), suggests that
polymerase I has a role in:replicaﬁion. This mutant ap?ears
to be defective in the 5' -» 3! e#onuclease activity, the
latter being imporéant in the joining of Okazaki pieces,

{ Okazaki, 1971 ). Thus, although the role of the DNA
polymerases in replicatioe is not clearly defined, the

evidence indicates that they may have a function in this process.

1.5. The acid soluble precursor.

The studizs on polydeoxynucleotide synthesis in cell
free extracts that led to the discovery of polymerase II and.
IIT utilised the 5'-deoxfnucleoside triphosphates as substrates.
These studies were influenced by the.work on DNA polymerase I,
the substrate for which is indeed the S'-deoxynucleotide
triphosphate. The diphosphate was shown to be inert in
replacing the triphosphates for this enzyme ( Kofnberg, 1957 ).
No direct evidence that the triphosphates are the immediate
intracellular precursors of DNA in vivo has been put
forward. It is quite possible that even though the pely-
merisation reaction of repair and replication afe similar,
they may not be identical. The studies of Price and his
collaborators (1967), utilizing a thymine-requiring strain

- of E.coli, measured the incorporation of 32p into free -~ -
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;nucleotldes and nucleotidyl units of DNA.: Their fihdinge
_indlcated that the in vivo precursors ‘are activated 5'-deoxy-

v

rlbonucleotldes, but the nature of these was not clear. They
" were presumed to be trlphosphates. g

"Wernér (1971b) measured the passage of thymine and
thymidine into E. coii thymine requiring mutants and suggested
that DNA repllcatlon and repair synthesrs draw their precursors
from dlffer;nt pools which can be labelled differently by -
thymlne and‘thymldrne, respectively. He questioned the
assumption that the triphosphates were indeed the precursors
xef replication based on his measurements on the kinetics of
incorporation of thymine and thymidine into &TMP, dTTP, and
DNA. BEe euggested that while triphosphates were the Precursors
‘of repair, they were not the precursors of replication. From |
a mathematical‘analysis of Werner's data, Rubinow and Yen
(1972) concluded that dTDP seems more likely to be the dlrect
precursor oé DNA synthesis. More recently, Pollock and
Werner (1975}, using the in vitro cellophane disk DNA
synthesizing system of Schaller et al., (1972), suggested
that neither 4dTDP nor d4dTTP are direct precursors, but that
both are converted to some activated form’of nucleotide
prior to incorporation into DNA.

Studies in a thymine requiring mutant of B.gubtilis
( Harrig, 1973 ) showed thet DNA repair and replication had

different precursor pools, but that thymine was the precursor



\ .6f‘tepair,;ahdlthyﬁid;né~the;étecut96r‘af replication. 'Althouéh‘
theae'tonclhéiona were diamatrically‘opposed to thoae of
”WErner (1971), their essential similarity is that it
cannot be taken for granted that the substrates of repair
and replication are the same.

* In contrast, the studies of Fridland (1973) on the rate
of loss of radiocactivity from prelabelled thymidine nucleotide
pools in human lymphoblasts provide evidence to support the
role of triphosphates as the DNA precursor.in replication. In
these studies it was not established whether the DNA was
involved in semi-conservative or mon-conservative synthésis 
and no attempt was made to establish that the incorporated
radioactivity was present in the DNA and not in artefacts other
than RNA that have been found in previous studies of thymine
and _thymidine 1ncorporatlon by animal cells ( Counts & Flamm,
1966; Dobson & Cooper, 1971; Morley & Kingdon, 1972 ).

” Thus, the evidence that.the acid soluhle precursor of
DNMh -synthesig in vivo is the deoxynucleoside triphosphate is

-

lacking.

1.6. Metabolism of thymine and thymidine.

Attempts to provide evidence on the nature of DNA
precursors in vivo cannot utilise exogenous nucleotides since
these are rapidly dephosphorylated prior to entry into' the

cell ( Lesley & Graham, 1956; Lichtenstein |, 19605 Liebman &
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Heidelbergﬁ;, 1955 ). Since incdrpéfation into DNA is the
major anaboiic fate of labelléd thymine, it‘is uéeful;as N
a measure of DNA synthesis. | |

- Exogenous thfmine.is not incorporated into DNA in wild.f
type cells, but the existence of ﬁhymine-requiring mutants
implies that the enzymes must exist for éonvérsion of thymine
to dTMP. 1In contrast, thymidine is raéidly‘incorporated in%&
DﬁA of wild £ypé cells, but the incorporation stops due to.the .
frépiﬁ breakdown of thymidine to thymine by an inducible H
thymidine phosphofylase ( Kammen, 1967).. Addition of ribo-
and debxyribonucleosides‘bermits=thé_incorPOration of
thymidine into DNA by wiid type cells. Thé aeoxyribonucleosides
inhibit the breakdown<ﬁfthymidine'by thyﬁidine ﬁhosPhorflase.'
The addition of deoxyribonucleosides to the growth medium.
also permits extensive incorporation of exogenous thymine into
DNA ‘since they servé as a source of deoxyribose-l-phosphate
necessary for the formation of thymidine.

Once within the cell, ﬁhymidine is phosphorylated step-
wise to 4TTP by a series-of ATP-dependent kinases ( Hénderson

& Paterson, 1973 ):

thymidine 7—.——\9 AT™MP —/—\% dTDp -2 dTTP
ATP ADP ATP ADE" ATP ADP

This endogenous pathway for the utilisation of thymidine as
- precursor for DNA gynthesis forms the basis of the kinetic studies

for the measurement of incorporation of thymidine into the

5
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'-lﬁotide pools and DNA. . SR
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1.7, Haloghlles { Larsen, 1962,\1967 Kushner, 1968 )

1. 7 a. General descrlption

The studies of DNA'synthesis presented here utilised the

extreme halophile Halobacterium cutirubrum. Halophlllc organlsms

are those requlrlng salt concentratlons above 0.5M for growth'
,whlle thé extreme halophlles are those requiring above 3. 0M.
The limits of the various classifications appear in table 1.3.

. .
The extremely-halcphilfﬁ bacteria include the rod shaped

?&helophiles in the genus Halobacterium and the halophilic cocci

in the family Micrococcaceae™~. In the eighth edition of

Bergey's manual (1974) Gibbons has classified‘both the rod
shaped halophiles and the halodphilic cocci in the family

Halobacteriaceae.  The rod shaped halophiles in the genus

Halobacterium now contain only two species H.salinarium, and

H. halobium. H.cutirubrum is now considered to be the same

species as H. salinarium. In this study the old nodmenclature

H. cutirubrum is being used. The halophilic'cecci have been’
reclassified in the genus Halococcus. ‘

One of the first questions asked about halophiles is
-whether they have an active‘pumping mechanism for exciuding
'salts so that their interior envirehment iskof lew ionic

strength. These organisms do.indeed have an active sodium .

pump that maintains a low sodium: concentration relative to
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‘the exterior, but their overall internal environment has as

high an ionic strehgth as the exterior. Nevertheless, the
intracellular ionic composition is different from that of the
external medium as shown in table 1.4. The anion moiety of

the salt within the cell is dominantly 'C17, but the

. surprising point is thé%vthe cation moiety is mainly K%;

" the concentration of KCl in the cell comes close to its

solubility 1imit'in water. The pessibility thaﬁ Kt is
boundfﬁy ;n Jintracellular matrix was suggested, since an .8
actlvatlon-of the Na pump in whole cells does not resulé\ln
k¥ Ginzburg, 1%69 ). However the results of Lanyi-and

Silveﬁgen (1972) SUggested that Kt iﬂ g. cutirubrum is not

bound.?{In this,kipd of environment many protein derivatives
apd enzymes are usually inactivated, but extreme halophiles
are equipped'eith a metabolic apparatus that can fugction in
‘saturated salt solueiens. Mest of the approximately 30 enzymes
tested,. from both halobacteria ane hélocbcpi; require high
salt for maximum activity. . ~ |

' T.Apother aspect of extreﬁe_halophilism is the influence

of salh@dﬁ the structural components:of the cell. When the

;&gstrongly saline environment of the halococci is. diluted with

water, the cell structure is not affected. 1In the halobacteria
. A . .;.} - .

- the situation is quite different: these organisms are

lysed at concentrations less than 10%.
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1.7.b. Nucleic acids of halophiles - =

The high'ﬁoiecular weight'nucleic acid of halophiles
- do not dlffer 51gn1ficantly from those commonly found in .
other_bacter;a ( Larsen, 1967 }. The extreme halophiles po-
ssess, however, a separate satellite DNA, comprising‘ll - 36% .

of fhe total DNA. iThe sateliite DNA of the extreme.halophiles
.if episomal, is unusually lerge. An exception ié the spiri-
llum,‘SL—l, an anaerobic, photoauﬁrophic extreme halophile |

( Moore & McCarthy, 1969 ). |

The hybridization'experiments of Moore and McCarthy (1969Db)

showed that the halobacterium strains tested haﬁe ccnsiderab}e
sequence homoiogy,_but are gquite different from the halococeci or
the moderate or nonhalophilic bacteria; the extent of divergence
of base sequence for the major and minor components amongst the
-different species is 1né\5t1ngulshable. The base comp051tlon of’
- .the halobacteria and the halococci, determined by caesium chloride
equilibrium den51ty gradlent, showed a high G+C content, 66 - 68%

—

in the major component and 57 - 60% in the minor component.' The
high G+C content was also dezermined in the halococci from the
melting point temperatures and the valuee‘ranged from 60.5;65.8§
{ Kocur & Bohacek, 1972 ). “ Since the natural habitat of these
bacteria is salt flats, it is possible that thqy have evolved a
1ow A+T content to avoid thymine-Specific damd{‘\from ultraviolet
radiation in sunlight ( Singer & Ames, 1970 ). -

7 | - e .
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1.7.¢. Growth requirements'of ektfaﬁthdlophiles
The extreme halophiles have a complex nutrltional
requlrement They do not utllize exogenous carbohydrates,

but'rather amino acids as the carbon source. Carbohydrates

. may stlmulate growth but the medium does not become ac1d

\
( Gochnauer & Kushner, 1969 ). Dundas et al. (1963), composed

a chemlcally defined medium, consisting of lnorganlc salts, s

10 amino acids and cytidylic acld for growth of Halobacterlum

A

sallnarlum Four amino acids: vallne,nethuxune", isoleucine,

and leucine, were essential for growth. Growth of strains of

‘halococci and some strains of halobacteria was not supported

by this medium.
The medium of Onishi et al.(1965), supported growth of

all extreme halophiles tested by them, both halobacteria and

"halococci. This medium comprised fifteen amino acids, two

nucleotides ( adenylic acid and uridylic acid ), and glycefol.
The addition of 0.2% - 0.5% NH4C1 reduces the lag phase. The
requirements for ammonium ions is not specific and\?heir'sti—
mqlatoiy effect is related to the utilization of amino acids

( Onishi & Gibbons, 1965 ). The medium was later modified ‘to
include increased quantities of K+ ( Gochnauer & Kushner, 1969 ).

For H.cutirubrum, arginine, valine, lysine and leucine were

.essential for growth. It has been reported that arginine com-
pletely disappears from the medium before the beginning: of ex-

ponential growth ( Ducharme et al., 1972 ).
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. 1.7.4. The pigment of halobacteria . ) ' o . Iﬁ

Cells of the halbbacﬁeria owe' their pigmentafion to the.
presence of C50 bacterloruberlns ( Keily et al., 1570 ) and 040
carotenes, isoprenoid compounds ( Kushwaha et al., 1972 ) and
retinal ( Oesterhelt & Stoeckenius, 1971 ). |

The presence of glycerol in- the synthetic medium.causes
the cells of the extfemely-halophilic bacteria to lose the
bacterioruberins, but at the same time‘increases the formation
of B-carotenes ( Gochnaﬁer et al., 1972 ). .Such cells are .
purple, and écetone extracts of these cells contain retinal.
Tﬁg'na;ure of the pigment,is also influenced by the extent of
aeration. .Cells grown ;;;obically produce the red pigment,
~ but when_gréwn anaerobically, the membrane is purﬁle: the
| chromophore consisting of a retinal-protein‘complex. ‘This -
purple membrane was first foiund in H. haloblum .{ Oesterhelt &
_Stoeckenlus, 1971 ) 8nd has since been shown to occur in
~ H.cutirubrum ( EXKushwaha & Kates, 1972 ), but the composition:
of the purple membrane of the two gpecies differs. Under
anaerobic comditions the purple membrane appears‘to-function
as a light dFiven ﬁroton pump and the cells utilize the resul-
ting chemiosmotic gradient for ATP synthesis ( Oesterhelt &
queckenius, 1973 ).

The pigment of theée bacteria has been implicated in
their tolerance to u.v. irradiation. As early as 1922, Browne
suggeated that "the brilliant pigmentatlon is a protection

T

/.
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aéainst'thé sunlight in the salina of the tropics where the
sea salt is reduced" but did not report experiments to'support
his view. ‘ . ' 7 . |
Dundas and Larsen (1962) reported that on egéosure to
light from a tungsten lamp the growth 'of H. salinarium was
not affected. However the growth of colorless mutant was
strongly-inhibited.' The‘extremely halophilic bacteria occur
in waters éf high salinity and are characteristic inhabitants 
- of solar.evépofation ponds. The fesul;s of'Dun@as and Larsen

(1962) suggest that the carotenoid.pigment may play a role in

their protection against sunlight in their natural environment.

Another carotenoid containing baﬂxnﬁum Rhodopseudomonas -
spheroides, ( Sistrom et al., 1956 ) ;‘:1' non-halophilic bacterium, is

also unaffected by sﬁhlight, but a‘mﬁtant lacking the pigment
is killed.' It would appear-then that the carotenoid pigment
may have a role in the protection of the bacteria qgainst the
deleterious effects of suﬁlight. |

In 1972, Hescox aﬁd Carlberg,reported that H.cutirubrum

is indeed more toleraﬁt to u.v?i;;aﬁi than-the commonly used‘
bagterim E. ggli.'The inhibition-of pigment formation by di-
phenylamine did not affect the%; radiation sengitivity as
measured by their survival curves, but did affect their recovery
"from u.v. irradiation by photoreactivation. The cells treated‘
with diphenylamine, although capable of photoreactivation, were

less efficient in their recovery than the untreated cells which
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'were_photoreactivated-fully. _These‘authOre suggested tﬁat whiie
the pigment did not appear toTprotecE”the oréanisms from'sunlight
they may serve an energy transfer role to augment the phato-
reactlvatlon process. They stated, without presentlng any evidenc

that no dark repair was apparept. P




"l.B.ﬁv?hfpose of the work

' The work of Dundas and Larsen (1962). 1mp11ed that the

carotenoid plgment of H. salinarium may be solely qgspon51b1e

for-lts protection against irradiation. The fact that the
growth of colorless mutants was inhibited would suggest that_
the bacteria may not have any other method of protection:

the carotenoid pigment and the low A+T content ( sectiog l.?.t. )
being the only factors that ensure their survival in their

natural environment. The later work of Hescox and Carlberg

(1972), on H.cutirubrum,suggested that the pigment may indeed

olay d:role in the photoreactivation process. This implied
that these organlsms may not have any dark repair and thus
could be a good system :for studying replication. However,=to
use this organism for any studies on replication it was ifmpor-

tant to;establish definitively that H.cutirubrum was lacking

- in dark fepair. .

The search for any poiymerase in replication ;equires
knOy;ggge of thelig vivo precursor. As stated earlier in
-séotion.1.§., repair and replication draw thoir precursors
from difﬁetent pools within the cell and the general assump-

tion that the deoxynucleotide triphosphates were indeed the

in vivo-precursors of replication has been questioned. If

H.cutirubrum was lacking dark repair, then any precursor. of
DNA synthesis would be the precursor of replication.

Since no information 6f the nucleotide metabolism in the
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extreme halophiles or the ability of the bacteria to incor=-

pdrate exogenous precursors'info-their nucleic acids is avai-
lable, }t'was first important to establish the coﬂditions for
studying the incorporation of the DNA precursor. The work of

Onishi et al. (1965), led to the belief that these oxganisms.

4

.-

are capable of incorpo:ating exogenous nucleotides, contrary
to the case in other well'studied cells., If this were true,
then it is possible that the metabolism of nucleotides in these
cells may be atypical. |

:Therefore, ﬁhe specific objectives of this work wére;

s

(1) the establishment of conditions for studying the
* incorporation:. of a DNA precursor. |

(2{ the prpof of the lack of dark repgir.

(3) the determination of the immediaté DNA precursor

in the,DNA replication ﬁachinery.'



2. EXPERIMENTAY, =

2.1. Materials

\

Halobacterium cutirubrum NRC 34001 was obtained fiom

‘Dé. D.J. Kushner. This strain was‘originally isolated from
salt buffalo hides (Lochhead, 1934). The amino acids in the
growth medium { L-alanine, L-arginine, L-cysteine hydro-
chloride mondhydrate, L-glutamic acid, glycine, L~isoleucine, .
L-leucine, L-lysine, L—methionine, L-phenylalaninez‘L—proline,
L—serihe, L—threohine, L-tyrogine; L-valine ), were obtained
'-d;from Sigma Chemical Co., St. Louis, Mo., U.S.A. The other
ACOmpongﬁts CaCl,.Z2H Q; CusQ,.5H,0; FeCl,.4H,O; KCl; KH,PO,:

2 2 4 2 2 2 2774

4-7H,0; MnSO,.H,0; NaCl, sodium citrate dihydrate;

K2HP04; ZnSO4.7H20; glycerol, KOH; were obtained from Fisher

KNO., MgSO,.7H

Scientific Co.,Ottawa, Ontario, Canada. Difco agar, casamino
acids and yeast extract were obtained from Canlab,Montreal,
] l Il

P.Q., Canada.

Streptomyces griseus protease (Pronase), was obtained

from Calbiochem, La Jolla, California, U.S.A.; protease-~free

o pangreatic ribonuclease A ( Type I-X }, and electrophoretically
.purified pancreatic deoxyribonuclease I were obtained from
Sigma Chemical Co. Non-radiocactive thymine, nucleosides,
deoxynucleosides, nucleotides, and deoxynucleotides were
obtaingd from P.L. Biochemicals Inc.;'Milwaukee, Wis., U.S.A.

or Sigma Chemigal Co. e
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MN polygram 300 plastic—backed cellulose and polyethyl-
_'énélmlne tellulose t. l.c. sheets, were purchased from Brinkman "‘
lInstruments ( Canada ) Ltd., Rexdale, Ontarlo, Canada. thhlum‘?
'chlorlde, ethyl acetate, formic ac:.d 'were obtained. from Fisher
Sglentlflc Co. | '

| Schwarz-Mann caesium chlorlde for, denSLty gradlent centfl—
fugatlon was bought from Plcker X—ray Engineering Ltd., Ottawa,
| Ontario, Canada. .
B Thé radicactive materials [?K]Fthymine, [3H]-thymidine,
] [}40]-thymldlne,_[ H]-deoxyadenflic acid, [gﬁ]—thymidylic acid,
[3H]:5—brom0-ZF-deoxyuridine, PCS liquid scintillation couhting
fluid were obtained from Amersham/Searle Corp., Oakville, Ont.,

r

Canada. Xylene was obtalned from Flsher Scientific Co.

2.2, Methods ,

2.2.1. Maintenance of cell culture

Stock cultures of H.cutirubrum NRC 34001 were main-"

tained on slants of Gochnauer and Kushner's (1969) complex
medium, containing 2% (w/v) agar. They are grown at 37° for
7 days and stored in the refrigerator. Transfers were made

at 4 - 6 month intervals.
1

2.2.2. Growté of liguid cultures

Liquid cultures were grown in sterile conditions in
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I .

culture fiasks fittéd with stainless steel closures. They'
were incubated in either a New Brunswick Scientific Model
G25 gyratgry incubator shaken atl250 rpm at 37° ; or a New
é;ﬁnswiCk Aquatherm gyratory water bath shaken at 550 rpm
and 37° or 22° . 1In all cases, where 50 ml meéia was used,
the inocula were 10% (v/v) relatiye to the volume of fresh
-culture media. For preparation of the inécula, the bacteéria
were passaged af least twice in the appropriate ‘liquid'medium
and a'pre-culture was then growg fb£-48 hours. The inocula
.contaiﬁed~approximately 2.5 x 108 bacterié per 50 ml of
fresh mediﬁm. Growth of the liqﬁid cultures was followed by
determining the~nuﬂbe; of viable bacteria and/or by~meaéﬁring'
the turbidity of the baéterial‘suspension at 660 nm, relétive
to 25% (w/v) aqueous NaCl, with a Zeiss PMQ IT §pectropﬁotbmeter.
Viable cell counts were determined in sterile disposable
plastic Petri dishes ( 10 cm. diameter ) containing 2% (w/v)
- agar in'approximately 15 ml Géphnauer and Kushner's (1969)
complex medium. 0.1 ml aliquots of‘serial dilutions of the
dulture in sterile 25%rkw/y) agueous NaCl were spread over the
surface of the nutrient agar. The dishes were placed in plastic
bags to prevent dessication and incubated at 37° in a moist
atmosphere. Coloﬁies were counted after 5 - 7 days until no
more appeared, and each dilution was.assayed in duplicate.
Similar resulfs‘were obtained if viable counts were done on

2% (w/v) agar in synthetic)medium, but the latter is expensive

'
1
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and_colonies hard to see, hence Gochnauer and Kushner's medium

. was used routinely unless otherwise stated.

The composition of the different media used in these
studieq are:

(1) Gpchnauerdand Kushner's medium ( all ingredients are in
gm/lobo hl ) :- casaminc acids, 7.5;‘yeaét_ex§ract; 10.0; sodium
citrate dihydrate, 3 0; RClL, 2.0; MgSO4 7H20, 20.0; NacCl, 250.0;
2.4320, 23.0 mg. The pH of the medium is adjusted to

FecCl
6.5 - 6.8 with NaOH. |

(2; The meaium of.Onishi et él.(1965) { atl ingfedients
are in mg/lOO ml )-— Am1noac1ds- DI,-alanine, 43; L-arglnlne,
40 L~cystine; 5; L—glutamlc ac1d 130- glyc1ne, 6; DL-iso-
leucine, 44; L-leucine, 80; L—ly51ne, 85; DL-methlon;ne, 37:;
DL-phenylalanine, 26} L-proline, 5; DL-serine, 61; DL-threo-
nine, %0; L;tyfosine, 20; DL-valine, 100. Nucieotides: adgnyl;c
acid, 10;.uridylic acid, 10. Salts: NaCl, 25 gm; MgSO .7H.O,

4 2
2 gm; KNOB, 10; KZHP04, 5; KH,PO,, 5; sodium citrate, 50; MnSO

2774
0, 0.7; ZnS0,.7H,0, 0.004; FeClz, 0.23;

4-

H.0, 0.03; cacl,.7H

2° 2
0, 0.005; NH

2
Cuso

4 2

.54 Cl, 500; glycerol, 100. The pH of the

4 2 4
medihm was adjusted to 6.5 with NaOH. ‘ _

| (3) A modification of the medium of Onishi et al.(1965)
(‘all ingredients are in mg/lOO ml ):- Amino ‘acids: L-alanlne,
43; L—arginine, 40; L—cysﬁeine hydrochloride monohydrate, 5;

L—glupamic acid, 130; glycine, 6; L-isoleucine, 44; L-leucine,

80; L-lysine, 85; L—methionine, 37; L-phenylalanine,'zsf
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| MgS0,.7H,0, 2gm; KNOj, 10; K,HPO

(w/v) KOH before dilution to the final volume.-

* synthetic medium was developed that: gave as good a growth as

~ . B N

v . ' .. . N ;r.

Leproline} 5; L-serine, 61:_L-threonine, 50; L-tyrosine, 20;

-L-valine,‘lqo.\-ﬁuclebtides; adenylic acid, 10; uridylic adid,

10 - ‘ A Salts: Nacl, 25gm;

. ' _ " 4

2 4’ 5; KH2P04,

-TH,0, 0.004; FeCl

5; KCl; 100;

sodium citrate dihydrate, 50; MnSO '0.23;

4 2"
20, 0.005. The pH of the medium was adjusted<tiﬁl6ddxh!

1

CuSO4.5H

w0

(4) During the course of the studies ( sec.3.1.‘) a
P
comjiex medium. This new growth medium ( Grey & Fitt, 197

wasWised for all the 1ncorgg%atlon studies. The -medium contained

per ml:~ Amino acids: L-alanine, 43mg; L-arginine, 40mg:

L—cysteige hydrochlorlde monohydrate, 5mg; L—glutamlc acid,
130mg, glycine, 6mg; L—1soleuc;ne, 44mg; L—leu01ne, 80mg,__ﬁ{
L-ly51ne, 85mg, L-methlonlne, 37mg; L—phenylalanlne, 26mg,
L-proline, 5mg; L-serine, Glmg; L-threonine, 50mg: L-terSLne,g

20mg; L-valine, 100mg. Salts: Cac12.2H20, 0.07mg; CuSO

4.

O, 5ug; FeCl,.4H,O0, 0.23mg; KC1l, 1l00mg; KH2P0 15mg; -

2 2

K,HPO,, 15mg; KNO,, A

NaCl, 25g; sodium citrate dihydrate, 50mg; ZnSO

5H

2 4"

.7H20,'2g; Mnso4.gzo, 30ug;

.7H

10mg; MgSO

glycerol 0.1% (w/v) The pH of the medium was adjusted to 6.6 witt

\

50% (w/v) KOH before dilution to +the final volume.

When 50 ml media was used, the flasks were autoclave& et
-]

121° for 15 minutes. When 600ml media was used ‘the time of

T - -
autoclaving was increaged .o 30 minutes.

g " - . . . - . : ;) '.
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2,2.3. | Thin layer chromatography

2.2.3.a. Separation of'thymidine and thymine
. ‘ /-\/
he separatlon of thymldlnetﬁxnlthymlne was carried

out by thin layer chromatography on plaStlc backed cellulose

.sheets w1th the ethyl -acetate: water formlc acid 65: 35 5« (v/v/v)

The method is Kammen' s(1967h'mod1f1catlon of the paper chroma-

~ .

tography method of Fink et al (1956) 20 ul samples of the
mlxture containing approxlmately 2800 cpm?ln aqueous 12 mM
thymine - 10 mM thymldlne was applied. Development was for‘

d hours in a Shandon - Un1versal tank lined with Whatman No. d
paper. The tank was previously eguilibrated with the soivent
system for at least 18 hours atﬁroom temperature. This equi-
librium was eesential for good resolution. The thymine and
thymidine 5pots were identified by\comparlson with standards
chromatographed at the same tlme, ‘and were cut out and countedg
for radioactivity. The Rf s of thymine and thymidine relative

to the solvent front were 0.85-and 0.74 respectively.

"2 2. 3 b. Séparatlon of: thymldlne from thymidine nucleotides

The separation of thymldlne { plus thymine ) dTMP,

dTDP, 4TTP, was performed by thin layer chrogatography on -\\\

plastic backed polyethyleneimine cellulose sheets using a
modification' of the lithium chloride system of Randerath(1964).

The modlflcatlons 1nclude both LiCl concentrations and tlme

of development, and give an improved separatlon of the three

'thymidlne nucleotldes; , Development solutions and times were: -

i



!

- 0.2M.LiCl, 2 min.; 1.0M. Licl, 6 min.; 1.6M Licl, 22 min.
‘For éood resolution, it was eééential that the sheet be 2
thoroughly dried over silica éei. lOld or discoloured sheets \\
. were washed well with dlstllled water and dried. Known
aliquots ( 10 =-60 1l ) of sam?les were applled 2 cm, from the
bottOm of the Q\“fts, as a thin band and chromatographed. The
nucleotlde spots were 1dent1£1ed by comparison with standards,

cut out and counted for radioactivity. The R:.'s relative to

£
i the solvent frtzﬁs‘were: : '
- ‘Thy¥dine and thyming .10
dTMP’ - . 0.56 |
aTop - ' | 0.45
~

drTP | 0.36

.

_the nature of the separation obtained is ‘shown in figure 2.1.
o/
2.2.4. Liquid scintillation counting

-
The measure of rad10act1v1ty forms the basis of most

of the ‘work described. ,The samples, either. in aqueous 5% (w/v)

TCA or on solid support ( PEI plates, céllulose, or Whatman

#3 paper )}, were coynted’in 10 ml of a 2:1 (v/v) mixture of
. 7

PCS ana xylene. A Beckman LS-230 liquid scintillation counter

was.used and the approximaté counting efficiency for 3H in

'55 .aqueous solution was 40 - 45% and 25 - 30% on t.l.c. strips

4

e -
as shown in table 2.1. 1In the latter case it was important

+

that the_atfips'be no larger than 2.5 x 0.7 cm.or there was a

4

¢
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Fig. 2.1. The nature of the sa'par:atidn”-of thymidiﬁe“froxy .
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Table 2.1.a.
™ ] ~ . M . '
" Efficiency of counting of agueous samples

The samples contained 2.2 x 104 dpm/ul in 5% v/v trichloroacetic .
acid. Known aliquots were counted as described in section 2.2.4.

4

volume of sample (ul) . ¢pm x 10 § efficiency
10 . ' ' 99 45
. . 20 - 2.2 .. . s0
“;::::::j“‘~\Fﬁﬁio | | 48 a4
00 8.8 a0
Average efficiendy = 44.75 % 5% P, o




' Table_ 2ol|b.o- \ i .. -‘ \

) E§£1c1ency of countlng t.l.c. plates

d
Vo

The samples were applled as a thin band on Pni‘nellulose
gtrips 2.5 x 0.7 cm in size. They were dried a stream, .
of cool air prior to counting. Sample A contalned 2.2x10
,dpm/ul in 5% trichloroacetic acid. Sample B contained
"2.2x10% ' dpm/ul in 5% trichloroacetic acid.

Volume of sample (ul)

Sample A
20

N 20
20
20
20

Sample B
‘ 20
20
20

I

Average efficiency

fcgm : % efoency

V) © 1158 . 26.3 -+
1185 _ 26.9
1891 29.3
1279 29.1
1255 | 28.5
1236 x 10 28.1
1312 x 10 - 29.8
1140 x 10

25;9<;

27.9 £t 2%



2.3.1.° . L 7 - se

. ‘\'.
dédreése in'éoqnting efficiency. In experiments where double
labeiling was donej a Searle Isocap 300 liqﬁid scintillation
counter'was used td.obtain 3H and 140 cpm dlrectly.

+ The thln layer chromatographic separatlon of thymidine .
and thymlne from nucleotides requlred extractlon of the TCA
sample with ether. In these cases, chemllumlnescence was ob-
served. This was detected by the low values obtalned in the
channels Ye/?y ratio. After about 8 - 12 days this effect disa-
ppeared. It was thereforé important to keep a close éhegk

on the channels ratio.

£ |
2.3.1. Detection of semi~conservative replication

A culture flask contalnlng the synthetic medlum supple-

mented w1th 68 pM-5- bromo—2'—deoxyur1d1ne was inoculated with

/

5 ml of a culture of H.cutirubrum previqusly grown to a cell

density of apprqx%mately 1010 cells/ml in the synthetic medium
supplemented with 82.6 uM-thymidine. After 48 hours %f growth
.at 370, 2.5 ml of thlS culture was transferred to fresh synthetlc
medium ( 25 ml ) containing 68 uM- G{BHJ -5- bromo ~-2'~deoxyuridine
( spec. act. 3.7 Ci/mol ) and 1ncubat10n was continued for a
fur£her 31 hours. A sample ( 2 ml ) was then withdrawn for
treatment as descibed below and the remainder of the culture’

was centrifuged at 45 000 Imax for 5 min. The q%llﬁ Wg;ggre-?

suspended in preincubated synthetic medium ( 25 ml ) containing

82.6 uM- 2{}4C]-thymidine ( spec. act. 0.61 Ci/mol ). Incubation
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.
was goﬂﬁinued at'37°nand*sampleé ( 2 ml ) were withdrawn im-
mediately after rgsuspensiop of the cells ( ze‘ro‘ciI-ne ), 8 hours
{ 1 generation )_and‘lﬁ hours ( 2 generatibns ). The samples

were added to.25% (w/v) NaCl ( 10_ml ) and the cells were im-

" mediately sedimented at 45 000 Imax for 2 min. The pellets.-

were wéshéd once by resuspension oﬁ the cells in 25% (w/v) Naci"
( 10 mi ) fbllowed by-centrifugation andpthe washed cells were
lysed carefully by géntle swirling in IM-KC1 ( 1 ml ) for 5
min. at room temperatdie. The mixture was transferred quantita--
tiveiy to a glass vial with theraid of 9 ml of distilled water
and‘#he suépensiap was mixed gently on a rotator until hoﬁo-
geneous ( about 30 min. ). CsCl { 4.347gl) was dissolved in
3.4 ml of the crude DNA solution and the refractive index

of the latter was adjusted to 1.4020 at 25?;using a.Zeiss
model A Abbé refractometér. The whole sample was passed three
timeé through ‘a 23 gauge hypodermic needle to shear the DNA

( Sinclair, 1974 ) and was then placed in a Beckman poly-

allomer centrifuge tube ( 5/8 in x 3 in ). The solution was

'overlayed with suffdicient white paraffin oil ( liquid petro-

latum ) to £ill e cen rifuge tube and centrifugation was -

performed at 209 and 11 . 000g for 66 hours in a Beckman

max
Type 40 fixed angle rotpr ( Flamm et gi:, 1966 ) using a

Beckman L2~65B preparative ultracentrifuge. Thé‘centrifuge

' was allowed to.stop without the brake, the tubes were pierced

and 7 drop fractions were collected using a fraction céllector - .
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andé.peristaltic pﬁmp. The density of every fourth fraction
was determined from its refractive index at 25° ( qdber, 1970 )
‘ahd the acid-insoluble radioactivity of each fractizn was mea-
Surea.using the metﬁod of Furano (1971). A 24 cm. diam.

Whatman #3 filtef paper, presoéked.in 5¢ (w/v)trichloroacetic
acid and dried, was marked in numbered rectangles ( 3cm x 4cm ).
/Sampies ( 150 ul ) of the fraction were applied to the corres—
ponding rectangles. The filter paper was air~dried and washed
in a Buchner -funnel three times with 300 ml of 5% (w/v) tri-
chloroa;etic acid amd twice,with 100 ml of ether, using filter

- pump suction té remove fhe last drops of wash fluid oﬁly. The
paper was air-dried and cut'into thelrecﬁangles'whose radioac-
tivity was couni_:ed\ as desc’ribed ( section 2.2.4 ), except that a Searle
Isocdap 300 liquid scintillation Counter was used to obtain the

3H and l4C cpm directly.

2. 4 1. Irradiation experiments

Cultures af H. cutlrubrum in the syg%hetlc medium sup-
plemented with 82.6 quthymldlne were groﬁn at 37° and 250 rpm
until the cell density was approximately 109 cells/ml. Samples
( 15 ml1 ) of the cell suspension were-ﬁxmsﬁagfd. to an uncovered,
gsterile Petri dish placea 6n_the platform of a lab-line Junior
Orbit gyraﬁory shaker ( Canlab, Montreal, P.Q., Canada ). The
culture was swirled gently ( 100 rpm } at room temperatqre and

irradiated for the indicated times with an ultraviolet lamp

rd
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=

f Minefglight, Ultra~violet Products Inc., San Gabriel,‘éalift;
U.S.A. i suspended.é4 - 27 om abové it. The dose rate in e:gs/A
mmz/seclwas measured with‘a Black-ray u.v. meter ( Ultra?violet
~P:oducts€Inc: ). éurvival curves were deterﬁinéd'by withdraw-
iné samples ( 0.1 ml ) at suitable intervals with sterile pipe-
ttes; the& were then diluted serially with.25% (w/v) NaCl for

/\

measurement of the viable cell count.

2.4.2. Photoreactivation experiments —~

4

g.cutiﬁ:?%um cells were irradiated as described above

aﬁd samples ( F.1 ml ) were withdrawn immediafely before and
after ifradiation for determination -of the viable cell count.
T?é Petri dish containing the remairfder of the irradiated

" culture was placed on ice 10 cm beioﬁ two white-fluorescent
desk lamps ( General Electric F6T5-D ) and irradiatedfyhile

the culture was swirled gently ( IBO rpm ) on a Lab-line Juniof

Orbit shaker. Samples ( 0.1 ml ) were withdrawn at interwvals

. for determination of the viable cell count.

2.5. Preparation of H.cutirubrum DNA

H.cutirubrum DNA was prepared by a modification of the’
method of Marmur (1961). BAll operations wéfe performed on ice’
unless otherwise specified. The DNA was prebared from freshly
harvested bacteria, grown in the complex me&ia of Gochnauer

.and Kushner (196.9). The bacteria were washed once .with 25%

(w/v) NaCl, 0.05M EDTA, pH 8.0, and‘éhen'sdspended in a mixture
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of 0.15M NacCl, 0.1M EDTA, pH é}b,Land 25% (w/v) sodium dodécyl
sulfate.‘ The suspension‘wasfihcuS%ted at 75° for 10 min. and .
thén cooled to room températuré,“‘ﬁm NaClo, was added.to a
final céﬁcentration offlM-' The mixture Qas swirled for 30 min.
on a rotary shaker with an.eQual vdiume_of 24:1 (w/ﬁ) chloroform:
;isoamyl alcoaolé,‘rhé mixﬁure wés centrifuged for 5 min. at -
10 000qrpm in staiﬁless stéel cenﬁrifugé tubes and the aqueous
_‘phases combined. Ethanol.( évol, ) was édded and the mixture
cooled to -22°. The DNA was removed by gentle swirling arougg
a glass rod then dissolved in 15 mM Na citrate-pH 7.0. Two( -
' additiohal_éeproteinizations were qéneandxthe DNA was then
‘;néatéd with 1) RNase ( 40 ug/ml ) for % hour at.37°,‘and
2) self digested Brénase ( 40 ug/ml ) for 1 hour at 370,(Moore
& McCarthy, 1969 ). Five further deproteinizations were then
'performed. ﬁhen the final solution had occured, the DNA.was
selectively precipitated with 0.54 vol. isopropanol, 3.0M
écétate, lmM EDTA. Finally the DNA was wasﬁed‘free of acetate
in etpanbl anq ﬁissolved in 0.15M NaCl, 0.015M Na citrate,
pH 7.0. Mfgﬁ. |

The proteifi contamination as determined by the micro-
biuret reaction ( Zamenhof, 1957 ) was not detectable. The
RNA content, determined by the orcinol Procedqre { Dische, 1955 )
was less thén 1%. The yield of purified DNA was determined

by the diphenylamine reaction ( Dische,1955 ) and was approx-

imately,b.s mg/gm wet weight of cells.
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3. RESULTS AND DISCUSSION

%

3.1. A synthetic medium for Halobacterium Cutirubrum’

_In order to study the precursors of DNA synthesis in
I ‘ .

: E.cutirubrum it was necessary to develop a defined synthetic

medium that would support growth of the bacterium satisfactorily.

Previous studies with extreme halophiles ( section 1.7.ct ) led

.

to “the de?elopment of a synthetic medium that contained amino
'a¢id§, a éomplex salt mixture including ammbnium chlofide and
glycerol. The addition of the nucleotides, adenylic acid,
cytidylic acid, guanylic acid, and uridylic acid, eachfat a
concehtration of 10 mg/100 ml, to the mediuﬁ was stimulétory

( section 1.7.c. ). Since in other bacteria, e.g. E.coli,
nucleotides are firsé dephosphorylated pribr to entry into the
cell ( section 1.6. ), we decided to investigate the medium
further in order to determine the nature of the stimulatory

effect - of the nucleotides on the growth of g.cutirubrum{

Fig. 3.1. shows the effect of NH4C1 and glycerol on the

growth of H.cutirubrum in medium 3, as decribed in section 2.2.2.

"It can be seen that while glycefol had a small stimulatofy
effect on the final cell cdncentratqu, Nﬂqbl diq not aﬁsé;:.
to have any. When 1% glutgmine was substituted gbf-NHACi;
nostimulatory effect was again observed, showing ghat ammonium

ion had no effect on the growth of the bacteria. It is possi-

ble that the need for ammonium ion was eliminated because this
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and glycerol on the growth of
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medium 3

A===A . medium 3 giycerol 0n1% (v/v)
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'-me&iuhj mxﬁmihs_on;yLL-amine‘ecids;‘and net a mixture of L;
'and DL~ as in thd m_ed.ji:um' ef_:"‘o'ni‘sh_j:. et al's (1965). s Onishi .and
Gibhohe'(1965) heve suggested that the‘;timulatory effect of
.the ammonium ion is related to the utilization of amino ac1ds,
and was not a spec1flc requirement of these hecterla._ .

]

The‘lnorganlc phosphate concenhratloh in the‘mediumjof
Onishi gﬁ“g&. (1965) isllo,ﬁg/loo ml,.enq the contribution: of
poﬁehpially'aveilable phosphate to the‘bacterium from the nu-
cieohiae; is approximately 31.3 mg / 100 ml. Fig. S.i: shows
the effect of inorganie phosphate eﬁ\gioéth ;n the syﬂ%hetic
ﬁédium ( section 2.2.2. ) deficient in nucleotiées.-,lt can be
gséen that the,increaSed.phosphete concentfatiqn 30 mg/ 100 ml
;esulted in a higher ceil‘ﬁensityVas detectabie by 0.D. at

660 nm. Phosphate coneentratioﬁsfof_ls mg/ 100 ml and 20 mg/
130 ml geve essentially the same result as 30 ﬁ%/ 100 ml. At
.éhis eptimum concehtratioh-( 30 hg/lloo ml ) the addition of"
nupleosides and nucleotides have no significantfeffect on the
'gr@Wth. -

" o - [ .
In flg. 3.3. it can be.%een that when nucleotides are

<
added to the 10 mg / 100 ml Pi medjium, $o that they coﬂtribute
a further 13\2 mg / 100 ml ?f potentlally available phosphate,
the bacterium grew as well as in the medlum contalnlng 15 - 30
mg. / 100 ml Pi and no nucleotides.. Nuc1e051des had no effect
Ion groqth 1? g |

P These results, in fig. '3.2 and fig. 3 3., strongly suggest
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 “Fig.-§.2.j Effect of Pi*concentration on the growth of -

H cutirubrum in synthetic meddum, - deficient in
%

-nucleotideg \

~

o .
' : . -
] o -
3 L ' ’
. “ . .
. . . . ;
'

I 7_\ - - R . % - . .
‘O---0 no added Pi \ﬁ\ :
® Qumm0 10 mg Pi/100ml )
a=-=2 " 30 mg Pi/100ml | !
~ . ) . [] . ';,‘
The Pi concentration -refers to eqtial quantities of :
K2HPO 4 and KH2P0 47 28 defined in seé‘Eion 2.2.20 ‘
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. 3.3;5foféct of nubleotides and-hucleosides on the

‘growth of H.cutirubrum in synthetic medium

o

Am=- A 10.mg:Pi/ 100 ml + nucleotides
O==--0 30 mg Pi/ 100 ml + nucleotides
r’) o--- @ 30 mg Pi/ 100 ml + nucleosides . .

-664- o 10 mg Pi/ 100 ml + nucleOSides

The ducleoside and nucleotide mixtures contained
mg/ml each of 5'~AMP, ~CMP, -GMP, -dTMP, and -UMP or of

corresponding nucleosides, respectively. ‘The Pi
centration refers to<equal gquantities of KZHP4 and

PO,, as defined in section 2.2.2. .
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that the nucleotideskmefély‘serve as an'addiﬁional“source'of
‘pﬁosphate in a médium deficient in this component. Tﬂe resulﬁs
in,tabie 3.1. show that the nucieotides.AMP and dTMP présént
in the culture medium are rapidly dephosphorylated to their
corresponding'nﬁcleosides. Under thesé conditions, where an
excess of orthophosphate was present, both nucleotides were
quickly degrgded ( after 10 min only about 50% of thé nucleo-
tide was presenf in the‘supernaténf ), so that even more rapid
hydrolysis wog¥a be expected if the orthophosphate concentration
were limited to groﬁth.‘ The more extensive degradation of dTMP
af£er 30 min was probably due to-the removal of thymidine from
the medium by further degradation of thymine ( see section
3.2.b. ) or its incbfporatioh intodDNA ( section 3.2.a. )with
consequent displacement of_ the equilibrium.

It is clear then.that %2? stimulatory effect of nucleoti-

des obsefvedﬂgyzOnishi et alA(1965) only odcu;s in orthophos-

phate defic%iﬁs media and that H.cutirubrum resembles other

well studied”cells in being impermeable to nucleotides.

Fig. ~3.4. comﬁares the_érowth of g{éutirubrum in‘the com-
ple*}medium of Goc¢hnauer and Kushnef (1969) and in the new
synthetic mediuﬁ ( Grey & Fitt, 1976 ). There ig no significant"
differgnce ip either growth rate or final concentration of cells,
and the generation times in the two media are véry similar
( table 3.2. ).

; :
The improved synthetic medium differs fro%)those previously

N ‘ ® Q‘
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EBHRH3J1;:Bréakdowh of nucleotides in the”supernatant

‘ 'Q.chtirubfum was growﬁ as described in section 2.2.2.,

R

in the. presence of either AMP ( 82.6 uM ) or ATMP ( 82.6 uM ).

.

At 24 hours the cells were harvésted ( see fig.3.5.) and resus—
pended in fresh medium, prewarmed to 370, pH adjusted to 771,‘
and containing 82.6 nmoles.{3H] ~-aMp (bp. act. 22 Ci/mmolA) or
[3H].—dTM*( SP. act. 25.6 Ci/mmol ) to a final concentration of
20 upi/ml. Af indicated times 1 ml. samples were withdrawn into
cold 25% (w/v) NaCl-0.02M-KCN ( 10 ml ). The dells wére.coll—
ected by -centrifugation at 45 OOOgmaxd for 5 min.  then washed
once in cold 25% (w/v) NaCl. The supernatant was diluted 1:109i
in water %Pd chnﬁntxﬁaphyv carri%E out as described in section
2.2.3.b., except that the dévelopment'times were 0.2M LiCl for

2 min. and 1.0M LiCl for 10 min. The third step was omitted.
Radicactivity was counted as described in the experimental‘

R

section ( section 2.2.4.

i ) % found in the supernatant
time (minutes) adenosine adenylic a.c id

' - 1 : 16 84
| 2 22 © 78
5 290 .71
7 it 56 44

10 ) i 52 [ . A8 R
15 . 56 ' 44

. 20 - 52 - 48 |
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, Table‘B.lhEontinhéaf

% found in the supernatant’

L

- time (minutes) | . thymidine =~ thymidylic acid
1T L 15 Ny 85

o 3 ... 20 - 80

5 .. - I . 18
e a2 68
w * Y s © o | 52
15 . ‘67 - ¥ 33
20 N L. 32y
33 . 82 . 18

\
¥

we



a5

r
+

'Fig.-3.§f,'cdﬁ§arisbn of the growth of H.cutirubrum in’

\

L the’éynﬁhéﬁic-{ e ) and cqmpiek'(.lﬁ).medié‘li'

1

00, e6om
I o o
e ———— ~ viable cell count

(PR



76

.N\K

&wmmumwuw -

W / BTT82 9TqeTA boq

o
]

e

i

6

JL.

hours |



‘ . B | . _l77‘

Generation times of H.cutirubrum in synthetic

. .and complex media

;§Synthetic'medium- 7.6 £ 0.5 hours
- Cdmplex Smedium 7.7 + 0.3 hours
ool . .t

'jﬁé generation times were calculated from the
\foilbwing equation: :
- . 0.301 ¢

‘generatiqn time‘=‘f -
P, log10 Nt - log10 No

.
‘where N_ = populatjon at time t

population at time 0
\

z.
i

. These results were calculated on the basis of data
e - h

obtained from three growth curves.

A
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\ .. N .“ ‘ :,‘ N . .- . . ‘ . ‘w -
descr:bed in the following respects-
(1) . 1t contains only L-amino acids,
(2).1t does not contain NH4C1,
. = - | ‘/40
E (3) nucleotides are not present, o , \\\/ o

(45 the total'inorganic phosphate éoncentration has been

-increeeed from d.lmg/ml to 0.3mg/ml.

'3.2.. "Exogenous thymine and thimiﬁ&ne as DNA precursors

in H.cutirubrum: - . »

3.2.a."Incorporation;of thymidine into DNA

The uptake of labelled thymidine érovides a sensitive
and convenlent method for the measurement of DNA Synth381s. The
procedure used to determine the extent of 1ncorporatlon of
labelled Ehymldlne into the ‘cold acid igsoluble product and
thus the extent of‘bNA synthesis, is described in table MP3.
The results in table 3.3 show that the redioactive product
was resistant to digestion by Pronase and ribonu ease (RNase),
but was nearly completely degraded by pancreatlc eoxyrlbonu—
clease (DNase), conflrmlng that the cold acid insoluble product

was indeed DNA.

‘

Fig. 3,5, shows that E;cutiruﬁrum-growing in defined syn-

~thetic medium supplemented with 82.6 yM _~/ thymidine, incor-

porates the latter into DNA linearly. The short lag phase,
which was ‘only 5 min { fig. 3.6. ), was not detected in thtgﬂ

experiment since\lhe fert measurement was ‘taKen at 15 min.

ol ',(, ) oo ‘f.| oo \r\
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mMﬂe BJL Ev1dence that H cutirubrum 1ncorporates J}H] -

thymldlne 1n£o DNA

1

. H cutirubrum was grown in the synthetic medlum supple-

:Q_maayed with. 82.6 uM-thymidine. After 40 hours at 37 [?ﬁL
thymldlne (- 20 u01/ml } was added and 1ncubat10n was continued 7
\for l.hour. Samples ( 1 ml ) were w;thdraw; and addqd to cold
'25% (n/v) NaCl-0.02M~-KCN ('10 ml ). The Ce;ls were collegted

by centrlfuggtlon at 45 000g for 5-min. and were lysed by

max
suspension in dlstllled.water ( 1ml ). A splution of the
appﬁmmiaﬁexdegnadative engymgyk 5.0 mg/ml ) in 50mM-sodium
pho;phate buffer, pH 6 was added to give finél concentrations
of 50 ug/ml of the'Fnzymé and 0.5mM-phosphate and the mixture _

‘was incubated at 37° for 30;min. DNA was extracted and its

radioactivity counted as described in fig. 3. 5. .

, ~ _treatment radioactivity (%) N
e ’ . ' ) \--.ﬁ_’--f
S none %controlJ y 100.0 . - :
- \ \
b " -DNase dlgenﬁipn_ 6.4 . \<_4
Pronase digestion . % 9649 : . ’
, RNage digestion ) . 98.9
\ "~ ’
. f‘. ; .
/ & . . | " 42\/"
- @ J. -,: - » ’ ) . ". .
. | B [\v‘, - "..
b “ Sy ﬁ\ : S '
’ I @ N v \n'
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'513;3!5. ‘Ihcorporation of -3H-1abelléd'thymidine into DNA

“ by H.cutirubrum

»

Exgt.'l:.-g.cutirubrum was grqwn at 37° in the syn-
thetic dbdiumtsuppleﬁented with 82.6 u'-thymidiée until the .,
celi denéity was approximately 2 x_loscellé/m{ ( 27 hours ). ~
The bactéria were collected by centrifugation.at 30° and

28 000g

A for 5 min and resuspended in the same volume of pre-—

warmed f 37° ) synthetic medium, pH 7.1, containihg thymidine
( 82.6 UM ). After 30 min at 37°, [Me~3n]-thymidine ( sp.act.
18 Ci/mmol j was added to a finai level of 20 uCi/ml. 'Sqmples’
( i ml ) were‘withdraﬁn at the indicated times and added to
iceicold 5% (w/v)=-trichloroacetic acid (‘5 ml ). The preci;
pitates were collected by centrifugation, washed twice by £e-
.éuspension and centrifugation in é total of 5 ml of ice-cold
.53 (W/viitridhloroacetic acid and finally resuspended in 1 ml
of the same aéid. The suspensions were heated at 856-900.;dr
40 min ( ﬁutchison & Munro, 1961) and then centrifuged. The
'.radiéactivity of 50 ul of eéch supernatanf was counted as des-
Eribed in section 2.2.4. ‘

‘Expt. 2: As aboﬁe, except that (1) thymidine was
omittédﬂf:ém'the growth medium and _£ii) 1abé11ed thymidine was
- added immediately after.resuspension of the cells iq_the fresh
medium containing 82.6 uM—thfmidine.

Cells grown with thymidine (expt. 1), 0.

Cells grown without thymidine ( ek%t. 2), & .
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Thé_:ate'df.;ncorpbration was the sahe'@ith cells growﬁ with

‘thyﬁidine (a") and without thymidine ( o ), ;uégesting that

any necessary perméaéés or klnases must be const;tutive. It

should ge noted that in experlment no. 2 (o) the radloactlve

precursor was- added 1mmed1ate1y to the resuspended bacterla

and the 30 min preinchation step‘omitted, thus ellqlnatlng.

the possibility that Enzymes might be induced during the stan-

dard 30 min prelncubatlon w1€; unlabelled thymidine ( expt. 1,4 ).
The pH of the resuspension medlum was ways_adjuét;é'to

'7.1 after autoclaving in order ta avoid any shock to the cells.

¥ .
During growth of H.cutirubrum in the synthetic medium the pH

" of the latter rises from 6.6 to 7.1 or 7.2. It was observed
that this rise in pH occured duringkthe first 2 hours of growth
and remained.constant during the period of exponential growth.

) The incorporation of radiocactive thymidine into DNA was
initially less thén its total uptaké by the cells, but th&;
rates became identical after 5 min, as shown in fig. 3.6{ PR
{he shortness of ﬁhis lag bhase, comparéd with the slowlgene?
ration time of the orgarisms in these conditions, shows that ) ]
the total intracellular pool of intermediates of thymidine and
DNA must be small, thﬁs allowing rapigd/equilibration with the
extracellular érecursor. Tﬁe Eeéults in fig. 3.6. are for two
concentratlons of exogenous thymidine, 4.16 uM and 82 6 uM.

This 20-fold varlatlon 1n thghldlne concentratlon, had no fect

on either lag phase or the maximum rate of \ncorporation of




Fig. 3.6. Evidence for the presence of small, fixed pools of .
R N,
thymidlne and thymidine nucleotldes in H. cutlruhrum

.

- The bacte%ia were grown as described in ex?t. 1,
"fig. 3.5, except that the concentration of thymidine in the
resuspensioo medium was either 4.16;Q§Jor 82.6 uM. ﬁfﬁer
addition of the radicactive thymidine, samples were withdrawn
at the indicated tlmes and added to ice-cold 25% (w/v) NaCl-
0. 02M—KCN (5 ml ) contalnlng a 20-fold excess of cold thymldlne
The cells were collected by centrlfugatlon at 45 OOOg for
5-min, washed once by resuspensxon in 25% (w/v) NaCl ( 10 ml )
followed by centrlfugatlon and lysed with 1ce—cold 58 (w/v) ‘
trichloroacetic agid ( 2 ml ). A sample ( 100 ul ) of the
mixturo'was,oounted to determine the total uptake of radio-
activity and the rémainder was used to ‘determine the incor-
poration into DNA as described in fig. 3.5. Total uptake of
radiocactivity: with 4.16 pM-thymidine, o ; with:82;6:ﬁM—
thymidine, "a” . Incorporation into DNA: 'with 4.16 uM-thy-

midine, ®.; with 82.6 pM-thymidine, A .

~J
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S 3.2.b. , o - T es

radioactivity into DNA._”fgble‘B.Q.'givéé the maximum rate of
‘incorpofatioﬁ.of radioacti§ity into DNA under diﬁferent.experi—
mental conditions. ‘- The same value was‘obtainéd: .
(1) with the cells gioyﬁ previouslyjin‘;he presence or 
absence of thymidine, |

(2) when the concentration of thymidine in the medium

-

. was 4.16 uM or 82.6 uM, ' ~
and (3) whether or not the cells were resuspended in fresh ..
medium. '

Further reduction in the initial eiogenéus thymidine con-
centration to 1.26 oM from 4.16 uM, i.e. approximately 3000~
fold vari;tion, only éaused a 100-fold reduction in. the, max-
imum rate. From these results i£ can be concluded that the
system of uptake of thymidine into the cell and DNA becomes
saturate&‘at very low concentrations,and that the incorporatioﬁ
pf the nucleoside into theAprecursor pools has little effect

on the rate of synthesis of endogenous precursors.
< ) _ _
\

3.2.b. Thymidine phosphorylase

As seen above, exogenous thymidine is incorporated

readily .into H.cutirubrum DNA and the maximum rate of incor-

poration is not affected by a 20-fold variation in extracellu-
liar concentration. The duration of the process, however, is.

dependent on the exo&énous thymidine concentration ( fig. 3.7. ).

) \



.Tabha3 4-Effect of growth condltions and extracellular

thymidlne concentration on’ inco&poratlon of

thymidine by H.cutirubrum

N

Expts. 1 - 3 were done as described for expt. 1, fig 35
using . the 1nd1cateq thymidlne concentratlons in the growth and

resuspension ( 1ncorporatlon ),medla. In expts. 4 and*5, the

. cells were not transfered to fresh medium:’ radioactive thymi~

dine was'added directly to the cultures after 40 hours. During
growth of the-cultures in expt. 4, the fhymidine concentration
fell from its initial value of B2.6 uM to 4.16 uM at the time

the highly radioactive precursor was added. Viable cell counts

- were determined as described in the experimental section.

. B

~

-\
C e . 3 ‘ o

thymidine concn. (uM) [ H]-thymldlne
expt. growth incorpn. final sp. act. incorpn rat
" med. " med. (pCi/nmol) {(nmol/min/c
1 0 82.6 : 0.24 . 1.6 x 107!

~;~.‘ -

2 82.6 82.6 0.24 - 1.9 x 10712
3 82.6 4.16 - 4.8 1.7 x 10”1
&  82.6 .  4.16 4.8 1.9 x 10”4

5 0. - 1.26 x 10”3 '15.8 x 1073 1.5 x 10713
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Fig. 3.7. 'incéfporation'of [3H1Fthymidine into DNA by .

H.cutirubrum at 2 exogenous= concentrations:.

of thymidine over an extended period

», Expt. 1 as described in fig. 3.5.

Expt. 2 The bacteria'are grown as described in

experiment 1 until the cell concentration
was'approkimqtély 1 x 10° cells/ml ( 40
hours }. At this time [Me-3H]—thymidine
(_spﬂ act. fS‘Cimeol )_was added to a
final-;evel of 20 uCi/ml. Samples ( 1 ml )

were withdrawn at indicated times and pro-

cessed as described in experiment 1.

| Expt. l: o=-===-- o B82.6 uM thymidine ’

Expt. 2: Aw—==- A-‘4.16 uM thymidine
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3.2.b. TR s 89

' The incorporation per cell is linear-for at least three hours

. { . .
- at 82.6 uM-thymidine but ceases after 1 hour at 4.16 uM. After

11

three hours ﬁhg incorporation per cell was 207 x 10~ nmoles

and after a;ﬁpxhef five hours was only 422 x 10" nmoles ¢ i.e.
approximatel& doqble ), indicating that the rate of incorpora-
tion was falling;off. The results in table 3.5. show that‘tﬁis
wasldue in part to cénversion of thymidine to thyFine. No
other raddipactive product was detscted during the urse of

the experiment and the total radioactivity in e medium fell
by about 4%, owing to the incorporation into thd cells.

The situation here is similgr to that in other ﬁild type
bacteria ( Henderson & éaterson, 1973; Xammen, 1967 ). In
wild ?ype E.coli, thymidine incogkoration stops after a very
éhort time owing 'to its degradatign to thymine by an inducible

3

thymidine phosphorylasé. . The results in table 3.6. confirm

that this enzyme is also present in H.cutirubrum. The degra-

+ dation of thyQ}dine to thymine was erendent on orthophosphate
L 4

"~ and was therefore due to a bhosphdgyiase ( expt. 1. The ac-

tivity'of the enzyme in the whole homogenates was the same for

cells grown with or without thymidine., The same was true for
N ' ;o . : :
the activity éiund in the extracellular fluid { expt. 2 and 3 ).

?hié suggests that the enzyme in g,cutirﬁbrum may be constitu-

tive, unlike that in E.coli ~

L

The data in experiment 4 show that the intracellular thy-

-

miding_phosphorylase was readily released from the cells in a
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' Table 3.5. Formation of thymine from thymidine by H.cutirubru

' SYnﬁhetic‘medium { 25 ml )} containipg 82.6 uM-
3y thyﬁidine ( 50 wCi ) was.inqpulated with 2.5 @l of a 48 hour
precultﬁre. i;cubation was at 37°_and samples ( i ml ) were
yithdrawn at the.indicaﬁed times. The cells were removed by
‘tentrifugation at.45 OOOg for 5 min. and-the supernatants
were diluted with 9 ml of agueous 12mM—thymlne-IOmM—thymldlne
Samples ( 20 ul ) of the dilutions containing approxlmately
2800 cpm were chromatographed on plastic-backed cellulose t.l.c.
_sheets with ethyl acetate:water:formic acid, 65:35:5 (v/v/v)
by Kam&én's (1967) modification of the paper chromatographic
method of Fink et al. (1956). Development was for 3 hours in
a pa_pge_r*ed tank previously equilibrated with the solvent
system for at least 18 hours at room temperatﬁre. The thymine .
and thymidine spots were identified by cghparison with stan-
darés and were cut and countgd for radicactivity. The Rf's of
thymine and thymidine Eglati}e to the solvent fingzhe:Q\O.BS
and 0.74 respécﬁively. ( Thg results are corrected for a

background of 14 cpm }.

‘ ‘3H vdistribution ( cpm )
time (h) Thymine . thymidine
0 0 ; 2800
3 | 1964 ) 780 ’
23 2484 382
20 2530 150

48 2588 154



Table 3. 6. Thymidine phosphorylase activity in H.cutirubrum |

) The bacterla were grown for 48 hours in the synthetic
medlum ( 55 ml )~either with 82.6 uM— ymidine ( expts. 1, 2b,
3b and 4 ) or w1thout thymidine and were harvested by centrlfu- -
gation.at 45 000gmax_for 10 min. The cells ( about 0.8g, wet
weight ) were washed once with 25% (w/v) NaCl ( % ml ) and then
r‘esusiaehded\{n 3M~KC1-10mM-Tris-HC1, pH 7.6 ( 3 ml ). The
suspension was homogenized with a Bronwill Biosonik II sonicator
{ 30 sec..at setting 60 ) and the homogenate.was separated when
~ necessary into the soluble fraction and cell debris by_centri-
fugation at 45 OOOgmax for 10 min. The cell Gebris was reéus-
pended in the same buffer ( 1.5 ml ). The as§a§ mixture (1 ml)

contained: 10mM-sodium phosphate butfer, PH 7.2; 85 ml of the
. aPPnnﬁiate fract%on; SmM- 3H thymidine ( sp. act. 0.38 uCi/mmol)
In expt. 1b, lomM-imidazole buffer, pH 7.2, was used instead of
phosphate buffer. Incubation was at 37? and samples ( 0.3 ml )‘
were withdrawn at the indicated times and added to én ice=cold
10%‘(w/v) trichloroacetic acid ( 0.3 ml ). The supernatants
after=cehtfifugation were extracted twice with.ether (1ml)
and 20 ul portions wére analysed by t.l.c. as described in table
The controis were samples witharawn at zero time. The volunes

in expt. 3a are the total volumes:df the fractions.
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Table 3.6. continued

experiment

1(a)
(a)
2(a)
-(b)
3(a)

Ab)

4(a)
(b)

»

assay with phosphaté
assay without phosphate
growth without thymidine
growth with thymidine

extracellular fluid growth
without thymidine ( 55 ml )

eitracellular fluid growth
wffh thymidine - { 55 ml )

soluble fraction ( 3 ml)

cé%i debris suspension (1.5

h.

time {(min)---

ml )

thymidine

converted (%)

5 10

13.6 22.7

0 0 -
13.4 24.6
13.6 22.7

1.7 2.6

1.1 2.6
"10. 4 25,5

not detectable
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: ;
scluble form. . If allowance is made for the difference in vo-
Iume between thk .extracellular fluid and the soluble extract -

: M . . ] < -
( expt. 4.a. ), about 60% of the total activity was preseﬂ% in

. the medium. Since the bacteria were harvested in mid exponen-

tial phase it is unlikely that this high level of activity.in

the medium could be due to release from dead cells. It is

~

possible that either H.cutirubrum releaseé thymidine phéspho—
rylase into the growth medium, or the enzyme is loosely asso-
ciated with'éhe cells énd is easily sheared off during centri-
fﬁgation. The latter p0551bl11ty is supported by the fact that
no detectable actlvﬁty was presentfln the cell debris after

sonication of washed cells ( expt. 4.b. ), so that complete

release of enzyme in s:iﬁble form readily cccurs.

3.2.c, Incorporation of thymine into DNA

The results in fig. 3.8. show that H.cutirubrum NRC

/ _ . .

34001 resembles wild type E.coli in’'its inability to utilize
thymine unless supplied with deoxyribose-1l-phosphate. [BH]—
thymine alpﬂéris not incorporated into DNA to any measurable

extent. - When umlabelled deoxyadenosine was present, rapid incor-

poration of thymine into DNA began after one hour. The rate of

incorporation at this time was of the same order of magnitude

(2.1 x 107! nmoles/min/cell ) as that of thymidine into DNA

and is consistent with the Eg{fﬁtion of thymidine by the re-

versible reactions cafalysed respectively by purine nucleoside

-
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. Fig. 3.8.,-Compa&iébn‘of'the-incorporation of'thymine and

P ST -

thymidine into. DNA by H.cutirubrum .
- . ] .

The .is_ééteria were gfown and harvestegi as described
in expt. X, fig. 3.5. They were iesuspenéed in fresh-medium-
‘(pH 7.1) cdntaining either 82.6 uM-thymidine, 79.2 uM—thymine‘ |
or 79.2 ﬁM—thymine-39.8‘uM—Z'édeoxyadenoéine. Aftér preincu-
bation a€\§7° for 30 min, [3H]—thymidine ( 20 pCi/ml, sp. act.
ig Ci/mmol ) was adﬁéﬁ?ﬁo tpe first cultugsgaﬁd [BH];thymine'

{ 20 uci/ml, sp. act. 23 Ci/mmol ) to each“df the other two
-culiq:g;. Inpotporapion of radioactivity into DNA as a func-
tion-of time was determined as degcribed in‘fig. 3. B, Radio—
activn:.ty incorporated in the preéence of: [3}!] ~-thymidine; 4 ;
[3H«] —i:hymine, ° H [31-1] -thymine plus non-—radioécti;ve 2'-deoxg—e

adenosine, W .
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phosphorylase and thymidine phosphorylase:

[od

deoxyadenosine +Pi -é=> adenine + deoxyribose-1-P
thymine + deoXyribose-1-P &3 thymidine + Pi
The lag of one hour was in marked contrast to -the 5 min

. L
delay with thymidine. This lag was not observed in E.coli

( Kammen, 1967 ), where'incorporatiqn is detectable within'one
min after addition of the nucleoside. This suggests that
H.cutirubrum must first induce either a purine nucleoside

phosphorylase or a deoxyadenosine permease.

3.3. Demonstration of semi-conservative replication

Fig. 3.9. shows the incorporation of [3H]-5—bromo—2'—

. ) 4
deoxyuridine into H.cutirubrum DNA. While the cells incorpo-

rate this analog readily into their DNA, the maximum rate of

11

incorporation is only 0.38 x 10 nmoIes/cell/min, about

1/20 the rate of thymidine incorporation. Because g.éutirubrum

NRC 34001 incorporates the heavy analog more'slowly, and its
DNA has a low A+T content ( see belaw }, the experiments pre-
sented here were dong with the cell grown in the presence of
the heavy [BH]—é-bromo-Z'—deoxyuridine for severél generations

( section 2.3.1. );-and then transfered to light [I%ﬂ—thymidine,
S0 és)ég/;;;ﬁre méasurable‘changes in'density.

: The results ‘in fig. 3.10. (a,b) show that normal semi-

conservative replication occurs in H.cutirubrum, because after




'Fig,‘3;9.e Kinetics'of'incorPOratidn'oﬁ;[?H]—S'—bromo—z'-
: <

‘deoxyuridine into H.cutirubrum DNA

The experiment is done as described in fig. 3.8.,
exp. 2,sexcept tﬁat 5 -bromo-2'-deoxyuridine is used in the
growth medium. The concentration of 5 -bromo-2'-deoxyuridine
in the experiment is, 3.4 uM.“ At the start of the experiment
[331—5 -bromo-2'~deoxyuridine ( spec. act. 3 Ci/ml ) is added
to a final level of § uCi/mll Samples ( 1 ml ) were withdrawn

at the indicated timés and treated as described in fig. 3.5..
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Fig. 3.10. Evidence for semi-conservative replication in

~ H.cutirubrum

The results show the distribution of [3&]-5"-
bromo-2'-deoxyuridine ( e ) and[l4¢}thymidine ( 4) after

transfer of cells to the light thymidine containing medium:

(a) zero time

(ﬁ)_ 1 generatiod ( 8 hours ).
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) ‘. | - éi:j
one generation ( 8 hours ) gTI’the DNA was in the hybrid form.

From this data the following buoyant densities were obtained:

gm/ml
heavy - ' 1.7480
hybrid | 1.7360
light 1.7250

The above value for light DNA agrees well with that obtai-

bl

ned for a purified H.cutirubrum DNA prepared by the procedure

L

. described in section 2.5.

Fig. 3.11. shows the result of a caesium chloride denSitfhl,

A

gradient of the purified H.cutirubrum DNA. The buoyant density

of the major component is 1.7260 and corresponds to an A+T con-
tent of.33%, as determined by the method of Schildkraut, Marmur
& Doty { 1962 ). These results are in good aéreemenﬁ with the
value obtained by Moore and McCar£th(1969).

A minor component with buoyant density 1.7190 gm/ml and
A+T content of 40%, is also present ané comprises approximately
. 30% of the total DNA. The proportion of satellite present -in
the total DNA was calculated, using the extrapélation-shown in
fig. 11. These results indicate th#k H.cutirubrum used in these
studies, contaip more than twice the amount of satellite DNA
reported.by Moore and McCarthy (1969). There are two possible

explanations for this:

(1) H.cutirpbrum in our laboratory has been kept under di-

fferent conditions. Our stocks have always been maintained on
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Fig. 3.11. Equilibrium caesium chloride gradient of purified

-

[33]-DNA from H.cutirubrum

The DNA is prepared as described in section 2.5.
The cells are grown in Gochnauer and Kushner's medium in
the presence of [Me-BH]-thymidine at a final concentration of
2.5 uCi/ml. Equilibrium caesium chloride density gradient was
. performed as described in section 2.3.1. The results show the
distribution of 3H in the gradient. 20 fractions were co-

llected in the density range 1.69 - 1.77 g/cc.
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2% (w/v) agar slants of Goqhnauér and Kushner's ddmplex mediﬁm,
while they usgd a hfgh salt medium_containin?‘O.S% tryptohe,.
0.5% yeast extract, 2.0% MgSO, - TH,0, 258 NaCl, 0.2% CaCl,, and
0.001 ‘FeCl,. '

. (2) The sensitiviﬁy‘of our expériments may not be as great
as that of Moore andiﬁcCarthy‘(1969), since they employed the

‘ahaiytical 'ultracentrifuge, while'our studies employed ' the

;\\-j;ﬂ@reparaféye ultracentrifuge. . .

3.4. Repair in H.cutirubrum R

3.4.a. Effect of ultravioletmirradiation on growth

éhe survival curves for H.cutirubrum, irrqdiated with

u.v. light in either synthetic medium ( Grey & Fitt, i976 ), or,

complex ﬁedium of Gochnauer and Kushner (1969)ar; shown in
‘ofig. 3.12. The\ggizivql in these groﬁth media was about the
same as observed by 'Hescox aqg Carlberg (1972) in anothef com-
plex medium. In these experiments the viable counts were done
on a 2% agar solution in complex megium. The same reéults were
obtained‘when the viable counts were done on a 2% agar in syn-
thetic mediuﬁ. The growth medium did not affect the sensitivity
of the bacteria to u.v. irradiation nor its recovery. All .

other experiments were done in the synthetic medium, and viable

count determinations were done on complex medium agar plates..

.
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Fig. 3.12. Survival curves for H.cutirubrui irradiated with

u.v. light

,H.cutirubrum growing in either the éynthetic medium

(#) or the complex (i) medium was irradiated with 11 erg/mmzfsec
and the number of surviving viable .cells determined as described.
in section 2.2.2. (0O) indicate the results obtained when viable

counts are plated on synthetic medium. ' ~
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In table 3.7§i;he‘viability of samples of a égltdre.irra-

'diated with 4500 erg/mm2 cf u.v. light and then either photo-

reactivated or kept'in the dark, is compared with that of an ,

v

untreated control sample'Of the same culture. To test, for dark

: repalr, the Petrl dlSh contalnlng 1rrad1ated cells was covered

with aluminium foil, placed on ice and swirled exactly as des-

cribed for photoreaetivation ( section 2.4.2. ), but without

-illumination. After 50 min photoreactivation, the original number

of viable cells was coﬁpletely restored, whereas no. restoratien

-

of viability eccurred in-the dark during the same time.
Fig. 3.13. compares the growth, over an-extended period,

of u.v. irradiated cﬁltutes of H.cutirubrum that had been photo-

-reactivated or kept in the dark, with that of a control ‘culture.

If theElag phase is taken into account, the culture that was
irradiated with 4500 erg/mm2 and photoreactivated for 50 min,

grew as well as did the controla 'The lag phase is caused by

the need to cool the culture on ice during photoreactlvatlon,

to prevent damage from the heat ef the fluorescent lamp. 1In
contrast, the cultures kept in the dark following irradiation
with either 1800 erg/mmz.or 4500 erg/mm2 showed little or no

growth ‘during the same.period.

3.4.b. Incorporation of acid seluble precursors into irradiated

-~

cells .

The results in fig. 3.13. and table 3.7. confirm that
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Table 3.%1 Photoreactivation and the absence of dark repair

in ultra-violet~irradiated H.cutirubrum -

4

., No. of viable cells / ml

time -(min) visible light
0 4 x 10°
10 | 6 x 10°
50 . 1.8 x 10°
.

dark

2 x 10

5

3 x 10°

2 X 105

- The originél control culture contained 2 x 109 cells/ml.

In this experiment viable cell counts were determined on the

synthetic medium ( Grey & Fitt, 1976 ) supplemented with 2%

(w/v) agar.
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Fig. 3.13. Effect of u,v. irradiation with and without

photoreactivation on the growth of H.cutirubrum

L

Portions ( 15 ml 5 of a culture of H.cutirubrum

growing in the synthetic medium were irradiated with 1800 erg/
mm2 or 4500 erg/mmz.‘ A culture subjected to the higher dose
was photoreactivated for 30 min. \Samples ( 5 ml ) of the
‘treated cultures and of the original untfeated control culture
were then transferred to flasks containingrfresh synthetic
medium ( 50 m}l) previously warmed to 37°. ‘The flasks con-
taining the_non-photo;eactivatedksamples were covered with
aluminiug/foil. Incubation was' continued at 370 in the stan-
dard conditions and growth was determined by turbidimetry at
660nm. Control culture, A ; culture irradiated with 4500

erg/mm2 and photoreactivated, o ; cﬁltures irradiated with

1800 erg/mmz, O , and 4500 erg/mmz, o , and kept in the dark.

o
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H.cutirubrum has a highly effieient’photoreactivating system,
and prove that there is no ;estoratien of the viability of'the
u.v. irradiated cells kept in the dark. The bacte:ia are clear-
ly unable to perform dark repair of their DNA. Dark repair of
DNA is a multi-step process, as described in the introduction
{ section 1.3. j, and it is possibie that the failure to reac-
tivate the cells in the dark could be due to the inability of’
the bacterla to perform any or all of these steps. The staée
. of repair of. prlmary ‘interést in these studles la the incorpo-
ration of acid soluble precursors fo; the polymerisation step.
It was congeivable that the absence of dark repair was not
due to the inabilitf of the cells to incorporate small precur-
sors into damaged DNA, but to the lack of the enzypes involved
in any of Fhe other steps, e.g. the u.v. endonuclease. To
eliminate euch a possibility , which would invalidate experi—‘

ments based on the assumption that the ineorporation of thymi-

dine into DNA in H.cutirubrum was associated solely with repli-

cation, the rate of 1ncorporat10n of thymldlne 1nto DNA by u.v.
irradiated cells and unirradiated cells were compared. The
results are shown in fig. 3.14. In these experimente cells
irradiated with a total of 1320 erg/mm2 ( this corresponds to
25% survival ) were used to ensure that mxm:measurable:synthesis
of DNA would occur in the irradiated but nonphotoreactivated
culture. It should be noted thatlthe resulfs are expressed in.

terms of incorporation observed per viable ‘cell and not per ml
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Fig. 3.14, Effect of ufvﬁ“irfaaiaﬁién‘bn'[3ﬁ] —thymidiné'

incorporation by H.cutirubrum

The culture and irradiation of E.cutirubrﬁm were
carried out as described in sec. 2.4.1. The u.v. dose was
1320 erg/mmz. Incorporation of [3H] -thymidine ( 4.16 uM,

- spec. act. 4.8 Ci/mol ) into DNA was measured as described in
fig. 3.5. During the incorporaﬁio? experiment, the fiask con-
. taining the irfadiated cells was cofered with aluminium foil.
The viable cell counts were 4 x 109 cells/ml in the contrdl |

cuiture ahd 1 x 109 cells/ml in the irradiated culture.

Control culture, & ; irradiated culture, @ ..

]
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of culture or number of original cells in the sample. This was
done so as to obtain a true measure of DNA synthesis iéﬁfhe
viable cells and to avoid the artefactual apparent inhibition
of DNA biosynthesis caused by the decrease in the number of
viable cells ( Smith & O'Leary, 1968 }). The results in fig.

3. 1l4. show that the rgtelof incorpofation per viable cell in -
the irradiated culture was linear for the time period studied,
and was less than in the control, the maximum values being

3.9 x 10“6 cpm/min and 12 x 10“'6 cpm/min respectively. Thus

. irradiation did not cause a marked increase in thymidine in-
corporation as would be‘expected if repair biosynthesis of u.v.
damaged DNA ocurred in the non-viable cells ( Huang et al., 1972).
In fact, irradiation caused an actual inhibition of DNA biosyn-
thesis in the Surviving cells,

The absence of any stimulation of thymidine incorporation
was not due to a decrease in the specific activity of the °
radioactive thymidine, caused bf reiease of unlabelled thymidine
or its readily dephosphorylated nucléotide§ from the non-viable
cells, for the }ollowing reasons:

(1) Incorporation in the irradiated culture was linear
throughout the entire experiment, therefore releasé of intra-»
cellular material would have to be instantaneous. The fact
that cells irradiated with 1320 erg/mm2 can be photoreactivated
completely, suggests that they do not disintegrate rapidly.

(2) The intracellular pools concerned are small and fixed,

~
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as shown abovewt see fig. 3.6. sectiqn 3.2.a. ).

(3) The results in table 3.8. show £hat irradiated cells
do not releése significantly more acid solublgpthymidihé or
.thymidine der%vatives into £he éxt;adellulérﬂgiuid, so that.
the specific acfivity is not altered. This expériment was de-
signed to test the permeability of the cells following irra-
di;tién, and it can be seen that this was not changed during
the time span of these experimenté. The temperature was main-
tained at 0° to prevent DNA synthesis or possible excision of

¢

thymine dimers.

3.4.c. Repair during normal growth

Hanawalt and Cooper ﬂ197l) have shown that during repair
biosynthesis, radioactive precursors incorporated into DNA ;re
associated with parental £ather than hybrid daughter mélecules.
The results in fig. 3.15 show that the newly incorpora?ed[l4d}
thymidine is associated with hybrid DNA and not parental DNA. |
In this’experiment cel}s are grown first in the presence of |

1

heavy [BH]—5—bromo—2'—deoxyuridine for sgveral generations,
khen transferred to fresh medium containing the 1ight[14¢}
thymidine ( section 2.3.1. ). After 0.125 ( 1 hour ) and 0.188
( 1% hour ) generations, all the[l4€kthymidine was found with
hybrid DNA ( p = 1.7340 )} and not parental DNA ( p = 1.7475 )

Thus, during normal replication, no significant repair'biosyn-

thesis of DNA was occurring.
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Table 3.8, Release of acid-soluble thymidine and thymid}ne

. . e
derivatives by u.v.-irradiated H.cutirubrum

)

) g.cuﬁirubruﬁ was grown at 37° in the synthetic medium

({ 20 ml ) supplemehtéd with 82.6 uM-thymidine to a ceM density
of 7 x 10° cells/ml; The internal pdols were then iabelrgd
with [3H]~thymidine'{ 20 uCi/ml ) for 30 min. at 37°. Thé cells
were collected by centrifugation and’resuspended in freshtsyn-
thetic medium ( 20 ml ) contéining unlabelled thymidine ( 4.1l6uM).
Portions ( 5 ml ) of the culture were irradiated with 1440 erqg/ |
2 ( expt. 1 ) and 3600 erg/mm2 (expt. 2) of u.v. light, res-
pectively and the remainder was the non-irradiated control.
All three cultures were shaken ( 250 rpm ) in the dark at 0°
on a small gyratéry shaker. Samples ( 1 ml ) were withdrawn
at the indicated times and added to 10 ml of 25% (w/v) NaCl-
0.02M~KCN. The supernatant obtained after centiifugation at

— 45 OOOgmax for 5 min. was counted to measure the release of
radiocactivity into the extracellular fluid. The cell pellet
was lysed in ice-cold 5% (w/v) trichloroacetic acid ( 3 ml)

“and the radioactivity of the acid-soluble and the acid-

insoluble fractions was determined. The results show the dis-

tribution of radicactivity in the 1 ml samples.

L]
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Table 31.8. continued

radicactivity ( cpm / ml x 10~ % )
time  Bxtracellular acid-soluble acid-insoiuble total -
(min) )
coﬁtrol
o 3.7 (4.0) 58.2 : 1.5 93.4
10 . 4.4 (5.1 40.0 32.1 76.6
25 3.5 (4.5) 50.4 22,9 . T 76.8
expt. 1 o
0 4.4 (5.7) 46.4 | 25.1 _ 76.1
10 3.9 (5.2) 39.7 '30.8 74.4
25 4.8 (5.2) 51.4 35.1 91.3
40 4.1 (4.5) 53.9 33.8 91.8
expt. 2 - .
0 4.6 (5.5) 43.8 34.3 ¢ 82.7
10 5.0 £5.3)" 60.9 ©  28.0 93.9

25 4.8 (5.8) 51.2 . 26.3 ‘ 82.3

The values in brackets refer to the % of total radiocactivity present

in the extracellular fluid.
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Fig. 3.15. Evidence for the lack of dark répa—ir of DNA

during normal growth of H.cutirubrum

. The results show the distribution of [?H]—S -
bromo-2"'-deoxyuridine (@) and[l4c:l thymidine (A) after:
-{a) 60 min, 0.125 generation, (b) 90 min, 0.188 generation

in 140 light tliymidine containing medium.

5
A

The experiment was done as described in sec. 2.3.1. except

that samples'were withdrawn at 60 min and 90 min.
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3.5, Incorporation into the intracellular nucleotide pools-
and DNA ~ - .

3.5.a. 37° and 4.16 uM thymidine

Fig. 3.16 shows the incorporation of exéracellular [3H]—
thymidin® into the intracellular dTMP, d4dTDP, 4ATTP pools and DN#
of H.cutirubrum, followed durihg the first 20 min after addition
' of radioactive precurser to the culrure medium. In tﬁis expe-
riment the cells were groﬁn.%p-the presence of 82.6 yM thymidine
for 42 hours, and the radioaqrive precursor was added immediately
The maximum'rate'of iﬁcqrporatioﬁ into DNA was reached within
-one min, while maximum labelling of the thymidine nucleotides
occured immediately for 4TMP, and 10 min for ATDP, and 3 min
for ATTP. Since maximum labe}ling of the immediate precursor
should be ettained.at the same time or shortly before the maxi-
mum rate of entry of radioactivity into DNA, it was difficult
to decide from this data what the pre?urs?r would be, sipce
dTMP was labelled much too quickly, and 4TDP and 4TTP too late.

It should be emphasized that, hoth in these and other ex-
.perlments, no other acid soluble radiocactive compounds other
than thymidine ({ and thymine ), thymidine mono-, di-, and tri-
phosphdtes were detected on the chromatograms, and the separa—

¢ )
tions were sharp { see section 2.2.3.b. ). Any other p0551b1e

unknown precursor would have to have an R ldentlcal with that

£
of one of the other radiocactive components of the mixture.
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Fig. 3.16. Incbrporation'of*[;H]—thymidine into intracellular

nucleotide pools and.DNA of H.cutirubrum at 37°

'E.cutirubrum was grown at 37° in the synthetic

medium with 82.6 uM-thymidine. When the cell density was 1 x
;09 cells/ml ( approximately 40 hours ), the radioactive pre=
cufsor[Me-BH]—ﬁhymidine was added as described in fig. 3.7.,
exp. 2. At this time the exogenous - thymidine concentration

‘is 4.16 uM. Samples ( 1 ml ) were withdrawn at the indicated
times and added to ice-cold 5% (w/v} trichlqroaceﬁic acid (5ml).
The precipitate: . was collected by centrifugation'ahd.incorpo—
ration inté_bNA was determined as previously daaqgé?ed in fig.
3.5. An-aliquot (1 ml ) of the supernatant was extracted twice
with ether ( 2 ml ); 40 - 60 1l were then appliedhfo a PEI-
cellulose t.l.c. sheet and chromatographed as described in the
experimental section. The nucleatide . spots were identified by
comparison with standards, cut out and counted for radiocactivity.
Incorporation of 3H into dTMP, ® ; Q4TDP, = s dTTP, A

is shown in fig. 16.a., and into DNA in fig. 16.b.

< N
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Ore major criticism - of this experiment was the presence
of a large excess of thymine during tﬁe experiment, siﬁce‘the‘
cells werg"not spun down and not resuspended‘in fresh medium.
The cells ﬁefe grown in the presence of thymidine at 82.6 uM,
and at the start of tﬂe incorporation experiments only 5%(4.16
M )Mremained ( see table 3.5., section 3.2.2. ). To avoid any
complicatons that could arise because of the presence of thymine,
the experiments were repeated with the cells resuspended in
fresh medium and at the original concentratlon of 82.6 uM thy-

midine.

3.5.b. 37° and 82.6 uM thymidine

The results in fig. 3.17. describe an incorporation
experiment done at 37° and with the extracellular thymidine
concentration 82.6 pM instead of 4.16 uM, In'this experiment
the cells wére.grown in the presence of 82.6uM thymidine. At
27 hours the cells were harvested and, resuspended in prewarmed
37° synthetic medium, pH 7.1, containing 82.6 uM thymldlne.
After 30 min [Me— QJ —thymidine was added, and 1ts incorporation.
into the intracellular dTMP, 4TDP, 4ATTP pools and DNA, was
followed for the first 20 min. fThe regﬁspension in frésh me-
dium elimiﬁated the presence of thymine in the incorporation
experiment. It can be seen that the maximum ratg of incorpo-
ratiop of radioactivity_into DNA ﬁas reached at aéproximately

'5 min after the addition of radioactive thymidine, while maxi-
R
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Fig. 3.17. Incorporation of “B-labelled thymidine into the

nucleotide pools and DNA of H.cutirubrum growing

at 37o

H.cutirubrum was grown at 37° in the synthetic
medium sﬁppiemented with 82.6 uM-thymidine and éfansferred to
fresh medium containing [Me—BHLthymidine as described.in fig.
3.5., expt.l. After addition of the radioactive precursor,
sémpies ( 1 ml ) were withdrawn at the indicated times andg
added to ice-cold 5% (w/v) trichloroacetic acid ( 5ml ). The
incorporation of[BH]-thymidine into DNA and nucleotide pools
is done as described in fig. 3.16. Incorporation of 3H into:

dTMP, @ ; dTpP, W ; dTTP, A ; DNA, o .



128

15

_0T x Tw / wdo

minutes



3.5.c. - - ‘ 129

N
/

C

mum labelling of dTMP and ATDP Sccurred after 0.5 ~ 1 min,
and ATTP after 4 min. These results clearly suggest that

only dTTP could be the intermediate concerned.

3.5.c. Growth of H.cutirubrum at lower temperatures -

In order to determine the rate of disappearance -of
radiocactivity from prelabelled pools and its simultaneous
appearance into DNA aftéf transfer of the cé}ls to non~radio-
active medium, it was ﬁecessary to work at a lower temperan.
ture ( section 3.5.e. ). Fig. 3.18. shows the grdwth curves

of H.cutirubrum in synthetic medium done at the three different

temperatures 370, 22°

, and 20°. The generation times calcula;
ted from these curves are given inJ;ab}e 3.9, Since at 22b
the growth rate was halved, this temperature was chosen for
the subsequent experiment. At this temperature, the maximum
rate of thymidine incorporation was also approximately halved.

A further reduction in temperature from 22° to 20°. caused a

further doubling of the generation time.

3.5.d. 22° and 82.6 uM thymidine

Fig. 3.19. describes an experiment similar té that in
section 3.5.b., but done at 22°. At this lower temperature,
the rate of incorporation of [3H]—thymidine into DNA reached

a maximum at 10 min and the pools of 4ATMP and 4TDP at 6 - 8-

\



130

Fig. 3.18. Growth curves of H.cutirubrum in synthetic medium

of .Grey & Fitt (1976) at 37° (00), 22° (4),20% o)

0.D.

660nm

e —————— viable cell count
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Table 3.5. Effect of temperéture on the generation time

of H.cutirubrum and on its rate of 1ncorporat10n

of Hl-thymldlne into DNA

Generation times were calculated from growth curves
obtained by turbldlmetry and viable cell counts ( fig. 3.18. ).

The incorporation of 3H—labe11ed thymldlne into DNA was measured

as described in fig. 3.85.

growth . generation ' [3H}thymidine
temperature time incorporation
(°c) | . {h) (nmol/dell/ﬁin)
20 33 -
22 16 . 0.7 x 1071
8 1.7 x 1071

37
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Fig; 3.19. Incorporation of 3H—labelled thymidine into the

- nucleotide pools and DNA of H.cutirubrum growing

at 22°
o
. The experiment was done as déscribed in'fig. 3.17,

except that incubation was at 22°. <Incorporation of °H into:

dTMP, e ; dTDP, W ; 4TTP, A ; DNA, O .
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’ : M, ‘ . .
- min, and &TTP at 9 min. - Thus at lower temperatures, the max- .

ima for 4TMP and dTDP were not as clearly defined as at 37°. ,

The results point however to dTTP being the immediate precursor.

+

3.5.e. Fall of radioactivity at 22°

ity from prelabelled

" The disappearance of radio
pools and its simultaneous apggef/ﬂce ¥n DNA after transfer

of the cells to non—radloactlve me .um, is shown in flg Qﬁ&o.
This experiment is 51m11ar to that described by Fridland (1973)
and was-performed at 22°, 'This'temperature was chosen because

the total time required for harvesting and resuspension -of. the

cells in non-radioactive medium was 10 min. If the experiment

were done at 370, the rapid decline in the radioactivity in

the pools'could not have been measured. It can be seen in fig.

3.20. that rapid incorporation of radioactivity continued: for

‘about 4 min after transfer of cells to the medium conﬁaining

non-radioactive thymidine: the rate of this reaction was sim-

ilar to that observed in the radiocactive medium prior to cen-

_trlfugaspon of the cells. The rate ofgloss of radmoactmvmty

from the nucleotide pools—and its 51mu1taneous‘uptake into DNA
was calculated from the first 4 min. after the.transfer into ghe
non-radioactive medium, and these results are given'in table

3.10. Only the loss of radiocactivity from the dTTP pool com—- -

pares with the .rate ogﬁéptake into DNA. The radloactlvmty of

Bl
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Fig. 3.20. Loss of radioactivity from prelabelled nucleotide

pools and its incorporation into DNA in H.cutirubrum

.during growth in non-radioactive medium

H.cutlrubrum was.grown at 22° and labelled with

Me—3 H -thymidine as for the experlments in flg. 3. 19. After
45 mln, a samp%e ( 19 ml ) of the culture was centrlfuéed at
22° and‘27-000g -fbi 2 min. The bacteria were then resus-
pended in fresh prelncubated medlum { pH 7.1 7). containing non—d
jgﬁa_.oactlve thymldlne { 82.6 uM ). The total time requlged for
) har&esting and resuspension of the cells was 10 min.. Samplesc
.( 1 m} } were withdrawn immediately after mixing and at the
indlc;ted times during Sugsequegt incubation at 22°. The ra-
diocactivity preseﬂt in the nucleotide pools and DNA was measu-
red as described in fig. 3!5@5 Radioactivity in: d4mMp, O ;
dToP, M ; A4TTP, A ; DNA, @ .

L=
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the dTMP .pool dgc;ined rapidly during the érod%ssing‘of‘the
culture, and during the period of measurement a steady féll
of 250 dpm/min}cell continued. inféontraét, the fall in
radioactiQity of thé dTDP and ATTP pools was rapid, while
1ine5r incorporation ihto DRA still continued.. The.loss

in radioactivity froh.fhe'deP pool was approximatgly three
‘times the rate of incorpoféfion into DNA.

‘Since elimihation of iadioactivit& should be slowest
from‘thé pool closest to the final product andifastest from
the one furthest from it during the non-radioactive "chase",
these ‘results are consistent with the radiocactivity passing -

through the nucleotide pools and into DNA in the sequence:

thymidine —> dTMP —> dTDP —> ATTP —> DNA

"

The close correspogsince in the rates of loss of label
from 4TTP, and.jts entry into DNA makes it unlikely that any
" other precursor could be involved apart from some transient

enzyme bound intermediate. ' . —

The segquernce shown'apqgg implies that free thymidine is
present in the cells. . The results in figﬁ 3.21. show that
H.cutirubrum growing at 220 in the éynthetic.medium‘sdpplemen—

'

ted with 82.6 uM thymidine does indeed contain a small poé&l of

the deoxynucleoside, whose adctivity reaches itg'maximum value
within 2 - 5 min after addition of the [3H]fthymidine to the
culture. Thymine is also found in the cells but only after

. . .
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Table 3.10. Rate of loss of radioactivity‘from prelabelled

1

nucleotide pools and its appearance in DNA

during growth in non-radicactive medium

The rates of loss of radiocactivity from the pre-

labelled pools and of its entry into DNA during the first 4

min. after transfer of the cells to the non-radioactive medium

-
~

were calculated from the results in fig. 3.20.

compound o d.p.m./min/ml
4dTMP 250
dTDP : 2165
dTTP : 825 =

DNA 750
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Fig.'3.2l. Evidence for tHe entry of free thymidine into

H.cutirubrum growing .in its presence

-~

H. cutirubrum was grown at 229 in the presence of

82.6uM thymidine and transferred to fresh medium containing
34-1labelled thymidine as in the experiment described in fig. 3.17.
Aftl:er the additioh of the radioactivity (20;;'¢i/ml) saniples were
withdrawn at the indicated times and m‘ixerd with ice-cold 25%

(w/v) NaCl-0.02M-KCN: (10 ml). The cells were collected by
centrifugation at 4° and 45 OOOgmaxfor 2 min, washed once with

25% (w/v) NaCl (10 ml) and' lysed in ice-cold 5% (w/v) trichlorocaceti

acid (1ml). The superné-t:&int was extracted twice with ether

(2 mi ) and portions { 1l0p%) were chromatographed (i) on
PEI-cellulose t.l.c. sheets to measure fhe radioactivity.' into
dT™MP (see .fig. 3.16) and (ii) on cellulose t.l.c. sheets .

( secv 2.2.3.a.)to determine ;the incorporation into intra-
cellular thymine and thymidine. Radiocactivity in : thy‘ming., ® ;

thymidine, B ; dTMP, A .
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- about 5 min; this is consistent with the ex.ridence that the
thymidine phosphorylase' responsible for the formation of the-
thymine from thymidine is either in the extracellular f£luid
or very closely associated with the cell. Th_e thymine would
thus be released and then enter the bacterium instead of beiﬁg

produced within the cell.
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4. CONCLUSIONS

4.1. Dark repair and photoreactivation

The data preséntgd here sﬂow clearly that H.cutirubrum
NRC 34001 is not capaﬁle of'perférmiﬁg dark ‘repair of DNA
following u.Q\ irradiation. The reasons for the lack of dark
repair need further investigation, but.it is possible £hat the
lack of dark repair is due to the absence of a u.v. endonuclease;

Preliminary results have detected the presence of nascent short

chains, Okazaki pieces, in H.cutirubrum ( Grey & Fitt, unpubli-

shed r%suits ¥, indicating that there must be ligases present to
join these piedes. Also an in vitro replic§gépn system for
DNA, capéble of utilising dTTP as substrate, was developed

{ Barua & Fitt, unpublished results ), implying that the orga-
nism must have a DNA ﬁolymerase. Unless a’specific repair
polymerase , was reéuired, this suggests that the missing enzyme

in H.cutirubrum issmost likely a u.v. endonuclease. Prelimi=~

nary data have indicated this, but it requires further confir-
mation.” | {

This organism appears to rely solély on ‘photoreactivation
for its repair of damaged DNA. Because photoreactivation is
specif;c for the repair of pyrimidine dimers, this result implies
that oﬁly this type of lesion could be corrected by the bac-
teria. The efficient photoreactivating system found in this

organism suggests that it may offer unique advantages for a

study of this mechanism. In its natural habitat, H.cutirubrum
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is exposed to intense sunlight.and it is possible that se-
lection may‘have occured for a cell able\Eo use ﬁhe energy
of incident light to repair damage caused by the 1at£er.
As pointed out by Hescox and Carlberg (1972), there has been
no defini;ive study of repair of u.v. damaged DNA in bacteria
exposed to u.v. irradiation in their natural environment. The
photoreactivating enzymes for E.coli, K12 and B strain ( bac-
teria hardly exposed to u.v. light in their natural_environment),
have only been recently purified ( Sutherland & Chamberlain,
1973 ) in spife of interest in the mechanism, because of the
small number of molecules per cell. |

The ‘nature of the chromophore involved in photoreactiva- ©

LY .
tion, and the mechanism of its utilization is not known. In

H.cutirubrum the pigment has been implicated as a possible

chromophore ( Hescox & Carlberg, 1972 ). It is known that the
purple membrane of H.halobium iﬁAcapable of converting absor-
bed ligﬁt energy into a_ﬁroton gradient which in turn is uti-
lized for ATP synthesis ( Oesterhelt & Stoeckenius, 1973 ).

This purple membrane has also been identified in H.cutirubrum

‘grown'anaerobically and in the presence of glycerol ( Gocﬁhauer
et al., 1972 ). Further studies on the role of the pigment in
photoreactivation areneeded to elucidate its possible role as

a chfomophore in this process. A compafison of the efficiency
6f pPhotoreactivation under different growth conditions, and

‘ e
/ -~
-\—_



[

=

4.2. . R ' 145 .

‘also of different halophiles; and other carotenoid pigmented
bacteria, would also be interesting. w

H.cutirubrum replicates by the semi-conservative mecha=-

nism of Meselson and Stahl and no repair replication s detec-
table during growth. The absence of dark repair synthesis
during growth and also following u.v. irradiation indicates

~that H.cutirubrum offers a uniquely favorable system in which

to analysé the‘detq}led mechanism of DNA replication. The
wild type bacteria generally used for the study of’DNA syn-
thesis, namely E.coli and B.subtilis, have the complicationé
of repa%;}synthesis. The absence of dark repair has also been
reported in mammalian mitochondrial DNA k Clayton et al., 1974
This systeﬁ_has also been used to study replication ( Berk &
Clayton, 197}/TTJ§:t the extent to which this resembles the
replication of nuéleggrDNA is uncertain. Nuqiear and chlo—‘

roplast DNA of Chlamydomonas reinhardti ( Swinton & Hanawalt,

1973 ) are also . déficient in DNA dark repair synthesis, but
this system is not simple relative to the prokaryote since in
the latter only one chromosome is involved.

4.2. The precursors of DNA replication

!
The results in section 3.5., clearly indicate that QTTP

is the precursor of DNA biosynthesis Since repair biosynthesis
-does not take place in this organism;_it can be concluded that

dTTP and by extension the other deoxynucleoside triphosphates
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are the preéursofs of DNA replication ig_!igg; This has been
suggested before and generally believed to be the case, but no
conclusxve ev1dence has so far been put forward in support of
this. ThlS conclu51on lS in agreement with the fact that all.
thrge DNA polymerases isolated so far, and eapable,of utlllslng
deekynucleoside triphosphates , are believed to play a ;ole in

replication.

v

The data ( section 3.5.e. ) also.suggest that g.cutirubrum

synthesizes 4dTTP by an endogenous pathway similar to that of

g.égli, namely: - |
ehymidineﬂ—deMP——idTDP——idTTP

Studies in our laboratory ( Peterkin & Fitt, unpublished re-

sults ),zhave shown that éi; three kinases ( thymidine, thy-

midylate and nucleoside—diphosphate kinases ) are present in

extracts of H.cutirubrum.

4.3. Metabolism of exogengus thymine and thymidine and

thymidylic acid

The overall picture for the metabolism of thymine, thy-
midine and thymidylic acid resembles that of the widelylused
bacteria E.coli. Exogenous thymine is incorporaeed into DNA
'only in the presence of deoxyadenosine ( sec. 3.2.¢. ). Our
data sm;xmes, however, that thymine and deoxyadenosine is not as
readily utilised as thymidine, since in the former incorporation

takes place efter a 1 hour lag phase. The incorporation of

4
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' *\_ﬁ\x\ ' : . ‘ e
o thymidine occurs after only.a 5 min lag., This is not the case-
‘for E,Eglirwhere incorporation is detectable within 1 min of
addition of the deoxynucleoside. | '
Thymid%ne is. rapidly incorporated into DNA, But the lengﬁh
. of the incorporation is dependant on the exogenous: thymidine
concentration. This is~beceuse of the presence of thyﬁidine
' phosphorylase that degrades thymidine. §

Pi ) N
thymidine =) thymine + deoxyribose 1-phosphate

The utilisation of thymidine for DNA by H.cutirubrum, and its

breakdown to thymine occurs by reactions similar to that of
E.coli as evident by the finding of similar enzymes. However

the data here seems to suggest that the H.cutirubrum thymldlne

phosphorylase differs from that of E.coli in two way5° (a) It
is constitutive. The E.coli enzyme is inducible in wild type

cells. (b) It is readily released from cells. The E.coli -

enzyme..is shock-releasable, suggesting that it is more tight-
ly bound ( Hochstadt, 1974 ). |

The other enzymes involved.in thymidine metabolism, namely
thymidine kinase and thymidine\bermease, appear to be consti-

tutive. H.cutirubrum thjwidine kinase is also capable of uti-

1131ng the substituted thymldlne analog 5-bromo—deoxyur1d1ne,
though not as efficiently.

Nucleotides are flrst dephosphorylated prior to entry into

the cells ( see table 3.1. ).
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4.4. Synthetlc medium

A synthetlc medium is descriqed in whlch H cutlrubrum

grows as well as in'the complex medium of Gochnaugr and °

‘ Kushner‘(1969). In this meQiuﬁ.only L—aﬁin# acids are used
and it is suggested that this eliminates thg need for NHdcl,
since as pointed oﬁt,by Onishi and Gibbons (1965), the inorga-—
nic.ammonium ioﬂ requirement;'ih these organisms'is related to
the utiiization'of'amino acids. The medium also does not
contain nucleotides; it was shognlthat these are reaéily de-
_phosphorylated érior to entry iﬂto'the cell: Fhe addition

of nucleosides to the growth medium was not stimulatory, but
increasing the Pi concéntratioﬁ gave better growth than that
obtained in the medium of Onishi et al. (fgﬁg);

h ¢

4.5. .Concluding remarks

1Y
LY

The organism-offers a good simple system fér,studyihg

&

the mechanism of DNA replication. However, because of the

high intracellular ionic strength in H.cutirubrum the detailed

enzymology e.é. size of enzyme, cofactor requirements.)-of
replication méﬁ differ from that of non-halophiles but the
mechanism of action should be the same. This was found to be
the case with other enzymes of halophilic nuclelc acid enzy-
mology. DNA dependant RNA polymerase isolated from this or-
ganism ( Louis & Fitt, 1972 ) has a molecu%gr weight of 36,000

less than a tenth that of E.coli polymerase but functionally
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. . . v, . - . .
na%mblhrr normal bacterial polymerase. A polynucleotide //J
phosphorylase isolated from thls organlsm ( Peterkln & Fitt,

1971 ) is also functlonally typical of other polynucleotlde

- »
phosphorylases. The studles on RNA ( Peterkln, Barua & Fitt,

unpubllshed results } have also led to._the 1solatlon of the

L}

nuclepid T 0or folded chromosome from ﬂ.cutlrubrum. ThlS'fOlded -

chromosome is a p@tentially‘good template for BNA syntHesis

( sectiooh1.2.g. ), and together with the in?iiggg systen. de-
veloped for the synthesis of DNA in- thlS bacterlum (Barua &
Fltx unpubllshed results ), should be potentlally useful in
stu ing the mechanism of Bﬂh repliCatipn.

H. cutlrubrum would also providé a useful tool for the

study of the mechanism of photoreactlvatlon. Not only is the
photoreactivation process more efficient, but the role of the

carotenoid pigment in the process needs further investigation.

-

The organism could be useful for a study of the interaction of

the chromophore, the photoreactlvatlng enzyme, and the thymine

dlmer.
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